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I. Les métabolites secondaires 
I.A. Diversité chimique et fonctionnelle 
Les métabolites secondaires sont des biomolécules synthétisées par différents 

organismes : les bactéries, les champignons, les plantes mais aussi les animaux (Demain, 2006). 

Ils sont considérés comme non-essentiels à la vie de l’organisme producteur, au contraire des 

métabolites primaires parmi lesquels se trouvent les acides aminés, les carbohydrates et les 

acides nucléiques. Les métabolites secondaires jouent  néanmoins un rôle non négligeable dans 

la survie des organismes les synthétisant et dans l’adaptabilité de ces derniers à leur 

environnement. En effet ces molécules peuvent jouer le rôle d’agent chélatant, d’hormone 

sexuelle ou d’effecteur de différenciation, entre autres. Par exemple chez les bactéries, ces 

molécules sont utilisées comme agent de symbiose avec d’autres bactéries, des plantes, des 

nématodes, des insectes, ou encore des animaux supérieurs, mais leur rôle le plus connu est 

celui d’arme chimique, c’est à dire d’antibiotique, permettant d’éliminer les espèces occupant 

le même biotope (Demain et Fang, 2000) . 

Bien que les métabolites secondaires soient synthétisés principalement à partir de petites 

molécules simples issues du métabolisme primaire, comme l’acétyl-coenzyme A (acétyl-CoA) 

ou les acides aminés, ces molécules présentent une grande diversité chimique et fonctionnelle. 

Six grandes classes (Kabear et al., 2014) sont distinguées selon leur structure et donc selon leur 

voie de biosynthèse (Figure 1 page 2) : 

- Les phénylpropanoïdes, parmi lesquels se trouvent la lignine, les tannins ou les 

coumarines, qui sont issus du catabolisme de la phénylalanine. 

- Les alcaloïdes sont des composés azotés, le plus souvent hétérocycliques et dérivés 

d’acides aminés. La caféine, la nicotine ou encore la morphine font partie de cette 

famille. 

- Les terpènes et terpénoïdes comme le caoutchouc et la vitamine A sont synthétisés à 

partir d’unités de base à cinq carbones dérivant de l’isoprène, lui-même provenant de 

l’acétyl-CoA. 

- Les hétérosides ou glycosides, principalement synthétisés par les végétaux, sont des 

dérivés d’ose modifiés par une molécule non glucidique de nature chimique très variée 

comme un alcool, un thiol, ou un stéroïde. La salicyline est produite par l’écorce de 

saule blanc à partir d’une molécule de glucose et d’une molécule d’alcool salicylique ; 

cette molécule une fois métabolisée forme l’acide salicylique, un anti-inflammatoire. 



Introduction 

	 2 

- Les peptides et acides aminés non protéinogènes, à différencier des vingt-deux acides 

aminés dits à différencier des vingt-deux acides aminés incorporés durant la synthèse 

polypeptidique lors de la traduction de l’ARNm par les ribosomes. Les peptides issus 

de synthétases de peptide non ribosomique (NRPS) sont classés dans cette famille, ainsi 

que les peptides ribosomiques modifiés de manière post-traductionnelle (RiPPs). De 

nombreuses molécules issues des NRPS sont utilisées en tant qu’antibiotiques comme 

l’actinomycine, la vancomycine ou encore la bacitracine. 

- Et enfin les polycétides, des macromolécules synthétisées par condensations itératives 

de blocs acyl-CoA par les polycétides synthases (PKS). Ces enzymes sont présentes 

chez les bactéries, les plantes et les champignons. Le resvératrol, un antioxydant trouvé 

dans la peau du raisin et prévenant les maladies coronariennes, fait partie de cette famille 

de molécules. 

 
Figure 1 : Voies de biosynthèse des métabolites secondaires découlant du métabolisme primaire chez la plante 
(adaptée de Ghasemzadeh et Jaafar, 2011). 
  

A ce jour, plus d’un million de métabolites secondaires différents ont été découverts 

dans la biosphère (Demain, 2014). Ces métabolites représentent une source importante de 

nouveaux composés à fort intérêt industriel et thérapeutique de par la grande variabilité de leurs 

structures ainsi que de par leurs diverses et puissantes activités biologiques. Ils sont utilisés en 

tant qu’antibiotique, anticancéreux et immunosuppresseurs entre autres.  
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I.B. Essor et « âge d’or » des métabolites secondaires 
I.B.1. Antibiotiques 

Mis en évidence depuis le milieu du XIXème siècle, les métabolites secondaires ont connu 

un essor prodigieux depuis que le rôle antibiotique de certains a été découvert. La pénicilline 

est le premier antibiotique naturel mis en évidence en 1928 par Alexander Fleming. Cette 

molécule, une β-lactame, est un peptide non ribosomique (NRP) issu d’une NRPS trouvée chez 

certains champignons du genre Penicillium. En trente ans, la plupart des grandes familles 

d’antibiotiques, encore utilisées aujourd’hui, ont été découvertes par criblage phénotypique de 

bactéries et de champignons (Figure 2 page 3). 

 

 
Figure 2 : Dates de découverte des grandes familles d’antibiotique (en bleu la famille d’antibiotique, en rouge 
leur famille chimique). 

  

Il s’avère que les bactéries filamenteuses du sol, les Actinomycètes, et les champignons, 

sont des sources riches d’antibiotiques. A partir des années 1940, les employés des compagnies 

pharmaceutiques ont été encouragés à ramener des échantillons de sol de leur destination de 

vacances. Les Actinomycètes et les champignons très abondants dans ces échantillons glanés 

aux quatre coins du globe, ont été isolés et mis en fermentation dans différentes conditions. Les 

métabolites secondaires ont été extraits grâce à des solvants des milieux de culture et leur 

activité antibiotique contre des micro-organismes pathogènes, testée par bio-autographie. Il est 

1928 1943

1944

1947 1948
β-lactames Aminoglycosides

Tétracyclines

Chloramphénicols
Macrolides Céphalosporines

NRP
Hétéroside

Polycétide

Polycétide

NRP
Composé 

phénolique



Introduction 

	 4 

estimé que toutes les compagnies pharmaceutiques, les instituts de recherche et les laboratoires 

engagés dans ce processus de criblage phénotypique entre 1950 et 2000, ont criblé de 10 à 20 

millions de colonies isolées sur boîtes (Katz et Baltz, 2016).  

Le succès thérapeutique des métabolites secondaires antibactériens et de leurs dérivés 

(chimiques, synthétiques ou biosynthétiques) est tellement important que ce sont quasiment les 

seuls remèdes utilisés contre les bactéries pathogènes encore aujourd’hui (Demain, 2006). En 

effet, la découverte des antibiotiques a marqué un virage important dans l’histoire humaine : il 

est estimé que la multiplication par deux de notre espérance de vie au XXème siècle serait 

principalement liée à l’utilisation de ces métabolites secondaires bactériens et végétaux 

(Verdine, 1996). Les antibiotiques sont non seulement utilisés pour traiter les Hommes, mais 

aussi les animaux d’élevage (près de trente antibiotiques différents sont utilisés dans leur eau 

et alimentation) et les plantes. Ainsi des millions de tonnes d’antibiotiques ont été produites et 

employées depuis leur introduction (Davies et Davies, 2010).  

 

I.B.2. Anticancéreux 

Bien que les premiers efforts se soient concentrés sur la recherche d’activité 

antibiotique, les compagnies commencent à étendre leurs criblages dans les années 1950 vers 

des activités anticancéreuses. Les cribles consistent alors à observer soit la réduction des 

tumeurs transplantées ou induites expérimentalement chez des rongeurs, soit l’effet cytotoxique 

sur des lignées de cellules cancéreuses en culture. La bléomycine (Figure 3 page 5), découverte 

en 1966, est synthétisée par Streptomyces verticillus. Cette molécule est un mixte 

polycétide/NRP qui engendre des cassures de l’ADN. Elle est toujours utilisée actuellement 

pour traiter certains cancers ovariens et testiculaires. Les métabolites secondaires s’avèrent être 

une incroyable source d’anticancéreux, représentant 74% de ces molécules thérapeutiques 

mises sur le marché entre 1985 et 2005 (Demain, 2014). 
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Figure 3 : Structure de métabolites secondaires d’intérêt thérapeutique (adaptée de  Katz et Baltz, 2016). 

 

I.B.3. Autres cibles thérapeutiques 

Dans les années 1970, d’autres sources de métabolites secondaires, telles que les algues, 

les bactéries et invertébrés marins, ont été testées. Sans pour autant délaisser les criblages 

phénotypiques, d’autres cribles plus spécifiques et plus diversifiés commencent à faire leur 

apparition, c’est le début de la target oriented strategy. Le but est de découvrir de nouvelles 

molécules actives et de trouver une seconde vie aux « antibiotiques ratés » (Demain, 2006). 

A titre d’exemple, une percée importante dans le traitement de l’hypercholestérolémie 

est permise par la découverte et le développement des molécules de la famille des statines, telles 

que la compactine ou la lovastatine (Figure 3 page 5). Ces molécules sont des polycétides 

synthétisés par des champignons du genre Aspergillus  qui inhibent l’hydroxyméthylglutaryl-

CoA réductase de la voie de biosynthèse du cholestérol (Alberts, 1988). Un hybride cyclique 

polycétide/NRP, la rapamycine, et un peptide cyclique, la cyclosporine A (Figure 3 page 5) 

sont des immunosuppresseurs largement utilisés après des transplantations d’organes afin de 

diminuer le risque de rejet. Un inhibiteur de glucosidase intestinale, l’acarbose (un 

pseudotetrasaccharide), a été découvert chez un actinomycète et permet de lutter contre le 

diabète de type 2. Des cribles pour des activités antagonistes d’autres organismes ont aussi été 

mis au point, permettant la découverte d’agents fongicides, herbicides et insecticides  (Demain, 

2006).  

Agents that block enzyme activity
Drugs that are enzyme inhibitors may provide key functions not only
for treating human disease, but also in agriculture, enzyme structure
elucidation and reaction mechanisms. Several enzyme inhibitors with
various industrial uses have been isolated from microbes.24 Among the
most important are the statins and hypocholesterolemic drugs
discussed below. Fungal products are also used as enzyme inhibitors
against cancer, diabetes, poisoning and Alzheimer’s disease. The
enzymes inhibited include acetylcholinesterase, protein kinase, tyrosine
kinase, glycosidases and others.25

Cholesterol-lowering agents
In humans, it is estimated that ∼ 30% of cholesterol originates from
the diet, whereas the remaining 70% is synthesized primarily in the
liver. Many people cannot control their level of cholesterol at a healthy
level by diet alone and require hypocholesterolemic agents. High blood
cholesterol leads to atherosclerosis, a chronic, progressive disease
characterized by continuous accumulation of atheromatous plaque
within the arterial wall, causing stenosis and ischemia. Atherosclerosis
is a leading cause of human death. The past two decades have
witnessed the introduction of a variety of anti-atherosclerotic
therapies. The statins form a class of hypolipidemic drugs, formed
as secondary metabolites by fungi, and are used to lower cholesterol by
inhibiting the rate-limiting enzyme of the mevalonate pathway
of cholesterol biosynthesis; that is, 3-hydroxymethyl glutaryl-CoA
reductase. Inhibition of this enzyme in the liver stimulates low-density
lipoprotein receptors, resulting in an increased clearance of low-
density lipoprotein from the bloodstream and a decrease in blood
cholesterol levels. They can reduce total plasma cholesterol by
20–40%. Through their cholesterol-lowering effect, they reduce
the risk of cardiovascular disease, prevent stroke and reduce the
development of peripheral vascular disease.26

Statins, which had reached an annual market of nearly $30 billion
before one became a generic drug, are widely used in clinical practice.
The history of the statins has been described by Akira Endo, the
discoverer of the first statin, compactin (mevastatin; ML-236B).27 This
first member of the group was isolated as an antibiotic product of
P. brevicompactum.28 At about the same time, it was found by Endo
et al.29 as a cholesterolemic product of Penicillium citrinum. Although
compactin was not of commercial importance, its derivatives achieved
strong medical and commercial success. Lovastatin (monacolin K;
mevinolin; Mevacor) was isolated in broths of Monascus rubra and
Aspergillus terreus.30,31 Lovastatin, developed by Merck and approved
by the FDA in 1987, was the first commercially marketed statin. In its
chemical structure, lovastatin has a hexahydronaphthalene skeleton
substituted with a p-hydroxy-lactone moiety (Figure 1).
A semisynthetic derivative of lovastatin is Zocor (simvastatin), one

of the main hypocholesterolemic drugs, selling for $7 billion per year
before becoming generic. An unexpected effect of simvastatin is its

beneficial activity on pulmonary artery hypertension.32 Another
surprising effect is its antiviral activity.33 Simvastatin is active against
RNA viruses and acts as monotherapy against chronic hepatitis C virus
in humans. It has been shown to act in vitro against hepatitis B virus.
This virus infects 400 million people and is the most common
infectious disease agent in the world. The virus causes hepatocellular
cancer, the leading cause of cancer death. Nucleotide analogs
(lamivudine, adefovir, tenofovir, entecavir, telbuvidine) were approved
for hepatitis B virus infections but they only work on 11–17% of
patients. Simvastatin is synergistic with these nucleotide analogs.
Statins also have antithrombotic, anti-inflammatory and antioxidant

effects.34 They have shown activity against multiple sclerosis,
atherosclerosis, Alzheimer’s Disease and ischemic stroke.35,36

However, these applications have not yet been approved as more
clinical studies are required. The neuroprotective effect of statins has
been demonstrated in an in vitro model of Alzheimer’s disease using
primary cultures of cortical neurons.37 The effect did not appear to be
because of cholesterol lowering but rather reduction in formation
of isoprenyl intermediates of the cholesterol biosynthetic process.
Lovastatin has shown antitumor activity against embryonal carcinoma
and neuroblastoma cells.38

Although simvastatin is usually made from lovastatin chemically in
a multistep process, an enzymatic/bioconversion process using
recombinant Escherichia coli has been developed.39 Another statin,
pravastatin (Pravacol) ($3.6 billion in sales per year), is made via
different biotransformation processes from compactin by Streptomyces
carbophilus40 and Actinomadura sp.41 Both simvastatin and pravastatin
are synthetic variants of the naturally occurring lovastatin and
compactin. Pravastatin can be produced from compactin but it
involves an expensive dual-step fermentation and biotransformation
process. Mclean et al.42 reprogrammed Penicillium chrysogenum
involving discovery and engineering of an enzyme involved
in hydroxylation of compactin. This resulted in a single-step
fermentation yielding pravastatin at 46 g l− 1.
Other genera involved in production of statins are Doratomyces,

Eupenicillium, Gymnoascus, Hypomyces, Paecilomyces, Phoma,
Trichoderma and Pleurotus.43 A synthetic compound, modeled from
the structure of the natural statins, is Lipitor, the leading drug of the
entire pharmaceutical industry in terms of market (∼ $14 billion per
year) for many years.

Prebiotics
Prebiotics are nondigestible products stimulating growth in the colon
of bacteria such as Bifidobacterium bifidum, Lactobacillus acidophilus,
Bifidobacterium adolescentis and Faecalibacterium prausnitzii.44 They
include galacto-oligosaccharides, fructo-oligosaccharides, lactulose,
lactitol and its hydrolysates, malto-oligosaccharides, inulin and
resistant starch. Titers are as follows: lactosucrose at 192 g l−1 from
lactose or sucrose by levanosucrase from Sterigmatomyces elviae and
fructooligosaccharide at 116 g l− 1 from sucrose by β-fructofuranosidase
from Aspergillus japonicas. Prebiotics are used in the nutraceutical,
pharmaceutical, animal feed and aquaculture areas. They stimulate
growth of beneficial intestinal bacteria and maintain health of humans
by suppression of potentially harmful bacteria, improvement of
defecation, elimination of ammonia, prevention of colon cancer,
stimulation of mineral adsorption and lowering of cholesterol and
lipids.

Food additives functioning as sugar substitutes
Aspergillus niger var. awamori, P. roqueforti and the plant
Thaumatococcus danielli are all capable of producing the proteinFigure 1 Chemical structure of lovastatin.

Production of valuable compounds by molds and yeasts
AL Demain and E Martens
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insecticidal agent comprised of a mixture of the polyke-
tides spinosyn A and spinosyn D, is approved for the topi-
cal treatment of head lice in humans, and as an important 
insecticide active against a wide range of lepidopterous and 
dipterous insect pests in agriculture.

A large number of NPs or NP-inspired agents have been 
found to exhibit anti-tumor activity [26, 47]. Approved 
drugs from bacterial sources include the anthracycline 
mitomycin C (Fig. 3) and the mixed polyketide-nonribo-
somal peptide (PK-NRP) bleomycin, both of which act 
by causing breaks in DNA, though via different chemical 
mechanisms; the di-cyclic peptide actinomycin D, a tran-
scription inhibitor; doxorubicin, a semi-synthetic derivi-
ative of the anthracycline polyketide daunorubicin, that 
acts by intercalating into DNA and blocking the enzyme 
topisomerase II; and romidepsin, a histone deacetylase 
inhibitor. Anti-tumor terpenes from plant sources include 
vincristine, vinblastine and paclitaxel. These agents block 
mitosis by binding to microtubules. Other anti-tumor 
agents from plants are the topoisomerase II inhibitor etopo-
side, a semi-synthetic agent related to podophyllotoxin; 
the topoisomerase I inhibitor camptothecin, a quinoline 
alkyloid, as well as its water-soluble semi-synthetic deriva-
tive topotecan; and the recently approved translation inhibi-
tor omacetaxine mepesuccinate, a natural ester of the alka-
loid cephalotaxine. Other recently approved anti-cancer 
drugs include the tetrapeptide epoxyketone carfilzomib, 
a semi-synthetic derivative of epoxomicin, and eribulin, 

a macrocylic ketone analog of the NP halichondrin B. 
Salinosporamide A is a proteosome inhibitor not yet 
approved as an anti-cancer agent. Many NPs that exhibit 
anti-tumor activities are too cytotoxic to be administered 
as drugs by themselves. A number has been conjugated to 
monoclonal antibodies for the purpose of target-specific 
delivery. NPs present in approved antibody–drug-conju-
gates (ADCs) include the ansamycin polyketide maytan-
sine and the acylpeptide dolastatin. The formerly approved 
ADC containing calicheamicin, an enediyne polyketide 
was recently withdrawn due to severe toxic side effects. 
However, many more enediynes have been discovered by 
focused genome mining [101], thus providing a wide range 
of chemical warheads for potential drug development.

An important advance in the treatment of hypercholes-
terolemia was the development of the class of NPs known 
as statins, e.g., compactin (Fig. 4), lovastatin, and semi-
synthetic derivatives simvastatin, atorvastatin, pravasta-
tin. These compounds inhibit the mammalian and fungal 
enzyme HMG-CoA reductase in the cholesterol biosynthe-
sis pathway. They continue to be among the highest rev-
enue generating pharmaceuticals worldwide. The bacterial 
polyketides rapamycin and FK506 (tacrolimus), and the 
fungal cyclic peptide cyclosporine A are immunosupres-
sants that are widely used after organ transplantation to sup-
press rejection. Fingolimod, a drug used to treat multiple 
sclerosis, was developed from the fungal compound myri-
ocin, an inhibitor of serine palmitoyltransferase, by using 

Fig. 4   Structures of natural products with various bioactivities
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subunit at a site distinct from the macrolides. Chloram-
phenicol, a third ribosome binding agent is very active 
against Gram-negative bacteria, but is no longer used clini-
cally, due to rare side effects. It binds to the A site of the 
50S ribosome preventing the binding of aminoacyl-tRNA. 
The bactericidal penicillins and cephalosporins covalently 
bind to penicillin binding proteins in the bacterial cell wall 
and block cell wall synthesis, leading to exposure of the 
cell membrane to its osmotically unfavorable environment, 
resulting in cell lysis. Clavulanic acid, an inhibitor of sev-
eral β-lactamases (which inactivate penicillins) is combined 
with the semi-synthetic penicillin analog amoxicillin in 
the compound Augmentin for use against penicillin-resist-
ant pathogens. Glycopeptides, such as vancomycin and 
teicoplanin or their recently approved second-generation 
structural relatives (e.g., telavancin, dalbavancin, and orita-
vancin) are used for Gram-positive infections that are not 
readily treated by macrolides and tetracyclines. The mem-
brane active cyclic peptide daptomycin is used for hospi-
tal-based difficult to treat Gram-positive infections, includ-
ing methicillin-resistant Staphylococcus aureus (MRSA), 
and the penems (e.g., meripenem, derived from thienamy-
cin) are used to treat infections caused by Gram-negative 
microorganisms. Natural penems are cephalosporin ana-
logs. Aminoglycosides, such as tobramycin, are used in 
hospitalized patients carrying Gram-negative infections. 
They interact with mRNA in the 30S–50S ribosome junc-
tion and cause mistranslation. Lipiarmycin (independently 
identified from three different actinomycetes, and also 

named clostomicin, tiacumicin and fidaxomycin), recently 
approved by the FDA, is effective against Clostridium 
difficile, the agent associated with severe colitis and diar-
rhea. This macrolide does not bind ribosomes, but inhibits 
the β-subunit of RNA polymerase blocking transcription. 
Rifampicin, a semi-synthetic analog of rifamycin, also 
inhibits RNA polymerase and is used in combination with 
other agents, including streptomycin, for the treatment of 
tuberculosis.

Two different families of NPs are used to treat fungal 
infections in humans. Polyene macrolides such as ampho-
tericin B (Fig. 2) and nystatin bind to ergosterol creat-
ing holes in the fungal membrane and the echinocandins, 
such as caspofungin, inhibit the fungal cell wall form-
ing enzyme glucan synthase. A large family of polyethers 
including monensin, narasin, salinomycin, and lasalocid 
are used in cattle feed as growth promoting agents or in 
chicken feed to prevent coccidiosis. The antimicrobial and 
antiparasidic effects of the polyethers are through their 
activities as ionophores, chelating mono- or divalent cati-
ons. Ivermectin, a semi-synthetic derivative of avermectin, 
is active against parasitic worms in humans and animals. 
It is used to treat onchocerciasis (river blindness) and lym-
phatic filariasis (elephantiais) in humans. Artemisinin is 
used to treat the malaria causing parasite Plasmodium fal-
ciparum. Artemisinin is derived from a plant, but is now 
produced by the yeast Saccharomyces cerevisiae, based on 
a successful synthetic biology approach to heterologously 
express the NP pathway. Spinosad, an antiparasitic and 

Fig. 2   Structures of antifungal and antiparasitic natural products
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Fig. 3   Structures of anti-tumor natural products
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En 2003, le marché de ces composés pèse 40 milliards de dollars et plus de 50 000 

tonnes de métabolites secondaires et dérivés sont produites par an dans le monde (Demain, 

2014).  

 

I.C. Apparition des résistances antimicrobiennes et besoin de nouvelles 

molécules thérapeutiques 
Outres les intérêts industriels et économiques, l’intérêt de découvrir, synthétiser et 

modifier des métabolites secondaires reste considérable pour plusieurs raisons : obtenir des 

molécules thérapeutiques plus sûres et plus efficaces, améliorer leurs propriétés 

pharmacologiques, combattre les virus (Ebola, le virus de l’immunodéficience humaine 

responsable du SIDA par exemple), les bactéries (Borrelia burgdorferi, responsable de la 

maladie de Lyme), les cancers pour lesquels nous ne disposons pas encore de traitement 

efficace, et enfin combattre les virus et bactéries naturellement résistants ou ayant acquis une 

résistance.  

Ce phénomène de résistance aux antibiotiques est l’un des problèmes majeurs de santé 

publique de notre siècle. En Europe, 25 000 personnes meurent tous les ans des suites 

d’infections par les bactéries multi-résistantes (Martens et Demain, 2017), tandis qu’aux États-

Unis, d’après les Centers for Disease Control and Prevention, environ deux millions de 

personnes sont infectées par des bactéries résistantes aux antibiotiques et 23 000 en meurent 

par an (https://www.cdc.gov/drugresistance/index.html). Toujours aux États-Unis, rien que la 

souche de Staphylococcus aureus résistante à la méthicilline (MRSA) est responsable de 

190000 morts et 360 000 hospitalisations par an (Martens et Demain, 2017). Les seuls 

antibiotiques encore actifs face à cette souche sont la vancomycine et le linezolide. 

Malheureusement, des souches de Staphylococcus aureus résistantes à la vancomycine (VRSA) 

font de plus en plus leur apparition (Martens et Demain, 2017). Les mécanismes biologiques 

d’émergence des bactéries pathogènes multi-résistantes sont complexes et variés, mais il est 

clair que leur multiplication est en grande partie le résultat d’une pression de sélection 

incessante provenant de la sur-utilisation des antibiotiques et de leur dissémination dans 

l’environnement par l’activité humaine ces soixante dernières années  (Davies et Davies, 2010). 

Pourtant, cette crise n’est pas expliquée uniquement par la surutilisation des 

antibiotiques et l’apparition rapide des souches résistantes. Elle peut aussi l’être par une chute 

du nombre de nouvelles molécules découvertes et donc mises sur le marché. De 1960 à 1980, 

le taux de découverte de nouveaux antibiotiques chez les Streptomyces seuls est d’environ 75 
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par an. Ce taux diminue peu à peu jusque 20 par an actuellement et il est prévu de tomber à 15 

par an d’ici à 2060  (Watve et al., 2001). Deux problèmes majeurs sont apparus au cours des 

années 2000 : i) plus de dix millions d’Actinomycètes et de champignons avaient déjà été criblés 

et les mêmes souches productrices ont fini par ressortir des cribles, aucune nouvelle famille 

d’antibiotique n’a été découverte entre 1962 et 2000, période correspondant à un 

gap d’innovation dans l’industrie pharmaceutique  (Fischbach et Walsh, 2009), ii) il était alors 

pensé que les antibiotiques potentiels à découvrir étaient produits par des micro-organismes 

beaucoup moins abondants que ceux déjà découverts et beaucoup plus difficiles à cultiver en 

conditions de laboratoire (Baltz, 2006) (cette dernière hypothèse est largement contredite 

depuis, grâce à l’émergence du genome mining, abordé par la suite). 

Pour pallier ces difficultés, plusieurs stratégies prometteuses sont exploitées et 

développées dans les paragraphes suivants. 

 

I.D.  Différentes stratégies de découverte et de développement de nouvelles 

molécules 
I.D.1. Hémi-synthèse et synthèse chimique 

Historiquement, la première stratégie utilisée dans le but d’obtenir de nouvelles 

molécules thérapeutiques repose sur la synthèse chimique. Deux options sont à distinguer : la 

modification des charpentes moléculaires connues pour leur activité ou la synthèse chimique 

totale de nouveaux composés. 

Dans le cas de l’hémi-synthèse, la charpente moléculaire est laissée intacte de manière 

à préserve l’activité antibiotique, et seuls les groupements périphériques sont modifiés dans le 

but d’améliorer les propriétés de la molécule. Dans le cas des antibiotiques, les générations 

successives  ont bien souvent été conçues afin d’élargir le spectre d’activité de la molécule, 

améliorer leurs propriétés pharmacocinétiques et/ou pharmacodynamiques, mais aussi pour 

contourner un mécanisme de résistance apparu contre la génération précédente (Figure 4 page 

8). 
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Figure 4 : Générations successives des macrolides obtenus par hémi-synthèse (adaptée de Fischbach et Walsh, 
2009). 
Les charpentes moléculaires sont présentées en noir et les modifications chimiques apportées en rouge. 
 

L’érythromycine est un antibiotique interagissant avec la sous-unité 50s du ribosome 

empêchant la libération du peptide en croissance. Plus précisément, les interactions se font entre 

des nucléotides de l’ARN 23s, la fonction hydroxyle du désosamine et les oxygènes portés par 

les chaines latérales R1 et R3 (Schlünzen et al., 2001). La deuxième génération mise sur le 

marché a présenté des modifications au niveau de ces chaines : les groupements hydroxyles 

originaux engendrent des attaques nucléophiles au niveau de la fonction cétone adjacente, 

rendant l’antibiotique inactif. La troisième génération, comme la télithromycine, donne 

naissance à des dérivés « cétolides » : le cladinose y est remplacé par une fonction cétone. Cette 

substitution ainsi que la modification de la chaine R2 permettent d’élargir le spectre d’activité 

de l’antibiotique, notamment vis à vis de souches résistantes, et améliorent son efficacité 

(Nilius, 2002). 

La seconde option, la synthèse totale de novo, est développée dans les années 1990 

lorsque les cribles des métabolites secondaires commencent à perdre en efficacité. Les 

industries pharmaceutiques investissent alors massivement dans des banques de chimie 

combinatoire permettant la synthèse de milliers de nouveaux composés uniques à partir de 

quelque centaines de petites molécules différentes (Katz et Baltz, 2016). Le développement de 

la robotique et des cribles enzymatiques et ligand-récepteur, permet aux compagnies de tester 

ces librairies avec des systèmes de criblage à haut débit. Entre 1995 et 2005, des millions de 

nouvelles molécules ont été testées contre des centaines de cibles thérapeutiques précises et 

présélectionnées, potentiellement impliquées dans toutes sortes de pathologies. 

Malheureusement, une seule molécule synthétisée de novo est ressortie de ces efforts de 

criblage : le sorafenib, un inhibiteur de kinases utilisé dans le traitement du cancer rénal 

(Newman et Cragg, 2012). En effet, les librairies générées sont composées de petites molécules 

aux structures très proches, ne variant que par la nature des groupements pendentifs et 

Erythromycine Clarithromycine TélithromycineMacrolides

1ère génération 2ème génération 3ème génération
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répondant aux règles contraignantes de Lipinski (Linpinski et al., 1997) qui permettent 

d’évaluer le potentiel médicamenteux d’une molécule. Selon ces règles, une molécule 

thérapeutique, prise par voie orale, ne doit pas présenter plus de cinq donneurs et plus de dix 

accepteurs de liaisons hydrogènes, sa masse ne doit pas excéder les 500 daltons et son 

coefficient de partition octanol-eau (log P) doit être inférieur à cinq, reflétant sa bonne solubilité 

en milieu aqueux. 

Les chimistes synthétiques changent alors de stratégie et créent des librairies avec plus 

de diversité et de complexité : multiples centres chiraux, groupements hétérocycliques, 

structures polycycliques, présence élevée d’hétéroatomes, propriétés normalement associées 

aux molécules naturelles (Newman, 2008). Ils se tournent vers la diversity oriented strategy 

dans le but de créer de plus petites librairies chimiques qui respectent ces aspects structuraux 

des métabolites secondaires. L’objectif est d’explorer l’espace des structures chimiques puis de 

déterminer les cibles potentielles, non connue a priori (Tan, 2005). Cette stratégie a l’avantage 

de créer une diversité au sein des squelettes même des molécules (Figure 5  page 10).  
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FIGURE 1.1 Planning strategies and end goals involved in target-oriented synthesis, focused
library synthesis (combinatorial synthesis), and diversity-oriented synthesis. The first two
approaches use retrosynthetic analysis to design the synthesis of target compounds. DOS uses
forward synthetic analysis to produce libraries that occupy diffuse regions of chemical space.
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Figure 5 : Comparaison de la conception des librairies et des molécules obtenues par les approches (A) de 
chimie combinatoire et (B) diversity oriented strategy (adaptée de O’Connell, Galloway, et Spring, 2013). 
 

Ces dernières années, plusieurs molécules hit sont sorties de ces librairies restreintes et 

certaines sont passées au stade d’essai clinique  (Liu, Li, et Lam, 2017). Cependant le succès 

global des librairies synthétiques est assez limité, c’est pourquoi de nombreuses équipes se sont 

refocalisées sur les organismes et les enzymes synthétisant les métabolites secondaires. 

 

I.D.2. Genome mining 

Cette autre stratégie, la plus récente, est permise grâce à la généralisation du séquençage 

et le développement de la génomique depuis les années 2000. Le potentiel codant des micro-

organismes est ainsi révélé, entrainant une révolution dans le domaine : les bactéries possèdent 

plusieurs clusters de gènes permettant la synthèse de métabolites secondaires. Certains 

Actinomycètes possèdent jusqu’à 48 de ces clusters, ce qui représente 24% de leur génome total 

(Katz et Baltz, 2016). Les chercheurs n’auraient en réalité découvert que 10% des métabolites 

secondaires des souches criblées (Fischbach et Walsh, 2009). En effet, beaucoup des gènes 

menant à la synthèse de ces molécules ne s’expriment que dans des conditions de culture très 

particulières et les métabolites produits sont souvent trop faiblement concentrés pour être 

détectés. D’autre part, seul 1% des bactéries serait cultivable en laboratoire. Le nombre de 

sources potentielles de métabolites secondaires est donc immense : presque tous les micro-

organismes en produisent au moins une douzaine, et le profil métabolique de la plupart des 

organismes vivants est inconnu (Breitling et al., 2013). 

Diversity oriented strategy

Librairie complexe
Exploration de

l’espace chimique

B



Introduction 

	

 11 

La majorité de ces nouveaux métabolites ne sont que prédits par des analyses bio-

informatiques, mais dans certains cas, la production de métabolites secondaires « dormants » a 

pu être induite par manipulations génétiques (Foulston, 2019). De nombreux outils ont été mis 

au point ces dernières années afin de manipuler de manière optimale le matériel génétique des 

Streptomyces (Nafissi et Slavcev, 2014). Deux grandes stratégies sont à distinguer : 

l’expression homologue et l’expression hétérologue. La première stratégie consiste à activer les 

gènes cryptiques chez l’hôte natif en modifiant la transcription ou la traduction endogène par 

mutation. L’optimisation du milieu et des conditions de culture entre aussi dans cette première 

stratégie, car en effet, il est pensé que la production spécifique de certains métabolites 

secondaires est activée par un changement d’environnement de la bactérie productrice.  Pour la 

seconde stratégie, les clusters entiers sont intégrés chez un hôte hétérologue dont les conditions 

de culture et d’activation de l’expression sont bien maîtrisées. Dans les deux cas les métabolites 

secondaires produits sont analysés par chromatographie en phase liquide ou gazeuse couplée à 

un spectromètre de masse (LC/MS ou GC/MS) et leur structure éventuellement résolue par 

résonance magnétique nucléaire (RMN) (Figure 6 page 11). 

 

 
Figure 6 : Comparaison des approches par expression homologue ou hétérologue (adaptée de Scheffler et al., 
2013). 

 

Des centaines de nouvelles molécules ont déjà pu être découvertes grâce au genome 

mining, comme les stambomycines chez Streptomyces ambofacines (Laureti et al., 2011). Le 

séquençage du génome de cette bactérie a mis en évidence un cluster de 25 gènes dont 9 codent 
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des PKS. L’expression homologue des protéines a été déclenchée grâce à l’expression 

constitutive d’un activateur transcriptionnel. La structure des quatre stambomycines produites 

(divergentes de par la nature d’un groupement pendentif) a été résolue par RMN : ce sont des 

macrolides cycliques à 51 carbones et ces molécules présentent une activité prometteuse 

antiproliférative sur certaines cellules cancéreuses. Au vu de la grande richesse de clusters 

biosynthétiques de métabolites secondaires découverts par cette approche, le genome mining 

est et sera certainement pour encore de nombreuses années une source importante de nouvelles 

molécules (Foulston, 2019).  

 

I.D.3. Biologie synthétique des PKS 

La dernière approche possible est l’ingénierie des voies de synthèse naturelles de 

certains métabolites secondaires. Le but est d’obtenir de nouvelles molécules en modifiant 

directement ces voies enzymatiques de synthèse des métabolites secondaires. De par le large 

spectre d’activité des molécules qu’elles produisent et surtout leur architecture qui sera 

développée en détail par la suite, certaines familles de PKS sont tout particulièrement attractives 

pour cette stratégie.  

Les polycétides sont utilisés en tant qu’antibiotique (érythromycine A, virginamycine 

M, enacyloxine), anticancéreux (lankacidine, épothilone), antifongique (amphotéricine), 

immunosuppresseur (rapamycine), antiparasitaire (avermectine B1b), ou même comme 

insecticide (spinosyne A) (Figure 7 page 12).  

 

 
Figure 7 : Exemple de quelque polycétides d’intérêt (adaptée de Weissman et Leadlay, 2005).  

© 2005 Nature Publishing Group 
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En plus de leur grande diversité fonctionnelle, les polycétides présentent une grande 

variété de structures (Figure 7 page 12), bien que ces molécules soient toutes des dérivés de 

polycétones. Cette complexité, ainsi que la présence de très nombreux groupements 

fonctionnels et d’une stéréochimie bien définie, constituent à la fois un avantage, puisque cela 

confère à ces molécules de très nombreuses activités pharmacologiques, mais aussi un 

inconvénient majeur, puisque les polycétides sont des molécules complexes et leur synthèse 

chimique/hemi-synthétique se révèle laborieuse. La synthèse de ces composés et de dérivés 

reste donc un challenge pour le domaine médical. Une option de choix est alors d’utiliser la 

biologie synthétique, et certaines PKS sont d’excellentes candidates grâce à leur organisation 

modulaire.  

 

II. Les polycétides synthases 
II.A. Découverte 
Elles sont mises en évidence de manière indirecte dans les années 1950 grâce à Arthur 

Birch, à Oxford. Il a eu l’idée que les polycétides pouvaient être synthétisés à partir de plusieurs 

cycles de condensation d’unité acétates. Sa théorie (Figure 8 page 14) est confirmée en 

fournissant de l’acétate 14C (marqués au niveau du C1) (Birch, Massy-Westropp, et Moye, 1955) 

à Penicillum patulum, un champignon synthétisant l’acide 6-méthylsalicylique (6-MSA), un 

petit polycétide intermédiaire de la toxine patuline.  
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Figure 8 : Séquence de réactions proposée par Birch pour la synthèse de l’acide 6-méthylsalicylique 1 (adaptée 
de Staunton et Weissman, 2001).  
 

L’intermédiaire 6-MSA, qu’il a pu à identifier grâce à une décomposition chimique, 

présente bien quatre carbones marqués comme proposé. Jusque dans les années 1960, la seule 

technique possible pour réaliser des études structurales de ces molécules était très proche de 

celle utilisée par Birch : elle consistait à dégrader chimiquement des polycétides en des 

fragments de taille identifiables par spectroscopie de masse (MS). Un travail fastidieux 

d’assemblage de ces fragments sur papier permettait ensuite d’obtenir une idée générale de la 

structure de la molécule. Fort heureusement, ce travail s’est trouvé grandement simplifié grâce 

à l’émergence de la RMN multi-dimensionnelle dans les années 1970. Des précurseurs marqués 
13C ont été fournis aux bactéries, les produits naturels ont été isolés et des spectres à plusieurs 

dimensions 1H,13C ont été enregistrés. Cela a permis d’élucider la structure de nombreuses 

molécules et de décomposer en partie l’enchainement des réactions chimiques nécessaires à 

leur synthèse.  

 

II.B. Organisation en cluster 
Ce n’est qu’à la fin des années 1970, avec l’émergence de la génétique, que les gènes 

codant les protéines responsables de la synthèse des polycétides commencent à être mis en 

évidence. En 1979, Rudd et Hopwood découvrent un cluster de gènes chez Streptomyces 

coelicolor permettant la synthèse de l’actinorhodine (Rudd et Hopwood, 1979). Ce polycétide 

more daring was his proposal that such intermediates might be
generated inside the living cells that produced such compounds
naturally.

Sadly, other influential organic chemists of the day lacked
his vision and his hypotheses were deemed to be not just
premature, but presumptuous. Perhaps he was overly ambitious
in his conjectures, because he went on, erroneously, to
suggest that the polyketones might be generated from suit-
able sugars known to be present in polyketide-producing
organisms. Similarly far-fetched hypotheses are broached today
by chemists who speculate on the origins of life. Contemporary
chemists, however, are much more receptive to such theories
and so the best of them will probably be investigated. Not
so with Collie’s ideas – they were buried by the indifference of
his contemporaries, and the polyketide field went dead for half
a century.

2.1 The polyketide field is revived

Just how great a loss this was can be appreciated by looking at
the history of subsequent theorising on the biosynthetic path-
way to the alkaloids. Robert Robinson proposed his scheme
for tropinone 4 biosynthesis (Fig. 4) 5 in 1917, just ten years
after Collie stopped publishing. Perhaps Robinson was more
convincing or charismatic than Collie because his ideas took
hold. He went on to dazzle the organic chemical community
for another thirty years, culminating in his book published

Fig. 2 Collie’s synthesis of orcinol 2 from dehydroacetic acid 1.

Fig. 3 Structure of the actinorhodin ACP based on 1H NMR.

in 1955.6 Robinson’s hypotheses focused on alkaloids and
terpenes, but, intriguingly, he did give passing mention to the
idea that polyphenols might be produced from polyketones.6

Was this his original idea, or was he aware of Collie’s earlier
speculations?

The main impetus to the resurgence of interest in polyketides,
however, came from Arthur Birch in the 1950s. Birch, like most
other leading natural product chemists of the era, had spent a
major part of his early training in Robinson’s laboratory at
Oxford. His contributions were decisive, for two reasons. First,
he recognised that polyketones could be generated from acetate
units by repeated condensation reactions, and second, he was
willing to test his theory by administering an isotopically-
labelled version of his proposed precursor to a suitable
polyketide-producing organism.7

Birch’s chosen subject was the aromatic polyketide 6-methyl-
salicylic acid (6-MSA) 5 (Fig. 5) produced by the fungus Penicil-
lium patulum. 6-MSA is an intermediate in the biosynthesis of
the toxin patulin 6 and has some importance as an antibiotic in
its own right.8 The mechanistic basis of his proposal is shown in
Fig. 5. Four acetate units are linked ‘head-to-tail’ to generate a
triketo acid 7, and then one of the resulting keto groups is
reduced to a hydroxy group. Generation of a carbanion at the
β-keto residue would then allow an aldol condensation to form
a six-membered carbocyle (the order of these steps is only
hypothetical). Finally, a sequence of plausible dehydration
and enolisation reactions would lead to the aromatic natural
product.

Birch tested these ideas by feeding acetate labelled with 14C at
C-1 (Fig. 6).7 According to his hypothesis, four sites in 6-MSA
should incorporate the radioactivity as indicated. To confirm
his idea, it was essential to determine the pattern of labelling in
the molecule. This analysis entailed laborious experiments in
which samples of the acid were subjected to controlled chemical

Fig. 4 Robinson’s stunningly simple biomimetic synthesis of
tropinone 4.

Fig. 5 Birch’s proposed sequence of reactions in the biosynthesis of
6-methylsalicylic acid 5.

382 Nat. Prod. Rep., 2001, 18, 380–416
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à activité antibiotique présente une couleur bleue caractéristique. Pour ce faire, les auteurs ont 

réalisé une série de mutations du génome de Streptomyces coelicolor. 76 mutations, engendrant 

une perte de la couleur bleue des colonies, ont été répertoriées. Les mutants ont été triés en 

classes phénotypiques distinguées par l’activité antibiotique du polycétide, l’accumulation de 

précurseurs colorés ou de produits abortifs. La zone du génome assurant la synthèse du 

polycétide a été précisée, et le cluster de gènes permettant la synthèse de l’actinorhodine a été 

alors séquencé.  Le cluster ainsi identifié est composé de six gènes (Figure 9 page 15). Leur 

annotation a été réalisée en comparaison avec d’autres séquences de protéines connues, et 

notamment avec celles des synthases d’acides gras (FAS). Les mécanismes de biosynthèse des 

acides gras et des polycétides sont très similaires : condensations et modifications successives 

de petites unités acyl-CoA, le tout corrélé à une forte homologie de séquence primaire entre les 

domaines enzymatiques responsables de ces activités. Ces indices laissent à penser que ces deux 

systèmes enzymatiques partagent un ancêtre commun.  

 

 
Figure 9 : Cluster de gènes responsables de la biosynthèse de l’actinorhodine mis en évidence par Rudd 
Hopwwod (adaptée de Staunton et Weissman, 2001). 
Les cadres ouverts de lecture (ORF) 1, 2 et 3 correspondant à actI, codent pour les enzymes catalysant les 
condensations des unités acétates et malonates, tandis que les gènes actIII, actVII et actIV codent pour des 
enzymes assurant la modification et la cyclisation du polycétide.  

 

Plus tard, au début des années 1990, deux laboratoires découvrent indépendamment le 

cluster de gènes responsable de la synthèse de l’érythromycine A chez Saccharopolyspora 

erythraea (Bevitt et al., 1992 ; Donadio et al., 1991). Ce cluster comporte le gène ermE, gène 

de résistance à l’érythomycine, et les gènes ery. Parmi ces derniers, il y avait trois énormes 

ORF : eryAI, eryAII et eryAIII, faisant environ 10 kilo bases (kb) chacun et codant trois 

Fig. 14 The fatty acid biosynthetic cycle. MAT: malonyl-acetyl transferase; ACP: acyl carrier protein; KS: ketosynthase; KR: ketoreductase; DH:
dehydratase; ER: enoyl reductase.

homologies, both in the nature of the chemistry used in chain
extension from a common pool of simple precursors and in the
character of the enzymes that are used for chain assembly, and
so insights into fatty acid assembly are relevant to polyketide
biosynthesis. In fact, research in the fatty acid field has almost
always predated equivalent studies in the polyketide field.
Even today, the precedents of fatty acid biosynthesis guide
polyketide researchers.

5.1 Fatty acid biosynthesis

Fatty acids are assembled from C2 units by repeated head-to-
tail linkage, until a chain of the required length is reached. The
chemical steps of chain extension are shown in Fig. 14. A
starter acyl unit (usually acetyl) is condensed with a malonyl
unit that undergoes concerted decarboxylation to furnish the
electrons for the new carbon–carbon double bond. The result-
ing β-keto ester is successively reduced to a hydroxy, dehydrated
and finally reduced again to give a saturated chain longer than
the original by two methylene units.

The acyl participants in these chemical reactions are bound
as thioesters to the set of enzymes used for chain extension. The
starter acyl is attached to a cysteine thiol of the first enzyme, a
keto synthase (KS), which catalyses condensation. The chain
extender malonate unit is bound to a thiol residue of a protein
designated as an acyl carrier protein (ACP). The thiol in this
case is not part of the primary protein chain, but is the terminus
of a phosphopantetheine residue added to the protein in a post-
translational modification. The phosphopantetheine functions
as a long flexible arm that carries the growing chain and delivers
it to the various enzymes responsible for chain extension. Con-
densation results in an extended chain in the form of a β-keto
ester bound to the ACP. In subsequent steps, the keto ester is
reduced by a keto reductase (KR), dehydrated by a dehydratase
(DH) and finally reduced again by an enoyl reductase (ER).
This sequence of reactions completes the first round of chain
extension. The cycle is then repeated after transfer of the satur-
ated chain from the ACP to the KS. Successive cycles lead even-
tually to a chain of the required length (usually 14, 16 or 18
carbons). At that stage, the chain is passed to a thioesterase
(TE) enzyme from which it is released, usually as a free acid or

an acyl ester. All fatty acid synthases (FASs) have the same set
of components (KS, ACP, KR, DH, ER and TE). There is also
a seventh partner, a malonyl-acetyl transferase (MAT). The role
of this protein is to transfer the building blocks acetate (to
start) and malonate (to extend) from the respective coenzyme A
pools onto the active thiol resides of the appropriate domains.

The structural organisation of the many activities of the
FASs depends on the type of organism. At one extreme, in
bacteria, the fatty acid synthase consists of a set of discrete
proteins that can be isolated separately. In mammals, on the
other hand, all of the enzyme activities are covalently linked to
form a large multifunctional protein. Various intermediate
stages of organisation are found in other organisms. The fully
dissociable proteins are designated type II; conversely, the
multifunctional variety are called type I. It is likely, however,
that the dissociable type II systems, like the type I systems, are
organised into a highly structured multifunctional array in their
active state. Investigators ignore this organisational aspect at
their peril, as we shall see.

The enormous progress in studies of fatty acid synthases
made after the 1970s was not matched in the polyketide field.
Only one PKS was isolated and characterised in sufficient
purity for definitive studies. This was 6-methylsalicylic acid syn-
thase (6-MSAS) isolated from a fungal source. It proved to be a
type I synthase and a tetramer (MW of each monomer, ~190
kDa).24–26 A fuller account of this fascinating synthase will be
given later. Despite extensive efforts, attempts to find other syn-
thases, especially those for macrolides like erythromycin, drew
a blank. Two decades passed before the polyketide synthase
responsible for erythromycin biosynthesis was found. In the
next section, we will describe the genetic advances that under-
pined this breakthrough.

6 The genetic approach to biosynthetic studies

Just as the introduction of isotopes opened up the elucidation
of biosynthetic pathways in the 1950s, the development of
genetic techniques in the 1980s opened the way to the discovery
of the enzymes. The principal pioneer in this area was Sir David
Hopwood who adopted the polyketide actinorhodin 15 (Fig.
15(a)) as his test system on the basis of its characteristic blue

386 Nat. Prod. Rep., 2001, 18, 380–416

Fig. 15 (a) The polyketide antibiotic actinorhodin 15. (b) Organisation of the gene cluster for the type II PKS responsible for actinorhodin
biosynthesis.

Fig. 16 Map of the regions of the Saccharopolyspora erythraea genome containing the genes associated with erythromycin biosynthesis.

colour. Cessation of production in any mutant bacteria by
inactivation of specific genes was immediately obvious by lack
of the blue colour combined with loss of antibiotic activity.
Through a series of carefully designed experiments over a
number of years, the genes coding for the enzymes of actino-
rhodin biosynthesis were identified.27 The genes were sequenced
(a formidable task in the early days of this research) and so the
primary sequence of the various proteins was established. The
next stage was to assign functions to the enzymes by com-
parison with the sequence of known proteins. A number of
components showed convincing homology with the various
enzymes of fatty acid synthases (KS, ACP, KR) and so were
assigned to the role of polyketide chain extension. The organ-
isation of these genes on the genome is shown in Fig. 15(b). The
genes are discrete and so, clearly, the actinorhodin PKS is a
type II dissociable system just like the FAS of bacteria.

We will return to further studies of the type II genes later, but
first we will consider the macrolide systems because these
turned out to be type I synthases and were much more amen-
able to systematic studies.

6.1 Genetics of type I or modular polyketide synthases

In the past five years, there has been an explosion of interest in
sequencing and manipulating the genes for type I polyketide
synthases, as well as understanding the structure and function
of the extraordinary proteins that they encode.28,29 As a con-
sequence, it is impossible to present a comprehensive review of
all of the advancements in the field. We will therefore attempt
only to be representative, relying most often on the erythro-
mycin PKS as an example.

6.1.1 The erythromycin polyketide synthase

Inspired by the discovery of the genes encoding for the bio-
synthesis of actinorhodin,27 the search for the elusive erythro-
mycin genes in the bacterium Saccharopolyspora erythraea
began in earnest in the late 1980s. Within a few years, two labs
had succeeded in finding the genes using different but comple-
mentary approaches. Peter Leadlay’s group at Cambridge
University worked on the assumption that the antibiotic bio-
synthetic genes in S. erythraea and the related Streptomyces

bacteria are clustered around the gene that confers self-
resistance.30,31 By ‘walking’ along the chromosome away from
the erythromycin resistance gene, ermE, and searching for
sequences with similarity to FAS and other PKS enzymes, they
discovered the ery genes.31 Leonard Katz and co-workers at
Abbott Laboratories, on the other hand, knew of a region in
the genome of S. erythraea near ermE in which mutations dis-
abled the synthesis of 6-deoxyerythronolide B (6-dEB) 16, the
putative product of the polyketide synthase.32,33 Sequencing
within this area also revealed the PKS genes. Partial sequence
information was published by both groups in 1990,31,34 while
more rigorous analyses of the gene cluster followed shortly
after.35,36 A map showing the regions of the genome is given in
Fig. 16. On both sides of ermE are genes coding for non-PKS
enzymes involved in the late or ‘tailoring’ stages of the pathway
in which 6-dEB is converted into the active antibiotic erythro-
mycin A 10. Further away from ermE are the genes for the PKS
itself.

The structural genes responsible for the biosynthesis of the
first macrolide intermediate 6-dEB 16 are three enormous open
reading frames (ORFs), eryAI, eryAII and eryAIII (~10 kbp
each, Fig. 16), coding for three gigantic (~350 kDa each)
multienzyme polypeptides, 6-deoxyerythronolide B synthase
(DEBS) 1, 2 and 3 respectively. The size of the ORFs places the
erythromycin PKS in a select group of enzymes that synthesise
secondary metabolites using giant, multifunctional poly-
peptides. Even more remarkably, the DEBS proteins are
dwarfed by those involved in the biosynthesis of, for example,
rapamycin,37,38 rifamycin 39 and nystatin.40 The catalytic activ-
ities or domains within each of the giant proteins were assigned
functions by comparison to the domains in fatty acid
synthases.31,34–36 The homologies between the FAS and putative
PKS activities gave the investigators confidence that they had
discovered the genes for the PKS proteins.

In the linear representation of the primary sequence of the
proteins shown in Fig. 17, coded blocks indicate sections
thought to be associated with specific domains. Each domain is
presumed to form a localised globular structure with a catalytic
role determined by conserved residues at its specific active site
(4–6 amino acids). The linker regions between the domains
are believed to play a vital structural role in maintaining the

Nat. Prod. Rep., 2001, 18, 380–416 387

Fig. 15 (a) The polyketide antibiotic actinorhodin 15. (b) Organisation of the gene cluster for the type II PKS responsible for actinorhodin
biosynthesis.

Fig. 16 Map of the regions of the Saccharopolyspora erythraea genome containing the genes associated with erythromycin biosynthesis.
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Fig. 14 The fatty acid biosynthetic cycle. MAT: malonyl-acetyl transferase; ACP: acyl carrier protein; KS: ketosynthase; KR: ketoreductase; DH:
dehydratase; ER: enoyl reductase.

homologies, both in the nature of the chemistry used in chain
extension from a common pool of simple precursors and in the
character of the enzymes that are used for chain assembly, and
so insights into fatty acid assembly are relevant to polyketide
biosynthesis. In fact, research in the fatty acid field has almost
always predated equivalent studies in the polyketide field.
Even today, the precedents of fatty acid biosynthesis guide
polyketide researchers.

5.1 Fatty acid biosynthesis

Fatty acids are assembled from C2 units by repeated head-to-
tail linkage, until a chain of the required length is reached. The
chemical steps of chain extension are shown in Fig. 14. A
starter acyl unit (usually acetyl) is condensed with a malonyl
unit that undergoes concerted decarboxylation to furnish the
electrons for the new carbon–carbon double bond. The result-
ing β-keto ester is successively reduced to a hydroxy, dehydrated
and finally reduced again to give a saturated chain longer than
the original by two methylene units.

The acyl participants in these chemical reactions are bound
as thioesters to the set of enzymes used for chain extension. The
starter acyl is attached to a cysteine thiol of the first enzyme, a
keto synthase (KS), which catalyses condensation. The chain
extender malonate unit is bound to a thiol residue of a protein
designated as an acyl carrier protein (ACP). The thiol in this
case is not part of the primary protein chain, but is the terminus
of a phosphopantetheine residue added to the protein in a post-
translational modification. The phosphopantetheine functions
as a long flexible arm that carries the growing chain and delivers
it to the various enzymes responsible for chain extension. Con-
densation results in an extended chain in the form of a β-keto
ester bound to the ACP. In subsequent steps, the keto ester is
reduced by a keto reductase (KR), dehydrated by a dehydratase
(DH) and finally reduced again by an enoyl reductase (ER).
This sequence of reactions completes the first round of chain
extension. The cycle is then repeated after transfer of the satur-
ated chain from the ACP to the KS. Successive cycles lead even-
tually to a chain of the required length (usually 14, 16 or 18
carbons). At that stage, the chain is passed to a thioesterase
(TE) enzyme from which it is released, usually as a free acid or

an acyl ester. All fatty acid synthases (FASs) have the same set
of components (KS, ACP, KR, DH, ER and TE). There is also
a seventh partner, a malonyl-acetyl transferase (MAT). The role
of this protein is to transfer the building blocks acetate (to
start) and malonate (to extend) from the respective coenzyme A
pools onto the active thiol resides of the appropriate domains.

The structural organisation of the many activities of the
FASs depends on the type of organism. At one extreme, in
bacteria, the fatty acid synthase consists of a set of discrete
proteins that can be isolated separately. In mammals, on the
other hand, all of the enzyme activities are covalently linked to
form a large multifunctional protein. Various intermediate
stages of organisation are found in other organisms. The fully
dissociable proteins are designated type II; conversely, the
multifunctional variety are called type I. It is likely, however,
that the dissociable type II systems, like the type I systems, are
organised into a highly structured multifunctional array in their
active state. Investigators ignore this organisational aspect at
their peril, as we shall see.

The enormous progress in studies of fatty acid synthases
made after the 1970s was not matched in the polyketide field.
Only one PKS was isolated and characterised in sufficient
purity for definitive studies. This was 6-methylsalicylic acid syn-
thase (6-MSAS) isolated from a fungal source. It proved to be a
type I synthase and a tetramer (MW of each monomer, ~190
kDa).24–26 A fuller account of this fascinating synthase will be
given later. Despite extensive efforts, attempts to find other syn-
thases, especially those for macrolides like erythromycin, drew
a blank. Two decades passed before the polyketide synthase
responsible for erythromycin biosynthesis was found. In the
next section, we will describe the genetic advances that under-
pined this breakthrough.

6 The genetic approach to biosynthetic studies

Just as the introduction of isotopes opened up the elucidation
of biosynthetic pathways in the 1950s, the development of
genetic techniques in the 1980s opened the way to the discovery
of the enzymes. The principal pioneer in this area was Sir David
Hopwood who adopted the polyketide actinorhodin 15 (Fig.
15(a)) as his test system on the basis of its characteristic blue
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polypeptides multi-enzymatiques gigantesques faisant environ 350 kilo Daltons (kDa) chacun : 

DEBS 1, DEBS 2 et DEBS 3 (pour 6-deoxyerythronolide B synthase) (Figure 10 page 16).  

Bien d’autres clusters de PKS ont été mis en évidence par la suite, et ils comportent 

globalement les mêmes éléments : les gènes des PKS elles-mêmes, des gènes d’enzymes de 

modifications et de maturations des polycétides libérés par la PKS, ces protéines sont appelées 

enzymes post-PKS, mais aussi éventuellement le ou les gènes codant des protéines de résistance 

à la molécule synthétisée et des éléments de régulation de l’expression. Comme évoqué dans la 

section I.D.2., ces clusters peuvent occuper une part importante du génome des organismes. Par 

exemple, le cluster de l’érythromycine synthase représente près de 1% du génome de 

Saccharopolyspora erythraea (Oliynyk et al., 2007) (Figure 10 page 16), et au total, 3% du 

génome de cette bactérie est constitué de clusters de gènes consacrés à la synthèse de 

polycétides. 

 

 
Figure 10 : Cluster de gènes responsables de la synthèse de l’érythromycine A (fournie par KJ Weissman).  
En rouge, les gènes codant les trois chaines polypeptidiques de la PKS, en orange les gènes codant les enzymes 
post-PKS responsables de l’ajout des unités glucidiques et autres modifications, en violet les gènes codant les 
hydroxylases et en vert le gène conférant la résistance à l’érythromycine A. 
 

L’organisation génique et protéique ainsi que le mécanisme synthétique des PKS 

permettent de les classer en trois familles distinctes. En comparant les clusters des PKS de 

l’actinorhodine et de l’érythromycine, les chercheurs mettent en évidence que la première est 

constituée de quelques protéines discrètes tandis que la seconde est composée d’énormes sous-

unités multi-enzymatiques, différenciant ainsi les PKS de type II des PKS de type I. Il existe 
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Cette structure a représenté une énorme avancée pour les études sur la FAS 

humaine, qui est largement surexprimée dans les cellules cancéreuses, permettant 

ainsi le design d’inhibiteurs actuellement en essais cliniques (Flavin, et al., 2010). De 

plus, cette structure est également un modèle pour les études des PKS de type I.  

III. Les PKS 

 Organisation en cluster 1.

Comme vu dans la partie I.2.B, les gènes codant les polykétide synthases 

s’organisent en cluster. Au sein de ces clusters se retrouvent typiquement  tous les 

gènes codant les protéines servant à la synthèse même des polykétides, des 

protéines de maturation du polykétide une fois libéré par la PKS (enzymes post-

PKS), les protéines de résistance au composé synthétisé, des éléments de 

régulation, etc…  

 Ainsi les clusters de gène codant les PKS peuvent occuper une part 

importante du génome. Pour exemple, la taille du cluster codant la synthèse 

d’érythromycine A est de 56 kb, alors que la totalité du génome de 

Saccharopolyspora erythraea compte 8 Mb, ce qui représente quasiment 1% du 

génome. D’ailleurs la totalité des clusters de gène responsable de la synthèse de 

polykétides par S. erythraea représente plus de 3% du génome de la bactérie 

(Oliynyk, et al., 2007) (Figure 9). 

 

Figure 9 : Cluster de gènes responsable de la synthèse de l’érythromycine A (KJ 
Weissman).  
Ce cluster de 56 kb code pour les trois chaînes polypeptidiques de la PKS (en rouge), les 
enzymes de modification post-PKS responsable de l’ajout d’unités glucidiques (en orange), 
des hydroxylases (en violet), et le gène conférant la résistance (en vert).  
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aussi des PKS de type III, composées d’une seule enzyme synthétisant entièrement le squelette 

du polycétide.   

 

II.C. Les trois types de PKS  
La catalyse réalisée par ces enzymes complexes repose sur la présence de plusieurs 

activités. Selon le type de PKS, certaines enzymes ou domaines sont présents. Il est trouvé au 

minimum des cétoréductases (KS) qui catalysent la réaction de condensation entre les unités 

acyl-CoA chez les PKS de type III. Chez les PKS de type II est aussi présent un acyl carrier 

protein (ACP) qui lie covalemment les intermédiaires de réaction et les achemine au site actif 

de la KS. Enfin les PKS de type I sont des multi-enzymes présentant de nombreux domaines, 

notamment KS et ACP, mais aussi des domaines de modification du polycétide. 

 

II.C.1. Les PKS de type III  

Elles ont été principalement trouvées chez les plantes où elles sont aussi appelées 

chalcone ou stilbène synthases, et plus récemment chez les bactéries, les champignons et les 

algues. Leur composition est la plus simple : une cétosynthase-like homodimérique et multi-

fonctionnelle (Yu et al., 2018). Elle sélectionne les blocs de construction de type acyl-CoA, les 

condense itérativement, et assure la cyclisation finale de la chaine ainsi que sa libération (Figure 

11 page 18). Pourtant, d’autres enzymes de modification peuvent intervenir par la suite 

(Weissman, 2009). La longueur finale du polycétide semble être dictée par la taille de la cavité 

accueillant le substrat au sein de la KS (Jez, Bowman, et Noel, 2001). La diversité des 

polycétides produits est la conséquence d’une grande variété de blocs de départ et d’extension 

utilisés, du nombre de condensation, du site de cyclisation intramoléculaire, ainsi que de la 

nature des nombreuses modifications subséquentes (Palmer et Alper, 2019). 
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Figure 11 : Représentation schématique des PKS de type III (tirée de Shen, 2003). 

 

Les PKS de type III synthétisent de nombreuses molécules d’intérêt industriel : 

chalcones, stilbènes, pyrones, curcuminoïdes, quinolones, résorcinols, et naphthalènes, entre 

autres. Bien que les PKS de type III soient restées des « boîtes noires » durant de nombreuses 

années, la résolution récente de structures atomiques de certaines d’entre elles a permis 

l’avancée de l’ingénierie rationnelle, et des dérivés d’intérêt thérapeutique ont été obtenus. Par 

exemple, chez la PKS de type III d’Oryza sativa, les résidus responsables de la sélection des 

blocs acyl-CoA ont été identifiés et mutés, dans le but d’augmenter la promiscuité de substrat 

de la KS, et de cette manière, deux nouveaux dérivés présentant des activités antibiotiques ont 

été identifiés (Go et al., 2015). 

 

II.C.2. Les PKS de type II 

Ces PKS qui sont responsables de la synthèse de polycétides aromatiques comme les 

tétracyclines, sont exclusivement procaryotes et majoritairement trouvées chez les 

Actinomycètes. 

Elles sont composées de petites protéines monofonctionnelles codées par différents 

gènes, comme vu avec l’exemple du cluster codant l’actinorhodine synthase. Les enzymes 

interagissent entre elles au cours de la synthèse, ces interactions sont dites « en trans » puisque 

ce sont des enzymes discrètes et ne sont donc pas dans la même chaine polypeptidique. Ces 

complexes sont constitués par l’association minimum de trois partenaires qui agissent de 

manière itérative. Les deux premiers consistent en une KS hétéro-dimérique : la KSα est 

catalytique, et assure les condensations successives à partir des unités d’extension. Elle interagit 

avec une KSβ, non catalytique, aussi appelée chain length factor (CLF). Cette KSβ est dépourvue 

de cystéine catalytique et assure le contrôle de la longueur de la chaine polycétidique, soit en 

orientant les réactions vers un nouveau cycle de polymérisation soit en déclenchant la libération 

X n 

n  

polycétone
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et la cyclisation du polycétide (Keatinge-Clay et al., 2004). De plus, l’hétérodimère KSα /KSβ 

serait responsable du contrôle de la régiospécificité de la première réaction de cyclisation au 

cours de la synthèse du polycétide (Hertweck et al., 2007). Le troisième partenaire est un ACP 

qui sert comme point d’ancrage de la chaine polycétidique en extension (Figure 12 page 19).  

 

 
Figure 12 : Représentation schématique des PKS de type II (tirée de Shen, 2003). 

 

 Ces domaines ACP subissent une modification post-traductionnelle par l’ajout d’un 

bras phosphopantéthéine (Ppant) au niveau d’un résidu sérine conservé, cette réaction est 

catalysée par une enzyme, la phosphopantéthéinyle transférase (PPT). C’est en réalité ce 

groupement prosthétique qui porte la chaine en élongation et les unités d’extensions tout au 

long de la catalyse. 

Au contraire des PKS de type III, les PKS de type II n’utilisent pas un large panel de 

blocs de construction. Dans la majorité des cas, la synthèse débute avec une unité acétyl-CoA 

et les blocs d’extension sont quasiment exclusivement des unités malonyl-CoA. La sélection de 

ces unités transférées à l’ACP est réalisée par une malonyl-CoA : ACP acyltransférase 

(MCAT). De manière étonnante, le gène codant cette enzyme est absent dans la plupart des 

clusters de PKS de type II. Il est donc proposé que la MCAT intervenant dans la synthèse du 

polycétide soit aussi celle intervenant dans la biosynthèse des acides gras ou encore que les 

domaines ACP soient capables d’auto-malonylation (Hitchman et al., 1998). 

D’autres enzymes optionnelles peuvent agir lors de l’élongation de la chaine du 

polycétide, telles que des cétoréductases (KR) qui catalysent la réduction de la fonction cétone 

en hydroxyle, des cyclases ou des aromatases (Hertweck et al., 2007). Enfin, le polycétide peut 

aussi être modifié par des enzymes post-PKS : oxygénases, méthyl- ou glycosyl-transférases, 

par exemple  (Olano, Méndez, et Salas, 2010). 

X n 

n 

polycétone
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A ce jour, les efforts d’ingénierie de PKS de type II se sont portés sur les différents 

aspects clés de la synthèse. Par exemple, la longueur de la chaine polycétidique a pu être 

modifiée grâce à des mutations ponctuelles de la CLF, et des dérivés de l’actinorhodine plus 

grands de deux unités malonate ont ainsi été obtenus (Tang, Tsai, et Khosla, 2003). Une autre 

stratégie consiste à modifier le polycétide une fois libéré par la PKS. Par exemple, des nouveaux 

dérivés de la chélocardine, une molécule appartenant à la famille des tétracyclines et efficace 

contre de nombreuses bactéries Gram négatives multi-résistantes, ont été générés en 

introduisant une aminotransférase et une acyltranférase trouvées chez un autre Streptomyces 

que celui produisant la chélocardine (Lešnik et al., 2015).   

 

II.C.3. Les PKS de type I 

Ces PKS sont les plus complexes et les plus variables. Ce sont des multi-enzymes : 

plusieurs domaines, possédant une structure globulaire propre et se repliant de manière 

indépendante, sont liés covalemment et chacun porte une activité enzymatique distincte. 

L’association de trois domaines minimums acyl-transférase (AT), KS et ACP constitue un 

module et est responsable d’une étape d’élongation de la chaine acylée. Les domaines AT sont 

responsables de la sélection spécifique des blocs acyl-CoA. Trois domaines optionnels sont 

responsables de la modification de la fonction β-céto : le domaine KR qui catalyse la réduction 

de la fonction cétone en hydroxyle, le domaine déshydratase (DH) qui élimine la fonction 

hydroxyle sous forme d’H2O formant ainsi une double liaison α-β, et enfin le domaine énoyl- 

réductase (ER) responsable de la réduction de cette double liaison en liaison simple. Ces 

domaines agissent de manière séquentielle dans l’ordre cité précédemment et leur présence 

optionnelle assure la diversité de modifications de la fonction cétone (Fischbach et Walsh, 

2006). Ainsi, si tous ces domaines optionnels sont présents, un acyl saturé est obtenu lors du 

cycle d’extension de la chaine. Un domaine thioestérase (TE) assure le clivage de la liaison 

thioester entre l’ACP et le polycétide final, libérant ainsi ce dernier sous forme linéaire ou plus 

souvent, cyclique.  

Il existe deux grandes familles de PKS de type I, les itératives et les modulaires (non-

itératives) comme détaillées ci-dessous.  

 

II.C.3.a. Les PKS de type I itératives 

L’extension de la chaine du polycétide se réalise au sein d’un seul et même module 

utilisé à répétition. Le degré de réduction peut varier pour chaque unité d’extension incorporée 
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: les domaines KR, DH, et ER, sont donc utilisés de manière optionnelle à chaque cycle 

d’élongation et les mécanismes de programmation de ces activités sont encore mal compris.  

Ces PKS sont trouvées principalement chez les champignons mais également chez les 

bactéries. Chez les champignons, il est possible de diviser cette famille de PKS en trois 

catégories selon la présence ou l’absence de domaines réducteurs : non réductrices (nr), 

partiellement réductrices (pr) et hautement réductrices (hr), comme la lovastatine synthase par 

exemple (Figure 7 page 12). Nombre d’entre elles possèdent aussi un domaine C-

méthyltransférase assurant la méthylation du carbone β du bloc de construction à partir d’S-

adénosyl-méthionine (SAM) (Weissman, 2009). Chez les bactéries, ce type de PKS est 

responsable de la production d’ènediynes, d’acides gras poly-instaurés (PUFA) à longue chaine 

retrouvés dans les membranes de certaines espèces marines (Metz, 2001), et de petits 

polycétides aromatiques mono ou bicyclique qui servent de blocs de construction à d’autres 

métabolites secondaires (Zhang et al., 2013).  

Des expériences d’ingénierie rationnelle ont été menées sur les PKS itératives fongiques 

notamment sur les benzenediol lactone (BDL) synthases (Xu et al., 2014). Les BDL présentent 

des activités agonistes aux œstrogènes, régulatrices à la réponse heat shock et régulatrices de la 

réponse immunitaire chez les mammifères, entre autres. Ils sont synthétisés grâce à un tandem 

de deux PKS, une première hrPKS qui synthétise la partie lipidique qui est ensuite transférée à 

une nrPKS qui lui greffe un fragment cyclique. La découverte de nombreuses voies de 

biosynthèse de BDL a permis l’association par ingénierie génétique de hrPKS et nrPKS de 

voies de synthèse de BDL différents, conduisant à de nouvelles molécules  (Xu et al., 2014) 

(Figure 13 page 21). Ce résultat signifie que les hrPKS et les nrPKS de voies biosynthétiques 

distinctes peuvent communiquer entre elles de manière efficace. 

 
Figure 13 : Design de l’expérience d'échange de hrPKS et de nrPKS menant à la production de nouveaux 
produits (tirée de Agarwal et Moore, 2014).  
En vert la hrPKS et la nrPKS nécessaires à la synthèse du trans-résorcylide, et en rouge la hrPKS et la nrPKS 
nécessaires à la synthèse du 10,11-dehydrocurvularine. Différentes combinaisons ont été testées par expression 
hétérologue et les BDL non naturels obtenus sont présentés en rouge et vert. 
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Globalement les PKS de type III, II et I itératives sont difficilement maniables dans le 

cadre d’expériences d’ingénierie, notamment en raison du mode de synthèse itératif, impliquant 

un nombre restreint d’enzymes. Tous les aspects clefs de ces synthèses ne sont pas encore 

maîtrisés, même si les études structurales récentes commencent à donner des éléments de 

réponse. Ainsi les PKS de type modulaire sont plus attractives pour la biologie synthétique. 

 

II.C.3.b. Les PKS de type I modulaires 

Il existe d’autres PKS de type I constituées de plusieurs sous-unités protéiques, elles-

mêmes comportant un ou plusieurs modules (Figure 14 page 22). Elles sont donc nommées 

PKS modulaires ou canoniques.  

 

 
Figure 14 : Représentation schématique d’une PKS de type I non itératives ou modulaire (fournie par KJ 
Weissman).  

 

Ces protéines font partie des plus grosses enzymes existantes dans le vivant. Par 

exemple, la PKS qui produit la mycolactone, facteur de virulence de Mycobacterium ulcerans, 

est composée de trois chaines peptidiques de très haut poids moléculaire : MLSA1 d’une taille 

de 1,8 MDa comporte 9 modules, MLSA2 d’une taille de 0,26 MDa, est composée d’un seul 

module et MLSB qui fait 1,2 MDa comporte 8 modules (Stinear et al., 2004). Deux familles de 

PKS de type I modulaires d’origines évolutives différentes sont à distinguer, les cis-AT et les 

trans-AT. 

 

Introduction

DEBS 1 

MODULE 1 

MODULE 2 

AT ACP ACP ACP KS AT ACP KS AT ACP 

KR DH 
ER 

DEBS 2 

MODULE 3 

MODULE 4 

DEBS 3 

MODULE 5 

MODULE 6 

KS AT ACP KS AT ACP 

KR KR 

TE AT KS 

KR 

AT KS 

6-Désoxyérythronolide B Erythromycine A 

Enzymes 
Post-PKS 

KR 

PKS synthétisant l’érythromycine A 

Introduction 

Cortés, et al. (1990) Nature 346, 176–178 

CHARGEMENT 

FIN 

Biologie synthétique des PKS modulaires

Erythromycine A 6-Désoxyérythronolide B

Enzymes  
post-PKS

exemple de la PKS modulaire synthétisant l’érythromycine A 

Cortes et al., Nature (1990), 348 : 176-8

Introduction

DEBS 1 

MODULE 1 

MODULE 2 

AT ACP ACP ACP KS AT ACP KS AT ACP 

KR DH 
ER 

DEBS 2 

MODULE 3 

MODULE 4 

DEBS 3 

MODULE 5 

MODULE 6 

KS AT ACP KS AT ACP 

KR KR 

TE AT KS 

KR 

AT KS 

6-Désoxyérythronolide B Erythromycine A 

Enzymes 
Post-PKS 

KR 

PKS synthétisant l’érythromycine A 

Introduction 

Cortés, et al. (1990) Nature 346, 176–178 

CHARGEMENT 

FIN 

Biologie synthétique des PKS modulaires

Erythromycine A 6-Désoxyérythronolide B

Enzymes  
post-PKS

exemple de la PKS modulaire synthétisant l’érythromycine A 

Cortes et al., Nature (1990), 348 : 176-8

Polycétide réduit  



Introduction 

	

 23 

II.C.3.b.i. Les PKS cis-AT 

Chez ces enzymes, tous les domaines qui composent les modules sont présents au sein 

de la même sous-unité, c’est-à-dire de la même chaine polypeptidique, que ce soient les 

domaines minimaux (AT, ACP et KS), les domaines optionnels (KR, DH et ER) ou encore le 

domaine de terminaison (TE). 

La première PKS de ce genre mise en évidence est DEBS (évoquée en II.B.). Elle est 

responsable de la synthèse du cœur macrolactone de l’érythromycine (appelé 6-

deoxyerythronolide B (6-dEB)) chez Saccharopolyspora erythraea (Cortes et al., 1990). Cette 

PKS est certainement la plus étudiée de toutes depuis la fin des années 1980, et sert donc 

largement de modèle quant au fonctionnement de ces enzymes (Figure 15 page 23).  

 

  
Figure 15 : Représentation schématique de la PKS synthétisant l’érythromycine A (fournie par KJ Weissman). 

 

La PKS DEBS est composée de trois sous-unités protéiques : DEBS 1, DEBS 2 et DEBS 

3, toutes composées de 2 ou 3 modules.  

La synthèse débute par le recrutement d’un propionyl-CoA par le domaine AT du module de 

chargement qui le transfère alors sur l’ACP voisin. Cet ACP du module de chargement transfère 

alors l’unité propionyl à la KS du module 1 au niveau de sa cystéine catalytique. De la même 

manière, l’AT du module 1 sélectionne un méthylmalonyl-CoA comme unité d’extension et le 

transfère sur l’ACP du module 1. Cet ACP1 présente l’unité d’extension à la KS1, déjà modifiée 
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par l’unité de départ, et la KS1 catalyse la réaction de condensation et forme ainsi un dicétide. 

L’ACP, chargé du dicétide, peut alors le présenter au domaine KR1 qui catalyse la réaction de 

réduction de la fonction cétone en hydroxyle au niveau du carbone β.	Le dicétide réduit est 

ensuite transféré à la KS2 par l’ACP et un nouveau cycle d’extension et de modification peut 

avoir lieu au sein du module 2. Il y a ainsi six cycles d’extension de la chaine, un par module, 

et de modifications chimiques, et en fin de synthèse, le domaine TE présent en C-terminale 

(Cter) du module 6 catalyse la libération du polycétide et sa cyclisation et forme le 6-dEB. Cet 

intermédiaire est ensuite maturé par cinq enzymes post-PKS qui vont, entre autres, ajouter deux 

unités glycosidiques et former l’érythromycine A, la molécule antibiotique. 

Au sein d’un même module, les différents domaines fonctionnels sont séparés par des 

séquences de liaison appelées linkers. Ces séquences peuvent être non structurées et très 

flexibles, riches en alanines, prolines et résidus chargés ou bien présenter une structure tertiaire 

et jouer un rôle structural important. C’est notamment le cas du linker entre les domaines KS 

et AT qui sert d’adaptateur structural entre ces domaines (Whicher et al., 2014). 

 

Chez ce type de PKS, il existe une relation directe entre la séquence ADN, la séquence 

primaire de la PKS et donc la composition en domaine des modules, et la nature du composé 

synthétisé. Chaque module agit dans l’ordre selon lequel il est situé au sein de la séquence 

polypeptidique, et par conséquent, l’enchainement en domaines des modules dicte la structure 

du polycétide synthétisé. Cette relation est décrite sous le terme de règle de la colinéarité 

(Minowa, Araki, et Kanehisa, 2007) et est propre aux PKS de type cis-AT. Ceci a été démontré 

pour la première fois  par des expériences d’inactivation d’une KR (Donadio et al., 1991) ou 

d’une ER (Donadio et al., 1993) dans les modules 5 et 4 respectivement de DEBS. Ces 

expériences ont mené à la formation des dérivés polycétidiques avec absence des modifications 

aux positions attendues. Dans ce cas, la modification d’un domaine ou d’un module entraîne un 

changement direct et prévisible de la structure du polycétide à la position voulue, d’où 

l’engouement que l’étude de ces enzymes suscite en vue d’approches d’ingénierie génétique.  

 

II.C.3.b.ii. Les PKS trans-AT 

Chez ces enzymes, certains domaines d’un même module et notamment les AT, sont 

absents (Piel, 2010). Les ACP sont acylés par l’intermédiaire de domaines AT discrets, situés 

en dehors de la PKS, et qui interagissent en trans. La bacillaene synthase est la première PKS 

trans-AT découverte en 1993 par analyse du génome de Bacillus subtilis (Scotti et al., 1993). 
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Malheureusement, aucune trace du polycétide n’a été détectée, ce qui aurait permis de prouver 

que cette enzyme était bien fonctionnelle, et le séquençage comportait de nombreuses erreurs. 

Il a fallu attendre 2002 pour que la première PKS trans-AT rattachée à la production d’un 

polycétide soit mise en évidence chez une bactérie symbiotique de Paederus fuscipes, une 

espèce de scarabée (Piel, 2002). Cette PKS responsable de la synthèse de pédérine, un anti-

cancéreux, ne dispose pas d’AT au sein de la séquence des modules et il a été supposé que c’est 

une AT discrète, dont le gène est présent au sein du cluster, qui acyle les ACP. Ce type 

d’acylation a été confirmée in vitro par la suite chez la PKS responsable de la synthèse de 

leinamycine (Cheng, Tang, et Shen, 2003). 

Bien que les cis-AT et les trans-AT soient similaires en termes de composition en 

domaines, ces dernières présentent de nombreuses particularités. Alors que les cis-AT ne 

présentent qu’un nombre limité de combinaisons de domaines (selon la présence ou non des 

domaines réducteurs), une panoplie très étendue de modules est rencontrée chez les trans-AT. 

A ce jour, il en a été découvert plus de 50 distincts (Piel, 2010) et il y a plusieurs raisons pour 

expliquer cela. D’abord il est possible de rencontrer des modules de NRPS permettant 

l’incorporation d’acides aminés dans la chaine polyétidique en croissance au lieu d’unités 

acyles.  

Les NRPS produisent aussi des composés à fort intérêt thérapeutique. Elles présentent 

une logique synthétique similaire à celle des PKS modulaires.  En effet, elles sont aussi 

composées de plusieurs modules catalysant chacun l’incorporation d’un acide aminé au sein du 

peptide en extension. Trois domaines différents caractérisent un module minimal. Le domaine 

d’adénylation (A), comparable au domaine AT, sélectionne spécifiquement un acide aminé (il 

existe un domaine A différent pour chaque acide aminé) et l’active par adénylation au niveau 

du groupement carbonyle (Figure 16 page 26). Ce bloc de construction adénylé est ensuite 

transféré à l’analogue du domaine ACP : le peptidyl carrier protein (PCP), qui sert aussi de 

support à la chaine en croissance via l’intermédiaire d’un groupement phosphopantéthéine. 

Enfin un domaine de condensation (C), « équivalent » du domaine KS, catalyse la réaction de 

condensation entre les acides aminés liés aux domaines PCP en formant une liaison peptidique.  
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Figure 16 : Représentation schématique de la logique synthétique des NRPS (adpatée de Weissman, 2015). 
Le domaine actif est indiqué par des contours ondulés. La biosynthèse débute par i) l’adénylation, réalisée par 
le domaine A, d’un acide aminé spécifique en présence d’ATP et de Mg2+, et ensuite ii) cet acide aminé activé 
est transféré au domaine PCP du même module servant de support. Le domaine C catalyse la formation de la 
liaison peptidique en utilisant les deux aminoacyles liés aux PCP comme substrat. Cette séquence de réactions 
est répétée jusqu’à ce que le peptide final soit libéré par le domaine TE terminal. 

 

Le peptide en croissance peut être modifié par des N-méthyltransférase, des épimérases, 

permettant la présence d’acides aminés de la série D, et il peut aussi subir des hétérocyclisations 

grâce à des domaines hétérocyclases (HC), des oxydations et des réductions, entre autres 

modifications (Walsh et al., 2001). La présence de modules NRPS au sein des PKS trans-AT 

assure ainsi l’incorporation d’acides aminés au sein du polycétide, et ces hybrides PKS-NRPS 

permettent la génération de produits d’une grande variété structurale. 

Une autre raison au nombre varié de modules différents rencontrés chez les trans-AT 

réside dans la présence non négligeable au sein de ces derniers de domaines de C-méthylation 

(MT) modifiant le carbone α de l’intermédiaire à partir de SAM. Il n’est pas rare non plus que 

des modules soient scindés sur deux chaines polypeptidiques différentes ou qu’ils comprennent 

des domaines catalytiques disposés dans un ordre inhabituel voire des domaines inactifs. Enfin 

en cours de synthèse, d’autres enzymes discrètes de modification peuvent agir en trans pour 

assurer des méthylations sur la position β du polycétide en croissance. Un exemple de PKS 

trans-AT est celui de la virginiamycine M synthase de S. virginiae (Figure 17 page 27) dont le 

fonctionnement sera développé en V.A.  
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algorithm for all KS domains within a synthase allows piecemeal 
reconstruction of the full-length product. Functional nonlinearity  
similarly occurs in certain NRPSs (referred to as iterative and 
nonlinear10), whose domain composition does not have a straight-
forward correlation with the sequence of catalytic steps (Fig. 2b). 
Notably, such systems often incorporate core enzymatic functions 
as discrete proteins.

Although for all these systems it is possible to identify the chemi-
cal steps they carry out to arrive at the observed product structures, 
such models shed little light on how the multienzymes actually 
operate. For classical (i.e., discrete) enzymes that act on freely dif-
fusing substrates, this information can be obtained by detailed  
characterization of the single active sites. The complication with 
PKS and NRPS systems is not only that multiple catalytic sites, 
which may be located on the same or different polypeptides, work 
in series but also that the substrates are tethered to carrier proteins. 
These features result in a set of mechanistic issues unique to assem-
bly line systems: how the catalytic domains communicate with the 
carrier proteins and how these interactions are regulated, the bal-
ance between enzyme-substrate and protein-protein interactions 
in programming the biosynthesis when alternative reactions are 
possible (for example, whether the intermediate undergoes process-
ing within a particular module or is transferred to a downstream 
module), how the multiple subunits recognize their correct partners 
and avoid incorrect associations and so on. Structural biology is a 
particularly attractive approach for addressing these questions as it 
can provide information on all levels of multienzyme architecture, 
ranging from the structures of individual domain active sites to the 
three-dimensional arrangements of domains within modules and 
how these change throughout the catalytic cycles and to the spatial 
relationships between modules.

Early efforts at megaenzyme structural biology
From the outset of the field, structural efforts were directed at intact 
multienzymes. The starting point for the cis-AT PKSs was sequence 
analysis, as the catalytic and carrier protein domains show homol-
ogy to the corresponding discrete domains of fatty acid synthase 
(FAS) from bacteria. Marked similarity is also evident in terms of 
order, size and spacing to the analogous domains of mammalian 
FAS (mFAS), which is a single polypeptide11. It was thus possible by 
sequence analysis to assign regions of PKS polypeptides as either 
functional domains (either catalytic or carrier protein) or connect-
ing linker regions1. Decrypting the organization of NRPSs was ini-
tially trickier, as the only homologs to the modules were modules 
present in the same systems and in a small collection of additional 
NRPSs in other organisms12. A breakthrough came in 1995 with 
the functional assignment by studies in vitro of specific regions 
of the GrsA subunit of the gramicidin synthetase as A, PCP and  
E domains13; a C domain sequence, which is in fact a relative of the  
E domain, followed shortly after14. With this compositional infor-
mation in hand, it was then possible to progress to structural studies 
of the NPRS and PKS polypeptides (Fig. 3).

The major stumbling block, however, was their enormous size, 
which caused difficulties with the go-to expression host Escherichia 
coli. This explains why the first intact NRPS and PKS proteins 
(the cyclosporine synthetase and the erythromycin (DEBS) PKS, 
respectively4,15) were sourced from their native hosts in an untagged 
form and purified using laborious, multistep protocols. Verification 
of protein identity in the case of the DEBS PKS was, however, 
obtained using antibodies raised against smaller fragments expressed 
in E. coli. Limited proteolysis was then performed on the subunits 
with a selection of proteases, and SDS-PAGE with N-terminal 
sequencing, chromatography and analytical ultracentrifugation  
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Figure 17 : Représentation schématique de la PKS trans-AT synthétisant la virginiamycine M (adaptée de 
Dorival et al., 2016). 
 Cette PKS présente une protéine acyltransférase discrète (VirI), un domaine MT au sein du module 1 qui 
permet l’ajout d’un méthyl sur le premier malonyle incorporé au sein du polycétide, trois modules NRPS 
(modules 3, 8 et 10) et une TE discrète (VirJ). Un module de chargement est également trouvé dans le cluster 
de gènes homologue chez S. pristinaspiraelis.  
 
 

II.C.3.b.iii. Différence évolutive entre PKS cis- et 

trans-AT 

Chez les trans-AT, la règle de la colinéarité existante entre la composition en domaines 

des modules et le polycétide obtenu n’est pas aussi évidente que chez les cis-AT, rendant la 

prédiction de la structure du produit final difficile. Cependant cette prédiction s’est vue 

améliorée grâce à des travaux phylogénétiques et notamment grâce à la classification des 

domaines KS en différents clades (Nguyen et al., 2008). En partant de 138 modules de PKS 

trans-AT, des alignements de séquences ont permis de classer les domaines KS en 16 clades 

distincts. Puis, ces domaines répartis ont été analysés vis-à-vis de leur substrat respectif, prédit 

via la structure du polycétide obtenu et connu. Ainsi, il s’est avéré que la spécificité de substrat 

des domaines KS est la même au sein de chaque clade. Par conséquent, la nature de la structure 

in myxo- and cyanobacteria, has been designated as Class 2.17

(By extension, the mixed PKS-NRPS DDs constitute Class 3.)
Class 1 and 2 DDs share two central features: the N-terminal

docking domains are homodimeric and form a coiled-coil motif
that serves as a platform for docking of the likewise α-helical C-
terminal docking domains. The docking interfaces are largely
hydrophobic in character and complementary in shape, whereas
specific charge−charge interactions at critical positions
contribute to docking specificity. One notable difference
between the two classes is that Class 1 C-terminal docking
domains (Figure 2A,B) incorporate two α helices upstream of
the docking α helix which together form a dimerization motif.
Class 2 C-terminal docking domains, however, comprise only
two α helices, both of which associate with the N-terminal
docking domain. Furthermore, the coiled-coil motif of the Class
2 N-terminal DD is preceded by an additional α helix; thus,
docking gives rise to an overall eight α-helical bundle (Figure
2C), in contrast to the four α-helical bundles characteristic of
Class 1 DDs. Despite this architectural divergence and an
approximately 2-fold difference in interface size, the affinity of
association for both DD classes when the immediate upstream/

downstream functional domains are present is remarkably
consistent, with Kds in the 2−20 μM range.16,17,20

We recently characterized by small-angle X-ray scattering
(SAXS)21 the structure of apo module 5 from the VirA subunit
of the virginiamycin hybrid trans-AT PKS-NRPS4 of
Streptomyces virginiae (Figure 1). In the course of this work,
we noted that the extreme C-terminal sequence (designated
“VirA CDD”) showed similarity to a region from the CurA
subunit of the curacin cis-AT PKS, which had been described as
a dimerization motif.22 However, comparison by SAXS of apo
module 5 in the presence and absence of this region did not
reveal a change in the structure of the C-terminus because the
module retained its open form. This prompted us to investigate
whether VirA CDD was rather a docking domain, mediating a
specific interaction with a partner DD located at the N-
terminus of subunit VirFG (“VirFG NDD”). We show here that
VirA CDD and VirFG NDD constitute the founding members
of a new family of docking domains from trans-AT PKSs. Using
a multidisciplinary approach combining NMR, site-directed
mutagenesis, circular dichroism (CD), isothermal titration
calorimetry (ITC), and SAXS, we have characterized their
interaction in detail. We have furthermore employed SAXS to

Figure 1. Virginiamycin (Vir) trans-AT polyketide synthase. The PKS comprises three subunits, VirA, VirFG (whose N-terminal sequence was
recently revised by us),21 and VirH as well as additional modules that were not identified in the initial cluster description4 for starter unit selection
and introduction of proline. The ? indicate additional steps where the enzyme responsible is not yet clear. The system incorporates many features
characteristic of trans-AT PKS systems, including a trans-acting acyl transferase VirI, duplicated domains (acyl carrier proteins (ACPs) of modules 1
and 5; peptidyl carrier proteins (PCPs) of module 8), nonribosomal peptide synthetase modules (3 and 8), an inactive domain (KS° of module 9),
and a cassette of enzymes that together introduce a β-methyl functionality. The experiments described here reveal the molecular details of the
interface between subunits VirA and VirFG (boxed).
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générée aux positions α et β du polycétide en croissance par le module en amont peut être 

prédite suivant la catégorisation des domaines KS au sein des 16 clades. Cette étude a permis 

aussi de mettre en évidence des clades pour les domaines MT, alors qu’aucun clade n’est 

identifié pour les domaines ACP, KR et DH. Enfin, les domaines KS issus d’un même système 

PKS ne se retrouvent pas nécessairement au sein d’un même clade, suggérant que les trans-AT 

ont émergé au cours de l’évolution par transferts horizontaux de gènes (Nguyen et al., 2008). 

Au contraire, les cis-AT proviendraient de duplications de gènes et de recombinaisons entre 

modules d’un même système au sein de l’hôte (Jenke-Kodama et Dittmann, 2009), les domaines 

KS d’un même système se situant dans un même clade. 

Malgré leurs modes d’évolution distincts, les cis-AT et les trans-AT emploient la même 

logique biosynthétique pour l’assemblage des polycétides. Il n’y a donc a priori aucun frein à 

la coexistence de modules provenant des deux systèmes au sein d’une même synthase. Il est 

donc surprenant que seulement deux hybrides cis-AT/trans-AT ne soient caractérisés à ce jour 

et ce, très récemment. La première mise en évidence, la kirromycine synthase, est 

majoritairement composée de modules provenant de PKS trans-AT et de modules NRPS, et 

seul le dernier module PKS est de type cis-AT (Weber et al., 2008). Au contraire l’enacyloxine 

synthase est majoritairement composée de modules cis-AT et seul le dernier module PKS est 

d’origine trans-AT (Mahenthiralingam et al., 2011). De manière étonnante, ces deux molécules 

inhibent la synthèse protéique en se fixant dans la même poche du facteur EF-Tu, et bloquent 

ainsi la protéine dans sa conformation liée au GTP, même si ce dernier ou le GDP ne sont pas 

fixés. La libération de l’aminoacyl-ARNt  du ribosome est ainsi empêchée (Parmeggiani et 

Nissen, 2006).Trois autres clusters de ce type ont été identifiés mais pas encore caractérisés 

dans une souche de Clostridium (Behnken et Hertweck, 2012).   

 

III. Différentes stratégies d’ingénierie des PKS de type I 

modulaire 
Du fait de leur organisation en sous-unités multi-modulaires, ces PKS de type I sont 

d’excellents modèles pour la biologie synthétique notamment pour le sous-type cis-AT. Ces 

dernières sont maintenant connues et étudiées depuis presque 30 ans et la règle de la colinéarité 

permet de concevoir de manière très précise les expériences d’ingénierie : en insérant ou en 

supprimant des domaines par exemple, de manière rationnelle, il est théoriquement possible 

d’obtenir des dérivés de structure prédite et inversement. La biologie synthétique des PKS 

modulaires utilise différentes stratégies dans le but de créer de la diversité moléculaire. La 
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première utilisée et a priori la plus évidente, est la modification des domaines de façon 

individuelle. 

 

III.A. Ingénierie des domaines 
A ce jour, la modification des domaines est la plus fréquemment utilisée ; tous les 

domaines peuvent être ciblés, engendrant des modifications structurales différentes au niveau 

du polycétide (Figure 18 page 29). 

 
Figure 18 : Différentes possibilités de modification des domaines de PKS pour la génération de nouveaux 
polycétides, illustrées avec l’exemple de l’érythromycine A (adaptée de Weissman, 2016). 
Le type de modification de domaines et les changements structuraux engendrés sur le polycétide sont corrélés 
selon un même code couleur. Toutes ces modifications sont théoriquement cumulables. 
 

Plusieurs approches sont utilisées. La première consiste à muter des résidus spécifiques du site 

actif de manière à altérer la spécificité de substrat, la stéréochimie ou inactiver le domaine.  

 

III.A.1. Quelques exemples de mutations spécifiques 

III.A.1.a. Inactivation des domaines de modification 

optionnels 

Les premières expériences de ce genre ont été menées très tôt, dans les années 1990 : 

comme discuté précédemment, des domaines KR et ER de DEBS ont été inactivés en mutants 

des résidus responsables de la fixation du cofacteur NADPH. Les dérivés de l’érythromycine 

A, présentant des degrés d’oxydation plus importants aux positions attendues, ont été obtenus 

(Donadio et al., 1991; Donadio et al., 1993). Le succès de ces expériences peut être expliqué 

organic synthesis.34 This strategy is based on disabling the
biosynthesis either by inactivation of an enzyme involved in
generating a precursor or by targeting a catalytic domain or
domains which operate at an early stage in the pathway (i.e. the
loading module, the rst KS domain, etc.). Biosynthesis is then
jump-started by furnishing analogues of the missing building
blocks or more advanced intermediates (mutasynthesis is thus
a genetically-enabled variant of precursor-directed biosynthesis,
in which alternative synthetic precursors are simply fed to wild-
type strains35). If these are loaded onto the PKS and processed
by the downstream modules (and post-PKS enzymes), then
a novel, bioactive polyketide can result. Mutasynthesis can also
be exploited to introduce ‘functional handles’ into polyketide
backbones, which can then be targeted for further diversica-
tion by standard chemical methods.

3 Practical aspects of PKS genetic
engineering
Before summarizing PKS engineering efforts to date, it is worth
considering the practical aspects of modifying the systems.
Globally, two approaches have been adopted to alter polyketide
structures – either manipulating the native producing
organism, or transferring the full gene cluster to a so-called
‘heterologous host’ (Fig. 5). Both of these strategies rely quite
heavily on recombination systems borrowed from phage.36 The
choice of engineering approach has largely been dictated by the
characteristics of the native producer. These are highly variable,
as polyketide clusters are common in at least four distinct
bacterial phyla (Proteobacteria (e.g. the myxobacteria and pseu-
domonads), Actinobacteria (e.g. the Streptomyces), Firmicutes
(e.g. the Bacilli) and Cyanobacteria).

3.1 Genetically engineering native polyketide producers

One signicant advantage of targeting the native producer is
that the entire biosynthetic pathway is already present, notably
including regulatory elements. The host strain is also intrinsi-
cally capable of expressing and folding the giant PKS poly-
peptides, as well as modifying their component ACPs post-
translationally with phosphopantetheine prosthetic group to
generate the active holo forms (a reaction catalyzed by dedicated
phosphopantetheinyl transferase (PPTase) enzymes37). The
native bacterium also contains all of the basic building blocks
necessary to supply the biosynthesis, and where appropriate,
specic resistance mechanisms against the nal product(s).

To date, the majority of modications in the producing
strains have been made by homologous recombination. Most
oen, introduction of a suicide vector (i.e. one which cannot
replicate in the host) carrying a selectable marker and a region
of homology to the intended integration site has been used to
insertionally inactivate a specic gene (to provide evidence, for
example, for pathway identity), with screening for correct inte-
grants based on the acquisition of antibiotic resistance.
Subsequent excision of the resistance element has been ach-
ieved via anking recombinase target sites (e.g. loxP or FRT
which are recognized respectively by the Cre and Flp recombi-
nases36), allowing for marker recycling as well as improving the
stability of the introduced mutation (though a ‘scar’ sequence
remains). Site-specic insertion has also been carried out at
bacterial genomic attachment sites (attB), by equipping the
introduced vector with a phage integrase gene (int) and a cor-
responding phage attachment site (attP). This method has been
applied almost exclusively in the actinomycetes, for which
elements derived from the Streptomyces phages fC31 and
VWB38 have been heavily exploited.

Fig. 4 Theoretical possibilities for modifying PKS structures. The types of changes made are shaded, and color coded according to the domains
or stand-alone (post-PKS) enzymes responsible. All of the indicated alterations could in principle be combined.

This journal is © The Royal Society of Chemistry 2015 Nat. Prod. Rep.
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par le fait que ces mutations sont très peu invasives et ont peu de chance d’engendrer des 

modifications structurales drastiques des multi-enzymes. Pourtant, une expérience similaire a 

été menée en mutant l’histidine catalytique du domaine DH4 de DEBS 2, et seuls des produits 

abortifs ont été obtenus en très petite quantité, le module suivant la modification introduite ne 

prendrait plus en charge le polycétide en croissance (Bevitt, Staunton, et Leadlay, 1993). Plus 

récemment, plusieurs domaines de modification KR, DH et ER de la monensine synthase, ont 

été inactivés de manière plus extensive. Sur les 32 produits attendus, 22 ont été obtenus, mais 

avec un rendement maximum sept fois inférieur à celui de la PKS sauvage (Kushnir et al., 

2012).  

 

III.A.1.b. Changement de la spécificité de substrat des 

domaines AT 

Pour les domaines AT, des mutations ponctuelles des résidus impliqués dans la 

spécificité de sélection des blocs de construction, permettent l’intégration de nouvelles unités 

d’extension au sein du polycétide. En comparant les séquences primaires des AT sélectionnant 

le malonate à ceux sélectionnant le méthylmalonate, plusieurs signatures ont été identifiées et 

corrélées à la préférence de substrat. Parmi ces signatures, un motif du site actif a été pointé : 

YASH pour les AT spécifique du méthylmalonate contre HAFH pour le malonate (Del Vecchio 

et al., 2003) (Figure 19 page 31). Cependant, le changement de ce motif in vivo pour inverser 

la spécificité du méthylmalonate vers le malonate n’a engendré qu’un inversement partiel du 

choix de l’unité d’extension ainsi qu’une baisse de 10 à 20% du rendement. 
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Figure 19 : Design de l'expérience de mutation in vivo du domaine AT dans le but d’inverser sa spécificité de 
substrat (adaptée de KJ Weissman).   
Cette expérience a été menée sur une construction minimale de DEBS comprenant uniquement DEBS 1 et le 
groupement TE à son extrémité Cter. Le domaine AT du module 1 porte la séquence signature YASH, spécifique 
de la sélection du méthylmalonate. Cette séquence a été mutée en HAFH spécifique de la sélection du malonate. 
Les tricétides produits par cette PKS minimum mutée ont été analysés par GC/MS, et deux types de molécules 
ont été produites. La première population, présente à 60%, ne présente pas le groupement méthyl en position 4. 
Ceci est attendu suite à la mutation introduite.  La seconde population, présente à 40%, correspond au produit 
natif pour lequel l’AT sélectionne un groupement méthylmalonate malgré la mutation introduite. 

 

Ces résultats suggèrent qu’il existe des déterminants de spécificité de substrat 

supplémentaires chez les AT. D’autres équipes travaillant directement sur des AT connus pour 

leur promiscuité de substrat, ont réussi à inverser de manière efficace la spécificité grâce à une 

seule mutation ponctuelle. Par exemple l’AT6 de DEBS, portant la signature YASH, sélectionne 

du méthylmalonate, la mutation de cette signature en RASH a assuré 88% d’efficacité de 

sélection d’un dérivé alkynyl non naturel (Koryakina et al., 2017). De manière surprenante, 

cette même mutation appliquée à l’AT5 de la pikromycine synthase a entraîné une inactivation 

du domaine (Kalkreuter et al., 2019).  

 

III.A.1.c. Changement de la stéréochimie des domaines KR 

Cette stratégie de mutation ponctuelle est aussi utilisée sur les domaines KR dans le but 

de modifier la stéréochimie du polycétide. Ces domaines, lorsqu’ils réduisent la fonction céto 

en hydroxyle, peuvent générer des intermédiaires L-3-hydroxyacyl ou D-3-hydroxyacyl. 

L’obtention de l’un de ces deux stéréoisomères permet de différencier respectivement les KR 

de type A (production du L-3-hydroxyacyl) de celles de type B (production du D-3-

hydroxyacyl) (Caffrey, 2003 ; Reid et al., 2003). De même que pour les domaines AT, des 

analyses de séquences mettent en relation des motifs signatures spécifiques aux deux 

catégories : le motif LDD pour les KR de type B, tandis que celles de type A ne le présentent 

YASH HAFH
Méthylmalonate Malonate

MUTATION DIRIGÉE

CHARGEMENT
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pas mais possèdent un tryptophane conservé situé à l’opposé du site actif. Les domaines KR 

sont aussi capables d’une activité épimérase au niveau du centre 2-méthyl adjacent à la fonction 

céto, et ce même si l’activité cétoréductase est inexistante (Garg, Khosla, et Cane, 2013 ; Garg 

et al., 2014). Ceci mène à la distinction de six types de domaines KR : celles catalysant la 

réduction mais sans épimérisation, A1 et B1, celles qui catalysent les deux, A2 et B2, celles qui 

catalysent seulement l’épimérisation, C2, et enfin celles qui sont totalement inactives, C1 

(Keatinge-Clay, 2007). Cependant, aucune signature de l’activité épimérase dans la séquence 

primaire n’est mise en évidence à ce jour (Weissman, 2016)  

Des tentatives d’altération de la stéréochimie ont été donc menées par mutagenèse : soit 

par changement du motif (Baerga-Ortiz et al., 2006), soit par des mutagenèses à saturation sur 

ces mêmes positions clés (O’Hare et al., 2006). Les KR mutées et isolées ont bien engendré des 

produits à la stéréochimie inversée in vitro même si une perte d’activité significative a été 

observée.  

III.A.1.d. Mutasynthèse 

Cette approche fait appel à l’ingénierie génétique et protéique, et à la synthèse organique 

(Weissman, 2007). Elle repose sur l’inactivation de la biosynthèse à des stades précoces en 

ciblant des enzymes impliquées dans la génération des précurseurs, le module de chargement 

ou le premier domaine KS, par exemple. La biosynthèse du polycétide est court-circuitée en 

fournissant à la souche productrice des analogues des blocs de construction manquants ou des 

intermédiaires réactionnels directement. Par cette approche, des dérivés de la rapamycine ont 

été obtenus en bloquant la voie de biosynthèse de l’unité de départ naturelle et en fournissant à 

l’hôte producteur S. hygroscopicus des unités de départ alternatives (Gregory et al., 2005). Les 

rendements obtenus ont été jusqu’à vingt fois supérieurs à ceux obtenus sans muter la voie de 

synthèse du précurseur naturel. 

 

III.A.2. Échange et insertion de domaines 

En raison des difficultés à préciser les signatures spécifiques responsables de la sélection 

des substrats et du mode d’action des domaines enzymatiques, une autre stratégie voit le jour : 

l’échange et l’insertion de domaines. L’échange de domaines est énormément utilisé pour les 

AT. Le premier hybride de PKS a été d’ailleurs obtenu en échangeant un AT de DEBS par un 

AT de la rapamycine synthase (RAPS) (Oliynyk et al., 1996). Par cette approche, les six unités 

d’extension incorporées à l’érythromycine A ont été modifiées au cours de différentes 

expériences (Dunn et Khosla, 2013). Il faut tout de même noter que ces expériences ne sont pas 

un total succès, puisque dans tous les cas, le rendement de production du polycétide final était 
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largement réduit. Plusieurs hypothèses ont été émises quant à la raison de cette diminution de 

rendement : une diminution de l’activité du domaine AT hétérologue, l’impossibilité de ce 

domaine à reconnaître le domaine ACP du module hôte, une non reconnaissance de l’unité 

d’extension par le domaine KS au moment de la formation de la liaison carbone-carbone, ou 

encore une perturbation de l’interaction entre les domaines KS et ACP du module hôte lors de 

la formation de la liaison carbone-carbone (Hans et al., 2003). Des études récentes tendent à 

montrer que l’interaction entre un domaine AT et son ACP seraient dix fois plus spécifiques 

qu’avec un ACP hétérologue et que les linkers en amont et en aval de l’AT contribuent 

grandement à l’efficacité et à la spécificité de transacylation de l’ACP (Wong et al., 2010). 

Afin de faciliter l’échange des domaines KR, une construction modèle a été mise au 

point (Kellenberger et al., 2008) : seule la première sous-unité de DEBS 1 a été conservée, le 

domaine TE étant relocalisé à l’extrémité Cter du module 2, et un polylinker nucléotidique 

contenant plusieurs sites de restriction a été inséré à la place de la séquence codant la KR2 qui 

est de type A1 (Figure 20 page 34). L’insertion de domaines KR de type A1 ou B1 (réducteurs 

et non épimérisants) a permis l’obtention de tricétides attendus dans des rendements proches 

du modèle sauvage (Kellenberger et al., 2008) ; cependant ces résultats sont fonctions du 

domaine KR ainsi que des sites de restrictions utilisés lors du clonage. L’insertion de certains 

domaines KR de type A2 ont permis l’obtention de produits réduits et épimérisés, même si des 

traces de produits non réduits ou non épimérisés ont été également détectés (Annaval et al., 

2015). Enfin, les domaines B2 semblent beaucoup plus récalcitrants à la relocalisation puisque 

seulement deux d’entre eux sur les six testés ont permis la détection du produit épimérisés 

(Annaval et al., 2015). Ces résultats suggèrent que l’échange du module entier est requis afin 

d’obtenir à la fois une cétoréduction et un changement de la stéréochimie du groupement 2-

méthyl efficaces. 
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Figure 20 : Schéma de la construction DEBS 1-TE contenant un polylinker remplaçant la séquence de la KR2 
et facilitant ainsi l’insertion d’autres domaines de modifications (adaptée de Weissman, 2016).  
La KR native présente dans le module 1 est de type B2 et celle présente dans le module 2 de type A2. Dans ces 
expériences, cette dernière a été remplacée par une séquence polylinker permettant l’insertion de plusieurs sites 
de clonage. L’influence des sites de fusion sur le rendement et la stéréochimie a pu ainsi être évaluée. Les 
structures des quatre lactones générées lors de ces expériences sont présentées, et les trois structures présentant 
des changements de stéréochimie par rapport à la construction native DEBS 1-TE sont encerclées. 

 

Le domaine KR2 de DEBS a aussi été échangé par un ensemble de domaines de 

modification : DH-KR-ER (Kao et al., 1997) au sein d’un modèle trimodulaire dérivé de DEBS 

(Figure 21 page 35). L’introduction de ces domaines, issus de RAPS, a entraîné une réduction 

complète de la fonction cétone et donc l’élimination de la fonction nucléophile hydroxyle. Le 

domaine TE a cyclisé alors exclusivement le polycétide final en formant une lactone à huit 

membres au lieu de six, avec des rendements très proches de la construction mère. 

CHARGEMENT

CHARGEMENT

FIN

FIN
Panel de KR de 
type A1 ou A2

Panel de KR de 
type B1 ou B2

Lactones à la 
stéréochimie 

modifiée



Introduction 

	

 35 

 
Figure 21 : Génération d’un tétracétide capable de former une octolactone (adaptée de Weissman, 2016).  
La construction modèle initiale comprenait DEBS 1 et le module 3 de DEBS 2 auquel a été accolé le domaine 
TE. La cyclisation préférentielle du tétracétide a été réalisée par l’hydroxyle porté par le carbone 5, résultant 
en une lactone à six membres. En intégrant la « boucle de modification » KR-DH-ER au module 2, le domaine 
TE a été forcé à utiliser l’hydroxyle terminal, formant une lactone à huit membres. Une KR non identifiée serait 
responsable de la réduction de la fonction céto du carbone 3 (noté ? dans le schéma).  
 

Des modifications cumulatives ont été aussi réalisées sur DEBS (McDaniel et al., 1999) 

au sein des modules 2, 5 et 6. Les auteurs ont combiné des échanges de domaines AT et KR, 

avec la substitution de domaines KR par des associations DH-KR ou DH-ER-KR, voire par un 

fragment synthétique de dix-huit acides aminés entrainant une perte de l’activité. Une librairie 

de plus de cinquante dérivés a été obtenue ; elle présenterait des modifications du degré de 

réduction sur un ou plusieurs centres du macrolide, des modifications de stéréochimie ainsi que 

des modifications de sa structure cœur. Cependant, la vérification structurale des molécules a 

été effectuée en corrélant les données de MS avec les structures prédites, donc ni la localisation 

des modifications introduites ni la stéréochimie des produits n’ont été clairement démontrées. 

De plus, une forte corrélation entre le nombre de changements introduits et les rendements a 

a powerful model system for efforts to understand a number of
mechanistic issues in polyketide biosynthesis.102,104,117–120 The
same TE was moved to three other positions within DEBS – to
the end of module 1 to yield the expected diketide (at 30
mg L!1),121 as well as to the termini of modules 3 and 5, giving
respectively tetraketide and hexaketide products.122 Fusion to
the DEBS TE has also been employed to off-load intermediates
in at least three other PKS pathways, spinosyn (at 1 mg L!1)
(Fig. 12),123 monensin (44 mg L!1),124 and lipomycin,125 in order
to decipher specic mechanistic questions. In the spinosyn
case, for example, it was shown that a hydroxyl group intro-
duced by ketoreduction during chain extension is likely reoxi-
dized to the ketone at the post-PKS stage in order to increase the
acidity of the adjacent proton, allowing for a series of reactions
culminating in a Diels–Alder cyclization. What is particularly
notable about the TE relocation experiments relative to other
types of domain-level modication is the relatively high yields
of the expected products.

4.2 Exchanging modules

Moving up a structural level, a number of experiments have
successfully exchanged whole modules, with the replacement
modules sourced from other PKS systems. For example, the
loading module of DEBS has been swapped with that from the
avermectin (Ave) PKS of Streptomyces avermitilis (derivative
yields ca. 2 mg L!1) (Fig. 13),126 those of both DEBS and Ave used
to replace the loading module of the spinosyn assembly line
(15–25 mg L!1),127 and the spiramycin loading module
exchanged with that from the tylosin PKS.128 In the DEBS case,
this modication resulted in several novel erythromycin deriv-
atives from the native producing strain Sac. erythraea, derived
from incorporation of the branched-chain starter units iso-
butyrate and 2-methylbutyrate characteristic of avermectin in
place of the native propionate and acetate. The intrinsically
broad specicity of the Ave loading module129 was further
exploited by supplying the recombinant Sac. erythraea strain

Fig. 10 Generation of a tetraketide capable of cyclizing to form an 8-membered ring.114 (a) A tetraketide synthase was initially created by
relocating the TE domain from the end of DEBS 3 to the terminus of module 3. Preferential use of the internal C5-hydroxyl as nucleophile
resulted in a 6-membered ring lactone. (b) The TE was forced to use the terminal hydroxyl to form an 8-membered ring by removal of the C5-
hydroxyl (pink box). For this, the KR domain of module 2 was replaced with a DH-ER-KR segment from the RAPS PKS – a net ‘gain of function’
experiment. An unidentified KR is presumed to have carried out ketoreduction at C3.

Nat. Prod. Rep. This journal is © The Royal Society of Chemistry 2015
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été constatée : moins de 0,1 mg.L-1 de rendement pour les doubles et triples mutants contre 

200mg.L-1 pour la souche sauvage. 

Au vu des problèmes de rendement et de sous-produits engendrés par les échanges et 

insertions de domaines, des modules entiers sont aussi échangés dans les PKS. Cette stratégie 

permettrait de pallier au moins en principe les problèmes de structuration et de communication 

entre domaines au sein de ces ensembles. 

 

III.B. Ingénierie des modules 
L’échange du module de chargement de DEBS avec celui de l’avermectine synthase a 

permis l’obtention d’une PKS chimère dont l’unité de départ a été bien modifiée (Marsden et 

al., 1998). Des échanges de modules d’extension ont été aussi réalisés au sein de cette PKS : le 

module 3 ou le module 6 ont été relocalisés à la suite du module 1. Les molécules attendues ont 

été bien produites à condition de conserver le linker reliant naturellement les modules 1 et 2 

(Gokhale, 1999).  

Une autre expérience a consisté à insérer un module entier de RAPS entre les modules 

1 et 2 de la construction DEBS 1-TE (Figure 22 page 37). Cette PKS allongée a produit le 

tétracétide attendu mais le produit majeur de synthèse était un tricétide résultant de 

« l’évitement » du module hétérologue introduit (Rowe et al., 2001 ; Thomas et al., 2002). Une 

étude précédente avait mis en évidence l’importance du maintien de l’interface naturelle entre 

l’ACPn et la KS du module n+1, assurant ainsi le bon transfert de l’intermédiaire d’un module 

à l’autre (Ranganathan et al., 1999).  
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Figure 22 : Tentative d'allongement de la construction DEBS 1-TE par l'insertion d’un module de RAPS 
(adaptée de Weissman, 2016).  
Le module 2 de RAPS a été inséré entre les modules 1 et 2 de la construction DEBS 1-TE. Le tétracétide attendu 
a été synthétisé de façon minoritaire par rapport au tricétide. L’explication de ce résultat est donnée par le 
second schéma. La chaine polycétidique en croissance passe directement de l’ACP du module 1 au module 2 
de DEBS. Le module hétérologue de RAPS est ainsi évité et donc ne peut pas procéder à son cycle d’élongation 
et de modification. 
 

Cette stratégie est employée plus tard sur une autre PKS particulière, la neoauréothine 

synthase (Traitcheva et al., 2007). Chez cette dernière, le premier module est capable de 

catalyser entre deux et quatre cycles d’élongation, synthétisant majoritairement la 

neoauréothine dans le cas de deux itérations et l’homoneoauréothine dans le cas de trois 

itérations (Figure 23 page 38). La première expérience d’ingénierie sur ce système a consisté à 

supprimer les modules 2 et 3, seul la KS du module 2 étant conservée et le module 4 y étant 

accolé. Ainsi la jonction native entre l’ACP du module 1 et la KS du module 2 a été maintenue. 

Malheureusement, cette chimère était inactive. L’hypothèse qui a été émise est la non prise en 

charge du substrat par le module 4. La seconde construction a impliqué une délétion moins 

drastique : seul le module 2 a été supprimé à l’exception de la KS, afin de maintenir la jonction 

ACP1-KS2. Cette PKS était active : les deux produits plus cours de trois carbones ont été bien 

synthétisés. 

CHARGEMENT FIN

Produit
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Evitement
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Figure 23 : Suppression de modules au sein de la neoauréothine synthase (adaptée de Weissman, 2016). 
a : La PKS native synthétise la neoauréothine grâce à deux itérations du premier module NorA. Si trois 
itérations ont lieu, alors l’homoneoauréothine est synthétisée. 
b : Les modules 2 et 3 de NorA¢  sont supprimés, et seule la KS2 est conservée afin de maintenir l’interface 
naturelle avec l’ACP1. Pourtant, cette suppression donne naissance à une PKS non fonctionnelle. 
c : L’interface naturelle ACP1-KS2 est maintenue, et seuls les autres domaines du module 2 sont supprimés. 
Cette construction a permis la synthèse des deux produits attendus, plus courts de trois carbones par rapport 
au polycétide naturel. 
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III.C. Le cas des PKS trans-AT 
Pour plusieurs raisons, l’approche d’ingénierie est à ce jour principalement menée sur 

les PKS de type cis-AT. La première est historique puisque ces dernières sont mises en 

évidences depuis le début des années 1990, alors que l’existence des trans-AT n’est confirmée 

que dix ans plus tard. La seconde est d’un ordre plus pratique, puisqu’en raison de la règle de 

la colinéarité les cis-AT sont plus simples à étudier. Pour les trans-AT, le lien entre la 

composition en domaines et le produit obtenu est, au moment de leur découverte, beaucoup 

plus flou et reste toujours délicat. Pourtant, du fait de leur origine évolutive qui consiste en de 

multiples transferts horizontaux de gènes, et de leur architecture mosaïque en découlant, elles 

conviendraient plus aux manipulations génétiques et à la reprogrammation de la synthèse (Till 

et Race, 2014).  

La première caractéristique attrayante et évidente de ces systèmes est la présence d’un 

domaine AT indépendant puisque ce sont des protéines discrètes, elles semblent mieux convenir 

à l’expression recombinante, à la purification et donc à la caractérisation. Ensuite les séquences 

motifs relatives à la spécificité de substrat et le repliement de la protéine sont semblables entre 

cis- et trans-AT, rendant possible dans certains cas la prédiction du substrat utilisé (Wong et 

al., 2011 ; Till et Race, 2014). Il est aussi mis en évidence que certains AT discrets sont capables 

de sélectionner des substrats atypiques, différents du malonyl-CoA qui est le plus souvent 

sélectionné chez les trans-AT. C’est le cas, par exemple, au sein de la kirromycine synthase 

évoquée en II.C.3.b.iii. : cette hybride cis-AT/trans-AT présente la particularité de posséder 

deux AT discrets au sein de son cluster de gènes (Weber et al., 2008). Le premier, KirCI, 

sélectionne du malonyl-CoA et le délivre à tous les ACP du système (Musiol et al., 2013) à 

l’exception de l’ACP5, qui est chargé avec de l’éthylmalonate par KirCII (Musiol et al., 2011).   

Des expériences d’inactivation des AT de DEBS montrent que ces dernières peuvent 

être complémentées par des AT discrètes et notamment KirCII (Dunn et al., 2014). Les auteurs 

ont inactivé l’AT1 de DEBS en mutant la sérine catalytique en alanine, et ont complémenté le 

système par KirCII. Le dérivé du 6-dEB présentant un éthyl en position 12, au lieu du méthyl, 

a bien été obtenu, malgré une perte d’efficacité du système. La même expérience a été menée 

avec l’AT de la disorazole synthase qui sélectionne le malonyl-CoA, et de manière étonnante, 

l’intégration de cette nouvelle unité au sein du 6-dEB a été même plus efficace que l’intégration 

naturelle de méthylmalonyl-CoA par l’AT1 de DEBS (Dunn et al., 2014). Plus récemment, une 

autre étude s’est basée sur la large spécificité de substrat de KirCII afin d’introduire des dérivés 

alkynes dans la kirromycine (Musiol-Kroll et al., 2017). Cette nouvelle fonction rend accessible 
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un large spectre de modification par click chemistry (Kolb, Finn, et Sharpless, 2001). La click 

chemistry correspond à un ensemble de méthodes permettent la conjugaison d’une sonde ou 

d’un substrat à une molécule d’intérêt biologique. Classiquement, elle assure la cyclisation de 

fonctions azides et alkynes en utilisant le cuivre comme catalyseur (cyclo-addition de Huisgen), 

mais bien d’autres réactions ont été mises au point depuis. 

D’autre part, les modules NRPS présents au sein des PKS trans-AT peuvent aussi être 

la cible de l’ingénierie. De la même manière que chez les PKS, des précurseurs alternatifs 

peuvent être intégrés à la molécule, des enzymes de modifications hétérologues peuvent être 

ajoutées, halogénases et glycosyltranférases par exemple, de manière à augmenter les 

modifications possibles. Les domaines et les modules peuvent aussi être échangés, insérés ou 

supprimés. De plus, des modifications ponctuelles des domaines d’adénylation permettent un 

changement de sélection d’acide aminé (Winn et al., 2016). Il faut cependant noter que de la 

même manière que chez les PKS, plus le nombre de modifications est important, moins le 

rendement final est bon.  

 

III.D. Questions en suspens  
De manière générale, le bilan des expériences d’ingénierie menées sur les PKS 

modulaires est mitigé. Dans la vaste majorité des cas, les rendements de production sont 

grandement impactés par rapport à celui de la PKS native et lorsque la molécule attendue est 

synthétisée, elle n’est souvent pas la seule, puisque des sous-produits sont présents. L’approche 

la moins invasive, l’inactivation de domaines, donne les meilleurs résultats, mais le potentiel 

de modifications introduites de cette manière est assez limité (Weissman, 2016). Une autre 

approche, la mutation de résidus clés notamment pour les domaines AT et KR, est freinée par 

notre compréhension incomplète des mécanismes de reconnaissance du substrat, de la catalyse, 

et dans le cas des KR, du contrôle de la stéréochimie  (Del Vecchio et al., 2003 ; Baerga-Ortiz 

et al., 2006). Il existe un manque important de structures des domaines à haute résolution en 

complexe avec leur substrat ou un analogue. D’autre part, le faible succès de ces expériences 

peut aussi être expliqué par la non reconnaissance du nouvel intermédiaire par les domaines en 

aval de ceux modifiés (Weissman, 2016). La spécificité envers des substrats non naturels doit 

donc être plus extensivement étudiée dans le but d’être optimisée.  

Quant aux modifications plus importantes, telles que l’échange ou l’insertion de 

domaines, des problèmes de communications sont engendrés au sein de la PKS. Ces derniers 

peuvent être issus du changement d’interface entre domaines hétérologues et domaines natifs 
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du module, impliquant par exemple le domaine ACP (Wong et al., 2010), ou en raison de la 

création d’un linker hybride entre domaines échangés. L’intégrité structurale du module semble 

être un critère à respecter impérativement dans le but de modifier ces systèmes (Weissman, 

2016). La stratégie d’insertion ou d’échange de modules voire de sous-unités est donc la plus 

prometteuse. Pour ce faire, il est crucial d’augmenter nos connaissances sur la structure et la 

dynamique des modules à plusieurs stades de la catalyse, afin de déterminer les mécanismes de 

communication entre domaines. Un autre prérequis est de mieux caractériser les déterminants 

clés de la communication entre modules consécutifs, au sein d’une même sous-unité ou situés 

sur deux sous-unités successives. Enfin, un aspect peu exploité jusqu’à présent, est l’utilisation 

et l’ingénierie d’enzymes post-PKS qui pourraient être utilisées avec l’objectif d’introduire des 

modifications extensives sur les polycétides. Dans ce but, des études structure/fonction de ces 

enzymes sont nécessaires. 

 

III.E. Les enzymes post-PKS, une cible de choix pour l’ingénierie ? 
Généralement, suite à la synthèse du polycétide par la PKS, celui-ci est maturé par des 

enzymes qui le modifient chimiquement et lui confèrent sa structure finale et son activité 

biologique. Dans le cas de l’érythromycine A, cinq enzymes post-PKS interviennent de manière 

séquentielle pour modifier le polycétide, le 6-dEB, et lui confèrer son activité (Figure 24 page 

42) : EryF et EryK hydroxylent les carbones 6 et 12 respectivement, EryBV est une 

mycarosyltransférase assurant le transfert de ce sucre en position 3, EryCIII est une 

désosaminyltransférase agissant sur le carbone 5, et EryG, une O-méthyltranférase, modifie le 

désosamine. 
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Figure 24 : Etapes de modification de l’intermédiaire 6-dEB par les enzymes post-PKS aboutissant à 
l’érythromycine A (adaptée de Rix et al., 2002).  

 

Les gènes codant ces enzymes post-PKS sont pour la plupart localisés au sein du cluster 

de gène codant la PKS. Au vu de leur importance cruciale pour la bio-activité des polycétides, 

les enzymes post-PKS sont des cibles de choix pour la biologie synthétique. Ceci peut se faire 

par la délétion d’une enzyme post-PKS, l’ajout d’une activité supplémentaire, ou bien encore 

la modification rationnelle d’une de ces enzymes pour altérer la stéréospécificité, par exemple 

(Weissman, 2016). 

Fig. 7 Post-PKS modifying steps in the biosynthesis of the clinically relevant macrolide antibiotic erythromycin A 2 by Saccharopolyspora
erythraea.

residues, which account for the correct, delicately balanced
hydrogen donor–acceptor relationship in substrate binding
and conversion.55,56 Consequently, site-directed mutagenesis of
Ala245 to Thr significantly lowers affinity and activity with
regard to 6-dEB (1),57 whereas it allows the oxidation of an
alternative substrate such as testosterone.58

While EryF catalyzes the first post-PKS modification in
the erythromycin biosynthesis, another cytochrome P-450
monooxygenase, the erythromycin C-12 hydroxylase (EryK), is
responsible for one of the final tailoring steps. The monomeric
EryK has a molecular weight of 54 kDa, and it has been shown
to have a 1200–1900-fold preference for erythromycin D (ErD,
13) over erythromycin B (ErB, 15) at pH 7.5 and 30 !C. This
resulted in the identification of ErB (15) as a shunt product and
the determination of the sequence of events in the late erythro-
mycin biosynthesis. Thus, it was found that EryK catalyzes
the hydroxylation of ErD (13) to ErC (14), which in turn is
O-methylated to ErA (2) (Fig. 7).59

Hutchinson’s group has reported some interesting work on
two oxygenases, which are involved in the biosynthesis of tetra-
cenomycin C (Tcm C, 22) by Streptomyces glaucescens. The first
of these is an anthrone oxygenase, which is encoded by the
tcmH gene. It has been found to catalyze the conversion of the
naphthacenone tetracenomycin F1 (Tcm F1, 17) into the 5,12-
naphthacenequinone tetracenomycin D3 (Tcm D3, 18) and
therefore is named Tcm F1 monooxygenase (Fig. 8).35 Like
emodinanthrone oxygenase, Tcm F1 monooxygenase requires
only O2 and thus belongs to the class of internal monooxygen-
ases discussed above. It exhibits a pH optimum of 7.5, a Km of
7.47 ± 0.67 µM, and a Vmax of 473 ± 10 nmol min" 1 mg" 1 and

has a molecular weight of 12.5 kDa, but the finding of a
37.5 kDa protein complex by gel filtration shows that it forms a
homotrimer in solution. Inhibition studies suggest the presence
of sulfhydryl groups and histidine residues within the active
site.35

The final step in the biosynthetic pathway of Tcm C
(22, Fig. 8) is the triple hydroxylation of tetracenomycin A2
(Tcm A2, 21). This reaction is catalyzed by the Tcm A2 oxygen-
ase TcmG, presumably through a mixed monooxygenase–
dioxygenase mechanism, which involves two molecules of O2

and one molecule of H2O, as has been determined by mass
spectrometry assisted 18O2 labeling experiments.60 Tcm A2 oxy-
genase, encoded by the tcmG gene,30 is a flavoprotein with a
molecular weight of 60 kDa, a very high pH optimum of
9.0–9.5, and seems to be monomeric in solution, although
X-ray crystallographic studies suggest oligomerization up to
hexamers.61 It requires FAD and can utilize either NADPH or
NADH as co-factors, displaying a V#max of 14.7 ± 1.1 nmol
min" 1 mg" 1 and a strong preference for NADPH (K#m = 82.1 ±
17 µM) over NADH (K#m = 260 ± 19 µM).62

Two very similar proteins (ElmG and ElmH) to these Tcm
oxygenases have been identified in Streptomyces olivaceus
TÜ2353. They participate in the biosynthesis of elloramycin A
(143, Fig. 45), which differs from Tcm C (22) only in the
replacement of the 8-O-methyl group with an O-glycosidically
linked L-permethyl-rhamnose deoxysugar moiety and an addi-
tional O-methyl group at C-12a (instead of OH). Purification
and activity investigations of the heterologously expressed
enzymes established ElmH as a Tcm F1 monooxygenase and
ElmG as a Tcm B2 oxygenase with molecular weights of

Nat. Prod. Rep., 2002, 19, 542–580 547
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Parmi ces enzymes se trouvent de nombreuses oxyréductases. Elles sont responsables 

de l’ajout de groupements hydroxyle, aldéhyde ou cétone ou encore de la réduction d’une de 

ces fonctions. Ces groupements peuvent constituer des bases pour la modification ultérieure par 

d’autres enzymes post-PKS, telles que les glycosyl-transférases (Rix et al., 2002). Dans cette 

catégorie, des cytochromes P450 mono-oxygénases sont particulièrement attractifs pour 

l’approche d’ingénierie, puisqu’ils agissent dans les ultimes étapes de la biosynthèse des 

polycétides. De plus, il existe des P450 de spécificité large, telle que EryK qui intervient dans 

la voie de synthèse de l’érythromycine A, ou bien encore PikC qui agit dans la synthèse de la 

pikromycine. Ces deux enzymes, capables d’oxyder un grand nombre de molécules, sont donc 

particulièrement utilisées dans les études d’ingénierie (Lee et al., 2004 ; Desai et al., 2004). 

De nombreux polycétides sont également glycosylés. L’ajout des unités osidiques 

confère leur activité à certaines molécules comme l’érythromycine A ou l’amphotéricine B, 

puisque ces sucres participent à l’interaction avec les cibles de ces polycétides (Schlünzen et 

al., 2001 ; Wahab et al., 2008). Les unités osidiques ajoutées sont de natures diverses, 

appartenant dans la grande majorité des cas à la famille des 6-désoxyhexoses. Bien que des 

monosaccharides soient fréquemment ajoutés, il peut arriver que des sucres à sept unités 

osidiques soient greffés au polycétide. L’ingénierie des glycosyl-transférases peut se faire à 

travers la délétion de ces enzymes, avec ou sans complémentation par une autre 

glycosyltransférase, ou bien par expression d’une cassette de gènes contenant tous les gènes 

nécessaires à la synthèse et à l’activation de sucres (Gaisser et al., 2002 ; Schell et al., 2008). 

Parmi les enzymes de modification post-PKS se trouvent également diverses 

transférases : méthyltransfrérases, acyltransférases, carbamoyltransférases et 

aminotransférases, entre autres, ou bien encore des enzymes catalysant des réactions 

d’halogénation, soit autant de cibles potentielles pour l’ingénierie et la génération de nouveaux 

polycétides (Olano, Méndez, et Salas, 2010). 

Bien que les domaines TE libèrent généralement le polycétide en catalysant sa 

macrocyclisation, quelques cyclases sont impliquées dans la dernière étape de synthèse du 

polycétide. C’est notamment le cas de la lankacidine, libérée sous forme d’un précurseur 

linéaire par le domaine TE qui n’entraine que la formation d’une lactone à six membres. C’est 

ensuite une amide oxydase, LkcE, qui est proposée pour catalyser la macrocyclisation du 

polycétide. Dans d’autres cas, plusieurs types d’oxygénases sont décrites pour intervenir dans 

la cyclisation du polycétide. Par exemple la cyclisation de la rifamycine B est réalisée par une 

hydroxylase catalysant la formation du noyau napthalène, même si ici, l’enzyme agit entre la 

deuxième et la quatrième étape d’élongation (Xu, 2005). De même, un cytochrome P450 mono-
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oxygénase catalyse la formation d’un cycle tétrahydrofurane lors de la synthèse de l’auréothine, 

un antifongique et antibiotique, suite à sa libération par la PKS (Figure 25 page 44) (He, Müller, 

et Hertweck, 2004). 

 
Figure 25 : Réaction de formation du cycle tétrahydrofurane catalysée par AurH (adaptée de He, Müller, et 
Hertweck, 2004).  

 

Ces enzymes représentent donc un large vivier pour l’approche de biologie synthétique. 

Leur utilisation est pertinente étant donné qu’elles interviennent au stade final de la synthèse 

du polycétide. Une modification de ces enzymes n’entraine pas de problème de spécificité de 

substrat, à l’exception des enzymes post-PKS intervenant en aval de la modification, comme 

cela peut être le cas avec les domaines en aval d’une modification de la PKS. 

 

L’un des objectifs de ma thèse était de poursuivre le travail de Jonathan 

DORIVAL, un doctorant ayant soutenu sa thèse au sein de notre équipe, qui consistait à 

caractériser de LkcE, l’enzyme post-PKS catalysant la cyclisation de la lankacidine. 

 

 

IV. Structures et dynamique des modules et des sous-unités 
Grâce aux expériences d’ingénierie défaillantes, il est devenu évident que les PKS 

modulaires sont extrêmement sensibles aux modifications introduites par les expériences 

d’ingénierie. Pour mieux comprendre les raisons de ces échecs, il est essentiel de mieux 

caractériser ces systèmes d’un point de vue structural et dynamique. En effet, il n’existe 

toujours pas de structure à haute résolution d’un module complet de PKS modulaire, que ce soit 

chez les cis-AT ou les trans-AT. La raison majeure de cette absence réside probablement dans 

la trop grande flexibilité entre domaines d’un même module. Ces informations structurales sont 

pourtant capitales afin de mieux comprendre comment les domaines au sein d’un module 

communiquent entre eux au cours du cycle d’élongation/réduction. Ces interactions spécifiques 

sont essentielles au bon acheminement de l’intermédiaire polycétidique d’un site actif en amont, 
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L’ingénierie des glycosyltransférases peut se faire à travers la délétion de ces 

enzymes, avec ou sans complémentation par une autre glycosyltransférase, ou bien 

par expression d’une cassette de gènes contenant tous les gènes nécessaires à la 

synthèse et à l’activation de sucres (Gaisser, et al., 2002 ; Schell, et al., 2008).   

Parmi les enzymes de modification post-PKS on retrouve également des 

méthyltransférases, diverse transférases (acyltransférases, carbamoyltransférases, 

aminotransférases, etc.) ou bien encore des enzymes catalysant des réactions 

d’halogénation. Soit autant de cibles potentielles pour l’ingénierie et la génération de 

nouveaux polykétides (Olano, et al., 2010).   

Bien que les domaines TE libèrent généralement le polykétide en catalysant sa 

macrocyclisation, quelques cyclases sont impliqués dans la dernière étape de 

synthèse du polykétide. C’est notamment le cas pour la lankacidine, libéré sous 

forme d’un précurseur linéaire par le domaine TE qui n’entraine que la formation 

d’une lactone à 6 membres. C’est ensuite une amine oxydase qui est proposée pour 

catalyser la macrocyclisation du polykétide (voir chapitre IX.2). Dans d’autre cas, 

plusieurs oxygénases ont été décrites pour intervenir dans la cyclisation de 

polykétide. C’est notamment le cas de la rifamycine B, pour laquelle une hydroxylase 

catalyse la formation du noyau naphtalène, même si ici, l’enzyme agit entre la 

deuxième et la quatrième étape d’élongation (Xu, et al., 2005). De même, un 

cytochrome P450 monooxygénase catalyse la formation d’un cycle tétrahydrofurane 

lors de la synthèse de l’auréothine, un antifongique et antibiotique, suite à sa 

libération par la PKS (He, et al., 2004).   

 

 

 

 

 

Ces enzymes représentent donc un large vivier pour l’approche de biologie 

synthétique. Leur utilisation est pertinente étant donné que ces enzymes post-PKS 

Auréothine 

Figure 47 : Réaction de formation du cycle tétrahydrofurane catalysée par l’enzyme 
post-PKS AurH (tiré de He, et al., 2004). 

Auréothine
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à l’autre en aval, sans être libéré dans la solution. Les blocs de construction sont transférés de 

l’AT à l’ACP et l’intermédiaire réactionnel de l’ACP vers la KS. Ce dernier est ensuite présenté 

aux sites actifs des différents domaines optionnels par l’intermédiaire de l’ACP dans un ordre 

bien précis. L’intermédiaire est par la suite transféré d’un module à l’autre et d’une sous-unité 

à l’autre. Cette stratégie biosynthétique offre l’avantage d’améliorer la cinétique de la voie de 

synthèse en évitant que les intermédiaires ne diffusent à distance des sous-unités, de les protéger 

de réactions non productives et d’empêcher leur entrée dans d’autres voies enzymatiques en 

compétition (Wu et al., 2001). De par le nombre élevé de réactions séquentielles qui ont lieu au 

sein des sous-unités, cette stratégie est particulièrement intéressante pour les PKS. Dans un 

premier temps, le modèle d’organisation structurale des modules s’est basé sur des structures 

cristallographiques de la FAS porcine (mFAS). 

 

IV.A. La mFAS comme modèle structural d’un module de PKS modulaire 
En raison des fortes homologies de séquences et de mécanismes synthétiques très 

similaires, les chercheurs se sont longtemps basés sur la structure cristallographique de la 

mFAS (Figure 26 page 46) (Maier, Leibundgut, et Ban, 2008) pour proposer des modèles 

d’organisation de modules de PKS de type I comprenant les domaines KR, DH et ER. 
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Figure 26 : Représentation cartoon de la structure cristallographique de la mFAS, obtenue à 3,2 Å de résolution 
et représentation schématique de la protéine (tirée de Maier, Leibundgut, et Ban, 2008).  
Les domaines sont représentés par un code couleur, et les linkers séparant les domaines sont indiqués en gris. 
Les deux portions (condensation et modification) et le linker central séparant ces portions sont indiqués sur la 
structure, de même que la position du dernier résidu du linker entre la KR et l’ACP. Les domaines KS, DH et 
ER sont dimériques. En dessous, un schéma de la mFAS indique la position probable des domaines ACP et TE. 
LD signifie « linker domain » et indique le linker structuré entre le KS et le domaine malonyl/acétyl-transférase 
(MAT). 
  

Globalement la mFAS adopte une structure dimérique entrecroisée en forme de X, via 

interactions des domaines KS, DH et ER qui sont homodimériques. Deux chambres 

réactionnelles sont présentes et elles accueilleraient les domaines ACP et TE, ces deux 

domaines ne sont pas visibles sur la structure, ceci étant probablement dû à leur trop grande 

flexibilité. Deux portions peuvent être distinguées : la première assure la condensation avec les 

domaines KS et malonyl/acétyl-transférase (MAT) et la seconde, la modification des 

intermédiaires avec les domaines KR, DH et ER (Figure 26 page 46). D’après les distances 

séparant les différents sites actifs, il est pensé que l’ACP est hautement mobile, passant d’un 

côté à l’autre de la chambre réactionnelle afin d’atteindre les différents sites actifs ; cela peut 

Condensation

Modification
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également expliquer pourquoi ce domaine est absent de la densité électronique. Il est montré 

par cryo-microscopie électronique (cryo-EM) que la portion de condensation est capable d’une 

rotation de 180° par rapport à la portion réductrice (Brignole, Smith, et Asturias, 2009). Ces 

mouvements sont dus à la présence d’un linker d’une vingtaine de résidus non structurés présent 

entre les domaines MAT et DH, et rendraient asynchrone la synthèse dans les deux chambres. 

L’élongation a lieu dans la chambre réactionnelle relativement close, alors que la réduction a 

lieu dans celle qui est plus ouverte. De plus, la distribution des conformations pourrait être 

influencée par la présence du substrat ou par l’inactivation de certains domaines catalytiques, 

ce qui suggère une corrélation directe entre la configuration du module et l’étape de 

biosynthèse. 

D’autres domaines non actifs se situent aussi dans la portion réductrice de la mFAS. Le 

premier est un domaine pseudo cétoréductase (ΨKR), analogue au domaine KR mais dont le 

Rossmann fold est tronqué, et qui assure une pseudo-homodimérisation. Le second est un 

domaine pseudo-méthyltranférase (ΨMT), dont le site de fixation au cofacteur SAM est muté, 

rendant sa prise en charge impossible.  

 Quant aux PKS, des études préliminaires de protéolyse ménagée couplée au cross-

linking réalisées sur des sous-unités de DEBS, ont permis d’émettre l’hypothèse de modules et 

de sous-unités homodimériques (Staunton et al., 1996). Par la suite des structures 

cristallographiques et RMN de tous les domaines d’un module ont été obtenues, soit sous la 

forme de domaines isolés, soit sous la forme de didomaines (Weissman, 2017) (Figure 27 page 

48). 
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Figure 27 : Structures haute résolution de domaines individuels et de didomaines de PKS modulaires (tirée de 
Weissman, 2017).  
Sont présentés : la structure cristallographique du didomaine KS5-AT5 de DEBS (orange : domaine de docking 
N-terminal, bleu : KS, vert : AT, jaune : linker de la KS vers l’AT, rouge : linker post-AT ; la structure RMN 
de l’ACP2 de DEBS, la sérine phosphopanthéthéinylée est présentée en sphères ; la structure cristallographique 
de la DH4 de DEBS, l’histidine catalytique est présentée en sphères ; la structure cristallographique de la KR2 
de l’amphotéricine synthase, de type A1, les domaines catalytiques et structuraux sont indiqués, la Tyr 
catalytique et le cofacteur NADP+ sont présentés en sphère ; la structure cristallographique du domaine ER 
monomérique de la spinosyne synthase, le cofacteur NADP+ est présenté en sphères ; la structure 
cristallographique du domaine TE homodimérique de DEBS. 
 

Ces structures permettent de proposer une organisation homodimérique des PKS cis-

AT, puisque les domaines KS, DH et TE sont homodimériques. De manière globale, ces 

domaines isolés présentent des structures très similaires à leur équivalent chez la mFAS 

(Keatinge-Clay et Stroud, 2006 ; Tang et al., 2006 ; Tang et al., 2007 ; Alekseyev et al., 2007). 

Par exemple, la disposition du didomaine KS-AT est identique entre les deux systèmes, la 

position de chaque domaine étant fixée par rapport à l’autre grâce à la présence d’un linker 
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structuré reliant la KS à l’AT. Sur cette base, plusieurs modèles d’organisation structurale des 

modules de PKS ont été proposés (Figure 28 page 49). 

 
Figure 28 : Proposition de structuration d’une construction multi-modulaire de PKS (tirée de Zheng et al., 
2012). 
Ce modèle est proposé pour les modules de la mycolactone synthase, incluant des domaines KR et DH (module 
3) ou tous les domaines de modification (module 2). 
 

Cependant des divergences notables émergent au cours de ces études : en effet chez les 

PKS modulaires, les domaines ER sont monomériques et les domaines TE homodimériques 

(Zheng et al., 2012 ; Tsai et al., 2001), l’interface entre les domaines ER et DH sont très 

différentes, et les domaines DH ne s’homodimérisent pas de la même manière (Keatinge-Clay, 

2008). Ces différences non négligeables ont posé alors la question de la validité du modèle de 

la structuration modulaire des PKS basée sur la mFAS. 

 

IV.B. Structure de modules de PKS à moyenne résolution 
IV.B.1. Structure d’un module entier par cryo-EM 

La structure cryo-EM de la sous-unité PikAIII de la PKS synthétisant la pikromycine 

chez S. venezuelae est obtenue en 2014. Cette sous-unité ne comporte qu’un seul module, le 

module 5. Il est composé des domaines de condensation : KS, AT et ACP, ainsi que d’un 

domaine KR et de deux interfaces de docking assurant l’interaction en trans avec les sous-unités 

partenaires. 

Du module 1

Vers le 
module 4

Module 2

Module 3
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Plusieurs structures correspondant à différents stades de la catalyse ont été obtenues 

entre 7 et 11 Å de résolution. Les structures à haute résolution de domaines homologues ont été 

replacées dans les cartes obtenues. La première étude (Dutta et al., 2014) a été réalisée alors 

que l’ACP du module était sous forme holo, c’est-à-dire modifié par le bras phosphopantéthéine 

(Figure 29 page 50). 

 
Figure 29 : Structures cryo-EM de PikAIII sous forme holo (tirée de Dutta et al., 2014).  
Représentation de la structure cryo-EM de PikAIII en solide ou en transparent avec les structures à haute 
résolution positionnées au sein de la carte EM. L’ensemble s’agence en une forme d’arche, le domaine KS 
homodimérique formant le dôme et les domaines AT et KR se positionnant consécutivement en dessous. L’ACP 
(en orange) se trouve en contact soit avec le domaine KR (en violet) (conformère 1) ou avec le domaine AT (en 
vert) (conformère 2).  

 

Contrairement à ce qui était pensé jusqu’alors, ce module présente une forme d’arche 

symétrique ne comportant donc qu’une unique chambre réactionnelle, les sites actifs des 

domaines catalytiques faisant face à cette chambre. Les domaines AT et KR sont positionnés à 

Conformère 1 Conformère 2
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la suite, en dessous de la KS homodimérique. Cette disposition entre les domaines KS et AT 

est totalement différente de celle obtenue dans les structures cristallographiques de didomaines 

issus de DEBS (Figure 27 page 48) (Tang et al., 2006 ; Tang et al., 2007). Les domaines ACP 

sont clairement visibles, et occupent deux postions différentes : proches du domaine KR 

(conformère 1) ou proches du domaine AT (conformère 2). De plus, ils occupent ces positions 

équivalentes simultanément, ce qui suggère qu’ils se déplacent ensemble au sein de l’arche, 

contrairement à ce qui est supposé pour les ACP de la mFAS (Brignole, Smith, et Asturias, 

2009).   

Les auteurs se sont aussi intéressés aux changements conformationnels du module 

nécessaires à la réalisation du cycle d’élongation/réduction (Whicher et al., 2014). Pour cela, 

des domaines ou des combinaisons de domaines ont été tour à tour modifiés de manière à mimer 

chaque étape du cycle catalytique. Des cartes des modules ainsi bloqués ont été ensuite obtenues 

par cryo-EM (Figure 30 page 52).  

La première étape du cycle d’élongation/réduction de PikAIII consiste à charger la KS5 

par l’ACP du module précédent, l’ACP4. Pour comprendre comment la KS5 discrimine entre 

l’ACP4, avec lequel elle interagit en trans, de l’ACP5, avec lequel elle interagit en cis, une 

protéine de fusion ACP4-PikAIII(∆ACP5) a été analysée. Cette protéine ne contient pas l’ACP5 

qui pourrait interférer dans l’interaction entre l’ACP4, qui lui était modifié par un substrat 

pentacétidique, son ligand naturel. De manière à bloquer le transfert de ce pentacétide, la 

cystéine catalytique de la KS5 a été mutée. Les cartes cryo-EM obtenues ont révélées que l’ACP4 

interagit avec la KS5 à l’entrée de son site actif, dans une configuration telle qu’il demeure à 

l’extérieur de l’arche formée par le module (conformation 1-2, Figure 30 page 52). De cette 

manière, la KS serait en mesure de discriminer entre les ACP et d’éviter les mauvais transferts. 

En l’absence du pentacétide fixé à l’ACP4, le domaine holo ne contacte pas la KS5, ce qui 

suggère que la présence du substrat est nécessaire à l’établissement d’une interaction stable.  

Pour mimer l’étape suivante, la KS5 a été acylée spécifiquement par l’intermédiaire 

pentacétidique, et l’ACP5 maintenu sous forme apo. Cet état serait loin d’être révélateur du 

phénomène physiologique, puisque de nombreuses données démontrent que les domaines ACP 

et AT sont constamment chargés par des unités d’extension in vivo (Dunn et Khosla, 2013 ;  

Hong, Leadlay, et Staunton, 2009). En effet la structure rapportée montre l’ACP5 en complexe 

avec le domaine AT5, sa sérine catalytique pointée vers le site actif de l’AT5 (conformation 2 

Figure 30 page 52), ce qui pourrait correspondre à une réponse de détresse du module favorisant 

le chargement rapide de l’unité d’extension. De plus, il est étonnant que la KR5 procède à une 

rotation de presque 180° par rapport à la conformation précédente. 
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Figure 30 : Conformations adoptées par PikAIII au cours du cycle d'élongation/réduction (adaptée de Whicher 
et al., 2014).  
Le domaine KS5 homodimérique est représenté en bleu (sa cystéine catalytique est symbolisée par une étoile), 
l’AT5 en vert, la KR5 en violet, l’ACP4 en rouge et l’ACP5 en orange. Par soucis de clarté, seul un ACP5 est 
représenté. 

 

Ensuite les auteurs ont assuré le chargement de l’ACP5 avec l’unité d’extension, le 

méthylmalonate, grâce à l’activité naturelle de l’AT5. Dans la structure résultante, l’ACP5 holo 

pointe le substrat vers le site actif de la KS5 (conformation 3 Figure 30 page 52) et son site 

d’interaction est à l’opposé de celui de l’ACP4. Au vu des surfaces d’interaction de ces deux 

ACP, aucune gêne stérique ne serait engendrée par la présence de l’un ou l’autre, rendant 

possible une interaction simultanée des deux domaines sur la KS5. Ceci pourrait expliquer les 

transferts directs ACP-ACP observés dans des systèmes PKS modifiés, résultant en un 

« évitement » de module (Figure 22 page 37) (Thomas et al., 2002).   

L’étape suivante de la catalyse étant la condensation du méthylmalonate et du 

pentacétide, les auteurs ont laissé incuber l’ACP5 holo avec la KS5 modifiée au niveau de sa 

cystéine catalytique par le pentacétide. Ceci a mené à l’obtention d’un ACP5 chargé par un β-

cétohexacétide (conformation 4 Figure 30 page 52). Dans cette configuration, l’ACP5 interagit 

two consecutive a-helices, and a C-terminal docking a-helix.48,49

This module was presumably chosen, at least in part, because it
is discrete, which obviated the need to dene articial N- and C-
termini in order to express it heterologously. Reconstructions of
PikAIII in multiple states were obtained at calculated resolu-
tions of 7–11 Å. At this resolution, it was possible to t the
crystal and NMR structures of homologous domains from the
DEBS PKS37,38,40 into the EM maps by treating them as rigid
bodies, leading to pseudo-atomic resolution structures.

Initial analysis of the holo form of PikAIII (that is, with the
ACP modied with phosphopantetheine), yielded the rst
surprise: although the subunits were aligned head-to-head and
tail-to-tail as expected,22 together they form a symmetrical arch.
Thus, unlike the two isolated reaction cles predicted by

existing models (Fig. 6),23–25 this topology results in a single
reaction chamber, into which all of the domain active sites face
(Fig. 7b and c). The base of the arch comprises the homodimeric
KS, while the AT and KR, which are positioned consecutively
below the KS, form its sides. The conguration of the KS and AT
domains resembles that in the double-helical model,22 but is
dramatically different from that seen in crystallographic anal-
ysis of the isolated DEBS KS–AT domains in which the two
domains form an extended, slightly angular structure
(Fig. 7d).38,39 To arrive at the conguration seen in PikAIII, the
KS–AT linker and the AT must rotate a full 120! relative to their
previously observed positions, and certain structural elements
must also rearrange to relieve steric clashes with the KS. In
addition, the newly-observed AT–KR conformationmeans that a

Fig. 8 Conformational states identified for PikAIII as a function of covalent modification of one or more component domains.18,19 The domains
are color-coded as in Fig. 7, with the locations of the active sites/residues indicated in yellow. Where appropriate, the structures of the substrates
attached to the various domains are shown. The numbers indicate the distance estimated between the catalytic residues of specific domains and
the Ser phosphopantetheine attachment point of the ACP. State 1 represents the holo protein (ACPmodifiedwith phosphopantetheine cofactor).
In this state, the ACPs (only one is shown for clarity) occupy one of two positions, either adjacent to the KR (57%) or to the AT (43%). State 1–2
represents the conformation which permits transfer of the chain extension intermediate from the upstream module to PikAIII. To allow
unequivocal identification of the ACP4 domain, ACP5 was removed from the construct – thus its location at this stage of the biosynthesis is
unclear. In State 2, the KS is nowmodified with pentaketide intermediate (yellow line), which prompts the ACP to localize near the AT active site.
Notably, the KR has flipped end-to-end with respect to its position in States 1 and 1–2. In State 3, the ACP is now acylated with methylmalonate
(as is the AT; red lines), readying it to participate in chain extension with the KS (although in this case, the KS is unmodified). Correspondingly, the
ACP now occupies a position below the KS, where it can access the KS's lower active site entrance. Curiously, the KR at this stage is unflipped.
State 4 represents the system following chain extension (b-ketohexaketide–ACP), although both the KS and the AT are also modified. At this
stage, the ACP is positioned for the next step, ketoreduction, at the KR domain (which resumes its flipped configuration); from this location, the
intermediate (red-yellow line) can be inserted into either side of the active site. Following ketoreduction to generate the b-hydroxyhexaketide–
ACP (blue line), the ACP is ejected out of the reaction chamber (State 5), freeing it to engage in chain transfer with the downstream module
located on PikAIV. Shown is one of three conformers observed for the module, in which only the position of the ACPs varies relative to the
catalytic domains. State 6 (not directly characterized) is the conformation proposed to allow transfer of the intermediate to PikAIV. The posi-
tioning of the ACPs on either side of the homodimeric KS would seem to necessitate unraveling of the post-ACP dimerization domain. Adapted
from ref. 19.

This journal is © The Royal Society of Chemistry 2015 Nat. Prod. Rep., 2015, 32, 436–453 | 443
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avec la KR5 qui a subi une rotation d’environ 180° par rapport au conformère 3, positionnant 

son site actif à portée du bras phosphopanthétéine. 

En incubant la construction précédente avec du NADPH, les auteurs ont obtenu le 

produit final synthétisé par le module. Une fois la cétone réduite par le domaine KR5, l’ACP5 

se place directement sous la KR5 afin de faciliter l’échange de la chaine en élongation avec le 

module suivant (conformations 5 et 6 Figure 30 page 52). 

Cette étude permet une contribution majeure à la compréhension des interactions entre 

le domaine ACP et ses différents partenaires. L’ACP d’un module sonderait de manière 

aléatoire un partenaire potentiel via des interactions charge-charge complémentaires. Le 

partenaire spécifique serait sélectionné lorsque son domaine catalytique reconnaîtrait son 

substrat. Ces interactions supplémentaires permettraient la stabilisation du complexe qui ne 

serait que transitoire dans le cas contraire (Weissman, 2017).  

 

IV.B.2. Structures d’une construction modulaire et bimodulaire par 

SAXS 

Deux multi-enzymes ont été analysées au cours de cette étude : la première comprend 

le module 3 de DEBS fusionné au domaine TE du même système (M3-TE) et la seconde 

correspond à la sous-unité DEBS 3 comprenant les modules 5 et 6, ainsi que le domaine TE. 

Tous les modules étudiés comprennent les mêmes domaines : KS, AT, KR et ACP, mais 

diffèrent selon la construction : l’ACP est suivi soit du domaine TE pour les modules 3 et 6, 

soit d’une KS homodimérique pour le module 5 (Edwards et al., 2014).  

Dans un premier temps, des analyses SAXS ont été menées sur des fragments mono ou 

didomaines du M3-TE (KS-AT, KR, ACP et TE) pour lesquels des structures à haute résolution 

sont connues. Puis des courbes de diffusion ont été enregistrées sur la construction M3-TE 

complète. Par modélisation en corps rigides, trois modèles en adéquation avec les données 

SAXS ont été proposés, suggérant l’existence de plusieurs états conformationnels en solution 

(Figure 31 page 54).  
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Figure 31 : Modélisations en corps rigides de la construction M3-TE (adaptée de Edwards et al., 2014).  
Le didomaine KS-AT (en rouge) et le pseudo dimère de KR (en bleu) ont été traités comme des corps rigides 
durant la modélisation. Les domaines ACP (en violet) sont localisés à proximité du dimère de TE (en vert), quel 
que soit le modèle généré. 
 

Évidemment, l’organisation générale de ce module est différente de celle du module 

PikAIII obtenue par cryo-EM. Tout d’abord le didomaine KS-AT présente une conformation 

étendue ; ceci est certainement dû au fait qu’il est considéré comme un corps rigide durant la 

modélisation, ainsi la structure de cette région du module est la même que celle du didomaine 

isolé (Tang et al., 2006 ; Tang et al., 2007). De plus, les domaines ACP sont localisés proches 

des domaines TE et donc à distance trop importante des sites actifs des domaines KR, KS et 

AT. Ces divergences d’organisation spatiale peuvent être expliquées par une troncature des 

données de diffusion à des q faibles (0,15 Å-1), ce qui limite la résolution à 40 Å. 

Les données enregistrées sur la construction correspondant à DEBS 3 sont en accord 

avec une protéine allongée et homodimérique. De manière analogue à la première construction, 

une modélisation en corps rigides a été menée. Les auteurs ont disposé ainsi les domaines les 

uns par rapports aux autres en accord avec les données. Globalement, l’organisation des 

domaines au sein des modules 5 et 6 est la même que celle des domaines de M3-TE (Figure 32 

page 55), mais les deux modules, bien que liés covalemment, seraient capables d’une rotation 

l’un par rapport à l’autre allant jusqu’à 70° le long d’un plan passant par le didomaine KS-AT 

et les domaines ACP. 

Dimère de TE
ACPACP

KRKR

KSKSAT AT

100 Å

A B C
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Figure 32 : Modélisations en corps rigides de la construction DEBS 3 (tirée de Edwards et al., 2014). 
Le didomaine KS-AT (en rouge), les pseudo dimères de KR (en bleu), les ACP (en violet) et le dimère de TE, 
ont été traités comme des corps rigides.  
 

Ensemble, ces études structurales permettent de mieux appréhender les interactions 

spécifiques entre domaines et le transfert de l’intermédiaire d’un site actif à l’autre au sein d’un 

même module grâce aux domaines ACP. Cependant, bien des questions restent en suspens. 

D’autres études doivent être menées sur des modules comprenant les autres domaines de 

modifications : DH et ER. A mon arrivée au laboratoire, aucune structure de modules de PKS 

trans-AT  n’était disponible, or ces derniers présentent des compositions en domaines atypiques 

et très variables. Il était donc intéressant de déterminer l’impact d’une composition alternative 

en domaines sur l’architecture modulaire.  

De plus, les précédents travaux (Dutta et al., 2014 ; Whicher et al., 2014) révèlent 

l’interdépendance et la grande communication entre domaines d’un même module au cours du 

cycle d’élongation/modification, ce qui peut expliquer en grande partie le faible taux de succès 

des expériences d’ingénierie. Il semble donc que l’approche la plus adaptée pour l’ingénierie 

serait d’échanger directement des modules voire des sous-unités entières de PKS de manière à 

garantir l’intégrité structurale des modules et une communication efficace entre domaines. Pour 

ce faire, pourtant, il est impératif de déterminer comment les sous-unités de PKS communiquent 

ensemble de manière spécifique et sélective afin d’assurer le bon transfert de l’intermédiaire 

réactionnel. 
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IV.C. Les domaines de docking 
Les PKS sont composées de plusieurs sous-unités et les organismes synthétisant des 

polycétides présentent bien souvent plusieurs clusters de PKS différents au sein de leur génome 

(Katz et Baltz, 2016), or l’intermédiaire polycétidique ne doit pas être transféré à une sous-unité 

portant des modules antérieurs déjà intervenus dans la synthèse, ni à une sous-unité appartenant 

à un autre système PKS. Cette spécificité d’interaction est garantie par des petits éléments 

structuraux situés aux extrémités N-terminales (Nter) et C-terminales (Cter) des sous-unités et 

nommés domaines de docking (DD).  

 

IV.C.1. Mise en évidence 

Les DD ont été mis en évidence de manière indirecte dès 1992 par alignement des 

séquences des sous-unités de l’érythromycine synthase. Les auteurs ont découvert, sur DEBS 

2 et DEBS 3, des séquences en Nter des sous-unités qui n’étaient pas assignables aux domaines 

KS et en Cter de DEBS 1 et DEBS 2, des séquences qui n’étaient pas attribuables aux ACP. Il a 

été alors émis comme hypothèse que ces séquences jouent un rôle dans l’assemblement et 

l’ordonnancement des sous-unités (Donadio et Katz, 1992). Plus tard, des alignements de 

séquences entre plusieurs PKS cis-AT : l’érythromycine, la rapamycine et l’oléomycine 

synthase, ont confirmé la présence répandue de ces séquences en Nter alors baptisées linker 

(Aparicio et al., 1996). Elles présentent la particularité de contenir des répétitions en heptades 

d’acides aminés aliphatiques et ont été prédites comme se structurant en hélices α. Il a été 

supposé que ces séquences puissent s’homodimériser en formant un coiled-coil et permettent 

d’initier la dimérisation des sous-unités multi-enzymatiques en partant de leur extrémité Nter 

(Aparicio et al., 1996). D’ailleurs des constructions comprenant le module 2 et le domaine TE 

(M2-TE) ou le module 6 et le domaine TE (M6-TE) de DEBS, modules situés à l’extrémité Cter 

de leur sous-unité, sont incapables de prendre en charge un substrat dicétidique. Au contraire, 

les constructions M3-TE et M5-TE sont capables de produire le tricétide à partir du même 

dicétide ; ce sont des modules situés en Nter de leurs sous-unités respectives qui comprennent 

donc la séquence d’homodimérisation supposée. En effet, l’activité d’extension du M2-TE et 

du M6-TE a été restaurée en insérant la séquence de trente-neuf acides aminés situés en Nter du 

module 5 (Gokhale, 1999).  

Il a été très vite montré que ces linkers, rebaptisés DD par la suite, naturellement 

présents entre sous-unités sont d’un grand intérêt pour les expériences d’ingénierie. Par 

exemple, une PKS hybride a été créée par génie génétique, qui comprenait les trois sous-unités 



Introduction 

	

 57 

de DEBS, mais le module 2 de DEBS 1 a été remplacé par le module 5 de la rifamycine synthase 

tout en conservant le DD en Cter de DEBS 1. Le polycétide attendu a bien été synthétisé sans 

perte de rendements (Figure 33 page 57). 

 
Figure 33 : Représentation schématique de la PKS hybride dans laquelle le module 2 de DEBS a été remplacé 
par le module 5 de la rifamycine synthase (adaptée de Gokhale, et al. 1999). 
Le module 5 de la rifamycine synthase (en orange) a été inséré à la place du module 2, de manière à préserver 
les linkers entre modules d’une même sous-unité (en rouge), ainsi que les DD entre modules situés sur des 
sous-unités distinctes (en jaune, en Cter du module 5 nouvellement inséré). 

 

Par la suite, il a été démontré que ces DD facilitent en partie le transfert de la chaine 

polycétidique en croissance d’une sous-unité à l’autre (Tsuji, Cane, et Khosla, 2001). En 

prenant DEBS pour modèle, le transfert de l’intermédiaire entre les modules 2 et 3, donc entre 

DEBS 1 et DEBS 2, a été suivi. Des paires non natives de DD ont été testées : celui en Cter de 

DEBS 1 avec celui en Nter de DEBS 3 ou celui en Cter de DEBS 2 avec celui en Nter de DEBS 2. 

Des transferts d’intermédiaires ont été observés, mais extrêmement ralentis par rapport aux 

constructions présentant des paires natives. En effet, lorsque les DD natifs présents entre DEBS 

2 et DEBS 3 ont été utilisés entre DEBS 1 et DEBS 2, le transfert de l’intermédiaire a été réalisé 

à une vitesse comparable à celle de la construction sauvage.  

Une étude similaire a été menée afin d’évaluer la contribution des domaines ACPn-1 et 

KSn dans l’efficacité de transfert de l’intermédiaire (Wu, Cane, et Khosla, 2002). Les données 

obtenues au cours de cette étude ont montré que bien que les DD ne soient pas appariés, si 

l’ACPn-1 et la KSn le sont, le transfert de l’intermédiaire est possible. Ces résultats sont 

confirmés par d’autres études qui tendent à prouver que l’ACP et la KS interagissent bien 

ensemble et que les DD ne sont pas les seuls domaines impliqués dans la reconnaissance entre 

sous-unités (Weissman, 2006a ; Buchholz et al., 2009 ; Whicher et al., 2014).  

Ces expériences démontrent que même si les DD ne sont pas les seuls déterminants du 

bon transfert de l’intermédiaire, ils jouent un rôle capital dans les interactions spécifiques entre 

sous-unités. De plus ce sont des éléments très intéressants pour l’ingénierie puisqu’ils sont 

portatifs, c’est-à-dire qu’ils peuvent fonctionner de manière indépendante de leur sous-unité, et 

could be combinatorially accessed through the 
interweaving of PKS modules with those of 
nonribosomal peptide synthetases, as found in 
nature (2). However, productive chain transfer 
between heterologous PKS modules has not 
been reported, perhaps because of the lack of 
understanding of the molecular basis for inter- 
modular communication. Furthermore, al- 
though many bacterial genomes encode more 
than one PKS, each composed of multiple mod- 
ules, there is no evidence for crosstalk between 
modules belonging to different dedicated PKS 
assemblies. A variety of experiments and ob- 
servations have reinforced the view that indi- 
vidual modules show considerable selectivity 
toward their cognate substrates and that this 
intrinsic selectivity places serious constraints on 
harnessing the combinatorial potential of PKSs 
(I, 2). Here we present several lines of evidence 
that challenge this viewpoint. Our studies on 
four individually expressed, catalytically func- 
tional modules of the erythromycin PKS reveal 
that these modules have very similar kinetic 
parameters for extending a given diketide sub- 
strate into the corresponding triketide. Surpris- 
ingly, short intermodular segments of variable 
amino acid sequence, referred to as linkers, 
were found to play a crucial role in the assem- 
bly of functional modules as well as in the 
intermodular polyketide chain transfer. By ap- 
propriate engineering of these linkers, we show 
that it is possible to facilitate communication 
between heterologous modules. Our results 
suggest that whereas the chemistry within PKS 
modules may be substrate- and stereo-selective, 
chain transfer between intact modules is per- 
missive as long as the evolutionarily optimized 
linkers can provide the connectivity between 
adjacent modules. 

The remarkable overall selectivity exhibited ' 

by naturally occuning multimodular PKSs sug- 
gests that each module possesses significant 

substrate specificity. As a direct test of this ules such as module 3+TE (M3+TE) and 
hypothesis, we sought to functionally express M5+TE (6), as assayed by their ability to 
and kinetically characterize representative mod- convert the diketide thioester 2 into the expect- 
ules of 6-deoxyerythronolide B synthase ed triketide products 3 and 4, respectively ( ~ i ~ .  
(DEBS) (Fig. l), which synthesizes the macro- 2). However, no activity could be detected from 
cyclic core 1 of the antibiotic erythromycin (3). 
For technical convenience, Escherichia coli 
was chosen as the expression host. The thioes- 
terase (TE) domain, which ordinarily occurs at 
the COOH terminus of module 6 of DEBS, was 
fused to the COOH-terminal end of each mod- 
ule to facilitate substrate turnover (4). A key 
banier to the functional expression of PKS 
modules in E. coli is the inability of the host's 
phosphopantetheinyl transferases to posttrans- 
lationally modifL the acyl carrier protein (ACP) 
domains of PKS modules. To overcome this 
problem, we coexpressed the sfi phospho- 
pantetheinyl transferase from Bacillus subtilis 
in E. coli BL21(DE3) cells (5). Coexpression of 
the sfi gene was both necessary and sufficient 
for functional expression of NH,-terminal mod- 

similarly expressed COOH-tenninal modules 
such as M2+TE and M6+TE (6), even though 
these proteins were homodimeric and chro- 
matographically similar to their NH2-terminal 
counterparts. This lack of activity was unex- 
pected because M2+TE and M6+TE are 
known to accept diketide thioester 2 when pre- 
sented in their natural bimodular contexts (7). 
Detailed analysis of each domain of recombi- 
nant M2+TE indicated that whereas its acyl- 
transferase (AT) domain was catalytically com- 
petent (as assessed by selective labeling of 
methylmalonyl-CoA) and its ACP domain was 
pantetheinylated, the ketosynthase (KS) domain 
could not be acylated with radiolabeled diketide 
thioester 2 (8). Because the KS domain is 
present at the NH,-terminal ends of these re- 

Fig. 2. Cell-free synthe- 
sis of triketides cata- 
lyzed by individual Module 3+TE O'J,, .,. 
modules. All of the pro- S-NAc tein assays were done methylmalonyl-CoA 
with varying concen- 
trations of diketide 
thioester 2 (0.5 to 10 I ii: 3 
mM), 2.5 mM 14C- 
methylmalonyl-CoA, $!H 
and 100 pmol of puri- 
fied protein in a 100-ml Module 2+TE or Module S+TE or Module6+TE 
reaction. Because the w 
KR domain is inactive in 
M3+TE, 1 mM of 

n 
NADPH NADP+ 

NADPH was only used methylmalonyl-COA 
in the assay mixtures 

I 4 

for MZ+TE, M5+TE, and M6+TE proteins. The reaction mixtures were quenched and extracted by ethyl 
acetate and separated by means of thin-layer chromatography (TLC). The products were confirmed by 
simultaneously running standards on TLC plates. Time courses for the formation of triketide lactone 4 
and triketide ketolactone 3 were performed for 30 min. Quantitative measurements were done on a 
Packard Instantlmager. All of these experiments were performed in triplicate. 

Fig. 1. Schematic 
representation of the 
modular organization 
of DEBS, which cata- 
lyzes the synthesis of 
the macrolide agly- w u cone of etythromyan, 
6-deoxyerythronolide 
B (6-dEB, 1). DEBS is a 
hexameric protein 
complex (a2P2yZ). 
Each constituent polypeptide ' " ' $  
chain (DEBS 1,2, and 3; shown 
here in yellow, blue, and green, respectively) is 
composed of two modules: an NH,-terminal 
(lighter shade) and a COOH-terminal (darker 
shade) module that are covalently connected by an intermodu- 
lar linker (shown in red). Each module contains a set of domains 
beginning with a KS domain, followed by an AT domain, and 
ending with an ACP domain. AU modules except M3 haw active ketoreductase 
(KR) domains, and M4 contains an additional dehydratase domain and an enoyl 
reductase domain. The TE domain (shown in pale blue) follows M6, which is 
responsible for the cydization of the heptaketide intermediate to form 1. The loading domain (LD, shown in pink) is present at the beginning of M1. During 
the course of reaction, all the intermediates are covalently sequestered as acylthioestws of the corresponding ACP and KS domains. The growing chain gets 
passed on from one module to next, like a baton in a relay race. 

www.sciencemag.org SCIENCE VOL 284 16 APRIL 1999 
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l’insertion d’une paire native peut permettre la communication entre des sous-unités de 

différents systèmes (Tang, Fu, et McDaniel, 2000 ; Menzella, Carney, et Santi, 2007 ; Kim et 

al., 2017). 

La caractérisation biophysique d’un couple de DD s’est révélée délicate du fait de la 

faible interaction entre ces domaines. En effet, la constante de dissociation rendant compte de 

l’affinité de ces domaines est de l’ordre de la dizaine de micro molaires (Whicher et al., 2013). 

Ces interactions seraient aussi transitoires au sein de la cellule, ce qui faciliterait le 

renouvellement de sous-unités défectueuses en évitant une néo-synthèse totale d’une nouvelle 

PKS entière, ce qui, au vu de la taille totale de ces systèmes, serait extrêmement couteux à la 

cellule d’un point de vue énergétique.  

 

IV.C.2. Différentes classes de domaines de docking 

La caractérisation structurale ainsi que des alignements de séquences plus poussés 

permettent de distinguer clairement plusieurs classes de DD. 

 

IV.C.2.a. Domaines de docking de classe 1 

IV.C.2.a.i. Classe 1a 

La première classe mise en évidence chez les PKS cis-AT et plus particulièrement entre 

les sous-unités DEBS 2 et DEBS 3 (Broadhurst et al., 2003), a été la classe 1a. La structure des 

deux partenaires en complexe a été résolue par RMN. Pour faciliter l’étude et favoriser 

l’interaction plutôt faible entre les deux partenaires, les extrémités Cter de DEBS 2 et Nter de 

DEBS 3 ont été fusionnées par l’intermédiaire d’un linker artificiel de deux acides aminés. Il a 

été montré qu’une telle fusion de sous-unité n’altérait en rien l’activité de la PKS in vivo et au 

contraire favorisait son repliement et sa stabilité (Liang, Sandberg, et Terwilliger, 1993 ; Squire 

et al., 2003).   

La structure RMN présente un complexe homodimérique qui peut être divisé en deux 

domaines distincts, A et B, connectés entre eux par des boucles d’environ dix résidus, 

comprenant le linker artificiel (Figure 34 page 59). Le domaine A correspond aux hélices a1 et 

2 du DD situé en Cter de DEBS2 (CDD) ; en s’homodimérisant par des interactions hydrophobes, 

un fagot de quatre hélices a est formé.  

Le domaine B comprend l’interface de docking. Comme prédit par des études 

précédentes, le DD situé en Nter de DEBS 3 (NDD), se replie en hélice a et s’homodimérise par 

des interactions hydrophobes formant ainsi un coiled-coil. Au niveau de ce coiled-coil, les 
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hélices a3 du CDD viennent s’insérer dans le sillon. L’ensemble forme un fagot de quatre 

hélices a, les DD interagissent ensemble via des interactions hydrophobes mais aussi des 

interactions électrostatiques. 

 
Figure 34 : Structures RMN des domaines de docking situés entre les sous-unités DEBS 2 et DEBS 3 (PDB : 
1PZR et 1PZQ). 
Le CDD, situé en aval du dernier ACP de la sous-unité DEBS 2 (en rouge et en rose), comprend trois hélices 
α. Les deux premières assurent l’homodimérisation du domaine A et la troisième interagit avec le coiled-coil 
formé par le NDD homodiémrique (en bleu clair et en bleu foncé), situé en amont de la première KS de la sous-
unité DEBS 3. Le linker artificiel permettant la fusion des deux partenaires est présenté en gris et les boucles 
reliant des domaines A et B en pointillés. Ces deux domaines ne semblent pas interagir ensemble, c’est pourquoi 
deux fichiers PDB ont été déposés (domaines A et B), ils sont ici reliés par les lignes en pointillés. 
 

Cette classe de DD est largement répandue au sein des PKS cis-AT, et peut être présente 

plusieurs fois au sein du même système. C’est le cas, par exemple, chez DEBS : les DD de 

l’interface DEBS 1/DEBS 2 en feraient aussi partie, mais aussi chez l’amphotéricine synthase 

qui est composée de six sous-unités, où des DD de cette classe seraient présents à chaque 

interface. Des études ont donc été menées afin de préciser les déterminants de la spécificité 

d’interaction au sein des DD de classe 1a. Par alignements de séquences, des résidus 

hydrophobes et chargés situés à des positions précises de l’hélice a3 du CDD et de l’hélice a 

du NDD, ont été mis en évidence. Ces résidus seraient à la base d’un « code de spécificité » : 

les résidus chargés, grâce à des interactions charge-charge compatibles, et les résidus 

KS KS

ACP ACP

Domaine A

Domaine B

LinkerLinker
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hydrophobes via une surface d’interaction compatible (Weissman, 2006b). Des études bio-

informatiques plus poussées ont même permis de distinguer des classes phylogéniques 

mutuellement exclusives (Thattai, Burak, et Shraiman, 2007).  

 

IV.C.2.a.ii. Classe 1b 

Cette classe a été identifiée pour la première fois par des études des DD situés entre les 

sous-unités 3 et 4 de la pikromycine synthase (Buchholz et al., 2009). Dans un premier temps, 

les auteurs ont tenté d’obtenir des cristaux d’une protéine de fusion comprenant les trois hélices 

a prédites du CDD et l’hélice a du NDD. Cependant, aucun cristal n’a été obtenu, ceci étant 

certainement dû à la présence de la boucle flexible entre les hélices a2 et 3 du CDD. Une 

construction tronquée a été donc produite, qui ne comprenait que les hélices a impliquées dans 

le docking proprement dit, fusionnées directement sans linker. La structure cristallographique 

obtenue à 1,75 Å de résolution est très proche de celle des DD de classe 1a (Figure 35 page 60). 

L’absence de linker ne semble pas fournir une flexibilité suffisante pour que les DD d’une 

même chaine polypeptidique interagissent ensemble ; la structure obtenue est telle que le CDD 

d’une protéine de fusion interagit avec le NDD d’une seconde protéine de fusion.  

 
Figure 35 : Structure cristallographique à 1,75 Å de résolution de l’interface de docking entre les sous-unités 
PikAIII et PikAIV (PDB : 3F5H).  
 

KS
KS

ACP ACP
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Tout comme dans la classe 1a, le NDD comporte une hélice a unique qui 

s’homodimérise en formant un coiled-coil, et l’hélice a terminale du CDD s’insère dans son 

sillon. Quelques détails permettent cependant de les différencier de la classe 1a et rendent ces 

deux classes mutuellement exclusives : tout d’abord l’hélice a3 du CDD est bien plus courte 

dans la classe 1b (neuf résidus contre quinze), et ensuite, une courte hélice a supplémentaire 

est présente, qui se place dans la jonction du coiled-coil. De plus, la position des résidus chargés 

et des résidus hydrophobes intervenant dans l’interaction et sa spécificité ne sont pas les mêmes. 

 

IV.C.2.b. Domaines de docking de classe 2 

Les domaines de docking de classe 1 ont été mis en évidence chez les 

actinobactéries : Saccharopolyspora erythraea pour DEBS et Streptomyces venezuelae pour 

Pik. L’alignement de séquences de DD de systèmes PKS trouvés d’une part chez des 

Actinobactéries, et d’autre part chez des cyanobactéries et des myxobactéries, montre que ces  

deux clades se distinguent dans leur organisation structurale (Whicher et al., 2013) : les CDD 

sont plus courts de quarante résidus par rapport à la classe 1 et ne contiendraient donc pas la 

région d’homodimérisation ; quant aux NDD, ils sont de taille similaire à la classe 1 mais des 

résidus polaires sont présents en Nter du domaine, et ne pourraient donc pas former un seul long 

coiled-coil. Les auteurs se sont intéressés à deux interfaces de la curacine A synthase, trouvée 

chez une cyanobactérie, Moorea producens. Les structures de paires de DD à ces deux 

interfaces ont été résolues par cristallographie sur des protéines de fusion : les deux partenaires 

ont été liés par un linker de huit résidus (Gly3Ser)2. (Figure 36 page 62).  
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Figure 36 : Structures cristallographiques de deux interfaces de docking trouvées chez la curacine A synthase 
(PDB : 4MYY, 4MYZ).  
La structure des DD de l’interface CurG/CurH a été résolue à 1,7 Å de résolution. Les CDD (en rouge et en 
rose) sont monomériques et constitués de deux hélices a. Les NDD, en bleu (foncé et clair), sont 
homodimériques, et comprennent aussi deux hélices a. Un coiled-coil est formé par les deux hélices en amont 
des KS. La structure des DD de l’interface CurK/CurL a été résolue à 1,5 Å de résolution. Les CDD (en rouge) 
sont aussi monomériques et constitués d’une hélice a, connectée par une boucle flexible à un tour d’hélice. Les 
NDD (en bleu) sont homodimériques en formant un coiled-coil et comprennent une hélice a unique.  
 

Le couple de DD trouvé à l’interface CurG/CurH forme un fagot de huit hélices a. 

Chaque domaine est constitué de deux hélices a reliées par une boucle flexible. Au contraire 

des DD de classe 1, les CDD ne disposent pas du fagot de dimérisation et sont monomériques. 

Les NDD sont homodimériques, car les hélice a (bleues) en amont des KS forment un coiled-

coil. La première hélice a (rouge foncé) des CDD interagit avec les deux hélice a (bleu clair) 

d’un monomère de NDD, tandis que la seconde (rouge foncé) contacte le coiled-coil (bleu clair 

et foncé). 

L’interface entre les sous-unités CurK et CurL présente la même topologie. Il faut 

cependant noter que les NDD ne comportent qu’une seule hélice a et que le CDD est constitué 

d’une hélice a suivie d’un tour d’hélice, mais l’angle formé entre ces deux structures est le 

même que celui trouvé chez le CDD de CurG. De la même manière, la boucle entre les hélices 

a des monomères de NDD de CurH et celle trouvée en amont des monomères de NDD de CurL 

adoptent la même conformation.  

La topologie de ces deux complexes permet de positionner directement les ACP aux 

côtés des KS alors que chez les DD de classe 1, les boucles reliant les CDD à l’ACP sont à 

KS KSACP ACP KS KS

ACP
ACP

Interface CurG/CurH
Interface CurK/CurL
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l’opposé. De manière intéressante, la spécificité d’interaction chez les DD de classe 2 semble 

aussi dictée par la présence d’une large surface hydrophobe complémentaire ainsi que des 

interactions charge-charge entre résidus clés. Une simple mutation d’un résidu glutamate en 

arginine sur le CDD de CurK a permis d’abolir son interaction avec son partenaire natif, mais a 

créé une communication avec le NDD de CurH, qui est impossible avec la protéine sauvage. 

L’affinité d’interactions entre DD sauvages est de l’ordre de la dizaine de micro molaires 

(Whicher et al., 2013).  

 

IV.C.2.c. Domaines de docking particuliers chez les PKS 

trans-AT  

Les DD de classes 1 et 2 ont été mis en évidence chez les PKS de type cis-AT. Jusqu’à 

récemment, peu d’informations structurales étaient disponibles quant aux DD des PKS trans-

AT. Une différence importante chez ces systèmes réside dans la présence de modules 

« splités », où des domaines d’un même module sont localisés sur deux sous-unités distinctes. 

Plusieurs jonctions de ce type sont trouvées : KS/KR, KS/DH, KR/MT et DH/KR, entre autres.  

Un mécanisme d’interaction entre des domaines KS et DH situés aux extrémités Cter et 

Nter de leur sous-unité respective a été mis en évidence (Jenner et al., 2018). Des alignements 

de séquences des extrémités Cter de KS et Nter de DH impliquées dans de telles interfaces 

montrent que ces dernières  ne présentent pas de séquence supplémentaire non assignée, alors 

qu’il existe une séquence de longueur variable non annotée en aval des KS. Les auteurs se sont 

penchés plus particulièrement sur l’interface située entre les sous-unités 4 et 5 de la gladioline 

synthase (GbnD4 et GbnD5). Une analyse bio-informatique indique que les séquences en Cter 

des KS présentent un haut degré de désordre avec une propension à se structurer en brin β. Le 

caractère désordonné de cette séquence située en Cter de GbnD4, baptisée DH docking (DHD), 

a été confirmé par RMN et par dichroïsme circulaire (CD). En assignant les spectres RMN, les 

auteurs ont mis en évidence que ce domaine peut adopter plusieurs conformations en solution 

et que certaines régions ont tendance à se structurer en hélice a ou en brin b, mais le DHD 

n’adopte pas de structure tertiaire stable. Des expériences de titration RMN du DHD marqué 
13C,15N avec son partenaire DH-ACP non marqué, ont démontré que deux régions du DHD, 

d’une dizaine de résidus chacun, seraient impliquées dans l’interaction et se fixeraient en 

surface du domaine DH (Figure 37 page 64), avec une constante de dissociation (Kd) de 40 μM.  
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Figure 37 : Modèle de l'interaction entre le DHD et le domaine DH situés à l'interface des sous-unités 4 et 5 
de la gladioline synthase (tirée de Kosol et al., 2018).  
Le DHD déstructuré (à gauche), situé en aval de la KS, présente deux zones distinctes (en jaune) qui assurent 
son interaction avec des résidus en surface du domaine DH (en bleu).  

 

Ces interactions sont spécifiques, car le DHD de GbnD4 ne forme pas de complexes 

stables avec d’autres DH de modules « splités » testés (Jenner et al., 2018), mais aucun code de 

spécificité n’est déterminé pour le moment. Cette étude a montré pour la première fois une 

interaction médiée directement entre un DD et un domaine catalytique. 

 

IV.C.2.d. Domaines de docking de classe 3 

Une autre classe de DD a été caractérisée chez le système hybride PKS/NRPS 

responsable de la synthèse de la tubulysine (Richter et al., 2008). Ce couple est situé à 

l’interface entre les sous-unités TubB et TubC, et plus spécifiquement, entre deux modules 

NRPS. Par alignement de séquences, les auteurs ont mis en évidence que cette classe est 

largement répandue chez les hybrides, résultats confirmés par des travaux récents  (Hacker et 

al., 2018 ; Kosol et al., 2019). 

La structure du DD en Nter de TubC, nommé TubCdd, a été résolue par RMN. Ce DD de 

soixante-dix résidus se structure en trois hélices a et deux brins b qui adoptent une topologie 
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abbaa. Ce DD s’homodimérise par l’intermédiaire des deux brins b, mais également par la 

boucle reliant le deuxième brin à l’hélice a2 (Figure 38 page 65). 

 

 
Figure 38 : Structure RMN de TubCdd (PDB : 2JUG). 
Au centre, les feuillet β (en bleu) et la boucle (en gris) assurant la formation de l’homodimère. Chaque 
monomère comporte aussi trois hélices α (en vert). 

 

Pour résoudre la structure des deux DD en interaction, les deux partenaires ont été 

fusionnés par l’intermédiaire d’un linker de deux acides aminés. Malheureusement, une analyse 

de la protéine par spectrométrie de masse a mis en évidence une protéolyse en Nter de la 

construction, au niveau de TubBdd. Cette dernière, constituée de vingt-cinq résidus, est par la 

suite produite par synthèse chimique, et se révèle non structurée par RMN et CD. Elle permet 

tout de même de tester l’implication dans l’interaction de résidus chargés à la surface de 

TubCdd. De la même manière que chez les DD de classes 1 et 2, ces résidus chargés 

constitueraient un code de spécificité au sein de la classe 3. 

Plus tard, la structure d’une protéine de fusion de DD de type 3 a été résolue par RMN 

(Hacker et al., 2018). L’interface est située entre les deux dernières sous-unités d’une NRPS : 

une rhabdopeptide synthase. A la différence de TubCdd, issue d’une hybride PKS/NRPS, le 
NDD de Kj12C est monomérique, mais la même conformation abbaa	est adoptée. Il s’avère 

que le CDD de Kj12B est largement déstructuré en l’absence de son partenaire. Il présente 

cependant une hélice a et un	brin	b qui s’insère dans le feuillet formé par les deux brins du 
NDD dans la structure du complexe (Figure 39 page 66).  

N

N

C C
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Figure 39 : Structure RMN d’une protéine de fusion de DD de type 3 trouvée chez une NRPS (PDB : 5EWV). 
Le CDD de la sous-unité Kj12B (en rouge) situé en aval d’un PCP, est composé d’une hélice a et d’un brin b 
qui se structure en s’insérant au niveau du feuillet b du NDD de Kj12C (en bleu). Ce dernier est situé en amont 
d’un domaine de condensation (C) monomérique. Le linker de douze résidus (en gris) a permis la fusion 
covalente de l’extrémité Cter du NDD à l’extréminté Nter du CDD.  
 

Il semble donc que ce brin β est formé lorsque les deux partenaires interagissent, puisque 

l’hélice a n’intervient pas dans l’interaction. Une titration du NDD marqué par le CDD a 

démontré que le site de fixation du CDD sur son partenaire fait partie de la surface 

d’homodimérisation équivalente chez TubCdd. Le mécanisme d’interaction entre les deux DD 

de la PKS/NRPS doit donc être différent. En effet les NRPS sont monomériques tandis que les 

modules NRPS présents au sein d’hybrides PKS/NRPS sont homodimériques, ceci étant 

certainement dû à la présence des PKS. 

 

IV.C.3. Un code de spécificité hiérarchique 

La résolution de plusieurs structures de DD en complexes et les alignements de 

séquences permettent de hiérarchiser le code de spécificité de ces DD. Le premier niveau 

correspond à la classe structurale à laquelle ils appartiennent, et le second aux sous-classes : les 

DD d’une même classe structurale ne divergent que de quelques résidus clés. Ainsi, il est 

possible que des DD d’une même sous-classe puissent interagir ensemble grâce à quelques 

mutations ponctuelles, tandis que des DD de deux classes différentes ne pourront surement 

CDD

NDD

Linker
C
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jamais interagir ensemble. Ces informations nous donnent des indices quant à la pression de 

sélection qui opère au sein des systèmes PKS. S’il était possible qu’un DD puisse changer de 

classe par simples mutations, des interactions indésirables entre sous-unités de PKS seraient 

fréquentes. A l’extrême opposé, si les DD étaient très différents les uns des autres, il serait 

extrêmement difficile de « reprogrammer » l’ordonnancement des sous-unités, et les bactéries 

seraient moins adaptables à un changement de leur environnement. Cette organisation 

hiérarchique en classes et sous-classes représente certainement une stratégie intermédiaire 

optimale entre les exigences compétitives et la flexibilité (Thattai, Burak, et Shraiman, 2007).  

 

L’objectif principal de ma thèse était de caractériser plus en détails les DD d’un 

point de vue biochimique mais aussi structural. Pour ce faire, plusieurs couples ont été 

étudiés au sein de deux systèmes PKS différents dont les molécules synthétisées présentent 

un fort potentiel pharmacologique. 

 

IV.D. Organisation macromoléculaire de PKS trans-AT 
Peu d’études se sont intéressées à l’organisation et à la localisation cellulaire adoptées 

par les PKS. Au vu des constantes de dissociations relativement faibles présentées par les DD, 

il est fort probable que les sous-unités au sein des systèmes PKS interagissent ensemble de 

manière transitoire. Ceci pourrait grandement ralentir la synthèse du polycétide en croissance 

dans le cas où les différentes sous-unités seraient libres de diffuser au sein de la cellule. Ces 

interactions transitoires auraient leur avantage : comme discuté précédemment, cela favoriserait 

le renouvellement des sous-unités défectueuses mais cela pourrait aussi refléter la nécessité de 

l’ACPn d’accéder aux domaines de son module mais aussi à la KSn+1 située sur la sous-unité 

suivante. En effet si l’ACP était immobilisé de manière permanente par une interaction trop 

forte entre les DD, la chaine d’assemblage serait bloquée. 

La localisation cellulaire d’une seule PKS a été étudiée à ce jour. Il s’agit de la bacillaene 

synthase, une PKS trans-AT présente chez Bacillus subtilis (Straight et al., 2007). Ce système 

comprend 16 gènes au sein de son cluster, ce qui représente près de 2% du génome de la 

bactérie. Si l’on considère une seule copie de l’ensemble des sous-unités protéiques nécessaires 

à la synthèse du polycétide, la chaine d’assemblage fait environ 2,5 MDa. Dans un premier 

temps, les auteurs ont fusionné différentes sous-unités de la PKS ainsi que l’une des trans-AT 

à des protéines fluorescentes : cyan fluorescent protein (CFP) ou yellow fluorescent protein 

(YFP) (Figure 40 page 68). 
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Figure 40 : Co-localisation au sein des cellules de différentes protéines impliquées dans la synthèse du 
bacillaene (adaptée de Straight et al., 2007). 
PksE, l’une des trans-AT du système, a été fusionnée à la cyan fluorescent protein. PksR est la dernière sous-
unité multi-modulaire du système, elle est fusionnée en Cter à la yellow fluorescent protein. PksJ est la première 
sous-unité multi-modulaire du système, elle est fusionnée en Nter à  la cyan fluorescent protein.  
A gauche : fluorescence des protéines indiquées. Les images ont été ensuite fusionnées (merge) et la co-
localisation des deux protéines a été mise en évidence en points jaunes correspondant à une superposition des 
spots de fluorescence de la CFP et de l’YFP. Les membranes ont été ensuite révélées grâce à un marquage 
spécifique. 
 

Ils ont mis ainsi en évidence que la dernière sous-unité du système (PksR) co-localise 

avec l’une des trans-AT (PksE) mais aussi avec la première sous-unité (PksJ). De plus, dans 

les deux cas, les protéines se juxtaposent à la membrane cellulaire et leur position au sein de la 

cellule varie de l’équateur au pôle. 

Pour commencer à mettre en évidence les déterminants nécessaires à la formation des 

mega complexes de PKS, les auteurs ont aussi travaillé sur une souche dont les différentes sous-

unités multi-modulaires sont supprimées, et ceci mène à la diffusion totale de la trans-AT PksE 

au sein de la cellule, ce qui suggère que c’est la localisation des sous-unités géantes qui 

détermine la localisation des enzymes agissant en trans (Straight et al., 2007). 

  Ces résultats ont été ensuite confirmés par cryo-microscopie électronique à transmission 

(Figure 41 page 69). Dans un premier temps, des masses riches en électrons ont été observées 

described heterogeneity within a population of B. subtilis cells
(21). Differential patterns of localization for Pks fusion proteins
and those of the surfactin synthetase suggest that the localization
patterns of the NRPS/PKS and NRPS proteins are physiologi-
cally relevant for production of small molecules.

The fluorescent fusion proteins also allowed us to test some of
the requirements for the assembly of the megacomplex. We
reasoned that the PksE trans-AT, a relatively small protein (!86
kDa), might require the presence of the large core synthase
proteins PksJ, L, M, N, and R to localize properly. We therefore
investigated the localization of a fluorescent PksE protein fusion
in a strain lacking the giant subunits (Fig. 1 A). We engineered
a B. subtilis strain carrying the PksE-CFP fusion and a transposon
insertion in the pksJ gene (SI Text). Disrupting the pksJ gene
caused PksE-CFP to mislocalize and become diffuse in the
cytoplasm (Fig. 2D). However, normal localization of PksE-CFP
was observed in a strain carrying a transposon disruption in pksR,
the last gene in the cluster (SI Fig. 6). The requirement of the
multimodular enzyme assembly line proteins for localization of
PksE-CFP indicates that localization of the large Pks proteins
determines the pattern for localization of the trans-acting
enzymes.

A PKS Megacomplex Visible by Cryoelectron Microscopy. Given that
our data suggest that all of the Pks proteins reside at a single site,
we reasoned that this megacomplex might be large and distinct
enough to be observed using EM. WT (unmodified strain
NCIB3610) cells or cells containing either PksR-YFP or PksE-
CFP were cryopreserved using high-pressure freezing and
freeze-substitution fixation to provide accurate preservation of
subcellular structures, and thin sections were examined by EM

(22). The WT, PksR-YFP, and PksE-CFP samples all showed a
large electron-dense mass in the cytoplasm (Fig. 3 and SI Fig. 8).
In all cases, the mass is juxtaposed to the cell membrane, and the
position within the cell varies from the midcell to the pole. The
mass, which differs in size and shape from cell to cell, does not
appear to have a discrete border with the cytoplasm, suggesting
that it is not membrane enclosed (see SI Fig. 8 for additional
images). This mass has not been reported previously in EM
analyses of B. subtilis. We hypothesized that previous EM
analyses using laboratory strains of B. subtilis would not have
detected this structure due to the presence of a mutated copy of
the sfp gene (sfp°), which encodes the phosphopantetheinyl
transferase required for assembly line enzyme function. How-
ever, a large electron-dense mass was observed by EM in PY79
(sfp°) cells using our cryopreservation techniques, indicating that
a functional Sfp enzyme is not required for megacomplex
formation (SI Fig. 9). In addition, we have noted that localization
of Pks protein fusions is visible by fluorescence in the PY79
strain. An alternative explanation for lack of detection by EM
previously is that our method of cryopreservation maintains the
integrity of these structures, which might be destroyed using
classical fixation protocols.

To determine whether the mass we see by EM in a WT B.
subtilis cell corresponds to the fluorescent focus of NRPS/PKS
observed in our fluorescence microscopy analyses, we used
immunoEM detection of PksR-YFP and PksE-CFP. Using an
anti-GFP primary antibody and a gold-labeled secondary anti-
body, we observed that PksR-YFP and PksE-CFP localize to the
electron-dense mass in the B. subtilis cytoplasm (Fig. 3 and SI
Fig. 8). The presence of the large mass in WT B. subtilis and the
localization of Pks proteins to this mass suggest that we have

A

B

C

D

Fig. 2. Localization of Pks proteins in B. subtilis 3610. (A) The PksE-CFP (Upper) and PksR-YFP fusions (Lower) localize to a discrete spot. (Left) Fluorescence of
Pks protein fusion (FP); (Center) fluorescence from membrane stained with the dye TMA-DPH (Molecular Probes, Eugene, OR); (Right) overlay of fluorescence
images. (Images are the same in C and D). On the far right, an immunoblot of PksE-CFP, PksR-YFP and SrfAB-YFP (see C, below) probed with anti-GFP antibody
shows synthesis of the full-length fusion proteins. (B) Colocalization in a strain simultaneously producing PksE-CFP and PksR-YFP. (Left) Fluorescence from fusion
proteins as noted above. PksE-CFP and PksR-YFP images are merged to show colocalization at points of overlap in yellow (Merge). Membranes are stained with
TMA-DPH as in A (Membranes). (C) The SrfAB-YFP protein is diffuse in the cytoplasm. (D) PksE-CFP localization occurs with an intact pks gene cluster (Upper) but
not with a disruption of pksJ (Lower). Production of PksE-CFP is identical in both strains by immunoblot (far right). Purified CFP (right lane) is included to
demonstrate that the PksE-CFP fusion is stable in the pksJ mutant background. (Scale bars, 1 !m.)
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proches des membranes. Elles diffèrent en forme et en taille et ne semblent pas présenter de 

limite discrète, ce qui suggère qu’elles ne sont pas enfermées par la membrane. Pour déterminer 

si ces masses observées dans la souche wild type (wt) correspondent bien au mega complexe de 

bacillaene synthase, les auteurs ont procédé à une détection immuno-EM dans les souches 

PksR-YFP et PksE-CFP, en utilisant un anticorps primaire anti-green fluorescent protein, ainsi 

que des billes d’or couplées à un anticorps secondaire. Il a été alors observé que les protéines 

de fusion (par l’intermédiaire des billes d’or) se localisaient bien avec les masses denses en 

électrons situées dans le cytoplasme.  

 
Figure 41 : Mise en évide de l’assemblage d’un mega complexe de PKS par microscopie électronique à 
transmission (Straight et al., 2007).  
Des masses denses en électrons sont localisées proches de la membrane pour la souche wt non modifiée, mais 
aussi chez les cellules produisant les protéines de fusion PksE-CFP et PksR-YFP (indiquées par des flèches). 
La localisation immunoEM de ces protéines de fusion a été visualisée par la présence de particules d’or de 20 
nm conjuguées à des anticorps secondaires (indiquées par des têtes de flèche). En bas à droite, un zoom plus 
poussé de l’image enregistrée pour la construction PksR-YFP est présenté. La flèche pointe ver la membrane 
cellulaire et la membrane plasmatique. La tête de flèche pointe les particules d’or. 

 

La formation et la localisation de ces mega complexes sont cohérentes avec l’hypothèse de la 

formation d’une « usine biosynthétique » potentiellement couplée directement avec des 

mécanismes sécrétoires (Simunovic, Gherardini, et Shimkets, 2003 ; Jain et Cox, 2005 ), évitant 

identified a proteinaceous subcellular structure whose function,
at least in part, is the biosynthesis of secreted bacillaene.

To investigate whether assembly of the megacomplex depends
upon the Pks proteins, we compared WT B. subtilis to a pks!
strain by EM. Limiting our analysis to cells sectioned longitu-
dinally in our EM thin sections, we compared 43 cells of the WT
strain to 43 cells of the pks! strain. In this analysis, 21 of 43 WT
thin sections had a visible mass with similar characteristics to
masses that were positive in our immunoEM localization of
PksR-YFP and PksE-CFP (SI Fig. 9). By contrast, the pks! thin
sections lacked these structures, having only 3 of the 43 pks! cells
with a mass that we could not unambiguously rule out. The
presence of these masses in WT but not pks! cells indicates that
assembly of this structure requires the Pks proteins. We hypoth-
esize that the mass is an organelle-like assemblage of primarily
NRPS/PKS synthases and possibly other proteins.

Given the massive size of this macromolecular assemblage,
we sought to estimate the amount of NRPS/PKS protein in a
single cell using quantitative Western blots (SI Text). We
calculated that, on average, a single cell contains 50–150
copies of the PksR protein and " 5,000–10,000 copies of the
PksE protein. It is likely that not all of the PksE proteins are
present in the complex, because we can detect some f luores-
cent signal in the cytoplasm. The accuracy of the estimated
mass of the megacomplex is limited by variation in size of the
structure (as seen by f luorescence intensity and EM) from cell
to cell and by the differences in immunoblot transfer between
small purified GFP (27-kDa) and the much larger PksR-YFP
(312-kDa) and PksE-CFP (104-kDa) protein fusions. How-

ever, the ratio of 10–100 # the amount of the trans-AT, PksE,
over the multimodular protein, PksR, is consistent with the
predicted function of the proteins. Based on the relative
stoichiometry of core synthase proteins to trans-acting en-
zymes, the mass of a single complete synthase may be well over
2.5 megadaltons. An assemblage of many synthases would
range from 10 to 100 megadaltons.

Assembly Line Association of PKS Multimodular Proteins PksM, PksN,
and PksR. In accord with the assembly line organization, we
hypothesized that individual B. subtilis NRPS/PKSs consist of a
core synthase composed of the PksJ-R proteins and multiple
copies of trans-acting enzymes. To probe the association of
individual synthase components in the cell, we used an anti-GFP
antibody conjugated to Sepharose beads to immunoprecipitate
PksR-YFP and associated NRPS/PKS proteins from cell lysates.
Coimmunoprecipitated proteins were either trichloroacetic acid-
precipitated or excised from silver-stained acrylamide gels and
identified by tandem MS analysis. A WT strain without a fusion
served as a negative control. Peptide fragments of the PksN and
PksM proteins were identified in the MS analyses, consistent
with these proteins forming individual assembly lines with PksR
(SI Table 2). As predicted by a colinear order of assembly (Fig.
1A), peptides of PksN were more abundant in MS analysis than
peptides of PksM. We did not identify PksJ and PksL in the
coimmunoprecipitation experiments. The absence of canonical
linker domains at the C termini of PksJ and PksL suggests that
the split modules at the PksJ-L and PksL-M junctions are
organized by nonlinker protein–protein interactions (6, 23, 28).
Thus, the interactions between PksJ-PksL and PksL-PksM pro-
teins may not form a complex of sufficient stability for immu-
noprecipitation. We have proposed a biosynthetic scheme for
bacillaene that is supported by the collinear assembly of PksJ-R
(28). Based on our knowledge of the bacillaene structure, the
C-terminal KS domains on PksJ and PksL would serve only for
transfer of an acyl-S-T intermediate, as opposed to incorpora-
tion of an additional substrate. In contrast, the interaction
between PksN and PksR would require action of the PksN
C-terminal DH and KR modules on an acyl-S-T intermediate
attached to the N-terminal PksR-T domain (Fig. 4). Given this
scheme, we speculate that PksN, PksM, and PksR form a
complex that we can identify by immunoprecipitation, but
PksJ-PksL or PksL-PksM do not. Thus, in the absence of
canonical C- and N- terminal linkers, the requirements for
substrate processing and transfer between multimodular pro-
teins in a synthase may be important determinants of protein
complex formation and synthase assembly.

It remains to be determined how the collection of individual
NRPS/PKS assembly lines in a cell organizes into a single
megacomplex. One possibility is that a specific portion of every
assembly line is associated with a membrane subdomain, either
directly or by interaction with a membrane protein. This kind of
membrane association has been observed in proteins from other
assembly line enzymes (24, 25). Another possibility is that the
individual assembly line complexes associate with each other to
form a megacomplex. In this scenario, membrane association of
the megacomplex could occur through a subset of the intact
assembly lines, but megacomplex assembly would be driven by
interactions between domains within individual synthases. In-
triguingly, there are predicted coiled-coil motifs within several of
the ATd domains in the Pks synthase (Fig. 4). We speculate that
the coiled-coil domains may play a role in ordering multimodular
proteins within a single assembly line or in mediating the
potential association of two complete assembly lines.

In sum, we are reporting several previously uncharacterized
features of the organization and capacity of B. subtilis to make
antibiotics. The proteins of the bacillaene synthase are incorpo-
rated into an organelle-like cluster juxtaposed to the membrane.

Fig. 3. Assembly of a megasynthase complex in B. subtilis. Transmission
electron microscopy (TEM) of thin sections from cryopreserved B. subtilis cells
reveals an electron-dense mass near the plasma membrane in WT (unmodified
strain NCIB3610), PksE-CFP, and PksR-YFP cells. ImmunoEM localization of the
PksR-YFP and PksE-CFP proteins to the mass is visible as circular electron-dense
dots of 20-nm gold particles conjugated to the secondary antibody (arrow-
heads). Arrows indicate the NRPS/PKS megacomplex mass. (Scale bar, 0.2 !m.)
(Bottom Right) A higher-magnification image of PksR-YFP localized to the
megacomplex is displayed. The arrow points to the cell wall and plasma
membrane. Arrowhead points to a gold particle. (Scale bar, 0.1 !m.)

308 ! www.pnas.org"cgi"doi"10.1073"pnas.0609073103 Straight et al.
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ainsi l’accumulation toxique du bacillaene dans le cytoplasme. De plus, cela faciliterait le 

recrutement d’un pool de blocs acyl-CoA ainsi que les interactions entre sous-unités.  

Il reste à déterminer plus précisément comment les sous-unités PKS et NRPS 

s’organisent en un tel complexe. Une possibilité serait qu’une portion de chaque sous-unité 

s’associe à la membrane soit directement soit via l’intermédiaire d’une protéine membranaire. 

Une autre possibilité serait que les sous-unités s’associent directement ensemble pour former 

le mega complexe par l’intermédiaire de certains domaines et que l’interaction avec la 

membrane ne se fasse qu’avec quelques éléments des chaines d’assemblage (Straight et al., 

2007). Dans ce contexte, il a été proposé que des motifs Laterally-INteracting Ketosynthase 

Sequences (LINKS) disposés de part et d’autre des homodimères de KS de PKS trans-AT 

permettent la formation de tels mega complexes, en favorisant une interaction homotypique 

entre domaines KS. Les auteurs se sont basés sur des structures cristallographiques de ces 

domaines : dans neuf des dix structures de KS de trans-AT, les motifs LINKS s’auto-associent 

et dans huit de ces structures, ils assurent un positionnement parallèle des dimères de KS (Gay 

et al., 2016) (Figure 42 page 70). 

 
Figure 42 : Structures cristallographiques de KS de PKS trans-AT révélant la présence de motifs LINKS (tirée 
de Gay et al., 2016).  
Ces KS sont issues de deux PKS trans-AT synthétisant la bacillaene ; les deux premières sont issues de Bacillus 
subtilis (PksKS2, PDB : 4NA1 ; PksKS6, PDB : 5ERF) et la troisième de Bacillus amyloliquefaciens (BaeKS5, 
PDB : 5ERB). Les modèles d’interaction entre motifs LINKS sont grossis : un monomère est composé de trois 
hélices α, les homodimères interagissent entre eux via des surfaces hydrophobes et des résidus électrostatiques. 
L’angle relatif entre les deux dimères est présenté en dessous des structures. 
 

Des analyses bio-informatiques suggèrent que les séquences des LINKS sont très peu 

conservées et que les interactions entre ces motifs sont uniques pour chaque domaine KS, 

Fig. 2. The LINKS interaction. The LINKS interaction that forms between trans-AT KS domains is mediated by three a-helices (a17–a19) that bind to a spatially-reversed copy
of the same structure. (a) A model for the LINKS interaction between two KS homodimers is magnified, revealing the orientation of the LINKS helices. The angle below the
structures indicates the relative angle between KS monomers forming the interaction (Fig. S2). Each individual LINKS sequence is colored blue at the N-terminal end of a17
and red at the C-terminal end of a19, and the N-terminal end of a17 always forms favorable interactions with the C-terminal end of a19 from the neighboring KS (a190). The
coloring scheme used for the cartoon model has been repeated in each of the displayed structures to highlight the conservation of the LINKS interface. The structure shown for
PksKS2 (monomeric form) reveals two KS monomers that do not form the traditional homodimer interaction; however, the LINKS interaction is crystallographically
maintained. The relatively high thermal factors for the LINKS helices in BaeKS1 did not permit the complete construction of a17–a19 for each of the KS monomers, but the
relative orientation of the KS bodies indicates that the LINKS interaction is conserved. (b) The three helices forming the LINKS interaction for PksKS2 are shown in cartoon
format (green), and the remainder of this PksKS2 monomer has been hidden for clarity. The neighboring KS forming the complementary LINKS interaction is represented with
a transparent surface (cyan). The angle of the image is set from the interior of the flanking subdomain to reveal the collection of centrally-located hydrophobic residues that
would be surface-exposed in the absence of the LINKS interaction. (c) A 90! rotation of the viewing angle shown in panel B reveals the series of ionic interactions formed at the
poles of a18. The aspartate and glutamate residues at the N-terminal end of a18 form well-defined ionic interactions with the lysine residues at the C-terminal end of a18
from the neighboring structure. Met559 of the blue monomer can be observed in the center of the image, extending into the hydrophobic cavity of the green monomer
(Fig. S1a). (d) The three LINKS helices for PksKS2 have been modeled linearly to reduce the complexity of the image. LINKS contacts between residues ranging from 2.0 to 3.0 Å
are shown as black dots, and those ranging from 3.0 to 4.0 Å are shown as grey dots. The corresponding sequence for the region is also shown, and residues represented by
grey letters do not directly contribute to the LINKS interaction and have been hidden.
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Fig. 2. The LINKS interaction. The LINKS interaction that forms between trans-AT KS domains is mediated by three a-helices (a17–a19) that bind to a spatially-reversed copy
of the same structure. (a) A model for the LINKS interaction between two KS homodimers is magnified, revealing the orientation of the LINKS helices. The angle below the
structures indicates the relative angle between KS monomers forming the interaction (Fig. S2). Each individual LINKS sequence is colored blue at the N-terminal end of a17
and red at the C-terminal end of a19, and the N-terminal end of a17 always forms favorable interactions with the C-terminal end of a19 from the neighboring KS (a190). The
coloring scheme used for the cartoon model has been repeated in each of the displayed structures to highlight the conservation of the LINKS interface. The structure shown for
PksKS2 (monomeric form) reveals two KS monomers that do not form the traditional homodimer interaction; however, the LINKS interaction is crystallographically
maintained. The relatively high thermal factors for the LINKS helices in BaeKS1 did not permit the complete construction of a17–a19 for each of the KS monomers, but the
relative orientation of the KS bodies indicates that the LINKS interaction is conserved. (b) The three helices forming the LINKS interaction for PksKS2 are shown in cartoon
format (green), and the remainder of this PksKS2 monomer has been hidden for clarity. The neighboring KS forming the complementary LINKS interaction is represented with
a transparent surface (cyan). The angle of the image is set from the interior of the flanking subdomain to reveal the collection of centrally-located hydrophobic residues that
would be surface-exposed in the absence of the LINKS interaction. (c) A 90! rotation of the viewing angle shown in panel B reveals the series of ionic interactions formed at the
poles of a18. The aspartate and glutamate residues at the N-terminal end of a18 form well-defined ionic interactions with the lysine residues at the C-terminal end of a18
from the neighboring structure. Met559 of the blue monomer can be observed in the center of the image, extending into the hydrophobic cavity of the green monomer
(Fig. S1a). (d) The three LINKS helices for PksKS2 have been modeled linearly to reduce the complexity of the image. LINKS contacts between residues ranging from 2.0 to 3.0 Å
are shown as black dots, and those ranging from 3.0 to 4.0 Å are shown as grey dots. The corresponding sequence for the region is also shown, and residues represented by
grey letters do not directly contribute to the LINKS interaction and have been hidden.
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Fig. 2. The LINKS interaction. The LINKS interaction that forms between trans-AT KS domains is mediated by three a-helices (a17–a19) that bind to a spatially-reversed copy
of the same structure. (a) A model for the LINKS interaction between two KS homodimers is magnified, revealing the orientation of the LINKS helices. The angle below the
structures indicates the relative angle between KS monomers forming the interaction (Fig. S2). Each individual LINKS sequence is colored blue at the N-terminal end of a17
and red at the C-terminal end of a19, and the N-terminal end of a17 always forms favorable interactions with the C-terminal end of a19 from the neighboring KS (a190). The
coloring scheme used for the cartoon model has been repeated in each of the displayed structures to highlight the conservation of the LINKS interface. The structure shown for
PksKS2 (monomeric form) reveals two KS monomers that do not form the traditional homodimer interaction; however, the LINKS interaction is crystallographically
maintained. The relatively high thermal factors for the LINKS helices in BaeKS1 did not permit the complete construction of a17–a19 for each of the KS monomers, but the
relative orientation of the KS bodies indicates that the LINKS interaction is conserved. (b) The three helices forming the LINKS interaction for PksKS2 are shown in cartoon
format (green), and the remainder of this PksKS2 monomer has been hidden for clarity. The neighboring KS forming the complementary LINKS interaction is represented with
a transparent surface (cyan). The angle of the image is set from the interior of the flanking subdomain to reveal the collection of centrally-located hydrophobic residues that
would be surface-exposed in the absence of the LINKS interaction. (c) A 90! rotation of the viewing angle shown in panel B reveals the series of ionic interactions formed at the
poles of a18. The aspartate and glutamate residues at the N-terminal end of a18 form well-defined ionic interactions with the lysine residues at the C-terminal end of a18
from the neighboring structure. Met559 of the blue monomer can be observed in the center of the image, extending into the hydrophobic cavity of the green monomer
(Fig. S1a). (d) The three LINKS helices for PksKS2 have been modeled linearly to reduce the complexity of the image. LINKS contacts between residues ranging from 2.0 to 3.0 Å
are shown as black dots, and those ranging from 3.0 to 4.0 Å are shown as grey dots. The corresponding sequence for the region is also shown, and residues represented by
grey letters do not directly contribute to the LINKS interaction and have been hidden.
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favorisant des interactions « latérales » et stabilisant ainsi les interactions « verticales » (Figure 

43 page 71). 

 
Figure 43 : Modèle proposé de formation du mega complexe de PKS trans-AT stabilisé par des interactions 
verticales entre sous-unités et latérales entre KS d’un même module (tirée de Gay et al., 2016). 

 

Cependant les auteurs de cette étude n’ont confirmé ces résultats par aucune méthode 

plus adaptée pour déterminer l’état oligomérique de ces domaines. De plus, aucun autre 

domaine ou didomaine n’a été étudié, or les travaux de cryo-EM portant sur un module entier 

ont démontré que les structures isolées des didomaines KS-AT n’adoptent pas la même 

conformation lorsqu'ils sont replacés dans leur contexte modulaire. Il se peut donc que la 

containing KS does not display the LINKS interaction (MgsKS7).
Favorable crystal contacts made elsewhere may preclude this
interaction in the same manner that LINKS-mediated crystal con-
tacts within the monomeric crystal structure of PksKS2 are favored
over natural homodimer interactions.

The prevalence of the LINKS motif within many trans-AT sys-
tems suggests that megacomplex formation may be a more com-
mon occurrence than is currently recognized. The mode through
which LINKS interactions could stabilize trans-AT PKS megacom-
plexes has not been observed in the architectures of other biosyn-
thetic assemblies. The crystal structures presented here reveal a
defined binding interface formed by hydrophobic and ionic inter-
actions mediated by three helices on the surface of the flanking
subdomain. Bioinformatic analysis suggests that the LINKS interac-
tion is unique for each KS, such that the in-register, homotypic, lat-
eral interactions made by them also confer stability to the vertical

interactions between the assembly lines of the megacomplex
through avidity. While trans-AT systems represent an excellent
template for the rational engineering of synthetic PKSs for the
exploration of new medicines, it may be necessary to consider
the implications of modifying the LINKS network when genetically
relocating modules or domains within a trans-AT PKS
megasynthase.

4. Methods

All constructs described in this work were cloned and purified
using identical methods to those previously described for PksKS2
(Gay et al., 2014). Therefore, only the primers used for gene ampli-
fication of new constructs, crystallization conditions, and any other
modifications will be reported here. All crystallographic data were

Fig. 5. Vertical and lateral interactions stabilize the PKS megacomplex. The electron micrographs observed by Straight et al. revealed a dense mass associated with the
membrane of B. subtilis cells, identified to consist of numerous copies of the PksX megasynthase (Straight et al., 2007). An image from that work is reprinted here, revealing
that the observed superstructure measures approximately 150 ! 150 nm. The arrow points to the cell membrane, and the arrowhead points to gold nanoparticles that bind
PksR. For visualizing how this mass of proteins may self-associate, a diagram shows the assembly line subunits (PksJ, PksL, PksM, PksN, and PksR) interacting vertically
through domain–domain interactions, and laterally through the LINKS network. The estimations for megacomplex dimensions that flank the cartoon are calculated based on
available crystal structures of individual PKS domains. In the vertical dimension, 175 nm is represented by 15 PKS modules and 2.5 NRPS modules (10 nm each). In the lateral
dimension, 160 nm is estimated by the total length of 15 KS homodimers that polymerize through LINKS interactions.
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structuration de ces motifs LINKS ne soit pas représentative de la structuration native de cette 

région au sein du module. 

 

V. Présentation de nos systèmes d’études 
V.A.  La virginiamycine synthase, une PKS trans-AT 
La virginiamycine M est une molécule présentant une activité bactériostatique et 

produite par Streptomyces virginiae. Cette souche présente la particularité de produire une autre 

molécule bactériostatique, la virginamycine S. Un effet synergique est observé lors d’une 

utilisation combinée des molécules. D’ailleurs une combinaison des dérivés hémi-synthétiques 

de la virginiamycine M et de  virginamycine S,  la dalfopristine et la quinupristine 

respectivement, commercialisée sous le nom de Synercid®, est utilisée pour traiter des 

infections par des bactéries Gram-positifs résistantes à la vancomycine (Niccolai, Tarsi, et 

Thomas, 1997).  Leur activité est alors accrue d’un facteur cent (Cocito, 1979).  

La virginiamycine M est un inhibiteur de la synthèse protéique. Plus particulièrement, 

elle se fixe à la grande sous-unité 50s des ribosomes procaryotes, à cheval sur les sites P et A, 

empêchant alors la fixation de l’ARNt au niveau du site P (Hansen, Moore, et Steitz, 2003). En 

se fixant, un changement conformationnel de la sous-unité ribosomique est induit (Parfait et 

Cocito, 1980), ce qui permettrait à la virginiamycine S de se fixer, d’où l’effet synergique 

observé entre les deux molécules. Cette dernière se fixe également au niveau des sites A et P 

du ribosome mais en empêchant cette fois-ci la formation de la liaison peptidique. Alors que la 

virginiamycine S est synthétisée par une NRPS (Namwat et al., 2002), la virginiamycine M est 

quant à elle synthétisée par un hybride PKS/NRPS (Pulsawat, Kitani, et Nihira, 2007).  

Le cluster de gènes de la virginiamycine M synthase comporte entre autres, trois gènes 

codant pour trois sous-unités de PKS (Figure 44  page 73).  
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Figure 44 : Voie de synthèse proposée de la virginamycine M (adaptée de Dorival et al., 2016).   
La PKS complète comporte sept modules PKS et deux modules NRPS (modules 3 et 8). Le module de 
chargement et le module 10 sont manquants dans le séquençage de la PKS (Pulsawat, Kitani, et Nihira, 2007). 
Au niveau du module 5, une méthylation sur la position b est introduite par VirB−E et un ACP (VirAB). La 
position de cette méthylation est indiquée par un cercle en pointillés. VirI est l’AT discrète et VirJ présente 
l’activité TE. Le dernier module responsable de l’incorporation de la proline est manquant dans le séquençage 
de la PKS, et n’est donc toujours pas identifié. Le module 9 présente une KS ne possédant pas d’histidine 
catalytique, nommée KSo.  

 

VirA est composée de cinq modules, tandis que VirFG et VirH sont composées de deux 

modules chacune. Le gène du module de chargement ainsi que celui du module 10, responsable 

de l’incorporation de la proline terminale, ne sont pas identifiés dans la séquence génomique 

de S. virginiae disponible dans les bases de données. Ils ont cependant mis en évidence dans un 

cluster homologue chez S. pristinaspiraelis qui synthétise la même molécule  (Mast et al., 

2011). Le cluster ne comporte qu’un seul gène codant pour un domaine AT : VirI, responsable 

de la sélection spécifique du malonyl-CoA. Deux modules NRPS sont présents au sein des sous-

unités : le module 3 qui incorpore une glycine et le module 8 une sérine. Les modules 1 et 5 

sont caractéristiques des PKS trans-AT et comportent deux domaines ACP en tandem.  

Deux hypothèses sont émises quant au rôle d’un tel tandem. La première est que ces 

ACP peuvent travailler en parallèle et ainsi augmenter la production du polycétide (Rahman et 

al., 2005). La deuxième hypothèse propose au contraire, que la duplication du domaine permet 

in myxo- and cyanobacteria, has been designated as Class 2.17

(By extension, the mixed PKS-NRPS DDs constitute Class 3.)
Class 1 and 2 DDs share two central features: the N-terminal

docking domains are homodimeric and form a coiled-coil motif
that serves as a platform for docking of the likewise α-helical C-
terminal docking domains. The docking interfaces are largely
hydrophobic in character and complementary in shape, whereas
specific charge−charge interactions at critical positions
contribute to docking specificity. One notable difference
between the two classes is that Class 1 C-terminal docking
domains (Figure 2A,B) incorporate two α helices upstream of
the docking α helix which together form a dimerization motif.
Class 2 C-terminal docking domains, however, comprise only
two α helices, both of which associate with the N-terminal
docking domain. Furthermore, the coiled-coil motif of the Class
2 N-terminal DD is preceded by an additional α helix; thus,
docking gives rise to an overall eight α-helical bundle (Figure
2C), in contrast to the four α-helical bundles characteristic of
Class 1 DDs. Despite this architectural divergence and an
approximately 2-fold difference in interface size, the affinity of
association for both DD classes when the immediate upstream/

downstream functional domains are present is remarkably
consistent, with Kds in the 2−20 μM range.16,17,20

We recently characterized by small-angle X-ray scattering
(SAXS)21 the structure of apo module 5 from the VirA subunit
of the virginiamycin hybrid trans-AT PKS-NRPS4 of
Streptomyces virginiae (Figure 1). In the course of this work,
we noted that the extreme C-terminal sequence (designated
“VirA CDD”) showed similarity to a region from the CurA
subunit of the curacin cis-AT PKS, which had been described as
a dimerization motif.22 However, comparison by SAXS of apo
module 5 in the presence and absence of this region did not
reveal a change in the structure of the C-terminus because the
module retained its open form. This prompted us to investigate
whether VirA CDD was rather a docking domain, mediating a
specific interaction with a partner DD located at the N-
terminus of subunit VirFG (“VirFG NDD”). We show here that
VirA CDD and VirFG NDD constitute the founding members
of a new family of docking domains from trans-AT PKSs. Using
a multidisciplinary approach combining NMR, site-directed
mutagenesis, circular dichroism (CD), isothermal titration
calorimetry (ITC), and SAXS, we have characterized their
interaction in detail. We have furthermore employed SAXS to

Figure 1. Virginiamycin (Vir) trans-AT polyketide synthase. The PKS comprises three subunits, VirA, VirFG (whose N-terminal sequence was
recently revised by us),21 and VirH as well as additional modules that were not identified in the initial cluster description4 for starter unit selection
and introduction of proline. The ? indicate additional steps where the enzyme responsible is not yet clear. The system incorporates many features
characteristic of trans-AT PKS systems, including a trans-acting acyl transferase VirI, duplicated domains (acyl carrier proteins (ACPs) of modules 1
and 5; peptidyl carrier proteins (PCPs) of module 8), nonribosomal peptide synthetase modules (3 and 8), an inactive domain (KS° of module 9),
and a cassette of enzymes that together introduce a β-methyl functionality. The experiments described here reveal the molecular details of the
interface between subunits VirA and VirFG (boxed).

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.5b13372
J. Am. Chem. Soc. 2016, 138, 4155−4167

4156

VirA VirFG VirH

Cassette de β-
méthylation

oxygénase ?
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d’augmenter le temps de présence de l’intermédiaire réactionnel au sein du module et 

favoriserait donc des modifications supplémentaires avant qu’il ne soit transféré au module 

suivant (Calderone et al., 2008). D’ailleurs, une cassette de b-méthylation, composée de cinq 

protéines (VirAB, VirB-E)(Davison et al., 2014), intervient au niveau du tandem d’ACP 

(ACP5a et ACP5b) du module 5 et assure la méthylation du carbone b du polycétide en cours de 

croissance. Il est supposé que le domaine TE du module manquant assure la libération et la 

cyclisation de la molécule en fin de synthèse. Enfin une déshydrogénase, proposée être VirM, 

oxyde la proline permettant l’obtention de la molécule finale active.  

 

A mon arrivée au laboratoire, aucune information n’était disponible quant au 

mécanisme d’interaction entre sous-unités de PKS trans-AT. La première interface 

étudiée au cours de ma thèse se situe donc entre les sous-unités VirA et VirFG, et plus 

précisément entre le module 5, qui présente le tandem d’ACP, et le module 6 qui présente 

une composition plus habituelle : une KS, une KR et un ACP. 

 

V.B. L’enacyloxine synthase, une PKS hybride cis-/trans-AT 
Un autre objectif de ma thèse consistait à caractériser des DD entre chaque interface de 

l’enacyloxine synthase évoquée en II.C.3.b.ii. A ce jour, aucune étude exhaustive n’est menée 

sur tous les DD d’un même système PKS. Ceci permettrait de mieux comprendre les 

déterminants clés responsables de la spécificité d’interaction entre sous-unités, et ainsi mieux 

appréhender et maîtriser la construction de systèmes chimériques. 

 

L’enacyloxine est synthétisée par Burkholderia ambifaria, une bactérie Gram-négative 

appartenant au Burkholderia cepacia complex (Bcc), un sous-groupe d’espèces de Burkholderia 

très proches et connu pour leur production de métabolites secondaires à forts intérêts, présentant 

des activités antibactériennes et antifongiques (Parke et Gurian-Sherman, 2001 ; Vial et al., 

2008 ; Seyedsayamdost et al., 2010). Cette molécule présente une activité antibiotique face à 

des souches pathogènes multi-résistantes telles que P. aeruginosa et Acinetobacter baumanii 

(Mahenthiralingam et al., 2011). Pour l’Organisation Mondiale de la Santé, ces deux souches 

sont récemment passées dans la catégorie de priorité la plus élevée de pathogènes multi-

résistants pour lesquels il existe un besoin critique de recherche et de développement de 

nouveaux antibiotiques (Tacconelli et Magrini, 2017). Il serait donc intéressant de modifier la 

structure cœur de la molécule qui n’est pas stable due à l’isomérisation de doubles liaisons 
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(Figure 45 page76). Afin de faciliter les échanges de modules voire de sous-unités de ce 

système, nous nous sommes intéressés à toutes les interfaces entre sous-unités PKS de ce 

système. 

L’enacyloxine synthase (Figure 45 page76) en présente six puisqu’elle est composée de 

sept sous-unités (5925−5919), ce qui est relativement élevé par rapport à d’autres systèmes   

(Helfrich et Piel, 2016 ; Medema et al., 2015). Sur ces six interfaces, cinq d’entre elles 

impliquent un ACP et une KS. Cette PKS est donc un excellent modèle pour mieux comprendre 

comment la spécificité d’interaction est médiée dans une telle configuration. De plus, l’une des 

interfaces, celle située entre les sous-unités 5924 et 5923, consiste en un module « splité » : la 

KS du module 3 est localisée à l’extrémité Cter de la sous-unité 5924, alors que les domaines KR 

et ACP de ce même module 3 sont portés par la sous-unité suivante.  

Comme évoqué précédemment, des analyses bio-informatiques démontrent que, de 

manière surprenante, les six premières sous-unités (5925−5920) appartiennent à la classe des 

PKS cis-AT et seule la dernière sous-unité (5919) appartient à la classe des PKS trans-AT. 

Chaque sous-unité comporte un à deux modules, mais tous les modules ne présentent pas 

systématiquement de domaine AT, même ceux appartenant à la classe des PKS cis-AT. Seuls 

les modules 1 et 6 en présentent un. Cependant aucun gène du cluster ne code pour un tel 

domaine ; il a donc été proposé que le domaine AT du module 1 ou 6 charge en trans les ACP 

des autres modules avec le malonyl-CoA, ou que la réaction peut être catalysée par une protéine 

codée par un gène situé en dehors du cluster de la PKS. En effet, quatre gènes ont été identifiés 

dans le génome de B. ambifaria qui codent pour des domaines AT et présentent une forte 

homologie avec les AT présents dans les sous-unités 5925 et 5921 (Mahenthiralingam et al., 

2011). 
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Figure 45 : Organisation en domaines et modules de la PKS synthétisant l'enacyloxine (adaptée de KJ Weissman).  
Le mécanisme de condensation de la chaine polycétidique avec l'acide dihydroxycyclohexane carboxylique (DHCCA) et les modifications post-PKS sont 
présentés. L'ordre des réactions de modification du polycétide n'est que supposé et ces réactions pourraient aussi avoir lieu durant la synthèse de la molécule 
par la PKS. 
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Il existe également quelques différences entre la structure déterminée de l’enacyloxine 

IIa et la structure prédite de l’intermédiaire porté par l’ACP du module 9. Le module 9 est 

composé d’une KS, d’une DH et d’un ACP, ce qui est étonnant puisque la molécule finale 

présente bien une double liaison entre les carbones 4 et 5 alors qu’aucun domaine KR n’est 

présent au sein du module pour réduire la fonction céto en hydroxyle. Les auteurs proposent 

que cette réduction et l’élimination de l’eau sont catalysées par les domaines KR et DH du 

module 10. Il est également proposé que la double liaison entre les carbones 10 et 11 est 

introduite par le domaine DH du module 7, puisque le module 6 n’en comporte pas. La présence 

des groupements chlore sur les carbones 11 et 18, ainsi que le groupement hydroxyle du C14 

et le carbamoyl du C19 seraient, quant à eux, introduits par des enzymes post-PKS présentent 

dans le cluster de gènes de la PKS (Figure 45 page76). 

Des travaux récents (Kosol et al., 2019 ; Masschelein et al., 2019) ont mis en lumière le 

mécanisme inhabituel de libération de la chaine polycétidique par la PKS. Le dernier module, 

de nature trans-AT, présente à son extrémité Cter un domaine KS0, inactif, assurant la trans-

acylation de l’intermédiaire vers un domaine PCP (5917). Par la suite, l’intermédiaire est 

présenté à la protéine 5915 dont la séquence est similaire à un domaine de condensation de 

NRPS. Ce domaine catalyse une réaction inhabituelle d’estérification de l’intermédiaire avec 

l’acide dihydroxycyclohexane carboxylique (DHCCA) et la libération concomitante de la 

molécule. C’est la première fois qu’un tel mécanisme de libération a été mis en évidence 

(Masschelein et al., 2019). La résolution de la structure cristallographique du domaine de 

condensation a mis en évidence à son extrémité Nter un DD de type 3 monomérique, adoptant 

le fold abbaa (Kosol et al., 2019). De manière attendue, la structure RMN du domaine PCP 

présente une extrémité Cter extrêmement flexible qui entre en interaction avec le NDD du 

domaine C, probablement via le même mécanisme d’insertion et de formation d’un brin b déjà 

mis en évidence (Hacker et al., 2018). Il semble aussi que les deux domaines, PCP et C, 

subissent des changements de conformation importants lors de l’interaction, ce qui jouerait un 

rôle lors de la catalyse réalisée par le domaine C.  

 

V.C.  LkcE, une enzyme post-PKS 
La lankacidine est un antibiotique couramment utilisé en médecine vétérinaire pour 

traiter le bétail infecté par des bactéries Gram-positifs pathogènes (Hayashi et al., 1988). Elle 

est commercialisée sous le terme de sédécamycine ou terdécamycine, pour son variant hémi-

synthétique. 
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Tout comme la virginiamycine M, la lankacidine agit en synergie avec un autre 

polycétide, la lankamycine. La production des deux antibiotiques est d’ailleurs co-régulée et 

co-induite par la présence de γ-butyrolactone, suggérant que les deux polycétide ont co-évolué 

pour agir simultanément (Arakawa et al., 2007 ; Yamamoto et al., 2008). Ces deux molécules 

se fixent sur la sous-unité 50S du ribosome. La structure cristallographique du complexe a été 

résolue avec les deux molécules, permettant d’identifier le site de fixation de chaque 

antibiotique (Auerbach et al., 2010 ; Belousoff et al., 2011). La lankamycine se fixe au niveau 

du centre peptidyl-transférase alors que la lankacidine se lie au niveau du site accepteur, 

empêchant ainsi le positionnement adéquat de l’acide aminé porté par l’ARNt. La fixation de 

la lankacidine n’altère en rien la fixation de la lankamycine, ce qui explique l’effet synergique.  

Les deux systèmes PKS sont codés chez S. rochei (Kinashi et al., 1994) par un plasmide 

portant également les gènes de régulation : le plasmide PSLA2-L. Ce plasmide de 200 kb a été 

séquencé par la suite, révélant la présence de quatre clusters de gènes responsables de la 

synthèse de quatre métabolites secondaires (Suwa et al., 2000).  

La lankacidine synthase est une PKS trans-AT qui assure la condensation de huit unités 

malonate et d’une glycine. Cependant, seules cinq KS sont présentes au sein du cluster, ce qui 

suggère que plusieurs modules agissent de façon itérative. Plusieurs voies de synthèse sont 

proposées pour la lankacidine (Piel, 2010). La plus probable (Figure 46 page 79) impliquerait 

la protéine LkcA, qui comporte le module de chargement NRPS ainsi qu’un domaine KS, et 

qui catalyserait l’incorporation de la glycine en tant qu’unité de départ (Dickschat et al., 2011). 

Ensuite, huit unités malonates supplémentaires sont ajoutées. Pour cela, LkcC et  LkcF agiraient 

tour à tour pour catalyser respectivement trois et deux cycles d’extension. Enfin, la protéine 

LkcG catalyserait le dernier cycle d’extension et la libération du polycétide. Il est à noter qu’une 

DH discrète, la LkcB interviendrait lors de plusieurs cycles d’extension (Dickschat et al., 2011 

; Tatsuno, Arakawa, et Kinashi, 2007 ; Tatsuno, Arakawa, et Kinashi, 2009).  
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Figure 46 : Schéma de la voie de synthèse proposée pour la lankacidine C (fournie par KJ Weissman). 

 

La libération de la chaine par le domaine TE de LkcG n’entraine pas la cyclisation 

complète du polycétide. L’intervention d’une enzyme post-PKS est donc nécessaire pour 

catalyser la macrocyclisation du composé libéré. Ainsi, la LkcE, une flavoenzyme appartenant 

à la famille des amine oxydases, catalyse l’oxydation de l’intermédiaire amide non-cyclique en 

ion iminium, permettant ainsi la cyclisation de la lankacidine par une réaction de type Mannich 

(Figure 47 page 79).  

 
Figure 47 : Mécanisme proposé pour la macrocyclisation de la lankacidine C (tirée de Arakawa et al., 2005). 
La LkcE catalyserait l’oxydation de la fonction amine du LC-KA05 en ion iminium par transfert d’un électron 
et d’un proton sur le FAD, et utiliserait une catalyse base générale pour subtiliser un proton au niveau du 
carbone 2. Ce carbone ainsi activé pourrait réaliser une attaque nucléophile au niveau de l’ion iminium, 
permettant la cyclisation du polycétide pour former le lankacidinol A. Ce dernier subirait ensuite une oxydation 
au niveau du carbone 24 et une élimination du groupement acétate pour former la lankacidine C.  
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Figure 4. Macrocyclization Mechanism for
the Synthesis of the Lankacidin Skeleton

The hypothetical intermediate (5) in a bracket
has not been isolated.

production was restored (Figure 3C, lane V). Therefore, and C-16 are not derived from propionate but from me-
thionine by C-methylation. In accordance with these re-it has not yet been clarified how PQQ functions in lan-

kacidin biosynthesis. sults, lkcA, the first PKS gene in the cluster, encodes a
fusion protein of PKS and NRPS. PKS/NRPS hybrids
have been found in many biosynthetic gene clustersMacrocyclization Mechanism

to the Lankacidin Skeleton from Streptomyces, Xanthomonas, cyanobacterium,
and even beetles [31]. The NRPS region of LkcA hasBased on the results described above, we propose a

cyclization mechanism for the synthesis of the lankaci- domains for condensation, adenylation and thiolation
(PCP; peptidyl carrier protein), while the PKS regiondin skeleton (Figure 4). Namely, the amide intermediate

(4) is first oxidized by the amine oxidase (LkcE) to an possesses only a ketosynthase (KS) domain. The ade-
nylation domain contains amino acid residues, DILQTL-imide (5), a protonated form of which in turn accepts

the nucleophilic attack of an enolate ion at C-2 to give VEAK, at the positions of 235, 236, 239, 278, 299, 301,
322, 330, 331, and 517 (nt 33,131-33,979) [32] for gly-the 17-membered lankacidinol A (2). Oxidation of a hy-

droxyl group at C-24 and cleavage of an acetyl group cine recognition.
An interesting feature of the lkc-PKSs is that they doat C-7 are necessary for the conversion of 2 to lankaci-

din C (1), although the timing of these reactions is un- not have a linear relationship with condensation reac-
tions, which is different from usual modular-type PKSs.known.

Previous feeding experiments of [2H5]- and [1-13C]gly- However, in the last few years, similar type I PKS sys-
tems without a colinearity have been reported; for in-cine into lankacidin showed that the deuterium on

C-18 was totally lost in contrast to a considerable in- stance, the biosynthetic gene clusters for lovastatin
[33], leinamycin [34], C-1027 [35], calicheamicin [36],corporation of 13C into C-17 [28]. To explain this result,

a cyclopropanone intermediate consisting of C-1, C-2, borrelidin [37], and albicidin [38].
The fused PKS/NRPS (LkcA) and the three lkc-PKSsand C-18 was proposed, which was then converted to

the lankacidin skeleton by Favorskii-type rearrange- (LkcC, LkcF, and LkcG) have a total of five KS domains,
although the lankacidin skeleton requires eight conden-ment. This rearrangement was also suggested for en-

terocin biosynthesis [29]. However, the present work sation events. Additional type I PKS genes (orf56-orf61)
were found in the center of pSLA2-L, disruption ofindicated this possibility was unlikely in lankacidin syn-

thesis. Our preliminary experiment using 13C-labeled which however gave no effect on lankacidin synthesis
(data not shown). Thus, we hypothesized that LkcC cat-serine suggested that glycine-hydroxymethyl transfer-

ase might catalyze the equilibrium between glycine and alyzes iteratively four chain elongation reactions. In this
respect, it is noteworthy that LkcC carries two tan-serine, leading to a complete loss of deuterium at C-18

(data not shown). demly aligned ACP domains; similar domains were sug-
gested to be involved in iterative condensations in al-The novel cyclization mechanism revealed by this

work has a significant meaning, because amides and bicidin synthesis [38]. The discrete acyltransferase (AT,
LkcD) and dehydratase (DH, LkcB), and also the1,3-diketones are common in PKS/NRPS hybrid com-

pounds; therefore, amine oxidases like LkcE have a po- methyltransferase (MT) domain in LkcC may act itera-
tively in trans on each biosynthetic intermediate. Intential to create novel macrocyclic compounds with

various molecular architectures and ring sizes in engi- contrast, LkcA, LkcF, and LkcG may function modularly
in the first and the last two condensation reactions.neered biosynthesis.
This modular-iterative mixed biosynthesis completely
agrees with the chemical structure of lankacidin. ToPossible Biosynthetic Route to Lankacidin

Gene inactivation experiments in this study delimited prove this hypothesis, we are now constructing point
mutants of the three KR domains (lkcC-KR, lkcF-KR1,the range of the lkc gene cluster from lkcA to lkcO. A

comprehensive view of the predicted functions of the and lkcF-KR2), which are expected to accumulate cru-
cial intermediates.lkc genes (Table 1) and the structural characteristics of

lankacidin led us to propose a possible gross biosyn- Another possibility that missing modules are fed by
the adjacent lkm gene cluster was denied by disruptionthetic route to lankacidin (Figure 5), which is explained

below. of lkmAI, which gave no effect on lankacidin production
[9]. However, an additional possibility that missingThe carbon skeleton of lankacidin is synthesized

from a starter glycine molecule and eight malonate modules are located on the chromosome has not been
ruled out. Heterologous expression of the whole lkcmolecules [30]. All the methyl groups at C-2, C-4, C-10,
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Figure 1. Chemical Structures of Lankacidin C (1), Lankacidinol A (2), Lankamycin (3), and LC-KA05 (4), Produced by Streptomyces rochei
7434AN4 and its Disruptants

BamHI and insertion of a kanamycin resistance gene shown in Figure 3A, disruptants of orf7 (lane V), orf9
(lane VI), and orf18 (lane VII) did not produce lankacidincassette [20] gave plasmid pTI-C02, which retained

only the left (1.3 kb) and right (2.5 kb) ends of the origi- but produced lankamycin. On the other hand, disrup-
tants of orf3 (lane VIII), orf19 (lane IX), and orf20–22nal insert. Replacement of the vector part of pTI-C02

by the shuttle vector pRES18 [21] generated a targeting (lane X) produced both antibiotics. Against our expec-
tation, disruption of the regulatory gene, orf3, did notplasmid pTI-C03. By using this plasmid for gene re-

placement, we succeeded in deleting a 36.8 kb DNA (nt have an effect on antibiotic production, while the pqqC
gene (orf7) was necessary for lankacidin production.12,541–49,309) extending over orf12–orf30. An ob-

tained disruptant TI-C10 did not produce lankamycin or Since orf4–orf8 form a pqq gene cluster, we concluded
that the left border of the lkc cluster is located at orf4.lankacidin (Figure 3A, lane IV), which indicated that the

lkc gene cluster is located on the left side of the lkm The result of the orf9 disruptant suggested that this
ABC transporter functions in the self-resistance againstgene cluster.

To reveal what ORFs are included in the lkc cluster, lankacidin. The PKS/NRPS fused gene (orf18) was in-
dispensable for lankacidin production, but none of thethe following ORFs were selected and subjected to gene

inactivation experiments (Table 1). The Orf3 protein has a four genes on its right side (orf19–orf22) were, delimit-
ing the right border at orf18. Therefore, the lkc geneconsiderable similarity to StrR, a pathway-specific tran-

scriptional regulator in streptomycin biosynthesis [22]. cluster was deduced to contain 15 ORFs (orf4–orf18)
and extend over 31.0 kb. The genes in the lkc geneFive genes (orf4–orf8) form a gene cluster for the synthe-

sis of PQQ [23], a newly recognized vitamin necessary cluster were named lkcA–lkcO in the leftward direction
from orf18 to orf4 (Figure 2B and Table 1).for oxidoreductases. The orf9 gene encodes an ATP

binding cassette (ABC) transporter. The orf18 gene en-
codes a PKS/NRPS fused protein, which was specu- PQQ Is Essential for Lankacidin Production

As described above, the pqq mutant FS7 (lkcL disrup-lated to be involved in the initial condensation reaction
of glycine and malonate. Orf19, Orf20, Orf21, and Orf22 tant) did not produce lankacidin. To confirm the func-

tion of PQQ, feeding experiments were performed.show moderate similarities to dehydrogenase, tetracy-
cline-efflux transporter, peptide synthetase, and poly- When PQQ was added to mutant FS7 at a final concen-

tration of 2 !g/ml, the lankacidin production was re-ketide synthase, respectively.
These genes were separately inactivated except for covered to the level of the wild-type strain (Figure 3B,

lane II). PQQ is a novel prosthetic group of quinopro-orf20–22, which were disrupted simultaneously. As

Figure 2. PstI Fragment Map and Ordered
Cosmid Map of pSLA2-L and Organization of
the lkc Gene Cluster and its Flanking Re-
gions

(A) Fragment and cosmid map. The locations
of three terminal plasmids, Eco4, HindE, and
Eco3 [8] are also shown. Shadowed boxes
indicate the biosynthetic gene clusters for
lankacidin, lankamycin, an unknown type II
polyketide, and a carotenoid.
(B) lkc Gene Cluster. The lkc genes were
named in the leftward direction from lkcA
(orf18) to lkcO (orf4). Arrows indicate the
transcription direction of genes.

LC-KA05 Lankacidine C
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Une délétion du gène lkcE chez S. rochei a généré une souche produisant un 

intermédiaire non cyclisé, LC-KA05, dont la masse est supérieure de deux unités par rapport à 

celle du produit final, signifiant que deux hydrogènes supplémentaires sont présents sur 

l’intermédiaire (Arakawa et al., 2005). 

Sur la base d’études portant sur les monoamines oxydases humaines, plusieurs 

mécanismes sont proposés pour le transfert d’électron au groupement flavine adénine 

dinucléotide (FAD) permettant l’oxydation de l’amine (Fitzpatrick, 2010). La plus probable 

(Figure 48 page 80), soutenue par les structures cristallographiques des amines oxydases, 

implique un transfert de l’hydrogène en tant qu’hydrure directement sur l’azote du FAD, 

puisqu’aucun résidu susceptible d’agir comme catalyseur basique n’est présent au sein des sites 

actifs.   

 
Figure 48 :  Mécanisme proposé pour l’oxydation d’une amine avec transfert direct de l’hydrure depuis l’amine 
sur le FAD (tirée de Fagan et Palfey, 2010).  

 

La demi-réaction d’oxydation du FAD peut impliquer différents partenaires. Dans le cas 

des amines-oxydases, celle-ci se fait grâce à l’oxygène moléculaire O2 (Fitzpatrick, 2010). L’O2 

cède un électron au FAD réduit, permettant ainsi la formation de l’anion superoxyde O2
.- et de 

la forme semi-quinone du FAD. Les deux espèces radicalaires mettent en commun un électron 

afin de former une liaison covalente, catalysée par un acide général. Un réarrangement 

moléculaire s’opère alors, aboutissant à la formation de peroxyde d’hydrogène et de la forme 

oxydée du cycle isoalloxazine (Figure 49 page 81) (Walsh et Wencewicz, 2014).  
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Figure 53 : Deuxième mécanisme proposé pour l’oxydation d’une amine avec 
intermédiaire covalent entre l’amine et le cycle isoalloxazine du FAD (tiré de 
Fitzpatrick, 2010). 

 

Un mécanisme alternatif implique un transfert de l’hydrogène en tant qu’hydrure 

directement sur l’azote du FAD. Cela implique l’absence de catalyse base lors de 

l’oxydation de l’amine, de même que l’absence d’un intermédiaire carbanion. Cette 

hypothèse est soutenue par les structures cristallographiques des amines oxydases 

puisqu’aucun résidu susceptible d’agir comme catalyseur basique n’est présent au 

sein des sites actifs.  

 

Figure 54 : Mécanisme alternatif proposé pour l’oxydation d’une amine avec transfert 
d’hydrure depuis l’amine directement sur le FAD (tiré de Fagan, & Palfey, 2010).  
 

La demi-réaction de réoxydation du FAD peut impliquer différents partenaires. Le 

NAD ou NADP peut intervenir pour réoxyder le co-facteur flavinique, de même que 

l’oxygène moléculaire. Dans le cas des amines-oxydases, la réoxydation se fait 

grâce à l’oxygène moléculaire O2 (Fitzpatrick, 2010). L’O2 va tout d’abord céder un 

électron au FAD réduit, permettant ainsi la formation de l’anion superoxyde O2
.- et de 

la forme semi-quinone du FAD. Les deux espèces radicalaires mettent en commun 



Introduction 

	

 81 

 
Figure 49 : Mécanisme d’oxydation du FAD par l’oxygène moléculaire O2 (tirée de Dorival, 2016).  
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un électron afin de former une liaison covalente, catalysée par un acide général. Un 

réarrangement moléculaire s’opère alors, aboutissant à la formation de peroxyde 

d’hydrogène et de la forme oxydé du cycle isoalloxazine (Figure 55) (Walsh, & 

Wencewicz, 2012).  

 
Figure 55 : Mécanisme de réoxydation du FAD par l’oxygène moléculaire O2. 
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 Dans le but d’améliorer les expériences d’ingénierie des PKS, plusieurs points clés de 

la synthèse des polycétides restent à être éclaircis. L’un d’entre eux est la base moléculaire de 

la communication spécifique entre sous-unités d’un même système PKS. Une meilleure 

compréhension de ces interactions est un point critique, puisqu’elle permettrait l’échange de 

modules voire de sous-unités entières entre différents systèmes, stratégie qui semble la plus 

prometteuse à ce jour (Whicher et al., 2014 ; Menzella et al., 2007 ; Kim et al., 2017). 

 

A mon arrivée au laboratoire, il existait un manque important d’informations quant aux 

DD de PKS trans-AT, des PKS modulaires qui sont a priori les mieux adaptées aux 

remaniements/manipulations de leur chaine d’assemblage (Tille et Race, 2014). En effet, les 

quelques structures de DD disponibles (Broadhurst et al., 2003 ; Buchholz et al., 2009 ; 

Whicher et al., 2013) provenaient exclusivement de PKS cis-AT. Nous nous sommes donc 

intéressés à la première interface de la virginiamycine (Vir) synthase, une PKS trans-AT. Elle 

se situe à l’extrémité Cter de la première sous-unité, au niveau du module 5, et à l’extrémité Nter 

de la seconde sous-unité, au niveau du module 6 de la Vir PKS. Cette trans-AT synthétise un 

antibiotique à fort intérêt thérapeutique dont l’interaction avec le ribosome est bien caractérisée 

(Schlünzen et al., 2001), ce qui fait de ce système une cible de choix pour l’ingénierie.  

Dans ce contexte, une étude précédente de notre équipe portait sur la structure adoptée 

par le module 5. Celui-ci présente une composition particulière en domaines, puisqu’il 

comporte une KS et deux domaines ACP en tandem (ACP5a et ACP5b), et permettrait 

l’intervention de plusieurs protéines appartenant à une cassette de β-méthylation (Davison et 

al., 2014). En utilisant une approche combinant RMN, SAXS et modélisation par homologie de 

séquence, la structure de ce module a été obtenue – première fois qu’une structure de module 

de PKS trans-AT est mise en évidence (Figure 50 page 84) (Davison et al., 2014). La structure 

dimérique globale de ce module adopte une forme d’arche, semblable à celle adoptée par le 

module 5 de la pikromycine synthase (Dutta et al., 2014 ; Whicher et al., 2014). Au sommet de 

cette arche se trouve le dimère de domaines KS, suivi directement par les ACP5a, alors que les 

ACP5b se situent aux extrémités. Il existe à l’extrémité Cter de cette construction, en aval de 

l’ACP5b, une séquence d’acides aminés qui a été, dans un premier temps, assignée comme étant 

un domaine de dimérisation (Davison et al., 2014). Or le modèle structural obtenu pour le 

module 5 va à l’encontre de cette hypothèse, puisque l’arche reste ouverte, les extrémités Cter 

ne se rejoignant pas (Figure 50 page 84). De plus, un domaine partenaire potentiel a été identifié 

à l’extrémité Nter du module 6 porté par la sous-unité suivante. 
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Figure 50 : Modèle structural du module 5 de la virginiamycine synthase (tirée de Davison et al., 2014). 
En gris, l’enveloppe SAXS moyenne calculée, dans laquelle est replacé un modèle par homologie de la KS5 
homodimérique (orange), les structures RMN de l’ACP5a (bleu) (PDB : 2M4F), et de l’ACP5b (rouge) (PDB : 
4CA3).  
 

Nous avons donc émis l’hypothèse que ces deux domaines situés aux extrémités des 

sous-unités sont en réalité des domaines de docking (DD).  

Une deuxième étude a donc été menée par notre équipe sur ces régions à l’interface 

des deux sous-unités. Le but était de mettre en évidence l’interaction entre ces deux DD 

potentiels, puis de la caractériser plus en détails notamment en résolvant la structure du 

complexe par RMN. Les résidus impliqués seraient ainsi identifiés et leur mutation 

rationnelle pourrait être testée pour la biologie synthétique. Enfin, pour replacer cette 

interface dans le contexte modulaire de la PKS, la disposition des DD et de leur domaine 

flanquant a été étudiée par SAXS. 

 

 Toujours concernant les DD, toutes les études structurales précédentes se sont portées 

sur une à deux interfaces maxima d’un même système PKS cis-AT (Broadhurst et al., 2003 ; 

Buchholz et al., 2009 ; Whicher et al., 2013). Aucune étude complète de toutes les interfaces 

d’un même système n’a été menée à ce jour. Cependant, ceci permettrait de mieux appréhender 

les éléments clés responsables de la spécificité d’interaction et du bon ordonnancement des 

sous-unités de la chaine d’assemblage. Ces informations sont essentielles en vue de construire 

des PKS chimères résultantes de l’échange de modules et de sous-unités. Afin de remédier à ce 

manque, nous nous sommes penchés sur les six interfaces de l’enacyloxine synthase. Cette PKS 

est le fruit d’un brassage génétique inhabituel, puisqu’elle est seulement le deuxième système 

consistent with the absence of any direct contact between the
tethered ACPs, as found for the ACPs of MmpA14 and the PUFA
synthase.37

Structural analysis of KS5–ACP5a–ACP5b by SAXS

We next analyzed by SAXS an apo construct incorporating all
of the functional domains of module 5 in the absence of the
putative C-terminal dimerization region, giving an Rg of 56.5
! 0.7 Å and a Dmax of 230 Å (Fig. S5b†). An average ab initio
three-dimensional envelope was then calculated from the
experimental data with DAMMIN, with imposition of second-

order symmetry (Fig. 4c). This parameter is justied by the
homodimeric nature of the KS and by the fact that lack of
such symmetry imposition caused the calculation to diverge,
likely due to the large number of amino acids in the protein.
Use of MONSA,35 then allowed us to t simultaneously the
obtained diffusion data on the KS5–linker and the apo KS5–
ACP5a–ACP5b constructs into the molecular shape, clearly
identifying the position of the dimeric KS domain at the
center of the protein (c2 ¼ 1.885). The two apo ACP NMR
structures were then placed into the envelope using as a
constraint the Dmax value of 103 Å obtained for the apo ACP5a–
ACP5b didomain.

Fig. 4 SAXS profiles and domain organization within module 5. (a) Fit between the ab initiomodel computed with DAMMIN (solid blue line) and
the experimental SAXS data obtained on the KS5–linker (red dots). The fit to the data of the KS5–linker model generated by rigid body modeling
using SASREF is represented in black. Inset, the ab initio envelope of the KS5–linker construct calculated from DAMMIN (grey mesh) is shown in
superimposition by SUPCOMB with the KS5–linker model obtained using the DEBS KS5–linker as template (orange), and the model calculated
from SASREF (cyan). (b) Fit between the ab initiomodel computed with DAMMIN (solid blue line) with the experimental SAXS data for apo ACP5a–
ACP5b (red dots). Fit to the data of the apo ACP5a–ACP5b model in its compact conformation (pink) calculated by rigid body modeling using
SASREF. Fit to the data of the theoretical curve computed with OLIGOMER of an 80 : 20 mixture of the compact and extended forms of the apo
ACP5a–ACP5b di-domain (black). Inset, the ab initio envelope of apo ACP5a–ACP5b calculated fromDAMMIN (greymesh) with superimposition of
one apo ACP (blue) and the second apo ACP in two locations (red and yellow) using SUPCOMB. (c) Fit between the ab initio model computed
with DAMMIN (solid blue line) and the experimental SAXS data acquired on the apo KS5–ACP5a–ACP5b (red dots). Inset, the ab initio envelope of
the apo KS5–ACP5a–ACP5b construct calculated from DAMMIN (grey mesh) is shown with superimposition by SUPCOMB of the KS5–linker
(orange), apo ACP5a (blue) and apo ACP5b (red). (d) Fit between the ab initiomodel computed with DAMMIN (solid blue line) and the experimental
SAXS data obtained on apo KS5–ACP5a–ACP5b–DD (red dots). Inset, the ab initio envelope of the apo KS5–ACP5a–ACP5b–DD construct
calculated using DAMMIN (grey mesh) with superimposition of the KS5–linker (orange), apo ACP5a (blue) and apo ACP5b (red).

This journal is © The Royal Society of Chemistry 2014 Chem. Sci., 2014, 5, 3081–3095 | 3085
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PKS hybride cis-/trans-AT caractérisé à ce jour (Mahenthiralingam et al., 2011). Les six 

premières sous-unités sont de nature cis-AT et seule la dernière est de nature trans-AT. De plus, 

l’enacyloxine est une molécule à activité antibiotique prometteuse puisqu’elle est efficace 

contre Acinetobacter baumanii, une bactérie multi-résistante, responsable d’infections 

nosocomiales sévères (Howard et al., 2012).  

Les objectifs de ce projet étaient nombreux : i) déterminer la limite des DD 

potentiels aux différentes interfaces, ii) mettre en évidence ou non leur interaction par 

ITC, iii) caractériser structuralement ces domaines en combinant CD, SLS, SAXS et RMN 

et éventuellement déterminer la structure adoptée par certains de ces complexes par RMN 

et iv) ainsi déterminer de manière plus précise la classe à laquelle ces DD appartiennent 

ainsi que les résidus impliqués dans cette interaction, et enfin, v) déterminer le rôle 

possible joué par les domaines adjacents aux DD dans la formation d’un complexe stable. 

 

 

 

 Une autre approche d’ingénierie peu exploitée et pourtant d’intérêt certain, consiste en 

l’utilisation d’enzymes post-PKS pour modifier et complexifier des molécules existantes. Les 

activités de ses enzymes sont extrêmement diverses et les modifications apportées confèrent 

souvent leur activité biologique aux polycétides (Rix et al., 2002). Elles constituent des cibles 

privilégiées puisqu’elles agissent en fin de synthèse, et donc théoriquement leur utilisation et 

leur modification entrainent moins de problèmes de spécificité de substrat. La PKS synthétisant 

la lankacidine C, un antibiotique utilisé en médecine humaine et vétérinaire (Hayashi et al., 

1988), produit un intermédiaire polycétidique linéaire non fonctionnel. C’est une enzyme post-

PKS, LkcE, qui permet la macrocyclisation du polycétide (Arakawa et al., 2005), une activité 

intéressante puisque cette réaction est très difficile à réaliser en chimie traditionnelle. De plus, 

cette enzyme serait une monoamide oxydase, seulement la deuxième mise en évidence (Walsh 

& Wencewicz, 2014), et présentant une deuxième activité de macrocyclase par une réaction de 

Mannich intramoléculaire.  

Jonathan DORIVAL, un doctorant ayant soutenu sa thèse au sein de notre équipe, avait 

pour objectif de réaliser une étude structure/fonction de cette enzyme. Pour cela, il a mis au 

point le protocole de production et de purification de l’enzyme et obtenu des structures par 

cristallographie et diffraction des rayons X de l’enzyme dans trois états : sans substrat, en 

présence de deux analogues mimant chacun une partie du substrat naturel, et enfin en présence 

du substrat natif. Ce substrat était extrait par nos soins à partir d’une souche de S. rochei dont 
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le gène lkce a été supprimé, afin d’accumuler le substrat linaire. La molécule était ensuite 

purifiée par une équipe de collaborateurs chimistes située à l’université d’Hanovre (Pr. Andreas 

KIRSCHNING). Jonathan a ainsi pu mettre en évidence plusieurs résidus potentiellement 

impliqués dans la catalyse de la macrocyclisation et il a pu débuter le clonage et la production 

de certains de ces mutants avant de finir son doctorat.  

Ainsi mon rôle dans cette étude était de finaliser le projet : poursuivre le clonage 

et la production des mutants, et mettre au point un test enzymatique permettant de 

déterminer les paramètres cinétiques de l’enzyme et ainsi prouver l’implication de 

certains résidus dans la catalyse. L’ensemble de ces informations permettraient de 

proposer un mécanisme réactionnel de l’enzyme et faciliterait par la suite son utilisation 

dans le cadre d’expériences de biologie synthétique. 
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Caractérisation d’une nouvelle classe de docking chez une 

PKS de type trans-AT 

 

Dorival, J., Annaval, T., Risser, F., Collin, S., Roblin, P., Jacob, C., Gruez, A., 

Chagot, B. & Weissman, K. J. Characterization of Intersubunit Communication in the 

Virginiamycin trans-Acyl Transferase Polyketide Synthase. J. Am. Chem. Soc. 138, 4155–

4167 (2016).  

 

Après l’étude détaillée de la structuration et de la dynamique des domaines du module 

5 de la virginiamycine synthase (Davison et al., 2014), notre équipe s’est intéressée de plus 

près au rôle joué par le petit domaine situé à l’extrémité Cter de ce module, se structurant 

possiblement en hélices α. Nous sommes partis de l’hypothèse qu’il pouvait s’agir d’un DD 

(Broadhurts et al., 2003 ; Buchholz et al., 2009 ; Whicher et al., 2013). La sous-unité suivante, 

VirFG, présente un petit domaine analogue non assigné en Nter, en amont de la KS. Dans un 

premier temps, les deux DD potentiels d’environ trente-cinq résidus chacun, ont été clonés et 

produits afin de caractériser leur interaction par gel filtration analytique (S75 10/300) puis par 

RMN (HSQC 1H,15N). L’interaction a ensuite été confirmée et mesurée par ITC, une 

constante de dissociation de 5,8 ± 0,2 μM a été mesurée ainsi qu’une stœchiométrie de 1:1. 

Des affinités et stœchiométries similaires ont également été mesurées entre les constructions 

ACP-VirA CDD et VirFG NDD, de même qu’entre VirA CDD et VirFG NDD-linker. Cette 

dernière construction comprend le DD et le linker le reliant à la KS6, la construction 

comportant aussi la KS6 n’était pas soluble. Ces expériences démontrent que les domaines ou 

les linkers flanquant les DD ne semblent pas intervenir dans l’interaction entre ces deux sous-

unités.  

 

Par la suite, la structure d’une protéine de fusion entre les deux DD a été résolue par 

RMN, les deux partenaires ont été liés par un linker de huit résidus (Gly3Ser)2 (Whicher et al., 

2013). Cette structure révèle que les DD sont composés chacun de deux hélices α qui 

interagissent entre elles avec une topologie unique pour une interaction protéine-protéine, 

révélant une différence considérable entre cette interface de PKS trans-AT et celles déjà 

caractérisées chez les PKS cis-AT. Une autre caractéristique notable de cette interface réside 

dans le caractère intrinsèquement désordonné du VirFG NDD. En effet le spectre CD de cette 

protéine est caractéristique d’une protéine peu structurée. D’autres expériences de CD ont 
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permis de mettre en évidence une capacité de ce partenaire à subir un repliement induit en 

présence du VirA CDD. Ce dernier, au contraire, présentait un spectre CD caractéristique 

d’une protéine majoritairement structurée en hélices α. Ces résultats ont été confortés par des 

expériences SAXS menées sur le VirFG NDD : le Kratky plot est caractéristique d’une 

protéine plutôt allongée, donc probablement désordonnée, présentant toutefois des éléments 

de structures secondaires.  

Toutes les données SAXS de cette étude ont été enregistrées au synchrotron SOLEIL 

sur la ligne SWING qui dispose d’un système d’injection couplé à un système de filtration sur 

gel HPLC, ce qui permet de séparer la protéine à étudier d’éventuels agrégats, afin d’obtenir 

une solution monodisperse idéale pour l’enregistrement de données. Par ailleurs, les données 

sont enregistrées directement à plusieurs concentrations dans un pic de sortie de 

chromatographie, et il n’y a donc plus nécessité de réaliser des dilutions en série comme c’est 

le cas pour les analyses en batch (David et Pérez, 2009).  

 

Grâce à la structure RMN de la protéine de fusion, trois couples de résidus polaires 

semblant importants pour l’interaction ont été mis en évidence : ViFG NDD Lys4/VirA CDD 

Glu6954, ViFG NDD Lys11/VirA CDD Asn6949, ViFG NDD Arg17/VirA CDD Asp6940. Par 

alignements de séquences, il est démontré que la nature polaire de ces résidus est conservée 

parmi les DD pouvant appartenir à la même classe que les DD de VirA et VirFG, bien que le 

code électrostatique puisse varier au sein de ces couples potentiels. Par la suite nous avons 

muté chacun des six résidus polaires impliqués, soit en petit acide aminé hydrophobe soit en 

un résidu de charge opposé. Nous avons constaté que les mutants du VirFG NDD ne 

présentaient pas les mêmes spectres CD que la protéine sauvage, ils perdaient en partie leur 

caractère désordonné au profit d’une pré-structuration en hélice α. Il est donc devenu 

impossible de déterminer si ces mutants entrainaient une perturbation de l’interaction ou bien 

s’ils perdaient leur capacité à se replier en présence de leur partenaire. Les cinq mutants du 

VirFG NDD n’ont donc pas été utilisés pour la suite de l’étude. Au contraire, les mutants de 

VirA CDD présentaient le même spectre CD que la protéine sauvage et ont donc pu être 

utilisés : nous avons ainsi pu constater une diminution de l’affinité pour chaque mutant du 

VirA CDD avec son partenaire sauvage VirFG NDD. Nous en avons conclu que l’interaction 

entre les deux DD est bien médiée par ces interactions polaires mais elles sont aussi 

possiblement stabilisées par un cluster d’acides aminés hydrophobes : Leu6939, Leu6943, 

Val6946, Ile6953, Ala6956, Val6957, et Leu6960 pour le VirA CDD et Ala3, Leu7, Phe10, 

Ala20, et Leu24 pour le VirFG NDD. La surface d’interaction entre les deux partenaires est 
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d’environ 730 Å2, ce qui est comparable avec les autres classes de DD : 1000 à 1100 Å2 pour 

les DD de classe 1a et 1b respectivement, et environ 1800 Å2 pour les DD de classe 2. En 

effet, l’interface entre les DD de VirA/VirFG est monomérique, et l’ensemble de la PKS est 

dimérique. Deux interfaces de docking se formeraient donc simultanément et la surface 

d’interaction serait alors de 1460 Å2 environ. Pour les autres classes de DD, une seule 

interface implique deux copies de chaque DD. L’affinité entre les DD de chacune des classes 

est également comparable et assez faible dans tous les cas, les constantes de dissociations sont 

comprises entre 2 et 24 μM.  

Des expériences par SAXS ont également été menées sur différentes constructions afin 

d’identifier la position des domaines flanquant. Ainsi, nous avons résolu la structure à faible 

résolution de la protéine de fusion ACP5b-VirA CDD/VirFG NDD-linker-KS6. Les domaines de 

docking adoptent une position centrale et sont entourés de part et d’autre par l’ACP5b et la 

KS6. Nous avons également pu proposer un modèle d’interaction entre le module 5 et le 

module 6. Ce dernier se base sur les données SAXS obtenues précédemment sur le tridomaine 

KS5-ACP5a-ACP5b et celles de la fusion ACP5b-VirA CDD/VirFG NDD-linker-KS6. En effet, 

les deux enveloppes se superposent parfaitement au niveau de l’ACP5b, commun aux deux 

constructions. C’est la première fois qu’une interface de communication entre sous-unité de 

trans-AT PKS est reconstituée.  

 

Dans ce travail collaboratif au sein de l’équipe, j’ai participé à la caractérisation des 

DD sauvages, à la production et à la purification des mutants, et réalisé les expériences de CD 

et d’ITC avec ces derniers. Les expériences et structures RMN ont été réalisées par les Dr. 

Jonathan DORIVAL, Thibault ANNAVAL et B. CHAGOT. La partie SAXS a été réalisée par 

le Dr. Jonathan DORIVAL avec le Dr. Arnaud GRUEZ. Sabrina COLLIN nous a aidés pour 

la purification de la fusion ACP5b-VirA CDD/VirFG NDD-linker-KS6. 
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ABSTRACT: Modular polyketide synthases (PKSs) direct the
biosynthesis of clinically valuable secondary metabolites in bacteria.
The fidelity of chain growth depends on specific recognition between
successive subunits in each assembly line: interactions mediated by
C- and N-terminal “docking domains” (DDs). We have identified a
new family of DDs in trans-acyl transferase PKSs, exemplified by a
matched pair from the virginiamycin (Vir) system. In the absence of
C-terminal partner (VirA CDD) or a downstream catalytic domain,
the N-terminal DD (VirFG NDD) exhibits multiple characteristics of
an intrinsically disordered protein. Fusion of the two docking
domains results in a stable fold for VirFG NDD and an overall
protein−protein complex of unique topology whose structure we
support by site-directed mutagenesis. Furthermore, using small-angle
X-ray scattering (SAXS), the positions of the flanking acyl carrier protein and ketosynthase domains have been identified,
allowing modeling of the complete intersubunit interface.

■ INTRODUCTION
Synthesis of structurally complex, reduced polyketides in
bacteria occurs on gigantic multienzymes called polyketide
synthases (PKSs).1 These systems are likened to molecular-
scale assembly lines because each round of chain extension and
chemical tailoring of newly incorporated building blocks is
carried out by a specific module of enzymatic domains. Nature
has evolved two distinct classes of modular PKSs: cis-acyl
transferase (AT) and trans-AT. Within the majority of cis-AT
PKSs, such as the prototypical 6-deoxyerythronolide B synthase
(DEBS) responsible for assembling the core of erythromycin A,
all of the component domains are present within the gigantic
polypeptides.2 trans-AT PKSs, however, are characterized by
one or more free-standing enzyme activities (including notably
the ATs) that collaborate in trans with the PKS multienzymes
to accomplish both chain building and processing (Figure 1).3,4

They also typically include modules of nonribosomal peptide
synthetase (NRPS) that incorporate amino acids into the
growing intermediates.
One conserved feature of cis- and trans-AT PKSs is the

distribution of the functional modules among multiple
polypeptide subunits.5 Thus, generation of native polyketide
products critically depends on the ability of the subunits to
arrange themselves in the correct order. Conversely, rational
manipulation of interpolypeptide interfaces to change the

sequence of the subunits represents an attractive strategy for
generating polyketide analogues because no modifications are
made to the component modules. Indeed, modules are
increasingly viewed as discrete operational units, given the
high interdependence of the functional domains.6,7

In cis-AT PKSs, it has been shown that communication at
intersubunit junctions is mediated by portable recognition
sequences called docking domains (DDs), located at the
extreme termini of the subunits, and these have already been
exploited to generate polyketide analogues.8−12 Three
evolutionarily related docking domain classes have been
identified to date in such PKS systems,13 as well as a fourth
class which operates at NRPS−NRPS/−PKS junctions in
mixed PKS-NRPSs.14 The NMR or X-ray crystal structures of
covalently fused complexes of the PKS docking domains have
been solved15−17 (Figure 2), and the N-terminal DDs were
shown to adopt the same structures when expressed together
with the downstream ketosynthase (KS) domains.17−19 The
close structural homology between the two actinobacterial
classes of DDs prompted their grouping into Class 1 (referred
to here as 1a and 1b), whereas the third class, which is present
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in myxo- and cyanobacteria, has been designated as Class 2.17

(By extension, the mixed PKS-NRPS DDs constitute Class 3.)
Class 1 and 2 DDs share two central features: the N-terminal

docking domains are homodimeric and form a coiled-coil motif
that serves as a platform for docking of the likewise α-helical C-
terminal docking domains. The docking interfaces are largely
hydrophobic in character and complementary in shape, whereas
specific charge−charge interactions at critical positions
contribute to docking specificity. One notable difference
between the two classes is that Class 1 C-terminal docking
domains (Figure 2A,B) incorporate two α helices upstream of
the docking α helix which together form a dimerization motif.
Class 2 C-terminal docking domains, however, comprise only
two α helices, both of which associate with the N-terminal
docking domain. Furthermore, the coiled-coil motif of the Class
2 N-terminal DD is preceded by an additional α helix; thus,
docking gives rise to an overall eight α-helical bundle (Figure
2C), in contrast to the four α-helical bundles characteristic of
Class 1 DDs. Despite this architectural divergence and an
approximately 2-fold difference in interface size, the affinity of
association for both DD classes when the immediate upstream/

downstream functional domains are present is remarkably
consistent, with Kds in the 2−20 μM range.16,17,20

We recently characterized by small-angle X-ray scattering
(SAXS)21 the structure of apo module 5 from the VirA subunit
of the virginiamycin hybrid trans-AT PKS-NRPS4 of
Streptomyces virginiae (Figure 1). In the course of this work,
we noted that the extreme C-terminal sequence (designated
“VirA CDD”) showed similarity to a region from the CurA
subunit of the curacin cis-AT PKS, which had been described as
a dimerization motif.22 However, comparison by SAXS of apo
module 5 in the presence and absence of this region did not
reveal a change in the structure of the C-terminus because the
module retained its open form. This prompted us to investigate
whether VirA CDD was rather a docking domain, mediating a
specific interaction with a partner DD located at the N-
terminus of subunit VirFG (“VirFG NDD”). We show here that
VirA CDD and VirFG NDD constitute the founding members
of a new family of docking domains from trans-AT PKSs. Using
a multidisciplinary approach combining NMR, site-directed
mutagenesis, circular dichroism (CD), isothermal titration
calorimetry (ITC), and SAXS, we have characterized their
interaction in detail. We have furthermore employed SAXS to

Figure 1. Virginiamycin (Vir) trans-AT polyketide synthase. The PKS comprises three subunits, VirA, VirFG (whose N-terminal sequence was
recently revised by us),21 and VirH as well as additional modules that were not identified in the initial cluster description4 for starter unit selection
and introduction of proline. The ? indicate additional steps where the enzyme responsible is not yet clear. The system incorporates many features
characteristic of trans-AT PKS systems, including a trans-acting acyl transferase VirI, duplicated domains (acyl carrier proteins (ACPs) of modules 1
and 5; peptidyl carrier proteins (PCPs) of module 8), nonribosomal peptide synthetase modules (3 and 8), an inactive domain (KS° of module 9),
and a cassette of enzymes that together introduce a β-methyl functionality. The experiments described here reveal the molecular details of the
interface between subunits VirA and VirFG (boxed).
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locate the immediate upstream acyl carrier protein (ACP) and
downstream ketosynthase (KS) domains in positions that are
fully compatible with our recent SAXS analysis of virginiamycin
module 5 (ref 21). Furthermore, modeling of the overall VirA/
VirFG interface strongly suggests that interaction between
successive subunits establishes a closed reaction chamber for
chain extension, a fundamentally different mode of operation
compared to that of cis-AT PKSs.

■ METHODS
Sequence Analysis. The sequences of the analyzed trans-AT PKSs

were accessed via PubMed, or in the case of the Class 2 C- and N-
terminal docking domains, from ref 17. Sequence alignments were
generated using Clustal Omega (http://www.ebi.ac.uk/Tools/msa/
clustalo/) with secondary structure prediction by PsiPred23 and
displayed using BoxShade (http://www.ch.embnet.org/software/
BOX_form.html), or using PROMALS3D.24 The C-terminal
boundaries of the ACP domains were determined by multiple
sequence alignment of the subunit ends and comparison with domain
boundaries identified in the solved structures of ACPs 5a and 5b from
the virginiamycin PKS.21 Similarly, the start sites of the domains
downstream of the N-terminal docking domains were assigned by
alignment of the beginning of the subunits and comparison with the
sequences of the solved structures of KS,18,19 condensation (C),25 and
enoyl reductase (ER)26 domains.
Materials and DNA Manipulation and Sequencing. S. virginiae

genomic DNA was obtained from the National Institute of
Agrobiological Sciences Genebank, Japan. Biochemicals and media
were purchased from ThermoFisher Scientific (Tris, EDTA), Merck
(NaPi), Carlo ERBA (NaCl), BD (peptone, yeast extract), VWR
(glycerol), and Sigma-Aldrich (imidazole, IPTG). The enzymes for

genetic manipulation were purchased from ThermoFisher Scientific.
DNA isolation and manipulation in Escherichia coli was carried out
according to standard methods.27 PCR amplifications were carried out
on a Mastercycler Pro (Eppendorf) using Phusion high-fidelity DNA
polymerase (Thermo Scientific). Primers were obtained from Sigma-
Aldrich (France), and DNA sequencing was carried out by GATC
Biotech (Mulhouse, France).

Cloning, Expression, and Purification. Five constructs (VirA
CDD, VirFG NDD, VirFG NDD-linker, VirA ACP5b-

CDD, and VirFG
NDD-KS6) were amplified from S. virginiae genomic DNA using
forward and reverse primers incorporating BamHI and HindIII
restriction sites, respectively (Table S1), and were ligated into the
equivalent sites of vector pBG-102 (Center for Structural Biology,
Vanderbilt University); in the case of VirFG NDD-KS6, an internal
BamHI site was removed by site-directed mutagenesis using Phusion
high-fidelity DNA polymerase, without introducing changes in the
amino acid sequence. Vector pBG-102 codes for a His6-SUMO tag.
Following cleavage of the SUMO-His6 tag, the proteins incorporated a
non-native N-terminal Gly−Pro−Gly−Ser sequence. From these
vectors and S. virginiae genomic DNA, covalent fusions (VirA
CDD−VirFG NDD, VirA ACP5b-

CDD−VirFG NDD, and VirA
ACP5b-

CDD−VirFG NDD-KS6) were constructed using overlap PCR.
Specifically, fragments encoding VirA CDD, VirFG NDD, VirA
ACP5b-

CDD, and VirFG NDD-KS6 were amplified and then used as
templates in a second PCR to amplify the fusion construct, and the
resulting fragments were ligated into the vector pBG-102. Site-directed
mutants of VirA CDD and VirFG NDD were obtained by site-directed
mutagenesis using Phusion high-fidelity DNA polymerase from vector
pBG-102 containing VirA CDD and VirFG NDD wild-type sequences.

The vectors were used to transform E. coli BL21 (DE3), and
constructs were expressed as His6-SUMO-tagged fusions by growth in
LB medium at 37 °C to an A600 of 0.8, followed by induction with

Figure 2. Three classes of docking domains from cis-AT PKSs. (A) NMR structure of a complex of covalently fused Class 1a docking domains
(Protein Databank (PDB): 1PZQ, 1PZR).15 The C-terminal DDs (red) comprise three α helices, of which the first two form a four α-helical bundle
that acts as a dimerization element. The third helix wraps around the coiled-coil motif formed by the partner N-terminal docking domain (blue). The
long, flexible linker joining the second and third α helices of the C-terminal DD is represented as a dashed line. C and N indicate C- and N-termini,
respectively. (B) X-ray crystal structure of a covalent complex of Class 1b docking domains (PDB: 3F5H).16 Although by sequence analysis this class
also incorporates a C-terminal dimerization motif, it was not included in the investigated construct. The overall structure resembles that in A, but the
C-terminal DD comprises two smaller α helices, and the precise hydrophobic and polar interactions at the interface differ. (C) X-ray crystal structure
of a covalent complex of class 2 docking domains (PDB: 4MYY).17 The C-terminal DD does not incorporate a dimerization region. Instead, its two
α helices associate with two α helices provided by the N-terminal docking domain to form an overall 8 α-helical bundle. (D) NMR structure of a
class 3 N-terminal docking domain (PDB: 2JUG).14 Each protomer within the DD homodimer comprises three α helices and two β strands, which
adopt an overall αββαα topology. For all docking domain complexes, charge−charge interactions are critical determinants of specificity. Key to the
domains up- and downstream of the docking domain complexes: ACP, acyl carrier protein; KS, ketosynthase; and C, condensation.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.5b13372
J. Am. Chem. Soc. 2016, 138, 4155−4167

4157

http://www.ebi.ac.uk/Tools/msa/clustalo/
http://www.ebi.ac.uk/Tools/msa/clustalo/
http://www.ch.embnet.org/software/BOX_form.html
http://www.ch.embnet.org/software/BOX_form.html
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b13372/suppl_file/ja5b13372_si_002.pdf
http://dx.doi.org/10.1021/jacs.5b13372


IPTG (0.1 mM) and incubation at 20 °C for a further 12−18 h. The E.
coli cells were collected by centrifugation and resuspended in buffer 1
(50 mM sodium phosphate (pH 7.5), 250 mM NaCl) in the case of
VirA CDD, VirA ACP5b-

CDD, VirA ACP5b-
CDD−VirFG NDD

(covalent fusion), and all VirA CDD mutants and in buffer 2 (50
mM Tris-HCl (pH 7.5), 150 mM NaCl) in the case of VirFG NDD,
VirFG NDD-linker, VirA CDD−VirFG NDD (covalent fusion), and all
VirFG NDD mutants, and in buffer 3 (50 mM sodium phosphate (pH
7.5), 400 mM NaCl, 10% glycerol) for VirA ACP5b-

CDD−VirFG
NDD-KS6 (covalent fusion). Cells were lysed by sonication, and cell
debris was removed by centrifugation and filtration (0.45 μm). The
cell lysates were loaded onto a HisTrap 5 mL column (GE),
equilibrated in buffer 1, 2, or 3 as appropriate. The column was washed
extensively with buffer 1, 2, or 3 containing 60 mM imidazole, and His-
tagged proteins were eluted using 300 mM imidazole. The VirA
ACP5b-

CDD−VirFG NDD-KS6 covalent fusion was further loaded onto
a HiTrap Q HP column (GE) equilibrated in buffer (20 mM sodium
phosphate (pH 7.5), 2 mM EDTA, 5% glycerol), which was then
washed extensively with this buffer. The fusion was eluted using a
NaCl gradient, up to a final concentration of 1 M. All His6-SUMO-
tagged constructs were then incubated with His-tagged human
rhinovirus 3C protease (1 mM) for 12−16 h at 4 °C to cleave the
affinity-solubility tags. The constructs were then separated from the
remaining His-tagged proteins by loading onto a HisTrap 5 mL
column (GE) followed by elution in buffer 1, 2, or 3 containing 20
mM imidazole.
Following this step, size-exclusion chromatography on a Superdex

75 26/60 column (GE) in 100 mM sodium phosphate (pH 7.5) or on
a Superdex 200 26/60 column (GE) in the case of VirA ACP5b-

CDD−
VirFG NDD-KS6 (covalent fusion) in 20 mM sodium phosphate (pH
7.5), 250 mM NaCl, 2 mM EDTA, and 5% glycerol resulted in a
homogeneous preparation of each protein. Production of 15N- or
13C,15N-enriched VirA CDD, VirFG NDD, and VirA CDD−VirFG
NDD (covalent fusion) for NMR structure elucidation was carried out
by growth in M9 minimal medium. The minimal medium was
supplemented with 15NH4Cl (0.5 g/L) and 13C6-glucose (2.0 g/L) as
the sole sources of nitrogen and carbon. Isotopically-labeled chemicals
were purchased from Eurisotop.
Analytical Gel Filtration. VirA CDD and VirFG NDD (initial

concentrations of 670 μM) were loaded separately onto a Superdex 75
10/300 GL column (GE) equilibrated with 100 mM sodium
phosphate (pH 6.5) buffer and elution of the two proteins followed
via their absorbance at 280 nm. The same volume of a mixture of the
two proteins (both at 670 μM) was then reinjected. Calibration was
carried out using Gel Filtration Standard (Bio-Rad).
Size-Exclusion Chromatography Multiangle Laser Light

Scattering. The oligomeric state of multiple constructs was
determined by size-exclusion chromatography multiangle laser light
scattering (SEC-MALLS) by the Macromolecular Interaction Platform
of I2BC (UMR 9198, http://www.i2bc.paris-saclay.fr). For this, SEC
was first carried out on a Superdex 200 10/300 GL Increase column
(GE Healthcare Life Sciences) at 17 °C in phosphate buffer (50 mM
NaPi (pH 7.5), 250 mM NaCl, 5% glycerol) using a Shimadzu
Prominence HPLC. Multiangle laser light scattering (MALLS) was
measured using a MiniDAWN TREOS (Wyatt Technology) equipped
with a QELS module (Wyatt Technology). Refractometry was
monitored using an Optilab T-rEX (Wyatt Technology). Data
processing was carried out with ASTRA 6 software (Wyatt
Technology) using a refractive-index increment of 0.183 mL/g (dn/
dC) to calculate the protein concentration from the refractive-index
measurements.
Isothermal Titration Calorimetry. ITC was performed using a

MicroCal ITC 200 (GE) at 20 °C. A 300 μL aliquot of VirA CDD
(wild type or mutant) at 60 μM was placed in the calorimeter cell, and
VirFG NDD (wild type or mutant at 600 μM) or VirFG NDD-linker
(at 1.4 mM) were added as follows: 0.4 μL over 0.8 s for the first
injection, followed by 19 injections of 2 μL over 4 at 120 s intervals.
For the experiment with VirA ACP5b-

CDD, the construct (900 μM)
was added to VirFG NDD (60 μM), as described above. The heat of
reaction per injection (microcalories/second) was determined by

integration of the peak areas using either the Origin (MicroCal)
software or Nitpic.28 These software provide the best-fit values for the
heat of binding (ΔH), the stoichiometry of binding (N), and the
dissociation constant (Kd). The heats of dilution were determined by
injecting VirA CDD and VirFG NDD alone into the buffer (initial
concentrations of 600 μM) and were subtracted from the
corresponding experiments before curve fitting. This experiment
additionally showed that VirA CDD was undergoing homodimerization
as the concentration in the calorimeter cell increased because a change
in the heat signal was detected up to a concentration of 30 μM. No
such change was observed over the whole concentration range for
VirFG NDD (up to 78 μM).

NMR Data Acquisition. To minimize the amount of protein
needed, 300 μL of protein solution were loaded into a 4 mm NMR
tube. 15N−1H HSQC spectra of VirA CDD were recorded at a
concentration of 100 μM in the absence of partner and in the presence
of 200−400 μM 14N VirFG NDD. 15N−1H HSQC spectra of VirFG
NDD were recorded at a concentration of 100 μM either alone or in
the presence of 400 μM 14N VirA CDD or 200 μM 14N VirA
ACP5b-

CDD. Heteronuclear spectra were acquired on 13C,15N-VirA
CDD at a concentration of 1.2 mM in the presence of a 2-fold excess of
12C,14N-VirFG and on 13C,15N-VirA CDD−VirFG NDD at a
concentration of 0.9 mM. All NMR data were recorded at 17 °C on
a Bruker DRX600 spectrometer equipped with a cryogenic probe
(Plateforme de Biophysicochimie Biologie Structurale−FR 3209
Universite ́ de Lorraine/CNRS).

Backbone and sequential resonance assignments were obtained by
the combined use of 2D 15N−1H and 13C−1H HSQC spectra and 3D
HNCA, HNCACB, CBCA(CO)NH, HNHA, HN(CA)CO, and
HNCO experiments. Assignments of aliphatic side chain resonance
were based on 2D aromatic 13C−1H HSQC, 3D (H)CC(CO)NH,
H(CC) (CO)NH, HCCH−COSY, and HCCH-TOCSY experiments
(reviewed in ref 29). To collect NOE-based distance restraints for the
VirA CDD−VirFG NDD structure calculations, 3D 15N NOESY-
HSQC and 13C NOESY-HSQC were recorded on uniformly 13C,15N-
enriched VirA CDD−VirFG NDD samples. The mixing time used in all
NOESY experiments was set to 120 ms. NMR data were processed
using Topspin 3.1 (Bruker) and were analyzed using Sparky (Goddard
TD and Kneller DG, SPARKY3, University of California, San
Francisco, 2003).

NMR Structure Calculation. Initial structures were generated
using CYANA 3.0 software.30 Starting from a set of manually assigned
NOEs, the standard CYANA protocol of seven iterative cycles of
calculations was performed with NOE assignment by the embedded
CANDID routine combined with torsion angle dynamics structure
calculation.31 In each cycle, 100 structures starting from random
torsion angle values were calculated with 10 000 steps of torsion angle
dynamics-driven simulated annealing. A total of 478 NOE-based
distance and 54 backbone angle restraints were used for structure
calculation of the VirA CDD domain, whereas 1372 NOE-based
distance and 98 backbone angle restraints were used for VirA CDD−
VirFG NDD. The angle restraints were obtained from 13Cα, 13Cβ, 13C′,
15N, 1HN, and 1Hα chemical shifts using TALOS+32 with an assigned
minimum range of ±20°. No hydrogen-bond restraints were used for
structure calculation. The second stage consisted of the refinement of
the 50 lowest CYANA target function conformers by restrained
molecular dynamic (rMD) simulations in Amber 14 (refs 33 and 34)
using the generalized Born solvent model. Possible atoms clashes
within CYANA initial structures were regularized by a 1 ps energy
minimization in the Amber force field, and then 20 ps of rMD was
performed with the following protocol: the system was heated for 5 ps
at 600 K with tight coupling for heating and equilibration (TAUTP =
0.4), 15 ps of cooling to 0 K with 13 ps of slow cooling (loose
coupling, TAUTP = 4.0−1.0) followed by 1 ps of faster cooling
(TAUTP = 1.0), and a final 1 ps of very fast cooling (TAUTP = 0.1−
0.05). During rMD, the restraints were slowly ramped from 10−100%
of their final values over the first 3 ps. Force constants for distance and
angle restraints were set to 32 kcal mol−1 Å−2 and 50 kcal mol−1 rad−2,
respectively. The final VirA CDD−VirFG NDD representative
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ensembles correspond to the 20 conformers from each calculation with
the lowest restraint energy terms.
Analysis by Circular Dichroism. Circular dichroism (CD) was

carried out on a Chirascan CD from Applied Photophysics. Data were
collected at 0.5 nm intervals in the wavelength range of 180−260 nm
at 20 °C, using a temperature-controlled chamber. A 0.01 cm cuvette
containing 30 μL of protein sample at 100 μM was used for all the
measurements except that of 10 μM VirA CDD (100 μL of sample
were used in a 0.1 cm cuvette). Measurements were made at least in
triplicate, and sample spectra were corrected for buffer background by
subtracting the average spectrum of buffer alone. To evaluate the
extent of induced folding when the two docking domains were
together, we acquired a combined spectrum of the two docking
domains by placing VirA CDD into one cuvette and VirFG NDD into
another cuvette (30 μL each at 100 μM) and analyzing the two
cuvettes simultaneously. The same result was obtained by averaging
the spectra of VirA CDD and VirFG NDD acquired separately. We
then combined the two docking domains, and placed the mixture into
both cuvettes (30 μL at 100 μM), again analyzing the two
simultaneously. Spectrum deconvolution was carried out using the
CDNN software.35

Small-Angle X-ray Scattering Data Collection. SAXS data were
collected on the SWING beamline at the Synchrotron SOLEIL
(France). Frames were recorded using an AVIEX170170 CCD
detector at the energy of 12 keV. The distance between the sample
and the detector was set to 1803 mm, leading to scattering vectors q
ranging from 0.0005 to 0.5 Å−1. The scattering vector is defined as 4π/
λ sin θ, where 2θ is the scattering angle. The protein samples were
injected using the online automatic sample changer into a pre-
equilibrated HPLC-coupled size-exclusion chromatography column
(Bio-SEC 100, Bio-SEC 150 or Bio-SEC 300, Agilent) depending on
the molecular weight of the protein sample, at a temperature of 15 °C.
The online purification system that delivers the eluted fractions into
the measurement cell was developed on the SWING beamline.36 After
equilibrating the column in the protein buffer (50 mM sodium
phosphate (pH 7.5), 150 mM NaCl, 5% glycerol (as radioprotectant)),
100 successive frames of 0.75 s were recorded of the buffer
background. This buffer was chosen for the SAXS analysis as
phosphate, salt, and glycerol are known to maintain the catalytic
activity of cis-AT PKSs,37,38 presumably by stabilizing the structure of
the proteins. A 50 μL aliquot of the protein sample (at 10 or 15 mg/
mL) was then injected, and complete data sets were acquired. The
protein concentration downstream of the elution column was followed
via the absorbance at 280 nm with an in situ spectrophotometer. In
contrast to classical SAXS experiments that are conducted in batch
using several protein concentrations within a standard range (e.g., 0.1−
10 mg/mL−1), the fact that data collection is coupled to a gel-filtration
column means that analysis of the required multiple concentrations of
the protein occurs within a single experiment because many different
positions within the elution peak are sampled during the course of the
measurement (typically 50−100 frames are acquired).36 Data
reduction to absolute units, frame averaging, and subtraction were
performed using FOXTROT, a dedicated in-house application. Each
acquisition frame of the experiment yielded a scattering spectrum,
which was then analyzed using FOXTROT, giving a Rg (radius of
gyration) as well as an I(0) value, which depends on the protein
concentration at that location in the elution peak from the Guinier law
(approximation I(q) = I(0) exp(−q2Rg

2/3) for qRg < 1.3). It is thus the
fact that the concentration naturally varies across a gel-filtration peak
that provides a full range of dilutions as used in classical SAXS
experiments. Under our experimental conditions (buffer, dilution over
the gel filtration step, etc.), the fact that we observed a constant Rg for
a significant proportion of the concentrations present in our gel
filtration peaks means that these measurements were independent of
concentration and thus that we were effectively under conditions of
infinite dilution. (See Supporting Information Methods for a model
data set.) In the following step of data analysis, all the frames that
exhibited the same Rg as a function of I(0) were corrected for buffer
signal and averaged, thus ensuring that the data reflected only the
signal arising from the protein structure and not from intermolecular

interactions. The distance distribution function P(r) and the maximum
particle diameter Dmax were calculated by Fourier inversion of the
scattering intensity I(q) using GNOM.39

Determination of Construct Molecular Weights. Classically,
molecular weights can be derived from the SAXS data using the I(0)
and the known protein concentration. Although in our experimental
setup the protein concentration is known when the peak elutes from
the gel-filtration column, the fact that there is a delay between exiting
the column and the acquisition of the SAXS data means that the
concentration could have changed prior to the measurement.
Therefore, to determine the molecular weights of our constructs, we
relied on two alternative methods: SAXS MoW,40 which relies on
integration of the distance distribution function (because this is known
to be proportional to molecular weight), and size-exclusion
chromatography multiangle laser light scattering (SEC-MALLS), for
which the intensity of light scattered off protein molecules in solution
is proportional to their concentration and molecular weight.41

Ab Initio Shape Determination. Ab initio protein shapes were
calculated from the experimental SAXS data using the bead-modeling
program DAMMIN.42 At least 20 independent fits were carried out
without imposition of symmetry for the monomeric VirFG NDD, the
VirA CDD/VirFG NDD and VirA ACP5b-

CDD/VirFG NDD non-
covalent complexes, and the VirA CDD−VirFG NDD and VirA
ACP5b-

CDD−VirFG NDD covalent fusions and with a 2-fold symmetry
restraint for the VirA ACP5b-

CDD−VirFG NDD-KS6 fusion protein.
(In the absence of such an imposed symmetry, the fit between the
experimental and model SAXS curves was poorer (greater χ2)). The
results of several DAMMIN models were then compared using the
program SUPCOMB43 in order to determine a consensus model.
Low-resolution models were then averaged using the DAMAVER and
DAMFILT packages.44,45 The quality of the 3D modeling was
determined using the discrepancy χ2, defined according to Konarev et
al.44 Values lying in the range of 0.9−1.1 are accepted to indicate a
good fit between the models and the data. However, the calculation of
χ2 is inversely proportional to the measurement error, that is, the lower
the error in the measurement, the higher the χ2. Because the detector
at SOLEIL yields inherently low-error, high-quality data, the effect is to
raise the determined χ2 values above this standard range.46

Nonetheless, visual inspection of the agreement between the
theoretical curves calculated from the average molecular forms and
the acquired SAXS data confirms the goodness of fit in all cases.
Therefore, we decided not to rescale artificially the error on the
measurement to give χ2 of approximately 1, as has been suggested.46

High-resolution structures or models were then superimposed into
the ab initio protein shapes using SUPCOMB.43 Figures displaying the
protein structures were generated using PYMOL (Schrod̈inger, LLC),
and the low-resolution bead models from DAMMIN were converted
into mesh.

Molecular Modeling. A 3D structural model of the KS6-linker
region was generated by pairwise comparison of profile hidden Markov
models using the HHpred server (http://toolkit.tuebingen.mpg.de/
hhpred).47 Via this program, local sequence alignment using PSI-
BLAST was performed, and a multiple sequence alignment including
information about predicted secondary structures was produced. The
closest homologue to the VirA KS6-linker within the Protein Data
Bank is KS2 of PksJ (PDB: 2NA1) (35% sequence identity; 63%
similarity).48 This structure was then used to construct a model of the
KS6-linker using the associated MODELER software.49 The KS6
homodimer was reconstituted by superimposing two models onto
the dimeric crystal structures of the PksJ KS.

Demonstration by SAXS That VirFG NDD Undergoes a
Conformational Change. Ab initio molecular forms for VirFG NDD
were calculated using DAMMIN.42 Twenty of the resulting low-
resolution models (χ2 of 2.321−2.489 vs the SAXS data) were
compared using SUPCOMB,43 revealing an extended shape that is not
consistent with the conformation of VirFG NDD adopted in the VirA
CDD−VirFG NDD fusion. Indeed, calculation of theoretical scattering
curves for VirFG NDD alone using CRYSOL50 based on the NMR
structure of the VirA CDD−VirFG NDD fusion (all 20 structures
within the ensemble were used) uniformly give poor fits to the
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experimental data for scattering angles between 0.0005 and 0.3 Å−1 (χ2

= 6.61−10.39). Furthermore, the Kratky plot51 computed from the
experimental SAXS curve is consistent with an elongated shape/
flexible particle. Taken together, these calculations clearly show that
free VirFG NDD and VirFG NDD in complex with partner do not
adopt the same structure, consistent with an induced conformational
change.
Accession Numbers. Chemical shifts for VirA CDD in complex

with VirFG NDD and for VirA CDD−VirFG NDD have been deposited
in the Biological Magnetic Resonance Bank with accession codes
25721 and 25706, respectively. PDB coordinates for VirA CDD−
VirFG NDD have been deposited under accession code 2N5D.

■ RESULTS
In Silico Analysis of Docking in trans-AT PKSs. In

earlier work, we identified VirA CDD as comprising the 50
residues C-terminal of the conserved ACP5b domain of module
5 (Figure 1).21 Similarly, inspection of the N-terminus of VirFG
revealed 70 amino acids N-terminal to the conserved KS
domain as a candidate docking domain partner (Figure S1).
Although BLAST52 analysis of this region returned no
homologues within the PDB, the first 28 residues of VirFG
NDD show low sequence homology to VirA CDD (28%
identity53) and to multiple Class 2 docking domains (e.g., 4−
21% to the six reported docking domains of the curacin PKS;17

Figure S1). The C-terminal 42 amino acids, however, are not
conserved, suggesting no involvement in docking. These
observations prompted us to consider whether homologous
sequences were present at intersubunit junctions in additional
trans-AT PKSs, allowing putative CDD and NDD families to be
identified in these systems for the first time.
In cis-AT PKSs, interpolypeptide junctions are formed

between partner docking domains with additional contacts
contributed by the flanking C-terminal ACP and N-terminal KS
domains.6,15−17,54 Our analysis of 44 published trans-AT PKSs
reveals that such interfaces are formed by a much greater
diversity of domain pairs (Table S2). It is also striking that in
the majority of cases the domains comprising the junction are
in fact members of a single chain-extension module (i.e., the
functional module is split between two different multienzyme
polypeptides). Nonetheless, in a number of cases, the
intersubunit interfaces are formed by the ends of modules.
For a subset of such interfaces, analysis of the sequences
directly downstream from the conserved ends of the ACP
domains and those directly upstream from the conserved start
sites of the N-terminal domains (KS, ketoreductase (KR), ER,
or C/heterocyclization (HC)) revealed regions with low but
suggestive homology to VirA CDD (10−53% identity; avg.
22%)53 and VirFG NDD (8−39% identity; avg. 23%),53

respectively. All of the regions were predicted by secondary
structure analysis (PsiPred23 and PROMALS3D)24 to contain
two α helices or, more rarely, one long α helix (Figure S2).
The 27 identified junctions (Table S3) include the ACP/KS

interfaces present in the anthracimycin, chivosazol, elansolid,
enacyloxin, kirromycin, oxazolomycin, rhizoxin, and thailanda-
mide systems (four of these junctions are of the specific type
tandem ACP-ACP/KS as in the Vir system), the ACP/C or
ACP/HC (PKS/NRPS) interfaces within the bacillaene,
chivosazol, disorazol, kalimanticin/batumin, kirromycin, oxazo-
lomycin, rhizopodin, and thailandamide assembly lines, an
ACP/KR interface within the macrolactin system, and ACP/ER
junctions in the bryostatin, etnangien, and myxovirescin
machineries. Streptomyces pristinaespiralis also harbors a hybrid
trans-AT PKS-NPRS that generates virginiamycin (though the

product is referred to as pristinamycin IIA), and as expected,
sequences with homology to VirA CDD and VirFG NDD were
present on the respective subunits SnaE2 and SnaE3.55

Nonetheless, the NDD equivalent of SnaE3 was N-terminally
truncated, suggesting incorrect identification of the snaE3 site
start. Indeed, inspection of the genomic region of S.
pristinaespiralis (GenBank: FR682001) revealed a putative
alternative start codon 147 base pairs 5′ of the published
start site (new start site at base pair 65 054); translation of this
longer region gave a sequence incorporating a complete N-
terminal docking domain (Figure S2). Conversely, the
published N-terminus of TaiM from the thailandamide PKS56

begins some 300 residues upstream of a Met and the first
conserved α helix of the putative docking domain, again
suggesting an incorrectly assigned start site. In contrast, the
TaiE subunit from the same PKS also contains a long extension
N-terminal to the docking domain, but its presence cannot
apparently be explained by a misassigned start codon.

VirA CDD and VirFG NDD Serve as Docking Domains.
Having identified VirA CDD and VirFG NDD as representative
of their respective families of C- and N-terminal docking
domains, we aimed to investigate their interaction. For this, we
expressed and purified (Figure S3) the following constructs in
recombinant form from E. coli BL21(DE3) as His6-SUMO-
tagged proteins using plasmid pBG-102 (Vanderbilt University
Center for Structural Biology): VirA CDD, VirFG NDD, VirA
ACP5b-

CDD, VirFG NDD-linker (all 70 residues up to the
conserved KS6), VirFG

NDD-KS6, and a protein (VirA CDD−
VirFG NDD) in which the two docking domains were
covalently fused via the same eight-amino-acid linker
(G3SG3S) used previously to study the Class 2 docking
domains of cis-AT PKSs17 (Supporting Information Methods).
For the sequences of all constructs, see Table S4. To allow both
efficient monitoring of VirA CDD and VirFG NDD by UV−vis
during purification and dosing for binding studies by ITC, we
added a tyrosine residue at the N- and C-terminal ends,
respectively; subsequent structural analysis (vide inf ra) showed
that these additions had no effect on the native docking
interaction involving the opposite termini. Following cleavage
of the His6-SUMO-tag using human rhinovirus 3C (H3C)
protease, the N-termini of all of the proteins also harbored a
non-native GPGS sequence; this sequence is highly similar to
and occupies the same position relative to VirFG NDD as the
G3SG3S sequence used to fuse the domains covalently, which
we also show by NMR (vide inf ra) to have no effect on the
docking interaction while in the case of VirA CDD, it lies
upstream of the added Y. In the case of VirFG NDD-KS6, we
designed the expression construct to include 179 residues
downstream of the KS6 domain (encompassing consecutive
regions showing homology to the so-called KS-AT and post-AT
linkers observed in structures of KS-AT didomains from cis-AT
PKSs)18 because this choice of boundary previously allowed us
to obtain the KS of module 5 as a stable protein.21

As an initial demonstration that the docking domains
interact, we carried out analytical gel filtration in the presence
of VirA CDD, VirFG NDD, and a 1:1 mixture of the two
domains (all at an initial concentration of 670 μM). On their
own, VirA CDD and VirFG NDD gave elution volumes of ca.
13.7 and 14.5 mL, respectively, whereas the 1:1 mixture gave a
single peak with a new elution volume of 14 mL (Figure S4),
providing the first evidence for a specific interaction between
the two docking domains. Conversion into molecular weights
yielded the following data: VirA CDD, 11.8 kDa (monomer
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weight 4.3 kDa); VirFG NDD 7.4 kDa (monomer weight 4.1
kDa); and the VirA CDD/VirFG NDD complex, 9.9 kDa
(heterodimeric complex weight, 8.4 kDa). These data suggested
that both domains are oligomeric when isolated but recombine
to form a 1:1 complex; in fact, VirFG NDD is monomeric but
elutes anomalously because of its extended conformation (vide
inf ra). Measurement of the affinity of the interaction by ITC
yielded a value of 5.8 ± 0.2 μM (from three independent
analyses, Figure S5), which is within the range measured for
Class 1 and 2 docking domains (4−20 μM);16,17 a similar Kd (4
μM) was measured for the VirA ACP5b-

CDD/VirFG NDD pair
(Figure S5). Inclusion of the 42-residue linker downstream of
VirFG NDD did not significantly alter the affinity (Kd = 5.5 μM
for the interaction between VirA CDD and VirFG NDD-linker,
Figure S5), supporting our supposition that this region is not
involved in docking.
Characterization of Docking between VirA CDD and

VirFG NDD by NMR, SAXS, and Allied Methods. To
investigate in detail the interaction between the two docking
domain partners, we analyzed 15N-labeled VirA CDD in
isolation and in the presence of unlabeled (14N) VirFG NDD
so that in either case only signals arising from VirA CDD would
be visible in the obtained spectra. In the absence of its partner
docking domain, the 15N−1H HSQC spectrum of VirA CDD
(100 μM) exhibited only 15 of 37 expected peaks (Figure S6).
In contrast, when a 2- to 4-fold excess of 14N VirFG NDD was
also present, 36 of 37 peaks were observed (Figure S6). Two
explanations account for the fewer than expected number of
peaks in the spectrum of unpartnered VirA CDD: (i) an
equilibrium between folded and unfolded states, on the
intermediate NMR time-scale, or (ii) a mixed population of
nonspecific homodimers (a state observed previously),21 which
also undergo exchange on the intermediate time-scale. (The set
of residues at the interfaces are those which disappear because
they experience multiple chemical environments.) We strongly
favor the second explanation because data obtained by ITC as
the concentration of VirA CDD was increased incrementally are
consistent with a net monomer to dimer transition, with the
protein dimerizing completely above 30 μM (Figure S5).
Furthermore, molecular weight estimation by SAXS MoW
following SAXS analysis of VirA CDD (Figure S7 and Table S5)
yielded a molecular weight of 8.4 kDa (this procedure typically
produces measurement errors of <10%;40 homodimeric
complex theoretical weight 8.6 kDa), and the result was
confirmed by SEC-MALLS, which gave a molecular weight of
8.2 ± 0.6 kDa. Using this information, we calculated average
molecular forms for VirA CDD in solution, with and without
imposition of second-order symmetry. In all cases, the fits
between the theoretical curves calculated from the forms and
the SAXS data (for the q range 0.018 and 0.3 Å−1) were good,
but the χ2 values were lower in the absence of imposed
symmetry (1.732−2.543 vs 1.889−3.28, Figure S7). The overall
heterogeneity of these shapes supports the idea that VirA CDD
in solution is best described as a population of interchanging,
nonspecific dimers. To investigate whether VirA CDD retains
its structure even in the monomeric form, we analyzed it by CD
at concentrations both above (100 μM) and below (10 μM)
the estimated dimerization point. This experiment showed that
although autoassociation did increase the overall secondary
structure, VirA CDD retained 73% of its α-helical content in
monomeric form (Figure S8).
Although isolated VirA CDD clearly homodimerizes, in the

presence of excess VirFG NDD it undergoes subunit exchange

to form a stable, heterodimeric docked complex, explaining the
observation of almost all anticipated NMR peaks. This fact
allowed us to fully assign 15N,13C-VirA CDD within the context
of this complex using a combination of 2D and 3D NMR
experiments in order to determine its secondary structure
(Figure S6). Consistent with the secondary structure
predictions, bound VirA CDD comprises two short α helices
(residues Q6936−R6947 and I6953−L6960; numbering based
on GenBank: BAF50727).
We next carried out these experiments in reverse, with 15N-

labeled VirFG NDD and unlabeled (14N) VirA CDD. The
15N−1H HSQC spectrum of isolated VirFG NDD (100 μM)
showed the expected number of peaks, but with poor chemical
shift dispersion (Figure S6). Dynamical studies also showed it
to be highly flexible (Figure S6). Taken together, these results
indicated that VirFG NDD alone (i.e., in the absence of its
docking partner or a downstream catalytic domain) lacks a well-
defined 3D structure and so could be an intrinsically disordered
protein (IDP).57 (For a discussion of the applicability of these
findings to other trans-AT PKS, see the Appendix). In
agreement with this, CD analysis yielded data consistent with
only partial structuration (22% α helix, Figure S8), whereas
analysis by ITC under the same conditions as for VirA CDD
provided no evidence for homodimerization (Figure S5). As
further support for the IDP character of VirFG NDD, addition
of 2,2,2-trifluoroethanol (TFE) to the buffer significantly
increased the α-helical content as measured by CD (Figure
S8). This reagent mimics the hydrophobic environment
experienced by proteins in protein−protein interactions and
so is widely exploited to reveal IDPs with a propensity to
undergo induced folding.58 We also analyzed VirFG NDD by
SAXS under the NMR conditions, yielding an Rg of 16 ± 1 Å, a
Dmax of 66 Å, and Mws of 5 kDa (SAXS MoW) and 4.2 ± 0.4
Da (SEC-MALLS), consistent with a monomer (Figure S7 and
Table S5). The Dmax value accords with an extended, albeit
partially folded protein (predicted Dmax for a fully extended
protein of 40 residues =160 Å, Figure S7); this result also
explains the anomalous behavior by analytical GF, in which
VirFG NDD appeared to elute as a dimer because of its
extended shape. The form of a Kratky plot51 of the obtained
data also confirmed that the protein is not globular (i.e., that it
does not fold stably) but showed that it is nonetheless likely to
contain residual α helix (Figure S7). However, despite extensive
attempts, we were unable to obtain a recombinant protein in
which VirFG NDD was attached to the downstream KS domain
(VirFG NDD-KS6) because the construct aggregated in
solution. Thus, we cannot strictly rule out the possibility that
VirFG NDD is structured in its native context even in the
absence of VirA CDD, although clearly it shows multiple
characteristics of an IDP.
In any case, addition of a 4-fold excess of 14N-VirA CDD (ca.

400 μM) provoked a number of spectral modifications,
including significant changes in chemical shift and an overall
increase in chemical shift dispersion (Figure S6). These types of
spectral changes are consistent with a coupled process of
binding/induced structuration of VirFG NDD by VirA CDD. To
bolster the case that VirFG NDD was gaining structure upon
contact with VirA CDD, we carried out differential CD analysis,
acquiring spectra of VirFG NDD and VirA CDD alone and in
complex (Figure S8). This analysis showed that the spectrum of
the complex does not correspond to a simple average of the
spectra of the two individual partners (α-Helical content
increased from 40 to 52%).35 VirA CDD is already at least
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partially structured at the concentration used in this experiment
because of self-association; thus, we attribute the structuration
seen during complex formation, at least in part, to induced
folding of VirFG NDD, although we cannot exclude that the
secondary structure content of VirA CDD also increases. An
essentially identical 15N−1H HSQC spectrum of 15N-labeled
VirFG NDD was obtained in the presence of VirA ACP5b-

CDD
(Figure S6), consistent with the result from ITC showing that
the presence of the ACP does not impact the docking domain
interaction.
We followed up these observations by elucidating the

complete structure of the docking domain complex, using the
construct VirA CDD−VirFG NDD in which the two docking
elements were covalently fused.17 (For the sequence of this
protein, see Figure 3A.) Structural studies of 15N,13C-labeled
VirA CDD−VirFG NDD (Figures 3 and S6) were carried out by

multidimensional heteronuclear NMR spectroscopy. Structure
calculation was performed using a two-step procedure
consisting of initial structure generation using CYANA30

followed by restrained molecular dynamics refinement within
Amber.33,34 The quality of the structures was assessed using
PROCHECK-NMR59 and the MolProbity60 server (Table S6).
The first important result is that the introduced linker between
the two docking domains is unstructured in the complex
(Figure 3B). Consistent with this, amide chemical shifts arising
from this region are clustered together in the 15N−1H HSQC
spectrum, and dynamical studies show it to be highly mobile
(Figure S6). Taken together, these data confirm that the linker
acts simply as a flexible tether and does not contribute to the
docking interface, supporting the idea that our fusion strategy
has faithfully captured the native interaction.

Figure 3. Analysis of docking between VirA CDD and VirFG NDD. (A) Sequence of the VirA CDD−VirFG NDD fusion construct, with VirA CDD
indicated in red, and VirFG NDD indicated in blue. The N-terminal vector-derived residues and the added 8-residue linker are shown in black. The
numbering above the sequence corresponds to that in GenBank, whereas that below is based on the construct itself. (B) NMR structure of the
covalent docking domain complex VirA CDD−VirFG NDD color-coded as in A. (C and D) The strong correspondence between the SAXS curve for
VirA CDD−VirFG NDD predicted from its NMR structure (CRYSOL50) (blue) and those obtained (red) for (C) the noncovalent VirA CDD/VirFG
NDD complex and (D) VirA CDD−VirFG NDD supports not only the validity of the NMR structure but also the fact that covalently fusing the two
DDs does not alter their interaction. (E) Hydrophobic residues at the docking interface within VirA CDD−VirFG NDD. (F) Electrostatic
interactions at the docking interface within VirA CDD−VirFG NDD that were targeted for site-directed mutagenesis.
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Within the context of this fusion construct, VirA CDD
comprises two consecutive, short α helices as found for discrete
VirA CDD in complex with VirFG NDD. Likewise, fused VirFG
NDD incorporates two short α helices (residues A3−K11 and
R17−L24, numbered according to our revised sequence of
VirFG,21 GenBank: KT308172), and its NMR spectrum
superimposes on that of the domain in noncovalent complex
with VirA CDD (Figure S6). The introduced Y residues at the
extremities of VirA CDD and VirFG NDD both lie within
unstructured linkers at a significant distance from these key
secondary structure elements (7 and 11 residues, respectively,
for VirA CDD and VirFG NDD) and do not contact the docked
complex, confirming that they have not affected the interaction.
Together, the four α helices form a four α-helical bundle in
which the two sets of α helices are set at an angle of
approximately 127° with respect to each other. Thus, unlike the
Class 1 and 2 docking domains in which the upstream and
downstream subunits each contribute two copies of the C- and
N-terminal docking domains to a single docking complex,15−17

the interaction between VirA and VirFG likely involves
formation of two distinct docking complexes, each of which
comprises one C- and one N-terminal docking domain.
Analysis by SAXS MoW and SEC-MALLS confirmed the

heterodimeric nature of the covalent complex (calcd Mw 8.4
kDa; heterodimeric complex weight, 9 kDa via SAXS MoW;
and 8.9 ± 0.9 kDa, via SEC-MALLS; Table S5). The docking
interaction in trans-AT PKSs is therefore fundamentally
different from that in cis-AT PKSs. It is also notable that a
search of the PDB for homologues using both VAST61 and
DALI62 did not reveal a comparable topology for any known
interprotein complexes, consistent with previous findings that
IDPs characteristically form unusual interactions.63 Independ-
ent evidence for the structure was obtained by SAXS because
the curve predicted using CRYSOL50 from the NMR structure
of the VirA CDD−VirFG NDD fusion protein superimposed
nearly perfectly with the SAXS data obtained on this construct
(χ2 = 2.90; Figures 3C,D and S7 and Table S5). Furthermore,
the SAXS curves predicted by CRYSOL for VirFG NDD alone
if it adopted the same structure as in the complex (i.e., those
arising from all 20 structures within the NMR ensemble) clearly
do not correspond to the experimental data obtained on the
isolated protein (χ2 = 6.61−10.39), proving that VirFG NDD
undergoes a structural transition in the presence of its partner
VirA CDD. (See Figure S7 for a representative fit.) Within the
complex, the interface is ∼730 Å2, an extensive surface area
given the limited number of participating residues (17 amino
acids within a 4 Å radius). This too is consistent with VirFG
NDD being an IDP, as such regions are typically able to achieve
a greater interface area/residue than comparable ordered
proteins.64 If two such complexes form simultaneously in vivo
at the VirA/VirFG junction, then the total interaction surface
area would be ∼1460 Å2, which is in between Class 1 (∼1100
Å2) and Class 2 (∼1800 Å2) docking domains and in accord
with the affinity measured by ITC. The docking interface is
hydrophobic, and comprises residues L6939, L6943, V6946,
I6953, A6956, V6957, and L6960 of VirA CDD and residues
A3, L7, F10, A20, and L24 of VirFG NDD (Figure 3E,F). The
contact surface between the two VirACDD α helices includes
L6942, A6945, L6951, A6956, and L6959, whereas that
between the two VirFG NDD α helices comprises I6, L15,
A19, and L23. Inspection of the sequence alignments of the
trans-AT PKS C- and N-terminal docking domains (Figure S2
and Table S7) shows that hydrophobic residues are relatively

well-conserved at the corresponding positions. Three electro-
static interactions are also present at the interface (residues
(VirA CDD/VirFG NDD): D6940/R17, N6949/K11, and
E6954/K4).

Analysis of Protein−Protein Interaction Determinants
by Site-Directed Mutagenesis and ITC. Because our
docking model derives from the structure of the covalent
complex of the two partners, we aimed to test its applicability to
the discrete domains. For this, we mutated both polar and
hydrophobic residues lying at the interface of the complex in
order to evaluate their effects on the interaction affinity by ITC.
Each mutant was initially analyzed by circular dichroism (CD)
to monitor for structural changes induced by the mutations
because these would also have an effect on measured Kd values.
In fact, the CD experiments revealed that VirFG NDD
underwent architectural alterations when mutated, even gaining
increasing secondary structure (Figure S8). This observation is
again consistent with VirFG NDD being an IDP and with its
disordered character needing to be actively maintained against
mutations that can increase structural content.65 However, this
behavior complicated interpretation of ITC data obtained using
mutant VirFG NDD because we could not clearly distinguish
between mutations which disrupted an important interaction
with VirA CDD and those which simply impacted the ability of
VirFG NDD to undergo induced structuration. We therefore
focused our attention on the VirA CDD variants. Specifically,
we analyzed the effect of exchanging D6940, N6949, and E6954
for alanine, as well as mutations which reversed the charge on
residues D6940 and E6954 (changed to R and K respectively)
and introduced charge at the N6949 position. We were unable
to purify N6949A as well as an additional L6942A mutant
because of poor solubility, but all other mutant proteins were
obtained in acceptable yield. Far-UV CD analysis confirmed
that their structures were not perturbed significantly relative to
wild-type VirA CDD (Figure S8).
Because of solubility limitations, we could not reach binding

saturation with many of the mutants, so the binding affinities
determined by ITC are only rough estimates. (The stated
errors represent those from fitting of a single experiment,
Figure S5.) Nevertheless, the effect of the mutation in each case
was clear. The D6940A and E6954A charge-removal mutations
decreased binding affinity relative to that of wild type (Kd = 5.8
μM) by factors of ca. 15 (85 ± 23 μM) and 4-fold (20 ± 2
μM), respectively. The effect of changing the charge state of the
residues was equally significant, with the affinity of VirFG NDD
binding to the VirA CDD N6949K and E6954K mutants
reduced to 37 ± 4 and 49 ± 16 μM, respectively. Even more
dramatically, interaction between the D6940R mutant and
VirFG NDD was completely abolished. On the basis of these
results, we decided to test the effect of a combined mutation,
introducing D6940A and E6954A simultaneously into VirA
CDD. Analysis of the double mutant by CD showed that the
structure was essentially unchanged, and the measured affinity
to wild-type VirFG NDD was >160 μM, demonstrating that the
effect of the mutations was cumulative.
Taken together, our data clearly show that electrostatic

interactions contribute to the assembly of the VirA CDD/VirFG
NDD complex. Inspection of the residue positions correspond-
ing to D6940, N6949, and E6954 in the other docking domains
of the putative family shows that nonpolar residues are also
present in a number of systems and that even when the residues
are charged they are often but not systematically matched by an
opposite charge on the partner docking domain (Figure S2 and
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Table S7); thus, it is not possible at present to discern a clear
“code” that drives interaction specificity. However, in no case
do the docking domain pairs from the same system have
identical sets of residues at these positions, consistent with their
potential contribution to partner choice through effects on
kon.

66,67 Similarly, the precise nature of the hydrophobic
interface residues varies between multiple docking domain
pairs from the same system (e.g., chivosazol (Chi),
oxazolomycin (Ozm), thailandamide (Tai), and enacyloxin
(5922)); thus, they may also contribute to docking specificity
through effects on kon, koff, or both (Table S7).66,67

Positioning of the Flanking ACP and KS Domains as
Determined by SAXS. The challenge of achieving specific
interactions is substantial when multiple, candidate interaction
partners have similar sequences and 3D structures, as is the case
within the C- and N-terminal docking domains from the Chi,

Ozm, enacyloxin, and Tai systems (Table S3).68 This raises the
question of whether contacts between the flanking domains and
the docking complex or direct contact between the domains
themselves also contribute to specificity as observed for cis-AT
PKSs.54 To address this issue, we aimed to identify by SAXS the
locations of the flanking VirA ACP5b and VirFG KS6 domains
relative to the docking domains. For this, we analyzed the
following constructs: VirA ACP5b-

CDD (data from ref 21), VirA
ACP5b-

CDD/VirFG NDD complex, VirA ACP5b-
CDD−VirFG

NDD (a covalent fusion between ACP5b-
CDD and VirFG

NDD), and a fusion protein spanning from ACP5b to KS6 (VirA
ACP5b-

CDD−VirFG NDD-KS6) (Figure S3); as mentioned
previously, it was not possible to investigate noncovalent
domain combinations involving VirFG NDD-KS6 (i.e., VirA
CDD/VirFG NDD-KS6 complex and VirA ACP5b-

CDD/VirFG
NDD-KS6 complex) because of aggregation. For the non-

Figure 4. Analysis of the interface between subunits VirA and VirFG by SAXS. (A) Analysis by SAXS of the VirA ACP5b-
CDD/VirFG NDD complex.

Fit between the ab initio model computed with DAMMIN42 (solid black line) and the experimental SAXS data (red dots). This analysis yielded a
molecular envelope different from that of VirA ACP5b-

CDD alone21 because density was only observed for one ACP domain (light blue) and the
docking domain complex (VirA CDD in red and VirFG NDD in dark blue). This result confirmed that docking occurs between a single copy each of
the C- and N-terminal docking domains and that ACP5b does not directly contact the complex of DDs. The presence of significant empty density
likely reflects the fact that several species are present when the docking domains form a noncovalent complex. (B) Analysis of VirA ACP5b-

CDD−
VirFG NDD by SAXS, showing the fit between the ab initio model computed with DAMMIN (solid black line) and the experimental SAXS data (red
dots). Comparison with the average molecular form shown in A demonstrates that the covalent linkage of the two docking domains leads to a more
homogeneous sample. (C) Analysis by SAXS of a covalent complex between VirA ACP5b-

CDD and VirFG NDD-KS6 (VirA ACP5b-
CDD−VirFG

NDD-KS6). Fit between the ab initio model computed with DAMMIN (solid black line) and the experimental SAXS data (red dots). A homology
model of KS6 (yellow) was placed into the average molecular envelope using SUPCOMB,43 whereas localization of the NMR structure of ACP5b

21

was based on the assumption that the domains would be situated on the extremities of the structure. The remaining electronic density could then be
assigned to the docking domain complex. Comparison with C indicates that further structuration occurs in the presence of both flanking functional
domains. (D) Model for the complete interface between subunits VirA and VirFG generated by superimposing the SAXS-derived model of the KS5-
ACP5a-ACP5b region of VirA module 5 (ref 21) (KS5 in green, ACP5a in orange) on the average molecular envelope obtained for VirA ACP5b-

CDD−
VirFG NDD-KS6. This analysis suggests that the interaction between the subunits creates a single, closed reaction chamber within module 5.
However, because the estimated distance between the ACP5b and KS6 active sites would not allow for direct chain transfer, conformational
adjustment is likely to occur in the presence of polyketide intermediate on ACP5b.

7
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covalent complex VirA ACP5b-
CDD/VirFG NDD, we used

equal concentrations of both partners well above the measured
Kd values in order to favor complex formation and disfavor self-
association of VirA CDD.
Previous analysis by SAXS of VirA ACP5b‑CDD21 yielded an

average molecular envelope consistent with the homodimeriza-
tion observed for VirA CDD by NMR, ITC, and SAXS. In the
presence of equimolar concentrations of its partner VirFG
NDD, however, a new average molecular envelope was obtained
(Figures 4A and S7 and Table S5), in which density was
observed only for a single ACP domain and the docking
domain complex. Essentially identical data were acquired on
VirA ACP5b-

CDD−VirFG NDD (Figures 4B and S7),
strengthening the conclusion that joining the docking domains
covalently does not alter how they interact. The molecular
weight obtained in each case from SAXS MoW shows that only
one copy of each docking domain is present in the complex
(Table S5). The data also confirm that the docking complex is
formed from only a single copy each of the C- and N-terminal
docking domains and that ACP5b does not contact it directly.
Analysis of VirA ACP5b-

CDD−VirFG NDD-KS6 (Figure S7)
gave an average molecule envelope (χ2 = 1.77) into which the
homodimeric KS6 domain could be confidently placed using
SUPCOMB43 (Figure 4C). It was not possible, however, to
locate computationally the two ACP5b domains and the two
docking domain complexes because the scattering data are
dominated by the signal from the KS6. However, from the
obtained molecular envelope it is clear that the 42-residue
sequence separating VirFG NDD from KS6 must be largely
structured because there is no electronic density which could
correspond to an unstructured region of this size. Furthermore,
making the reasonable assumption that the ACP5b domains are
located on the two extremities of the structure (Figure 4C)
allowed us to superimpose the molecular envelope on that
obtained previously for the portion of module 5 encompassing
the KS5, ACP5a, and ACP5b domains (KS5−ACP5a−ACP5b)

21

(Figure 4D). This analysis shows that the two sets of ACP5b
domains superimpose nearly perfectly and therefore that the
global form observed for VirA ACP5b-

CDD−VirFG NDD-KS6 is
compatible with the previously characterized structure of
module 5 (ref 21). In the absence of docking with the
downstream subunit, module 5 adopts a wider open shape
(distance ACP5b to ACP5b in module 5 alone = 279 Å21 vs 200
Å in KS5−ACP5a−ACP5b), so as proposed earlier,21 interaction
with VirFG induces closure of the module.

■ DISCUSSION
The majority of modular PKSs incorporate multiple polypep-
tide subunits, suggesting an evolutionary advantage in
distributing the modules among several smaller proteins.
Communication between subunits in all cis-AT PKSs
characterized to date is orchestrated, at least in part, by
matched terminal docking domains (DDs).14−17 We have
shown here that for an important subset of interpolypeptide
junctions, analogous DDs operate in trans-AT PKSs. Of the 27
additional pairs of DDs identified by sequence/secondary
structure analysis (Table S3), 10 are clearly predicted to exhibit
properties (e.g., interaction propensity, extent of disorder, and
lack of coiled-coil formation) in line with those of VirA CDD
and VirFG NDD (Appendix), whereas the N-terminal docking
domains at three other interfaces also appear similar to VirFG
NDD. For the remaining nine interfaces, however, the N-

terminal DD is predicted69 to adopt a coiled-coil conformation.
Comparative sequence analysis further suggests that this group
of sequences may in fact be Class 2 type docking domains
(Appendix), implying that multiple structural classes of docking
elements also act in trans-AT PKS.
Overall, the recognition of four distinct structural classes of

docking domains now permits a systematic comparison of
docking strategies that give rise to both high specificity but
relatively low affinity interactions (ca. 2−50 μM). All of the
docking complexes incorporate contacts between α helices.
Although architecturally distinct, the docking interfaces are
largely hydrophobic and similar in size (1100−1800 Å2).
Selectivity among potential partners seems to arise in all cases
from electrostatic interactions between a few, strategically
placed charged residues, although many PKS assembly lines
also incorporate several, structurally orthogonal classes of DDs
(i.e., classes 1a and 1b13).
Our work also suggests that weak docking affinity arises in

the case of multiple trans-AT PKSs through use of an
intrinsically disordered protein as a docking partner. IDPs are
rare in prokaryotes70 (though relatively more common in high-
GC, large-genome-size bacteria such as the Actinobacteria),71

and VirFG NDD represents a strong candidate for the first IDP
to be shown to participate in bacterial secondary metabolism.
VirA CDD may also be an IDP, but a disorder-to-order
transition could not be observed in the context of a discrete
protein because of self-association. IDPs are expected to show
much higher rates of sequence variation than those of
structured regions of the same proteins.65 This is indeed the
case for the Vir4 and Sna55 systems, which both govern
virginiamycin biosynthesis, because the corresponding subunits
show much higher amino acid sequence identity than do the
docking domain regions (e.g., 66% identity for VirA/SnaE2 but
only 53% for the CDDs; 66% overall identity between VirFG/
SnaE3 vs 39% for the NDDs).53 This observation suggests that
it is the amino acid character and not the specific sequences of
these regions that is critical. However, given the unpredictable
effects of mutations on induced folding and the structure of
IDPs,65 it seems likely that using this class of DD to engineer
new interfaces will require transplantation of matched sets of
docking domains. Our study identifies clear boundaries to be
used in such experiments.
This work has also permitted for the first time visualization of

a full interface formed between two consecutive subunits within
a trans-AT PKS. Our previous analysis by SAXS showed VirA
module 5 to have an open architecture but that flexibility on the
level of the “arms” might allow it to clamp down to engage with
the KS6 domain of the next module. Indeed, the distance
between the ACP5b domains seems ideally adapted to
accommodate the homodimeric KS6 and two flanking docking
domain complexes. In this way, docking between the two
subunits in the context of a larger multienzyme complex (for
example, incorporating the trans-AT and β-processing cassette)
could give rise to a closed space containing a single reaction
center in which reactive intermediates are protected. However,
the estimated distance between ACP5b and KS6 active sites in
this apo structure (ca. 80 Å) is not compatible with direct chain
transfer between the two domains as required by the
biosynthetic mechanism. This observation is consistent with
recent studies by cryo-electron microscopy (cryo-EM) on the
interface between subunits from the pikromycin (PIK) cis-AT
PKS, in which a stable interaction between the partner ACP
and KS domains was only observed in the presence of chain
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extension intermediate tethered to the ACP.6 We propose that
the intrinsic flexibility of the linker regions separating the
various functional and docking domains will allow adoption of a
configuration in which ACP5b is correctly positioned to interact
with KS6. However, visualizing this productive chain transfer
complex by SAXS or cryo-EM will likely require studies of
appropriately modified VirA module 5, work which is in
progress. In the meantime, the absence of a specific interface
between the ACP and KS domains is encouraging from an
engineering perspective because it suggests that transplantation
of docking domains may be sufficient to create novel functional
intersubunit interfaces in trans-AT PKSs as long as the receiving
KS has appropriate substrate specificity.56
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SUPPLEMENTARY METHODS 
 

Table S1. Primers used in this study. 

Constructs Primer 
type Oligonucleotides (5′-3′)a 

VirA CDD f TTTCCGGGATCCTATACCGGCGCCGGGGAGCCCTC 
r TTTCGCAAGCTTTCAGCGCCGCGGGGTGAGCAG 

VirFG NDD f TTTCCGGGATCCATGGACGCGAAAGAGATCCTGACCCGATTCAAG 
r TTTCCGAAGCTTTCAATACGGGCGCGGTGCGGCCG 

VirFG NDD-linker f TTTCCGGGATCCATGGACGCGAAAGAGATCCTGACCCGATTCAAG 
r TTTCCGAAGCTTTCAGGGCCGGCCGGCCGT 

VirA ACP5b-CDD f TTTCGCGGATCCGCCGTGGCCGTCGACCCCG 
r TTTCGCAAGCTTTCAGCGCCGCGGGGTGAGCAG 

VirFG NDD-KS6 f TTTCCGGGATCCATGGACGCGAAAGAGATCCTGACCCGATTCAAG 
 r TTTCCGAAGCTTTCAGCGTTCGACGTAGTGGCGGTGCGG 
 BamHI f GACACGTTCTGGCAGCGCATCCTCGACGGCGAC 
 BamHI r GTCGCCGTCGAGGATGCGCTGCCAGAACGTGTC 
VirA CDD−VirFG NDD 
(covalent fusion) 

f TTTCCGGGATCCTATACCGGCGCCGGGGAGCCCTC 
r TTTCCGAAGCTTTCACGGGCGCGGTGCGGCCG 
Overlap1 GGAGGTAGTGGTGGAGGCAGTATGGACGCGAAAGAGATCCTGACCCGATTCAAG 
Overlap2 GCCTCCACCACTACCTCCCCCGCGCCGCGGGGTGAGCAG 

VirA ACP5b-CDD−VirFG 
NDD (covalent fusion) 

f TTTCGCGGATCCGCCGTGGCCGTCGACCCCG 
r TTTCCGAAGCTTTCACGGGCGCGGTGCGGCCG 
Overlap1 GGAGGTAGTGGTGGAGGCAGTATGGACGCGAAAGAGATCCTGACCCGATTCAAG 
Overlap2 GCCTCCACCACTACCTCCCCCGCGCCGCGGGGTGAGCAG 

VirA ACP5b-CDD−VirFG 
NDD-KS6 (covalent 
fusion) 

f TTTCGCGGATCCGCCGTGGCCGTCGACCCCG 
r TTTCCGAAGCTTTCAGCGTTCGACGTAGTGGCGGTGCGG 
Overlap1 GGAGGTAGTGGTGGAGGCAGTATGGACGCGAAAGAGATCCTGACCCGATTCAAG 
Overlap2 GCCTCCACCACTACCTCCCCCGCGCCGCGGGGTGAGCAG 

VirA CDD D6940A f TCCCAGGCGGACCTGGCCGCGCTGCTCAGCGCC 
r GGCGCTGAGCAGCGCGGCCAGGTCCGCCTGGGA 

VirA CDD D6940R f TCCCAGGCGGACCTGCGCGCGCTGCTCAGCGCC 
r GGCGCTGAGCAGCGCGCGCAGGTCCGCCTGGGA 

VirA CDD L6943A f GACCTGGACGCGCTGGCCAGCGCCGTCCGCGAC 
r GTCGCGGACGGCGCTGGCCAGCGCGTCCAGGTC 

VirA CDD N6949A f AGCGCCGTCCGCGACGCCCGGCTGTCCATCGAG 
r CTCGATGGACAGCCGGGCGTCGCGGACGGCGCT 

VirA CDD N6949K f AGCGCCGTCCGCGACAAACGGCTGTCCATCGAG 
r CTCGATGGACAGCCGTTTGTCGCGGACGGCGCT 

VirA CDD E6954A f AACCGGCTGTCCATCGCGCAGGCGGTCACCCTG 
r CAGGGTGACCGCCTGCGCGATGGACAGCCGGTT 

VirA CDD E6954K f AACCGGCTGTCCATCAAGCAGGCGGTCACCCTG 
r CAGGGTGACCGCCTGCTTGATGGACAGCCGGTT 

VirFG NDD K4A f GGATCCATGGACGCGGCAGAGATCCTGACCCGA 
r TCGGGTCAGGATCTCTGCCGCGTCCATGGATCC 

VirFG NDD K4E f GGATCCATGGACGCGGAAGAGATCCTGACCCGA 
r TCGGGTCAGGATCTCTTCCGCGTCCATGGATCC 

VirFG NDD K11A f ATCCTGACCCGATTCGCGGACGGGGGCCTGGAC 
r GTCCAGGCCCCCGTCCGCGAATCGGGTCAGGAT 

VirFG NDD R17A f GACGGGGGCCTGGACGCGGCCGCCGCCCAGGCG 
r CGCCTGGGCGGCGGCCGCGTCCAGGCCCCCGTC 

VirFG NDD R17D f GACGGGGGCCTGGACGACGCCGCCGCCCAGGCG 
r CGCCTGGGCGGCGGCGTCGTCCAGGCCCCCGTC 

aIntroduced restriction sites are underlined, while the added Tyr is indicated by bold letters. 
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Representative analysis of SAXS data obtained on VirA CDD�VirFG NDD. Shown are the variation in Rg 
and I(0) after gel filtration chromatography, as a function of the frame number.  
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SUPPLEMENTARY RESULTS 
 
A 
 
                              28 
MDAKEILTRFKDGGLDRAAAQALLAGRTPAAAPRPSEPAAAPTRPAVPAVPAVEPAAGTTVAAEGTAGRP 
 
B 
 
CurL         1 -----------------------------------------------------------------LP------------- 
CurI         1 --------------------------------------------------------------------MGWKSVADS--- 
CurJ         1 ---------------------------------------------------------------------ILSSNSTA--- 
CurG         1 -----------------------------------------------------------------VKVGLFRTEIDQ--- 
CurH         1 -----------------------------------------------------------------IP-IEFSSNLDE--- 
CurK         1 -----------------------------------------------------------------MP-IDFSSHLDQ--- 
RhiC         1 ------------------HRAELATW-------------LNGVHQ-------------AGSAARGAPK-PY-RQF----- 
MmpA         1 -------------------------------------------------------------------------------- 
CurA         1 ----------------------IAAT-------------GGSKLF-------------QGNGNGGHPQ-ES--------- 
JamE         1 ----------------------ITAT-------------GSSKLP-------------QGNGNGGYSQ-ES---S----- 
StiB         1 -------------------------------------------------------------LSREIPT-ATSEASPPTRT 
TaiE         1 --------LGARLPAAQAARA---------------------------G-AF-AGVEPGEPDARALPA-AA-RAAAP--- 
Ta-1         1 -----------------------------------------------------------------IQK-TV-SAGA---- 
AjuA         1 -------------------------------------------APTANGATV-RGPERT-------------TTSTE--- 
ElaK         1 --------------------------------------------------------------------------MTN--- 
AjuE         1 ----------------------IATV---------SAGHDDAREPQE--------------------------------- 
VirA         1 -----------------------------------------------------AAPVPA----------AAAEPAAL--- 
SnaE2        1 -------------------------------------------------------------------------TAPQ--- 
TaiL         1 LALARRRAGGAPLPDAEAASATTATTASASGTAHAPNAAGDAHAPNAAGARA-ATPAPAENAAGAVHA-ARAANPAN--- 
VirFG        1 -------------------------------------------------------------------------------- 
StiA         1 ------------------------------------------------GIQLNGVEE---------PP-QAVE-SPSV-S 
StiE         1 ------------------------------------------------GLVLSVAEA---------PS-QAAEQSGSRAA 
StiG         1 -----------------------------------------------------------------------AIHSAAPEN 
AjuB         1 -----------------------------------------------------AEPV---------PA-TSSPTL--IAV 
AjuG         1 ------------------------------------------------------APT---------PE-TAAPPSPDASS 
consensus    1                                                                  ..       .      
�������������������������������������������������������������������������������������������������������������D1���������������������������������D2�
                                           -------   ------------------- 
CurL         3 ----EG---QEEEEVDLDDSQ-----NTQNLDSAQIETQGKVDHAIAAE-LQEIKNLLKEGN----------- 
CurI        10 ---ESN---LPE--------RKEVDVDEQILPVIEDISEEEFEALAAQQ-LEKIKSML--------------- 
CurJ         9 ---ASE---AETLDDMVDEGSLESELSESLAAEINQLSEDEMDLAVSQA-VSQLDQLL--------------- 
CurG        13 ---D------QQEDDSL---------EAKLLDEIKQSSNQELESSIDQI-LESIIN----------------- 
CurH        12 ---IEN---LEQEEID----------NTFR---FQEMSEDEMANILARK-LESLEGKKS-------------- 
CurK        12 ---TEK---ALDEEDVVAD-------GSSQLSDITELSEIELEASVLQE-IEALEKLI--------------- 
RhiC        30 -EPPHPLDHQLEKQFLSG--------ELSIDSLLNLVSIGTVER----------------------------- 
MmpA         1 ------VQVVHSS-------------DDLLDTILNQVQSGALAADSACAVVEDV----LAQR----------- 
CurA        23 --LPNNGSPVNSSEEMDP--------KLRLRAILNKVAKKELTIQEANKLVQQI----KKQVTV--------- 
JamE        24 --SPNHASQGDSSEEMSQ--------KVRLRAILNKVANNELTVQEANQLVQQL----KQQVTV--------- 
StiB        19 KDSAPTIEPQV---DALS--------GTA----LAELFDEQLSAIDAL--IDN----T--------------- 
TaiE        39 ---PA----HT---DAAA--------HTDTDALLRAIERGELDAGDADAIWRR----MQSRAARPEPLAQP-- 
Ta-1        10 ---P----------AQGE--------PPSLDELLRQVEAGELDPSVAQQFLTN----SQS------------- 
AjuA        21 ------VR-------SML--------GEPLD-----LPAEELSDSEAEALLVE----ELERLNY--------- 
ElaK         4 ---ISTYEPVQ---SLQQ--------EFSLDDVVRQVEKGEMDAEAANLLLAV----LSKQ------------ 
AjuE        17 ---------------SRD--------RAALDAALHEV--EQLSEEDALAALMK----GT-------------- 
VirA        15 ---PLPVT-GA---GEPS--------QADLDALLSAVRDNRLSIEQAVTLLTP----RR-------------- 
SnaE2        5 ---PAGAV-PA---GSVS--------AADLDALLAAVRDNRLTVEQALALLPQ----HT-------------- 
TaiL        76 ---PATLA-NP---APGG--------GVPLDDVLARVHRGELSVEAAEALLAG----ALG------------- 
VirFG        1 ---------------------------MDAKEILTRFKDGGLDRAAAQALLAG----RT-------------- 
StiA        21 EEDGAAMLKML---EQFQ--------ELSNEDLLGMLSD-DKED------------EVSS------------- 
StiE        23 GDLEALAEGLL---DELE--------GLSDDESG----------------------RLASGTAQRSPREDINE 
StiG        10 TPVGNPSRGIP---DELE--------GLPEEELIALFRD-EMAALERET-SGEKS------------------ 
AjuB        16 TPSPVTALPAL---PSLE--------NLSEAELSDLLAA-ELSASAALM-GPGMD------------------ 
AjuG        17 APSPTGSETAP---DPLD--------ALTEDELVALLAA-ELWPARAGL-SDARSGTLSEGPQRPEPHTA--- 
consensus   81    .     .    . ..        ........  ........  .....  .   .                
                                             H  H  H           C             
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C 
�������������������������������������������������������������DA���������������������������������������������������������������DB�
               ------------------------   -------------------------- 
CurL         1 -----------MNLKQEQEKE--QSLSAL-QRALIALKDARSKLEKYETQSKE 
CurH         1 ---MLNKFTKKEQILSEKQQI--KQLSPL-QRAALALKKLETKLNNTLHE--- 
AjuF         1 ----MSRST---------ARE--GRISAV-KLALLAQQVRSKIEGAELLGSE- 
StiF         1 ----MSSFL---------ERV--AELSPE-KRAALAELLRLAPE--------- 
StiB         1 MSDMMKQLA---------RMI--RDLPPD-RRAFLADLLRPEPE--------- 
VirFG        1 -----------MDAKEILTRFKDGGLDRAAAQALLAGRT-------------- 
CurJ         1 -----------MEPTTNKEQL-----SLSK-QMFLALKQAEAKLEMMELAKSE 
CurK         1 -----------MELSSQTTQL-----SNQQLLLLLKIQQATAKLHEIETAATE 
AjuB         1 --------MNSGEKREEATT---ASAPTVVKRALAAVQDLRARLAAAEQEKHA 
CurM         1 -------------MSNVSKT---TQQDVSSQEVLQVLQEMRSRLEAVNKAKTE 
StiH         1 -------------MSESAQP---IDYPARLRRALRVVRELQAELKSGRRARAE 
AjuH         1 -------------MSSPPLP---LDRHAVLKHALREIQQLRARVDTSERRERE 
CurI         1 -----------MKKSQSSRT---IDYKALMENAFLQIETLQSKLEAFENQEKE 
AjuC         1 -------------MSNSTET---PDPQARLREAILAIHKLRTRLDAVERQKT- 
consensus    1     .      ....  ....  ............................ . 
                                                     H      HH   C  C 
 

 
Figure S1. Comparative sequence analysis of VirFG NDD and Class 2 docking domains. (A) Sequence of 
subunit VirFG upstream of the conserved KS domain. The first 28 residues (in red) have been 
designated as VirFG NDD. (B) Multiple alignment using ClustalOmega1 of the C-terminal regions of PKS 
subunits from trans-AT PKSs (in red), with those of cis-AT PKS2 (black, except for those of subunit CurA 
and the closely-related JamE (in blue)) (analysis as published in ref. 3). The sequences (with the 
exception of VirFG NDD) from the trans-AT PKSs  lie downstream of the conserved sequences of single 
(Ta1) or tandem acyl carrier protein (ACP) domains associated with E-modification reactions, which 
are located at the ends of subunits. The trans-AT PKS regions were identified manually, as BLAST 
analysis using the VirA region did not yield any homologous sequences. The positions of the two D-
helices in the solved structure of the CurG and CurK C-terminal docking domains are indicated, as are 
the hydrophobic (H) and charged (C) residues which contribute to the docking interface.2 (C) Multiple 
alignment using ClustalOmega1 of the N-terminal regions from the partner cis-AT PKS subunits to those 
shown in (B), alongside that of VirFG (in red). The positions of the two D-helices in the solved structure 
of the CurH and CurL N-terminal docking domains are indicated, as are the hydrophobic (H) and 
charged (C) residues which contribute to the docking interface.2 Key: Cur, curacin (cis-AT PKS);4 Rhi, 
rhizoxin (trans-AT);5 Mmp, mupirocin (trans-AT);6 Jam, jamaicamide (cis-AT) ;7 Sti, stigmatellin (cis-
AT) ;8 Tai, thailandamide (trans-AT);9 Ta, myxovirescin (antibiotic Ta; trans-AT);10 Aju, ajudazol (cis-
AT);11 Ela, elansolid (trans-AT);12 Vir, virginiamycin (trans-AT);13 Sna, pristinamycin (trans-AT).14  
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Table S2. Analysis of intersubunit interfaces in trans-AT PKSs. 
C-terminal 
domain 

N-terminal 
domain 

Split 
module? Systems where present (number of interfaces if >1) 

ACP KS  Atc, Chi (2), Cor, Ela, FR9, Kir, Mmp, Ooc, Ozm (3), Rhi (2), Sna, Tai 
(2), Tdp, Tmp (2), Vir, 592 (5) 

ACP KS°  Cal (3), Mmp, Nsp, Onn, Ped, Psy 
ACP DH 9 Cor 
ACP DH° 9 Bry 
ACP ER 9 Bry (2), Etn, Ta 
ACP C  Bae, Bat, Chi, Kir (2), Ozm, Sna (2), Tai, Tdp, Vira 

ACP HC  Dis, Riz, Vir 
KS DH 9 Chi, Dif (2), Ela, Etn (2), FR9(2), Kir (2), Lnm, Lum, Mis, Mln (2), Sor 

(3), Tst 
KS° DH 9 Bae (2), Bat, Bon, Cal, Dif, Lum, Mis, Rhi, Tai, Tto 
KS DH° 9 Cor, Dif 
KS C-MT 9 Ta, Tai 
KS KR 9 Ela, Lac, Lkc (2), Lum, Mgs, Mln, Riz 
KS KR° 9 592 
KS KS 9 Ooc 
KS ECH 9 Cal 
FH ACP 9 Ooc 
KR C-MT 9 Bae, Bon, Cal, Dif (2), Ela, Etn, Ooc, Rhi, Sor (3) 
KR ACP 9 Bon, Etn 
DH KS 9 Lkc 
DH ACP 9 Atc, Lac, Mgs, Ped 
DH KR 9 Cto (2), Dis, Lkc (2), Lum, Mis, Mln (2), Tst, Tto 
DH° KR 9 Mln 
PS KR 9 Sor 
C A 9 Alb 
HC A 9 Cal, Rhi 
C GNAT 9 Bry 
C C 9 FR9, Tst 
C N-MT 9 Ttt 
PCP KS  Ozm, Nsp, Sna, Tdp(2) 
O-MT ACP 9 Ozm 
C-MT ACP 9 FR9, Riz 
Ox KR 9 FR9, Tst 
E C 9 Tdp 

aThe full Vir-encoding region has not been published.13 But based on comparison with the highly-homologous sna cluster 
from S. pristinaespiralis which gives rise to the same molecule,14 we presume that the Vir PKS also incorporates such an 
interface. The first two columns indicate the functional domains present at the C- and N-termini, respectively, of the 
interacting subunits, while the third reports whether the interface constitutes a split module.  
 
Key to domain names: KS, ketosynthase; DH, dehydratase; C-MT, C-methyltransferase; KR, ketoreductase; FH, FkbH-like 
domain; ACP, acyl carrier protein; C, condensation; HC, heterocyclization; ER, enoyl reductase; PS, pyrane synthase; A, 
adenylation; GNAT, Gcn5-related N-acetyltransferase; PCP, peptidyl carrier protein; O-MT, O-methyltransferase; Ox, oxidase; 
E, epimerase; °, inactive. 
Key to trans-AT PKS systems: 
Atc, anthracimycin;15,16 Chi, chivosazol;17 Cor, corallopyronin;18 Ela, elansolid;12 FR9, FR901464;19 Kir, kirromycin;20 Mmp, 
mupirocin;6 Ooc, oocydin;21 Ozm, oxazolomycin;22 Rhi, rhizoxin;5 Sna, pristinamycin;14 Tai, thailandamide;9 Tdp, 
thailandepsin;23 Tmp, thiomarinol;24 Vir, virginiamycin;13 592, enacyloxin;25 Cal, calyculin;26 Nsp, nosperin;27  Onn, 
onnamide;28 Ped, pederin;29 Psy, psymberin;30 Bry, bryostatin;31 Etn, etnangien;32 Ta, myxovirescin (antibiotics TA);10 Bae, 
bacillaene;33 Bat, kalimantacin/batumin;34 Dis, disorazol;35,36 Riz, rhizopodin ;37 Dif, difficidin;38 Lnm, leinamycin;39 
Lum, luminaolide;40 Mis, miskinolide;40 Mln, macrolactin;41 Sor, sorangicin;42 Tst, thailanstatin;43 Bon, bongkrekic acid;44 Tto, 
tolytoxin;40 Lac, lactimidomycin;45 Lkc, lankacidin;46 Mgs, migrastatin;47 Cto, chlorotonil;16 Alb, albicidin;48 Ttt, 
thalassospiramide.49 
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A    

                                                                                                                                 
ChiB_ACP         1  ----------------------------LSSFAADVRLPGAAKIDTAALFG-------------------   23 
TaiL_ACP         1  ----------------------------ASELALARRRAGGAPLPDAEAASATTATTASASGTAHAPNAA   42 
OzmN_ACP         1  ---------------------------------------------------AATGAAGTAAGTAAGPARA   19 
OzmH_ACP         1  ----------------------------------DALLGPAAQEP-------------------------   11 
ChiE_ACP         1  ----------------------------VDHHE-AALRASEPPGVGGGGAEPVRPRANPERPERADPP--   39 
ChiC_ACP         1  -----------------------ERDPALAEIKAQVLRAQGA----------------------------   19 
KirAV_ACP        1  ----------------------------AGRFDGGTGG--ADDLPALFADFDRLA---------------   25 
5925_ACP         1  ---------------------------------------LAANAPAG-----------------------    8 
VirA_ACP         1  -----------------------------------AGR--AAPVPA------------------------    9 
KirAII_ACP       1  HDKYGPLPATATPEPPPAPVTSSATAPEPTSVPVASSAAAPAPIPA------------------------   46 
SnaE2_ACP        1  -----------------------------------TSR--TAPQPA------------------------    9 
TaiE_ACP         1  ----------------------------------GTQL--GARLPAAQAARAGAF---AGV---------   22 
AtcE_ACP         1  -----------------------------------HAG--HAAAPPGA----------DGA---------   14 
DisB_ACP         1  -----------------------------------SRR--GARAPESRAKARSGA---AGA---------   21 
Ta-1_ACP         1  --------------------------------------------GN------------------------    2 
RhiC_ACP         1  ---------------------------------ADNQRTAMAVSPN------------------------   13 
RizC_ACP         1  ------------------------------------RALV-TEAPPRGA---------------------   12 
TaiD_ACP         1  -----------------------AERIARDG---GRRAAEAARAPDAAMAS--DVA--------------   28 
5923_ACP         1  -----------------------------------------AR---GALAE--LFA--------------   10 
EtnH_ACP         1  ----------------------------------------CAEHPDDLARRQAG----------------   14 
BaeM_ACP         1  ----------------------------------------LTEHKETIETFYRTE---------------   15 
MlnD_ACP         1  --------------------------SSI-------------RNR-------------SAD---------    9 
OzmK_ACP            ----------------------------------------------------------------------      
BryA_ACP         1  --------------------------RKQIIS----------NDE-------------KQH---------   12 
Bat1_ACP         1  ------------------------VRIVSAQPREAS----SARTLDVVVGERLDTQ--SSD---------   31 
ElaK_ACP         1  ---------------------------------------SSEMT-------NISTY--EPV---------   13 
BryB_ACP         1  ------------------------------------------KQKIEQK---------------------    7 
Consensus_aa:       .........................................h............................ 
Consensus_ss:                                                     h                        
 
                                                                                    D1 
                                                                                                                                                                                                                  ---------- 
ChiB_ACP        24  ---------------DGAAPAPAPA---------PAPVD-EPRGGEPEG----------D-----EPLWR   53 
TaiL_ACP        43  GDAHAPNAAGARAATPAPAENAAGAVHAARAANPANPAT--LANPAPGG----------G-----VPLDD   95 
OzmN_ACP        20  A----EPEAGIEQLVDSLSDTEVD----------------------------------------------   39 
OzmH_ACP        12  ---------------PAP---------------PAPPAS--SASSASSG----------T-----SAPDD   34 
ChiE_ACP        40  -------ERAGVAPGRRAPSPPAAAVERFDGA---VPED--LAGEVARM---------SD-----AEVER   83 
ChiC_ACP        20  ---------------PGP---------------GAPE--------LAVG----------H-----DELWR   36 
KirAV_ACP       26  ----------------------AGLTEAATDEVFRDRVVERVRGLLTAL-------SPATP---EAPPD-   62 
5925_ACP         9  ----------------------SAVAEAAS-----------VAPAVEAT-------EPAA-----APLDT   33 
VirA_ACP        10  -----------------------AAAEPAA----------LPLPVTGAG-------EPSQ-----ADLDA   34 
KirAII_ACP      47  -----------------------PVAPSAA----------APAPVASSAAAPEPPPAPVA-----ADAVG   78 
SnaE2_ACP       10  -----------------------GAVPAG---------------------------SVSA-----ADLDA   24 
TaiE_ACP        23  ---------------EPGEPDARALPAAARAA--APPAH--------TD-------AAAH-----TDTDA   55 
AtcE_ACP        15  ------------------------------------------------G-------PERA-----TDVED   24 
DisB_ACP        22  ------------------------------------------------------------------DLST   25 
Ta-1_ACP         3  -----------------------EIQKTVSAG-----------APAQGE----------P-----PSLDE   23 
RhiC_ACP        14  -----------------------DLDHAVSAG-----------NNVRG--------QSRPIEIHPPFADQ   41 
RizC_ACP        13  --------------------------TQSANGH-------------ALE-------GMSD-----GNLEE   31 
TaiD_ACP        29  ---------------EASVVSEATEASDASEASDASEAS--EASEASEA-------SKAP-----ADLAA   69 
5923_ACP        11  ---------------PAIVAAPAQ----LAN----------AAADASLG-------DHSA-----AELAR   39 
EtnH_ACP        15  ----------------------------TQANG--------------GA-------VLER-----RAVEA   30 
BaeM_ACP        16  -------------------------ETETEAA--APESK-----------------EYTD-----QEIIA   36 
MlnD_ACP        10  ----------------------KPYNGNFREKS--GFGLEEIAYTLQTGR----EPFECRLAITCSNIGD   51 
OzmK_ACP         1  -------------------------------------------------------------------EAE    3 
BryA_ACP        13  ----------------------QPSISTIFP----------------------------------TSLDE   26 
Bat1_ACP        32  ---------------DRT----MKMLEDFRDG---NVKIEEVEGILDRW-------TKTQS--SDDRTMK   70 
ElaK_ACP        14  ----------------------QSLQQEF-------------------------------------SLDD   24 
BryB_ACP         8  -----------------------NDIQNLSSSSYFSEDN-----------------QEVA-----LSLKE   32 
Consensus_aa:       .................................................................s.h.. 
Consensus_ss:                              hhhhhh                                      hhh 
� ���������������������������D�                                                                                                                                 D2 
                    ----------                                         -------- 
ChiB_ACP        54  ----LLRGVESGAL------------------------------------DVNEACRLLELP--------   75 
TaiL_ACP        96  ----VLARVHRGEL------------------------------------SVEAAEALLAGALG------  119 
OzmN_ACP        40  ----SLLRQLGSVL------------------------------------QKQEEQR-------------   56 
OzmH_ACP        35  LIVKLEARFAAGEL------------------------------------SAAEVLDLLDAELATREQR-   67 
ChiE_ACP        84  ----LLGWLQGGGAGGAGGAGGAGATN----------GSSAVRASLDDGQEREAERRRLDRGPSGEWR--  137 
ChiC_ACP        37  ----LLGALGDAELD---------------------------------ALGDAELDALFNALRSRPELEG   69 
KirAV_ACP       63  ----LFAAA-----------------------------------------TDDEVFALIDAELGSPVRGQ   87 
5925_ACP        34  ----ELSEIEG--L------------------------------------QDDDLAALLGKEFIRE----   57 
VirA_ACP        35  ----LLSAVRDNRL------------------------------------SIEQAVTLLTPRR-------   57 
KirAII_ACP      79  ---ALLAGLRDGSV------------------------------------TVDDALAELRQGNVR-----  104 
SnaE2_ACP       25  ----LLAAVRDNRL------------------------------------TVEQALALLPQHT-------   47 
TaiE_ACP        56  ----LLRAIERGEL------------------------------------DAGDADAIWRRMQSRAARPE   85 
AtcE_ACP        25  ----MLRRLAAGEL---------------------------------------TVAEAYTNLGGPA----   47 
DisB_ACP        26  ----SLKALSGAVLREQFLAF----------------------GHDLAGVPGEELTRLYAILQEE-----   64 
Ta-1_ACP        24  ----LLRQVEAGEL------------------------------------DPSVAQQFLTNSQS------   47 
RhiC_ACP        42  ----LEGLFLSGEL------------------------------------SIDSLLNIVSPGVAEIREVS   71 
RizC_ACP        32  ----LFARLSGV--------------------------------------SSQKGEA-------------   46 
TaiD_ACP        70  ----LLERFRAGQM------------------------------------DLDDIVDL------------   87 
5923_ACP        40  ----ILAHELGG---------------------------------------LESRGAL------------   54 
EtnH_ACP        31  ----LAEELALGRI------------------------------------SLDQTLDRLRA---------   51 
BaeM_ACP        37  ----MMKQVSEGTL------------------------------------DFKRVQDIIEGSKTYES---   63 
MlnD_ACP        52  ----LLEKLNGYIQGSRLQGVYEGNVTDFDSLYAPLFGGPEGHAYVQSLIQQNKPAKLAQLWTIGCEISW  117 
OzmK_ACP         4  ----LIERIDE--L------------------------------------PEETVSTLLA----------   21 
BryA_ACP        27  ----LLKKIQEGTL------------------------------------GIEEADQLIDELPD---YHL   53 
Bat1_ACP        71  ----MLEDFRDGNV------------------------------------KIEEVEGILDRWTK------   94 
ElaK_ACP        25  ----VVRQVEKGEM------------------------------------DAEAANLLLAVLSKQ-----   49 
BryB_ACP        33  ----ILKKVEGNTL------------------------------------SIDKAEKLFEQFSLK-----   57 
Consensus_aa:       ....hh..h..s.h....................................p.pp...hh........... 
Consensus_ss:           hhhhhh                                         hhhhhhhhhhh         
  

http://prodata.swmed.edu/promals3d/info/consensus.html
http://prodata.swmed.edu/promals3d/info/consensus_ss.html
http://prodata.swmed.edu/promals3d/info/consensus.html
http://prodata.swmed.edu/promals3d/info/consensus_ss.html
http://prodata.swmed.edu/promals3d/info/consensus.html
http://prodata.swmed.edu/promals3d/info/consensus_ss.html
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ChiB_ACP            ----------------------------------------------------------------------      
TaiL_ACP            ----------------------------------------------------------------------      
OzmN_ACP            ----------------------------------------------------------------------      
OzmH_ACP            ----------------------------------------------------------------------      
ChiE_ACP            ----------------------------------------------------------------------      
ChiC_ACP        70  MV--------------------------------------------------------------------   71 
KirAV_ACP       88  EDR-------------------------------------------------------------------   90 
5925_ACP            ----------------------------------------------------------------------      
VirA_ACP            ----------------------------------------------------------------------      
KirAII_ACP          ----------------------------------------------------------------------      
SnaE2_ACP           ----------------------------------------------------------------------      
TaiE_ACP        86  PLAQP-----------------------------------------------------------------   90 
AtcE_ACP            ----------------------------------------------------------------------      
DisB_ACP            ----------------------------------------------------------------------      
Ta-1_ACP            ----------------------------------------------------------------------      
RhiC_ACP        72  I---------------------------------------------------------------------   72 
RizC_ACP            ----------------------------------------------------------------------      
TaiD_ACP            ----------------------------------------------------------------------      
5923_ACP            ----------------------------------------------------------------------      
EtnH_ACP            ----------------------------------------------------------------------      
BaeM_ACP            ----------------------------------------------------------------------      
MlnD_ACP       118  EDLYEEELKPVKLSLPLYPFSKNRHWIHLNKDEAQKAEAFSNTELHNSNKDTADGEIMSLLEKAQTGEMN  187 
OzmK_ACP            ----------------------------------------------------------------------      
BryA_ACP        54  DMELHELL--------------------------------------------------------------   61 
Bat1_ACP            ----------------------------------------------------------------------      
ElaK_ACP            ----------------------------------------------------------------------      
BryB_ACP            ----------------------------------------------------------------------      
Consensus_aa:       ...................................................................... 
Consensus_ss:                                                                              
 
 
ChiB_ACP            ---------------      
TaiL_ACP            ---------------      
OzmN_ACP            ---------------      
OzmH_ACP            ---------------      
ChiE_ACP            ---------------      
ChiC_ACP            ---------------      
KirAV_ACP           ---------------      
5925_ACP            ---------------      
VirA_ACP            ---------------      
KirAII_ACP          ---------------      
SnaE2_ACP           ---------------      
TaiE_ACP            ---------------      
AtcE_ACP            ---------------      
DisB_ACP            ---------------      
Ta-1_ACP            ---------------      
RhiC_ACP            ---------------      
RizC_ACP            ---------------      
TaiD_ACP            ---------------      
5923_ACP            ---------------      
EtnH_ACP            ---------------      
BaeM_ACP            ---------------      
MlnD_ACP       188  MKETSELIEELLFHE  202 
OzmK_ACP            ---------------      
BryA_ACP            ---------------      
Bat1_ACP            ---------------      
ElaK_ACP            ---------------      
BryB_ACP            ---------------      
Consensus_aa:       ............... 
Consensus_ss:                       

  

http://prodata.swmed.edu/promals3d/info/consensus.html
http://prodata.swmed.edu/promals3d/info/consensus_ss.html
http://prodata.swmed.edu/promals3d/info/consensus.html
http://prodata.swmed.edu/promals3d/info/consensus_ss.html
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B                                  
�
TaO_ER           1  GEGHRIGVL---QQPPRGRDCHEADDGSRRI-------------------------PQPPVPQVGRPGRG   42 
KirAIII_C           ----------------------------------------------------------------------      
Bat2_C              ----------------------------------------------------------------------      
EtnI_ER          1  PEHSYEP------RGEST----------------------------------------------------   12 
ChiD_HC          1  ----QRP-------DRG-----------------------------------------------------    6 
5924_KS          1  --NKPTS------SDGWK----------------------------------------------------   10 
RizD_HC          1  --PFK-----------------------------------------------------------------    3 
OzmL_C              ----------------------------------------------------------------------      
DisC_HC             ----------------------------------------------------------------------      
SnaE3_KS         1  AEGPSRPLP---AEPDAV----------------------------------------------------   15 
VirFG_KS            ----------------------------------------------------------------------      
TaiM_KS             ----------------------------------------------------------------------      
TaiK_KS             ----------------------------------------------------------------------      
ChiC_KS             ----------------------------------------------------------------------      
AtcF_KS             ----------------------------------------------------------------------      
OzmH_KS             ----------------------------------------------------------------------      
RhiD_KS             ----------------------------------------------------------------------      
ElaO_KS             ----------------------------------------------------------------------      
TaiE_C           1  PRWRPTWLKRLSCPKQPRHPTHPKHPTHPKHPKHPKHPRHPKHPRISRRCSSASARGKWISTTSSTWFDG   70 
MlnE_KR          1  -------------NEK------------------------------------------------------    3 
OzmJ_KS             ----------------------------------------------------------------------      
BaeN_C              ----------------------------------------------------------------------      
BryC_ER             ----------------------------------------------------------------------      
5922_KS             ----------------------------------------------------------------------      
ChiF_KS          1  -------------AMT------------------------------------------------------    3 
KirAVI_KS           ----------------------------------------------------------------------      
BryB_ER          1  --------------VVVE---------------------------------------------------E    5 
Consensus_aa:       ...................................................................... 
Consensus_ss:                                                                              
 
 
                         ����D1                                                                                      D2 
                       ----------                         -------- 
TaO_ER          43  AVMTRLEILQALQS-----------------GRMA---LADAKKALAAIEAQVQPED-------------   79 
KirAIII_C        1  -SRALRDVLAAVAA-----------------GELP---DEIAESLLRGLSDPVPEPG-------------   36 
Bat2_C           1  ---TRRDLLFAYKN-----------------RSLT---TQELVAALTELNTERRFS--------------   33 
EtnI_ER         13  VKSQIEALLREYQS-----------------GLLS---EAELRARYAQLVASGSD--------------G   48 
ChiD_HC          7  --RRLYRMEKAVTD-----------------AMFDERSREEKLSVFRALRDRLRRTPPQHG----GAADG   53 
5924_KS         11  --DDYLSRLSRLSK-----------------NQLM---ALALKLKQQQLEQGPAA---------------   43 
RizD_HC          4  ----NDSALNEFR-------------------LLS---REEKLQRIAALIEEKKSSAKS-----AASSEA   42 
OzmL_C           1  ----SREDLATSRK-----------------ARLS----PQKRALLEKLSGAARTS---------GTTRI   36 
DisC_HC          1  ---ESAMTIQEFAN-------------------LS---AEEKVQVLRLRDR-RASWQ---AAPEGPAASA   41 
SnaE3_KS        16  DRDRAAALLRAVAGQRGPAAGAATASARPAPGGVD---RAEAAALLRAAAGERRPG--GDGPAGGS-MGR   79 
VirFG_KS         1  ---DAKEILTRFKD-----------------GGLD---RAAAQALLAGRTPAAAPR--PSEPAAAP-TRP   44 
TaiM_KS          1  ERQNLRNVLERLKA-----------------AAIG---PDEAKRMLSAARAGDA-------------ADK   37 
TaiK_KS          1  --RSSKEIFEALRD-----------------GRLS---REEAHAALRSARAAADAALGASGAFEPRGAEA   48 
ChiC_KS          1  -KRDPRVIFEQLKN-----------------GQIS---RAEAHRLLKARSDGREQEATGPGAEEGAAAEA   49 
AtcF_KS          1  -NSAVKRVLELVET-----------------RQIS---PEEGRRRLTALGTAGDRPVA------GEAGDR   43 
OzmH_KS          1  -------------------------------RRRS---MDDKRALLLKLLASVRQQAAPA----------   26 
RhiD_KS          1  SSQEFQSIIAGLQN-----------------RQIT---VAEAKQRLQRLKAASATL-GTEQ---TEAADK   46 
ElaO_KS          1  ---DSLAILKALST-----------------GAIS---AGAAREALKQLAVAPVSVKP------------   35 
TaiE_C          71  DHVNKKDILLAYRE-----------------GLLD---TGSAQRVLDALRERSASAP-------------  107 
MlnE_KR          4  -TMQIEQIVKKVKE-----------------CSLT---PEEGLELI------------------------   28 
OzmJ_KS          1  SSANFRDILDGYVR-----------------GAVG---AEQARGLLDAGRTDPDQGK----------EER   40 
BaeN_C           1  ---NHKELLDAYRS-----------------GTLT---IAEVEQKLQAFKRTT--------------AKR   33 
BryC_ER          1  ---KAKVIFQGLKS-----------------NEIS---IEQAEKMLLSLDTESKHGHPESKLSDIKSDLH   47 
5922_KS          1  TDMDKDLLLQSIQT------------------------IRELKTRLAQAEQGHHEA--------------   32 
ChiF_KS          4  -LRSQDLMMDAK---------------------------RESLVRLLHQKKAN-----------------   28 
KirAVI_KS        1  --SSEDKLRDYLRR-----------------VTAE---LQVTRRRLREVESRSG----------------   32 
BryB_ER          6  FFVSYRDILKALQD-----------------EKIS---FEEAKYKLIKRKDKKSKQRLN------HDREL   49 
Consensus_aa:       ...p...hhp.hpp.................s.hs..........l........................ 
Consensus_ss:         hhhhhhhhhhhh                        hhhhhhhhhhhhh                    
 
 
TaO_ER              ----------------------------------------------------      
KirAIII_C       37  --------------------PYP-----------------------------   39 
Bat2_C              ----------------------------------------------------      
EtnI_ER         49  APA---------RPADR--AGATQTVRR------------------------   65 
ChiD_HC         54  AGP---------RAPVL--APDPQNRHRPFP---------------------   73 
5924_KS             ----------------------------------------------------      
RizD_HC         43  FA--------------------------------------------------   44 
OzmL_C          37  PRP----------ADA-----RPP----------------------------   45 
DisC_HC         42  QP-----------SLRPVITARPGDRFLPFP---------------------   61 
SnaE3_KS        80  TLP-----------AEA--GSAGRVL--------------------------   92 
VirFG_KS        45  AVPAVPAVEPAAGTTVAAEGTAGRP---------------------------   69 
TaiM_KS         38  PQP-----------GPA--AAAPRDA--------------------------   50 
TaiK_KS         49  AGA-----------NGA--ADAGDAASGASAANGERAAHAAKTAESAAAADA   87 
ChiC_KS         50  RAP-----------SAP-----PPQPASSDSDVG------------------   67 
AtcF_KS         44  PRP-----------DGR--AAAPPASEGPPSD--------------------   62 
OzmH_KS         27  -------------------TAPRRTA--------------------------   33 
RhiD_KS         47  AVS----------GTGR--AQEP-----------------------------   57 
ElaO_KS         36  -------------GHDA--RATP-----------------------------   43 
TaiE_C              ----------------------------------------------------      
MlnE_KR             ----------------------------------------------------      
OzmJ_KS         41  PEP-----------AAD--AADPIDRSRM-----------------------   56 
BaeN_C          34  P---------------------------------------------------   34 
BryC_ER         48  DD--------------------------------------------------   49 
5922_KS             ----------------------------------------------------      
ChiF_KS             ----------------------------------------------------      
KirAVI_KS           ----------------------------------------------------      
BryB_ER         50  NRS---------------MKITPKIVNN------------------------   62 
Consensus_aa:       .................................................... 
Consensus_ss:                                                            

 
 

http://prodata.swmed.edu/promals3d/info/consensus.html
http://prodata.swmed.edu/promals3d/info/consensus_ss.html
http://prodata.swmed.edu/promals3d/info/consensus.html
http://prodata.swmed.edu/promals3d/info/consensus_ss.html
http://prodata.swmed.edu/promals3d/info/consensus.html
http://prodata.swmed.edu/promals3d/info/consensus_ss.html
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Figure S2. Identification of putative families of docking domains in trans-AT PKSs. (A) Secondary 
structure/sequence-based alignment by PROMALS3D50 of VirA CDD alongside putative C-terminal 
docking domains from trans-AT PKSs operating at junctions between ACP various partner domains (the 
sequences include all amino acids downstream from the conserved ends of the ACP domains). 
Predicted D-helices are indicated in red (those present in OzmN, KirAII and SnaE2 were predicted by 
independent analysis using PsiPred v. 3.2), and the extents of helices D1 and D2 in VirA CDD as 
determined by NMR are shown above the alignments. Key to systems: Chi, chivosazol; Atc, 
anthracimycin; Kir, kirromycin; Ozm, oxazolomycin; Dis, disorazol; Tai, thailandamide; Vir, 
virginiamycin; Sna, pristinamycin; 592, enacyloxin; Ta-1, myxovirescin; Rhi, rhizoxin; Riz, rhizopodin;  
Etn, etnangien; Bae, bacillaene; Mln, macrolactin; Bry, bryostatin; Bat, kalimantacin/batumin; Ela, 
elansolid. (B) Secondary structure/sequence-based alignment by PROMALS3D50 of VirFG NDD alongside 
the putative partner docking domains of those shown in (A) (the sequences include all amino acids 
upstream from the conserved starts of the downstream catalytic domains). Predicted D-helices are 
indicated in red (those present in VirFG were predicted by independent analysis using PsiPred v. 3.2), 
and the extents of helices D1 and D2 in VirFG CDD as determined by NMR are shown above the 
alignments. In all cases, the downstream domain is indicated: ER, enoyl reductase; C, condensation; 
HC, heterocyclization; KS, ketosynthase; KR, ketoreductase. Key to color coding of interface residues: 
green = residue at hydrophobic interface in VirA CDD−VirFG NDD complex structure; blue = intradomain 
hydrophobic interaction residue; purple = residue participating in an electrostatic interaction at the 
docking interface. 
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Table S3. Putative members of a new docking domain family in trans-AT PKS. 
C-terminal 
domain 

N-terminal 
domain Systems/interfaces where presenta 

ACP KS 

AtcE/AtcF; ChiB/ChiC; ChiE/ChiF; ElaK/ElaO (ACP�ACP/KS); KirAV/KirAVI; 
OzmN/OzmH; OzmH/OzmJ; RhiC/RhiD (ACP�ACP/KS); SnaE2/SnaE3 
(ACP�ACP/KS); TaiE/TaiK (ACP�ACP/KS); TaiL/TaiM (ACP�ACP/KS); VirA/VirFG 
(ACP�ACP/KS); 5923/5922; 5925/5924 

ACP C BaeM/BaeN; Bat1/Bat2; KirAII/KirAIII; OzmK/OzmL; TaiD/TaiE 
ACP HC ChiC/ChiD; DisB/DisC; RizC/RizD 
ACP KR MlnD/MlnE 
ACP ER BryA/BryB; BryB/BryC; EtnH/EtnI; Ta-1/TaO 
aThe host organisms of these 19 systems include six Streptomyces strains (Streptomyces strains CNH365/T676 
(anthracimycin, Atc), Streptomyces collinus Tü 365 (kirromycin, Kir), Streptomyces pristinaespiralis (pristinamycin, Sna), 
Streptomyces virginiae (virginiamycin, Vir) and Streptomyces albus JA43453 (oxazolomycin, Ozm)), five myxobacterial 
strains (Sorangium cellulosum So ce56 (chivosazol, Chi and etnangien, Etn), Chitinophaga pinensis DSM2588 (Elansolid, 
Ela), Sorangium cellulosum So ce12 (disorazol, Dis), Stigmatella aurantiaca Sg a15 (rhizopodin, Riz) and Myxococcus 
xanthus DK1622 (myxovirescin, Ta)) three Burkholderia strains (Burkholderia rhizoxinica (Rhizoxin, Rhi), Burkholderia 
thailandensis E264 (thailandamide, Tai) and Burkholderia ambifaria AMMD (enacyloxin, 592)), two Bacillus strains (Bacillus 
subtilis 168 (bacillaene, Bae) and Bacillus amyloliquefaciens FZB42 (macrolactin, Mln)), and one Pseudomonas 
(Pseudomonas fluorescens BCCM_109359 (kalimanticin/batumin, Bat)). Thus, these docking domains show a limited 
phylogenetic distribution, but nonetheless occur within multiple phyla (actino- and proteobacteria and firmicutes).  

Interfaces derived from the same system are indicated by matching colors (i.e. red for enacyloxin). The interfaces in 
italics may actually incorporate Class 2 docking domains, as characterized from cis-AT PKS (see Appendix for further details 
of the analysis). 
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Figure S3. SDS-PAGE analysis of protein preparations used in this study. VirA CDD (calc’d: 4.3 kDa); 
VirFG NDD (calc’d: 4.1 kDa); VirFG NDD-linker (calc’d: 7.2 kDa); VirA ACP5b-CDD (calc’d: 14.3 kDa); VirA 
CDD−VirFG NDD (covalent fusion) (calc’d: 8.4 kDa); VirA ACP5b-CDD−VirFG NDD (covalent fusion) (calc’d: 
18.4 kDa); VirA ACP5b-CDD−VirFG NDD-KS6 (covalent fusion) (calc’d: 85.8 kDa). The molecular weights 
of the markers are indicated. 
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Table S4. Sequences of constructs investigated in this study 
Name of construct Sequencea 

VirA CDD GPGSYTGAGEPSQADLDALLSAVRDNRLSIEQAVTLLTPRR 
VirFG NDD GPGSMDAKEILTRFKDGGLDRAAAQALLAGRTPAAAPRPY 
VirFG NDD-linker GPGSMDAKEILTRFKDGGLDRAAAQALLAGRTPAAAPRPSEPAAAPTRPAVPAVPAVEPAA 

GTTVAAEGTAGRP 

VirA ACP5b-CDD GPGSAVAVDPAPVARALREELARTLYCEPGDIDDEASFNTLGLDSILGVEFVAFVNQTYGL 
DEKAGILYDHPSLAALSRHVAGRAAPVPAAAAEPAALPLPV 

VirFG NDD-KS6 GPGSMDAKEILTRFKDGGLDRAAAQALLAGRTPAAAPRPSEPAAAPTRPAVPAVPAVEPAA 
GTTVAAEGTAGRPEPVAVIGYSARFPGAADADTFWQRILDGDDLVTEVPPERWRTEEFYDP 
DPAAEGRSVSRWGAYVADADRFDADFFRMTPREAELTDPQARLFLQEAWRALEHAGRDARS 
LAGTRCGVYAGVMLNDYQDLVERESPYKRLPQVMQGNSNSILAARIAYHLDLKGPAVTVDT 
ACSSSLTALHLACQSLWLGETDLTVVGGVTLYLTELPHVFMSAAGMLSPNGRCRPFDAAAD 
GIVPGEGCAVVVLKPLSKALADGDPVHAVIRASGLNQDRGPQRGITAPSARSQTALVRDTL 
QRFPAVDPAGIDYVECHGTGTPLGDPIEVTALNEAFAGAGLAPASVPIGSVKGNIGHTSAA 
AGLAGLLKAAGVVRTGLVPPSLHYARANPQIPFDQGPFTVAGERRELGRPDGGRPRRATVS 
SFGFSGTNAYVVVEQAPEQAARPAGDDGAPPVLVPLSGPARADAPAAHAADLARWLRGPGS 
DASPADVAHTLAVARTHHTYRSALLVSGRDELLESLDLLAAGSADPRRTDTAPDAAAPDAA 
VRRAQAALLARLVERAGENPGPVELAALAKLYTQGHTVDWAAVSPPARHRRLSLPAYPFAP 
HRHYVER 

VirA CDD−VirFG NDD GPGSYTGAGEPSQADLDALLSAVRDNRLSIEQAVTLLTPRRGGGSGGGSMDAKEILTRFKD 
GGLDRAAAQALLAGRTPAAAPRP 

VirA ACP5b-CDD−VirFG 
NDD 

GPGSAVAVDPAPVARALREELARTLYCEPGDIDDEASFNTLGLDSILGVEFVAFVNQTYGL 
DEKAGILYDHPSLAALSRHVAGRAAPVPAAAAEPAALPLPVTGAGEPSQADLDALLSAVRD 
NRLSIEQAVTLLTPRRGGGSGGGSMDAKEILTRFKDGGLDRAAAQALLAGRTPAAAPRP 

VirA ACP5b-CDD−VirFG 
NDD-KS6 

GPGSAVAVDPAPVARALREELARTLYCEPGDIDDEASFNTLGLDSILGVEFVAFVNQTYGL 
DEKAGILYDHPSLAALSRHVAGRAAPVPAAAAEPAALPLPVTGAGEPSQADLDALLSAVRD 
NRLSIEQAVTLLTPRRGGGSGGGSMDAKEILTRFKDGGLDRAAAQALLAGRTPAAAPRPSE 
PAAAPTRPAVPAVPAVEPAAGTTVAAEGTAGRPEPVAVIGYSARFPGAADADTFWQRILDG 
DDLVTEVPPERWRTEEFYDPDPAAEGRSVSRWGAYVADADRFDADFFRMTPREAELTDPQA 
RLFLQEAWRALEHAGRDARSLAGTRCGVYAGVMLNDYQDLVERESPYKRLPQVMQGNSNSI 
LAARIAYHLDLKGPAVTVDTACSSSLTALHLACQSLWLGETDLTVVGGVTLYLTELPHVFM 
SAAGMLSPNGRCRPFDAAADGIVPGEGCAVVVLKPLSKALADGDPVHAVIRASGLNQDRGP 
QRGITAPSARSQTALVRDTLQRFAVDPAGIDYVECHGTGTPLGDPIEVTALNEAFAGAGLA 
PASVPIGSVKGNIGHTSAAAGLAGLLKAAGVVRTGLVPPSLHYARANPQIPFDQGPFTVAG 
ERRELGRPDGGRPRRATVSSFGFSGTNAYVVVEQAPEQAARPAGDDGAPPVLVPLSGRRAD 
APAAHAADLARWLRGPGSDASPADVAHTLAVARTHHTYRSALLVSGRDELLESLDLLAAGS 
ADPRRTDTAPDAAAPDAAVRRAQAALLARLVERAGENPGPVELAALAKLYTQGHTVDWAAV 
SPPARHRRLSLPAYPFAPHRHYVER 

aRed = sequence introduced from the plasmid; green = added Tyr; blue = linker used to fuse the docking domains. The D-
helices present in VirFG NDD and VirA CDD (according to the NMR structure of the docked complex) are indicated in bold. 
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Figure S4. Analysis by gel filtration of the interaction between VirA CDD and VirFG NDD. The individual 
docking domains (both at an initial concentration of 670 PM) exhibit elution volumes of 13.7 ml and 14.5 
ml, respectively. When combined at the same concentrations, a single new peak is observed at an 
intermediate elution volume (14 ml). 
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Figure S5. Determination by isothermal titration calorimetry of docking affinity. (A) Analysis of binding 
between wild type VirA CDD and VirFG NDD. (One of three measurements is shown, but the Kd value 
represents the average of three independent experiments). (B) Analysis of binding between wild type 
VirA ACP5b-CDD and VirFG NDD. (C) Analysis of binding between wild type VirA CDD and VirFG NDD-linker. 
(D) Dilution analysis of VirA CDD. No further change in heat signal is observed after VirA CDD reaches a 
concentration of 30 PM, indicating that it is completely homodimeric above this concentration. (E) 
Dilution analysis of VirFG NDD. No evidence for homodimerization is observed across the full range of 
concentrations (to 78 PM). (F) Analysis of binding between VirA CDD D6940A and wild type VirFG NDD. 
(G) Analysis of binding between VirA CDD D6940R and wild type VirFG NDD. (H) Analysis of binding 
between VirA CDD N6949K and wild type VirFG NDD. (I) Analysis of binding between VirA CDD E6954A 
and wild type VirFG NDD. (J) Analysis of binding between VirA CDD E6954K and wild type VirFG NDD. (K) 
Analysis of binding between VirA CDD D6940A + E6954A and wild type VirFG NDD. For (B)−(K), the 
indicated error is that on the individual measurement.  
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Figure S6. NMR studies of VirA CDD and VirFG NDD. (A) Unassigned [1H,15N]-HSQC spectrum of 15N VirA 
CDD alone. (B) Assigned [1H,15N]-HSQC spectrum of 15N VirA CDD in complex with 14N VirFG NDD. Residues 
are labeled according to the construct numbers (Fig. 3A). (C) Unassigned [1H,15N]-HSQC spectrum of 15N 
VirFG NDD alone. (D, E and F) Dynamical studies of VirFG NDD. (D) Reference 1H-15N heteronuclear NOE 
spectrum acquired at 600 MHz. (E) Saturated 1H-15N heteronuclear NOE spectrum acquired at 600 MHz. 
(F) Resulting 1H-15N heteronuclear NOE values plotted again unassigned peaks. (G) Unassigned [1H,15N]-
HSQC spectrum of VirFG NDD in complex with VirA CDD. (H) Unassigned [1H,15N]-HSQC spectrum of VirFG 
NDD in complex with VirA ACP5b-CDD. (I) The final ensemble of 20 conformers that represents the solution 
structure of VirA CDD−VirFG NDD. VirA CDD is colored red and VirFG NDD blue. The introduced linker, N 
et C-termini are indicated. (J) Stereo-view of a representative VirA CDD−VirFG NDD structure depicted as 
cartoon. VirA CDD is colored red and VirFG NDD blue. The introduced linker, N et C-termini are indicated. 
(K) Dynamical study of VirA CDD−VirFG NDD construct. 1H-15N heteronuclear NOE values are plotted 
against the sequence. The construct regions are colored as follows: red for VirA CDD, gray for the linker 
and blue for VirFG NDD. The N and C-termini are highly flexible as evidenced by negative 1H-15N 
heteronuclear NOE. The linker region for which 1H-15N heteronuclear NOEs are lower than 0.5 is also 
very dynamic. * = not possible to attribute the amide signal. (L) Superposition of the [1H,15N]-HSQC 
spectra of VirA CDD in complex with VirFG NDD (red), VirFG NDD in complex with VirA CDD (blue), and 
assigned VirA CDD−VirFG NDD (black). 
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Table S5. Summary of SAXS and SEC-MALLS data.�

Construct Rg
(Guinier) (Å)a Rg

(GNOM) (Å)a Dmax 
(GNOM) (Å)b 

F2 

(DAMMIN)c 
F2 

(CRYSOL)c 

Theoretical  
MW (kDa) SAXS MoW 

(kDa)d  
(q range used) 

MW by 
SEC-
MALLS 
(kDa) 

VirA CDD 15.8 ± 0.01 16.38 ± 0.02 60 1.732� 
2.543 

n.d. 
4.30 8 

(0.3) 
8.2 ± 0.6 

VirFG NDD 16 ± 1 16.88 ± 0.01 66 2.321� 
2.489 

6.61� 
10.39 

4.11 5 
(0.3) 

4.2 ± 0.4 

VirFG NDD-linker n.d. n.d. n.d. n.d. n.d. 6.87 n.d. 6.7 ± 0.6 
VirA CDD/VirFG NDD 
complex 15.35 ± 0.01 15.76 ± 0.01 56 5.88 2.93 8.41 

(1:1 complex) 
8 

(0.3) n.d. 

VirA CDD−VirFG NDD 
fusion 

15.12 ± 0.01 15.49 ± 0.01 60 6.18 2.61 8.44 9 
(0.4) 8.9 ± 0.9 

VirA ACP5b-CDD/VirFG 
NDD complex 28.3 ± 0.3 31.0 ± 0.2 120 1.29 n.d. 18.2 

(1:1 complex) 23 (0.3) n.d. 

VirA ACP5b-CDD3 37.0 ± 0.3 37.7 140 1.231 n.d. 14.3 31.43 
Rapid 
monomer/dimer 
exchange 

VirA ACP5b-CDD−NDD 
VirFG fusion 27 ± 2 29.49 ± 0.01 118 2.44 n.d. 18.4 22 

(0.25) 16.9 ± 0.9 

VirA ACP5b-CDD−NDD-
KS6 VirFG fusion 48 ± 2 50.5 ± 0.1 200 1.76 n.d. 171.6 

(dimer) 
205 
(0.2) n.d. 

aRg is the radius of gyration derived from the atomic models using the program PRIMUS.51 For experimental data, Rg is given by the Guinier 
approximation. 
bDmax is the maximum particle diameter derived from the distance distribution function (P(r)) using the program GNOM.52 
cF2 is the discrepancy between the experimental SAXS profile and the theoretical curve calculated using the programs DAMMIN53 or CRYSOL.54 
n.d.: not determined. 
dThe theoretical error on a typical molecular weight measurement by SAXS MoW is 10%.55 
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Figure S7. Analysis by SAXS of the various constructs. (A) The distance distribution function for VirA 
CDD calculated with GNOM. The Guinier plot is inset. (B) Panel of 10 representative ab initio form 
calculations for VirA CDD calculated with DAMMIN. The fit between the SAXS data and the 10 form 
calculations is shown (F2 = 1.732�2.543). (C) The distance distribution function for VirFG NDD calculated 
with GNOM. The Guinier plot is inset. (D) Panel of 10 representative ab initio envelopes of VirFG NDD 
computed with DAMMIN. Superimposition of the experimental SAXS data acquired on VirFG NDD (red 
dots) and the theoretical curve for VirFG NDD calculated using CRYSOL from one of the VirA CDD−VirFG 
NDD NMR structures among the 20 in the ensemble (solid blue line), shows that the two diverge 
significantly. In contrast, the fit between the 10 ab initio models (solid black line) and the experimental 
SAXS data (red dots) obtained on VirFG ND is excellent (F2 = 2.321�2.489). (E) The Kratky plot (red dots) 
for VirFG NDD calculated in the q range of 0.0005–0.35 Å-1. (F) The distance distribution function for 
VirA CDD−VirFG NDD (covalent fusion) calculated with GNOM. The Guinier plot is inset. (G) The distance 
distribution function for VirA ACP5b-CDD/VirFG NDD (non-covalent complex) calculated with GNOM. The 
Guinier plot is inset. (H) The distance distribution function for VirA ACP5b-CDD−VirFG NDD (covalent 
complex) calculated with GNOM. The Guinier plot is inset. (I) The distance distribution function for VirA 
ACP5b-CDD−VirFG NDD-KS6 (covalent complex) calculated with GNOM. The Guinier plot is inset. 
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Figure S8. Analysis by circular dichroism of wild type and mutant docking domains. (A) Analysis of VirA 
CDD at concentrations above (100 PM) and below (10 PM) the point at which it homodimerizes 
completely. The percentage D-helix is indicated in each case. (B) Analysis of wild type VirFG NDD and for 
comparison, VirA CDD (both at 100 PM). The percentage D-helix is indicated in each case. (C) Effect of 
various concentrations of 2,2,2-trifluoroethanol (TFE) on the structure of VirFG NDD. The percentage TFE 
and D-helix is indicated in each case. (D) Spectra showing net structuration upon combining VirA CDD 
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and VirFG NDD. A combined spectrum was obtained by analyzing simultaneously isolated VirA CDD and 
VirFG NDD (at 100 PM). For comparison, the spectrum of a mixture of the two docking domains, again 
at an overall concentration of 100 PM. The percentage D-helix is indicated in each case. (E) Analysis of 
site-directed mutants of VirFG NDD. The introduced mutations resulted in substantial changes in 
secondary structure, as indicated by the calculated percentage D-helix. (F) Analysis of site-directed 
mutants of VirA CDD. By and large, these mutations introduced minimal structural perturbation into the 
docking domain.   
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Table S6. NMR and refinement statistics for VirA CDD−VirFG NDD. 
 

 Protein 
NMR distance and dihedral constraints VirA CDD−VirFG NDD 
Distance constraints  
    Total NOE 1372 
      Intra-residue (|i – j| = 0) 338 
      Inter-residue (|i – j| ≠ 0) 1034 
      Sequential (|i – j| = 1) 371 
      Medium-range (|i – j| < 4) 333 
      Long-range (|i – j| > 5) 330 
    Hydrogen bonds 0 
Total dihedral angle restraints 98 
    I 49 
    \ 49 
  
Structure statistics  
Violations (mean and s.d.)  
    Distance constraints (Å)     0.105 r 0.008 
    Max. distance constraint violation (Å)  0.12 
    Dihedral angle constraints (º) 0 r 0 
    Max. dihedral angle violation (º)     0 
Deviations from idealized geometry  
    Bond lengths (Å)     0.011 r 0.001 
    Bond angles (º) 1.947 r 0.024 
    Impropers (º) n.d. 

 
Average pairwise r.m.s. deviation* (Å)     VirA cDD 6936−6960,  

VirFG NDD 3−25 
    Heavy      0.99 r  0.13 
    Backbone   0.38 r  0.09 
  

*Pairwise r.m.s. deviation was calculated using 20 refined structures. n.d. = not  
determined. 
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Table S7. Putative interface residues in the VirA CDD/VirFG NDD docking domain families. 

 
*The first D-helix of the OzmH N-terminal docking domain is missing (confirmed by analysis of the published cluster sequence in the region 
of the gene (GenBank: ABS90470.1)). 
 
Docking domains present within the same assembly line are grouped and colored identically.  
 
Key to residue types (as observed in the VirA/VirFG complex): 
Green/Green = inter-docking domain hydrophobic interface 
Blue/Blue = Intra-docking domain hydrophobic interface 
Pink/Pink/Purple = inter-domain polar interactions 
Residue 6956 participates in two types of interactions, as indicated. 
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We aimed to strengthen the case that our observations concerning the VirA CDD/VirFG NDD interface 
are generalizable to other trans-AT PKSs. For this, we benchmarked several web-based servers for the 
in silico identification of IDPs and protein-protein interaction regions (IUPred/ANCHOR1,2, PONDR3,4, 
DisoPred5 and DisEMBL6) against VirA CDD and VirFG NDD, to determine if they accurately predicted 
their respective behaviors. These approaches have complementary principles of operation (they are 
based either on alignments of homologous protein sequences or the physicochemical properties of 
amino acids in proteins7) and so a combination of programs should give a more confident prediction. 
We also analyzed the sequences using a coiled-coil predictor8 (green = window of 14 residues; blue = 
window of 21 residues; red = window of 28 residues), which we validated against the known coiled-
coil region of a Class 1 N-terminal DDs9,10 (page 29). (Note: coiled-coil regions are predicted to be 
disordered by PONDR, as the monomers only fold correctly in the presence of partner). Among these 
programs, IUPred/ANCHOR and PONDR yielded prediction data in greatest agreement with the 
observed behavior of the Vir docking domains. Both programs correctly predicted that the overall VirA 
CDD interaction region (residues Q6936−L6960) is largely structured, while ANCHOR identified the two 
D-helices as binding motifs (data provided on page 2). Furthermore, no coiled-coil was predicted for 
the sequence. In the case of VirFG NDD (residues A3−A25), both IUPred/ANCHOR and PONDR predicted 
a sequence on the borderline between structured and disordered, while ANCHOR identified the whole 
sequence as a binding region (page 2). Again, the coiled-coil prediction was negative. Gratifyingly, 
analogous results were obtained for the regions corresponding to VirA CDD and VirFG NDD from the 
homologous pristiniamycin PKS (SnaE2 CDD amd SnaE3 NDD, respectively (page 3)), despite overall low 
levels of sequence identity between the docking regions (53% between VirA CDD and SnaE2 CDD and 
39% between VirFG NDD and SnaE3 NDD11). 
 
We next extended this analysis to the remaining 25 putative VirA CDD/VirFG NDD-type docking 
interfaces from trans-AT PKSs assigned on the basis of sequence analysis and secondary structure 
prediction (data provided on pages 5−31, with the data for each matched pair of docking domains 
shown on a single page). For 10 of these pairs (indicated in pink in the table below), the predictions 
were in good to excellent agreement with those for VirA CDD and VirFG NDD (analysis of each pair 
relative to VirA CDD and VirFG NDD is presented on each and highlighted in pink), while for 3 others, 
only the N-terminal docking domain shares predicted properties with VirFG NDD. Another important 
finding for 9 interfaces was the indication that the N-terminal partner forms a coiled-coil; this implies 
the existence of another structural class of docking domains within trans-AT PKS (in fact, the majority 
of these pairs show convincing homology to the Class 2 docking domains of cis-AT PKS (see Figure 1, 
page 31)). 
 
Couples analyzed: 

C-terminal docking 
domain 

N-terminal docking 
domain 

C-terminal docking 
domain 

N-terminal docking 
domain 

VirA VirFG KirAV KirAVI (coiled coil?) 
SnaE2 SnaE3 MlnD MlnE 
AtcE AtcF OzmN OzmH 

BaeM BaeN (coiled-coil?) OzmH OzmJ 
Bat 1 Bat2 OzmK OzmL 
BryA BryB (coiled-coil?) RhiC RhiD (coiled coil?) 
BryB BryC (coiled-coil?) RizC RizD (coiled-coil?) 
ChiB ChiC Ta-1 TaO (coiled-coil?) 
ChiC ChiD TaiD TaiE 
ChiE ChiF TaiE TaiK 
DisB DisC TaiL TaiM 
ElaK ElaO 5923 5922 (coiled-coil?) 
EtnH EtnI (coiled-coil?) 5925 5924 
KirAII KirAIII   
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Key: 
Red = For VirA CDD/VirFG NDD observed D-helices in the complex; for all others, D-helices predicted 
by PsiPred 
Blue = start/end site of expression constructs for VirA CDD/VirFG NDD, respectively 
All sequences are numbered starting from 1 to match the output of the programs. Note, some N-
terminal DDs were analyzed with the first M present, while others were not – in the latter cases, the 
missing M is indicated as (M).  
 
 
VirA CDD                                                     

                                                                                                             
29           40     46       53 

AGRAAPVPAAAAEPAALPLPVTGAGEPSQADLDALLSAVRDNRLSIEQAVTLLTPRR 
 

 
 
 
VirFG NDD 
 
   3        11    15         25 
MDAKEILTRFKDGGLDRAAAQALLAGRTPAAAPRPSEPAAAPTRPAVPAVPAVEPAAGTTVAAEGTAG
RP 
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SnaE2 CDD 
 
                      18             30           41 
TSRTAPQPAGAVPAGSVSAADLDALLAAVRDNRLTVEQALALLPQHT 
 

 
 
OBSERVATIONS 
Predicted interaction regions (ANCHOR) overlap well with predicted D-helices. The docking region is 
not predicted either to be disordered (IUPred/PONDR) or to form a coiled-coil. 
Strong agreement with VirA CDD 
 
 
SnaE3 NDD 
 
        7               21                          44            55 
MPAEPDAVDRDRAAALLRAVAGQRGPAAGAATASARPAPGGVDRAEAAALLRAAAGERRPGGDGPAGG
SMGRTLPAEAGSAGRVL 
 

 
 
OBSERVATIONS 
Predicted interaction regions (ANCHOR) overlap well with predicted D-helices. The docking region is 
predicted to be largely disordered (IUPred/PONDR) but not to form a coiled-coil. 
Strong agreement with VirFG NDD  
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AtcE CDD 
 
                         22        30     36      42 
HAGHAAAPPGADGAGPERATDVEDMLRRLAAGELTVAEAYTNLGGPA 
 

 
 
OBSERVATIONS 
Predicted interaction region (ANCHOR) overlaps well with predicted D-helices. The docking region is 
predicted to be borderline disordered (IUPred/PONDR) and not to form a coiled-coil. 
Agreement with VirA CDD 
 
 
AtcF NDD 
 
     2             14   18          28 
(M)NSAVKRVLELVETRQISPEEGRRRLTALGTAGDRPVAGEAGDRPRPDGRAAAPPASEGPPSD 
 

 
 
OBSERVATIONS 
Predicted interaction regions (ANCHOR) overlap well with predicted D-helices. The docking region is 
predicted to be largely disordered (IUPred/PONDR), but not to form a coiled-coil. 
Agreement with VirFG NDD 
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BaeM CDD 
 
                                    31            42     48        56 
LTEHKETIETFYRTEETETEAAAPESKEYTDQEIIAMMKQVSEGTLDFKRVQDIIEGSKTYES 
 

 
 
OBSERVATIONS 
Predicted interaction regions (ANCHOR) overlap well with the predicted D-helices. The docking 
region is predicted to be borderline disordered (IUPred/PONDR), and not to form a coiled-coil. 
Agreement with VirA CDD 
 
 
BaeN NDD 
 
    2        10     15                 31 
(M)NHKELLDAYRSGTLTIAEVEQKLQAFKRTTAKRP 
 

 
 
OBSERVATIONS 
The first predicted D-helix is predicted to be an interaction region (ANCHOR). The docking region is 
predicted to be borderline disordered (IUPred/PONDR), but to form a coiled-coil. 
Does not agree with VirFG NDD; may be an alternative type of docking domain? 
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Bat1 CDD 
 
                                                                              65 
VRIVSAQPREASSARTLDVVVGERLDTQSSDDRTMKMLEDFRDGNVKIEEVEGILDRWTKTQSSDDRT
MKMLEDFRDGNVKIEEVEGILDRWTK 
       76     82           92 
 

 
 
OBSERVATIONS 
The predicted D-helices are not predicted to be interaction regions (ANCHOR). The docking region is 
predicted to be disordered (IUPred/PONDR), and not to form a coiled-coil. 
Poor agreement with VirA CDD 
 
 
Bat2 NDD 
 
        5    9       16         25 
(M)TRRDLLFAYKNRSLTTQELVAALTELNTERRFS 
 

 
 
OBSERVATIONS 
The secondary structure elements are not predicted to be interaction regions (ANCHOR). The docking 
region is not predicted to be disordered (IUPred/PONDR), and not strongly predicted to form a 
coiled-coil. 
Poor agreement with VirFG NDD 
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BryA CDD 
 
                            24         33    38         47 
RKQIISNDEKQHQPSISTIFPTSLDELLKKIQEGTLGIEEADQLIDELPDYHLDMELHELL 
 

 
 
OBSERVATIONS 
The predicted D-helices are not predicted to be an interaction region (ANCHOR). The docking region 
is predicted to be borderline (IUPred) to mixed ordered/disordered (PONDR), and not to form a 
coiled-coil. 
Poor agreement with VirA CDD 
 
 
BryB NDD 
 
   1                     19    24                      43 
(M)VVVEEFFVSYRDILKALQDEKISFEEAKYKLIKRKDKKSKQRLNHDRELNRSMKITPKIVNN 
 

 
 
OBSERVATIONS 
The predicted D-helices are not predicted to be interaction regions (ANCHOR). The first D-helix is 
predicted to be ordered and the second disordered (IUPred/PONDR), and the overall domain to form 
a coiled-coil. 
Does not agree with VirFG NDD; may be an alternative type of docking domain? 
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BryB CDD 
 
                            24              37      44           54 
KQKIEQKNDIQNLSSSSYFSEDNQEVALSLKEILKKVEGNTLSIDKAEKLFEQFSLK 
 

 
 
OBSERVATIONS 
The predicted D-helices are not predicted to be an interaction region (ANCHOR). The docking region 
is predicted to be ordered (IUPred/PONDR), and not to form a coiled-coil. 
Poor agreement with VirA CDD 
 
 
BryC NDD 
 
       4   7          16         25                       
(M)KAKVIFQGLKSNEISIEQAEKMLLSLDTESKHGHPESKLSDIKSDLHDD 
 

 
 

OBSERVATIONS 
The predicted secondary structure elements are predicted to be interaction regions (ANCHOR). The 
docking region is predicted to be largely ordered (IUPred/PONDR), and there is some indication for 
coiled-coil formation. 
Does not agree with VirFG NDD; may be an alternative type of docking domain? 
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ChiB CDD 
 
                                                            50       58       65 
LSSFAADVRLPGAAKIDTAALFGDGAAPAPAPAPAPVDEPRGGEPEGDEPLWRLLRGVESGALDVNEA
CRLLELP 
  70 
 

 
 
OBSERVATIONS 
Predicted interaction region (ANCHOR) overlaps well with predicted D-helices. The docking region is 
not predicted to be disordered (IUPred/PONDR) nor to form a coiled-coil. 
Strong agreement with VirA CDD 
 
 
ChiC NDD 
 
        4        12    16             28 
(M)KRDPRVIFEQLKNGQISRAEAHRLLKARSDGREQEATGPGAEEGAAAEARAPSAPPPQPASSDSD
VG 
 

 
 
OBSERVATIONS 
Predicted interaction regions (ANCHOR) overlap well with predicted D-helices. The docking region is 
predicted to be borderline disordered (IUPred/PONDR), but not to form a coiled-coil. 
Strong agreement with VirFG NDD 
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ChiC CDD 
 
                                     31                                   62  65 68 
ERDPALAEIKAQVLRAQGAPGPGAPELAVGHDELWRLLGALGDAELDALGDAELDALFNALRSRPELE
GMV 
 

 
 
OBSERVATIONS 
Predicted D-helices not confidently predicted as interaction regions. The C-terminal extreme of the 
docking region is predicted to be disordered (IUPred/PONDR), while the whole region is not 
predicted to form a coiled-coil. 
Relatively poor agreement with VirA CDD 
 
 
ChiD NDD 
 
    5                                             43 
MQRPDRGRRLYRMEKAVTDAMFDERSREEKLSVFRALRDRLRRTPPQHGGAADGAGPRAPVLAPDPQN
RHRPFP 
 

 
 
OBSERVATIONS 
Predicted interaction regions (ANCHOR) overlap well with predicted D-helix. The docking region is 
strongly predicted to be disordered (IUPred/PONDR), but not to form a coiled-coil. 
Strong agreement with VirFG NDD 
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ChiE CDD 
                                                                                                                                                                    
                                                                  57 
VDHHEAALRASEPPGVGGGGAEPVRPRANPERPERADPPERAGVAPGRRAPSPPAAAVERFDGAVPED
LAGEVARMSDAEVERLLGWLQGGGAGGAGGAGGAGATNGSSAVRASLDDGQEREAERRRLDRGPSGEW
R                   79                       99     105 108          119 
 

 
 
OBSERVATIONS 
Predicted D-helices predicted as interaction regions. The docking region is predicted to be disordered 
(IUPred/PONDR), and not predicted to form a coiled-coil. 
Some agreement with VirA CDD 
 
 
ChiF NDD 
 
     5                           28 
MAMTLRSQDLMMDAKRESLVRLLHQKKANR  
 

 
 
OBSERVATIONS 
A portion of the predicted interaction regions (ANCHOR) overlaps well with the predicted D-helix. 
The docking region is predicted to be disordered (IUPred/PONDR), but not to form a coiled-coil. 
Agreement with VirFG NDD 
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DisB CDD 
 
                   20                              46    51           62 
SRRGARAPESRAKARSGAAGADLSTSLKALSGAVLREQFLAFGHDLAGVPGEELTRLYAILQEE 
 

 
 
OBSERVATIONS 
The first predicted D-helix is predicted to be an interaction region (ANCHOR), though not the second. 
The docking region is predicted to be largely ordered (IUPred/PONDR), and not to form a coiled-coil. 
Agreement with VirA CDD 
 
 
DisC NDD 
 
      6     11   15                30 
MESAMTIQEFANLSAEEKVQVLRLRDRRASWQAAPEGPAASAQPSLRPVITARPGDRFLPFP 
 

 
 
OBSERVATIONS 
The first predicted D-helix is predicted to be an interaction region (ANCHOR), though not the second. 
The docking region is predicted to be borderline (IUPred) to strongly disordered (PONDR), and not 
predicted to form a coiled-coil. 
Agreement with VirFG NDD 
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ElaK CDD 
 
                         22         31 33               47 
SSEMTNISTYEPVQSLQQEFSLDDVVRQVEKGEMDAEAANLLLAVLSKQ 
 

 
 
OBSERVATIONS 
Second D-helicx predicted as interaction region. The first D-helix is predicted to be borderline to 
disordered while the second is ordered (IUPred/PONDR), and neither is strongly predicted to form a 
coiled-coil. 
Some agreement with VirA CDD 
 
 
ElaO NDD 
 
     2        10       17         26 
(M)DSLAILKALSTGAISAGAAREALKQLAVAPVSVKPGHDARATP 
 

 
 
OBSERVATIONS 
The predicted D-helices are not predicted to be interaction regions (ANCHOR). The docking region is 
predicted to be borderline disordered (IUPred/PONDR), but not to form a coiled-coil. 
Some agreement with VirFG NDD 
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EtnH CDD 
 
                       20                                 49 
CAEHPDDLARRQAGTQANGGAVLERRAVEALAEELALGRISLDQTLDRLRA 
 

 
 
OBSERVATIONS 
The predicted D-helix is not predicted to be an interaction region (ANCHOR). The docking region is 
predicted to be ordered (IUPred) to disordered (PONDR), and not to form a coiled-coil. 
Poor agreement with VirA CDD 
 
 
EtnI NDD 
 
                                  10                                                                                      43          
(M)PEHSYEPRGESTVKSQIEALLREYQSGLLSEAELRARYAQLVASGSDGAPARPADRAGATQTVRR 
 

 
 
OBSERVATIONS 
The predicted D-helix is predicted to be an interaction region (ANCHOR). The docking region is 
predicted to be borderline (IUPred) to strongly disordered (PONDR), and there is some indication for 
coiled-coil formation. 
Does not agree with VirFG NDD; may be an alternative type of docking domain? 
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KirAII CDD                                      
                                                                                                                                                                       
HDKYGPLPATATPEPPPAPVTSSATAPEPTSVPVASSAAAPAPIPAPVAPSAAAPAPVASSAAAPEPP
PAPVAADAVGALLAGLRDGSVTVDDALAELRQGNVR 
   72              85     91         99 
 

 
 
OBSERVATIONS 
Predicted interaction region (ANCHOR) overlaps well with predicted D-helices. The docking region is 
predicted to be mixed ordered/disordered (IUPred/PONDR), and not to form a coiled-coil. 
Agreement with VirA CDD 
 
 
KirAIII NDD 
   3          13     18           29 
MSRALRDVLAAVAAGELPDEIAESLLRGLSDPVPEPGPYP 
 

 
 
OBSERVATIONS 
Predicted interaction regions (ANCHOR) overlap well with predicted D-helices (though the second 
interaction region isn’t strong). The docking region is predicted to be borderline disordered 
(IUPred/PONDR), but not to form a coiled-coil. 
Agreement with VirFG NDD 
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KirAV CDD  
                                                                                        
                                33                     52         61    66         
AGRFDGGTGGADDLPALFADFDRLAAGLTEAATDEVFRDRVVERVRGLLTALSPATPEAPPDLFAAAT
DDEVFALIDAELGSPVRGQEDR 
  71        79 
 

 
 
OBSERVATIONS 
The second D-helix is predicted to be an interaction region (ANCHOR). The docking region is 
predicted to be mixed ordered/disordered (IUPred/PONDR), and not to form a coiled-coil. 
Some agreement with VirA CDD 
 
 
KirAVI NDD 
 
    4                               31 
MSSEDKLRDYLRRVTAELQVTRRRLREVESRSG 
 

 
 
OBSERVATIONS 
The predicted D-helix is not predicted to be an interaction region. The docking region is predicted to 
be disordered (IUPred/PONDR) and strongly predicted to form a coiled-coil. 
Does not agree with VirFG NDD; may be an alternative type of docking domain? 
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MlnD CDD 
 
                                                          49            60         
SSIRNRSADKPYNGNFREKSGFGLEEIAYTLQTGREPFECRLAITCSNIGDLLEKLNGYIQGSRLQGV
YEGNVTDFDSLYAPLFGGPEGHAYVQSLIQQNKPAKLAQLWTIGCEISWEDLYEEELKPVKLSLPLYP 
                           96               110 
FSKNRHWIHLNKDEAQKAEAFSNTELHNSNKDTADGEIMSLLEKAQTGEMNMKETSELIEELLFHE 
 

 
 
OBSERVATIONS 
The predicted D-helices are not predicted to be interaction regions (ANCHOR). The docking region is 
predicted to be strongly ordered (IUPred/PONDR), and not to form a coiled-coil. 
Poor agreement with VirA CDD 
 
 
MlnE NDD 
 
     3               16    21 23 
(M)NEKTMQIEQIVKKVKECSLTPEEGLELI 
 

 
Sequence is too short for PONDR 
 
OBSERVATIONS 
The predicted D-helices are not predicted to be interaction regions (ANCHOR). The docking region is 
predicted to be borderlilne ordered (IUPred/PONDR), and not to form a coiled-coil. 
Poor agreement with VirA CDD 
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OzmN CDD 
 
                     22                                     54 
AATGAAGTAAGTAAGPARAAEPEAGIEQLVDSLSDTEVDSLLRQLGSVLQKQEEQR 
 

 
 
OBSERVATIONS 
Predicted interaction region (ANCHOR) overlaps well with the predicted D-helix. The docking region 
is predicted to be borderline to disordered (IUPred/PONDR), and not to form a coiled-coil. 
Agreement with VirA CDD 
 
 
OzmH NDD 
 
     6                     24 
MRRRSMDDKRALLLKLLASVRQQAAPATAPRRTA 
 

 
Too short for PONDR 
 
OBSERVATIONS 
Predicted interaction regions (ANCHOR) overlap well with predicted D-helix. The docking region is 
predicted to be borderline disordered (IUPred), but not to form a coiled-coil. 
Strong agreement with VirFG NDD 
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OzmH CDD 
 
                                 28                43  46               60 
IELVGPDEPTAGSGEEPPADGTGDTAAPDELIAKLEARFAAGELSAAEVLDLLDAELATRERR 
 

 
 
OBSERVATIONS 
Predicted interaction region (ANCHOR) overlaps well with the predicted D-helices. The docking 
region is predicted to be borderline to disordered (IUPred/PONDR), and not to form a coiled-coil. 
Agreement with VirA CDD 
 
 
OzmJ NDD 
 
   3              16   20         29 
MSTAEFRDILDRYARGAVGAEQARDLLAARRPAQAPGRPTAPAPSGQDAATGPADRPETL 
 

 
 
OBSERVATIONS 
Predicted interaction regions (ANCHOR) overlap well with predicted D-helices. The docking region is 
predicted to be borderline disordered (IUPred) to somewhat ordered (PONR) but not to form a 
coiled-coil. 
Agreement with VirFG NDD 
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OzmK CDD 
 
 2        8   12       19 
EAELVERIEELPEDTVATLLA 
 
IUPRED/ANCHOR 

 
Sequence is too short for PONDR/COILED-COIL PREDICTOR 
 
OBSERVATIONS 
The second D-helix predicts to be an interaction region (ANCHOR). The docking region is predicted to 
be borderline disordered (IUPred). 
Some agreement with VirA CDD 
 
 
OzmL NDD 
 
  3           13  16               29 
MSREDLATSRKARLSPQKRALLEKLSGAARTSGTTRIPR 
 

 
 
OBSERVATIONS 
Predicted interaction regions (ANCHOR) overlap well with predicted D-helices. The docking region is 
predicted to be disordered (IUPred/PONDR), but not to form a coiled-coil. 
Strong agreement with VirFG NDD 
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RhiC CDD 
 
                                              39         48    53       60 
ADNQRTAMAVSPNDLDHAVSAGNNVRGQSRPIEIHPPFADQLEGLFLSGELSIDSLLNIVSPGVAEIR
EVSI 
 

 
 
OBSERVATIONS 
The secondary structure elements are not predicted to be interaction regions (ANCHOR). The docking 
region is predicted to be borderline disordered (PONDR) to ordered (IUPred), and not to form a 
coiled-coil. 
Poor agreement with VirA CDD 
 
 
RhiD NDD 
 
     2           12       19                  36 
(M)SSQEFQSIIAGLQNRQITVAEAKQRLQRLKAASATLGTEQTEAADKAVSGTGRAQEP 
 

 
 
OBSERVATIONS 
The first predicted D-helix is predicted to be an interaction region, but the second only weekly. The 
docking region is predicted to be mixed ordered/disordered (IUPred/PONDR) and strongly predicted 
to form a coiled-coil. 
Does not agree with VirFG NDD; may be an alternative type of docking domain? 
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RizC CDD 
 
                              29        37   40 
RALVTEAPPRGATQSANGHALEGMSDGNLEELFARLSGVSSQKGEA 
 

 
 
OBSERVATIONS 
The predicted D-helices are predicted to be an interaction region (ANCHOR). The docking region is 
predicted to be borderline (IUPred) to strongly ordered (PONDR), and not to form a coiled-coil. 
Agreement with VirA CDD 
 
 
RizD NDD 
 
      7                                           42 
MPFKNDSALNEFRLLSREEKLQRIAALIEEKKSSAKSAASSEAFA 
 

 
 
OBSERVATIONS 
The predicted D-helix is not predicted to be an interaction region (ANCHOR). The docking region is 
predicted to be borderline disordered (IUPred) to disordered (PONDR), but to form a coiled-coil. 
Does not agree with VirFG NDD; may be an alternative type of docking domain? 
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Ta-1 CDD 
 
                        21        29     35         44 
GNEIQKTVSAGAPAQGEPPSLDELLRQVEAGELDPSVAQQFLTNSQS 
 

 
 
OBSERVATIONS 
The predicted D-helices are predicted to be interaction regions (ANCHOR). The docking region is 
predicted to be disordered (IUPred) to mixed disordered/ordered, and not to form a coiled-coil. 
Agreement with VirA CDD 
 
 
TaO NDD 
 
                                                      43               55 58    
(M)GEGHRIGVLQQPPRGRDCHEADDGSRRIPQPPVPQVGRPGRGAVMTRLEILQALQSGRMALADAK
KALAAIEAQVQPED 
          73 
 

 
 
OBSERVATIONS 
The predicted D-helices are predicted to be interaction regions (ANCHOR). The docking region is 
predicted to be borderline (IUPred) to mixed ordered/disordered (PONDR), and the second D-helix to 
form a coiled-coil.  
Does not agree with VirFG NDD; may be an alternative type of docking domain? 
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TaiD CDD 
 
                                                                                                                                                          64                                          
AERIARDGGRRAAEAARAPDAAMASDVAEASVVSEATEASDASEASDASEASEASEASEASKAPADLA
ALLERFRAGQMDLDDIVDLV 
     74     81     87 
 

 
 
OBSERVATIONS 
Predicted interaction region (ANCHOR) overlaps well with the predicted D-helices. The docking 
region is not predicted to be disordered (IUPred/PONDR), nor to form a coiled-coil. 
Strong agreement with VirA CDD 
 
 
TaiE NDD 
 
MPRWRPTWLKRLSCPKQPRHPTHPKHPTHPKHPKHPKHPRHPKHPRISRRCSSASARGKWISTTSSTW
FDGDHVNKKDILLAYREGLLDTGSAQRVLDALRERSASAP 
       76              89 91             103 
 

 
 
OBSERVATIONS 
Predicted interaction regions (ANCHOR) overlap well with predicted D-helices. The docking region is 
predicted to be borderline disordered (IUPred) or ordered (PONDR) and not to form a coiled-coil. 
Agreement with VirFG NDD 
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TaiE CDD 
 
                                                               53         62        
GTQLGARLPAAQAARAGAFAGVEPGEPDARALPAAARAAAPPAHTDAAAHTDTDALLRAIERGELDAG
DADAIWRRMQSRAARPEPLAQP 
 70           81 
 

 
 
OBSERVATIONS 
Predicted interaction region (ANCHOR) overlaps well with the predicted D-helices. The docking 
region is not predicted to be somewhat disordered (IUPred) to largely ordered (PONDR), nor to form 
a coiled-coil. 
Agreement with VirA CDD 
 
 
TaiK NDD 
 
      3         11     17                    35 
(M)RSSKEIFEALRDGRLSREEAHAALRSARAAADAALGASGAFEPRGAEAAGANGAADAGDAASGAS
AANGERAAHAAKTAESAAAADA 
 

 
 
OBSERVATIONS 
Predicted interaction regions (ANCHOR) overlap well with predicted D-helices (though predicted 
binding regions are week). The docking region is predicted to be borderline disordered 
(IUPred/PONDR) and not to form a coiled-coil. 
Agreement with VirFG NDD  
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TaiL CDD 
 
ASELALARRRAGGAPLPDAEAASATTATTASASGTAHAPNAAGDAHAPNAAGARAATPAPAENAAGAV
HAARAANPANPATLANPAPGGGVPLDDVLARVHRGELSVEAAEALLAGALG 
                             93         102 105           117 
 

 
 
OBSERVATIONS 
Predicted interaction region (ANCHOR) overlaps well with the predicted D-helices. The docking 
region is predicted to be mixed ordered/disordered (IUPred/PONDR), and not to form a coiled-coil. 
Agreement with VirA CDD 
 
 
TaiM NDD 
 
   3              16   20             32 
MERQNLRNVLERLKAAAIGPDEAKRMLSAARAGDAADKPQPGPAAAAPRDA 
 

 
 
OBSERVATIONS 
Predicted interaction regions (ANCHOR) overlap well with predicted D-helices (though predicted 
binding regions are week). The docking region is predicted to be borderline (IUPred) to strongly 
disordered (PONDR), and not strongly predicted to form a coiled-coil. 
Agreement with VirFG NDD  
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5923 CDD 
 
      3                           26     32               45 48  51 
ARGALAELFAPAIVAAPAQLANAAADASLGDHSAAELARILAHELGGLESRGAL 
 

 
 
OBSERVATIONS 
The predicted D-helices are not predicted to be interaction regions (ANCHOR). The docking region is 
predicted to be ordered (IUPred) to borderline disordered (PONDR), and not to form a coiled-coil. 
Poor agreement with VirA CDD 
 
 
5922 NDD 
 
        4                            28 
MTDMDKDLLLQSIQTIRELKTRLAQAEQGHH 
 

 
 
OBSERVATIONS 
The predicted D-helix is predicted to be an interaction region. The docking region is predicted to be 
mixed ordered/disordered (IUPred/PONDR) but also predicted to form a coiled-coil. 
Does not agree with VirFG NDD; may be an alternative type of docking domain? 
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5925 CDD                                                                          
 
                               32      39   43              56 
LAANAPAGSAVAEAASVAPAVEATEPAAAPLDTELSEIEGLQDDDLAALLGKEFIRE 
 

 
 
OBSERVATIONS 
The second predicted D-helix is predicted to be an interaction region (ANCHOR). The docking region 
is predicted to be mixed ordered/disordered (IUPred/PONDR), and not to form a coiled-coil. 
Some agreement with VirA CDD 
 
 
5924 NDD 
 
          11                                 40 
MNKPTSSDGWKDDYLSRLSRLSKNQLMALALKLKQQQLEQGPAA 
 

 
 
OBSERVATIONS 
Predicted interaction regions (ANCHOR) overlap well with the predicted D-helix. The docking region 
is predicted to be borderline disordered to more ordered (IUPred/PONDR), and not strongly 
predicted to form a coiled-coil. 
Agreement with VirFG NDD  
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CONTROL: CLASS 1A DDs 
 
Key: 
Red = D-helices observed in the NMR structure of the DEBS 2 CDD/DEBS 3 NDD complex 
Blue = D-helices predicted by PsiPred 
 
DEBS 2 CDD 
 
                    8                                   20                      28                                        42                                                         61 
AASPAVDIGDRLDELEKALEALSAEDGHDDVGQRLESLLRRWNSRRADAPSTSAISEDASDDELFSML
DQRFGGGEDL 
 70 
 

 
 
OBSERVATIONS 
The third docking D-helix is correctly predicted to be interaction region (ANCHOR), and to be 
relatively disordered (IUPred/PONDR). The first two D-helices, which form a dimerization motif (four 
D-helical bundle), are predicted to be borderline disordered (IUPred) to disordered (PONDR), and to 
form a coiled-coil motif.   
 
 
DEBS 3 NDD 
 
   10                           34 
MSGDNGMTEEKLRRYLKRTVTELDSVTARLREVEHRAGE 
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OBSERVATIONS 
This region forms a coiled-coil (correctly predicted by the coiled-coil predictor). It is also correctly 
predicted (ANCHOR) to form an interaction motif, and by both IUPred and PONDR to be disordered 
(consistent with its coiled-coil nature).  
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A 
������������������������������������������������������������������������������������������������������������������������������������������������������������DA�������������������������������������������������������DB�
                                              ---------    ------------------------ 
BryC_ER      1 ------------------------------------------------------KAKVIFQGLKSNEISIEQAEKMLLSLDTESKHGH-----PESKLSD 
KirAVI_KS    1 ------------------------------------------------------SSEDKLRDYLRRVTAELQVTRRRLREVESRSG-------------- 
EtnI_ER      1 ------------------------------PEHS---------YEPRGESTVKSQIEALLREYQSGLLSEAELRARYAQLVASGSD------GAPARPAD 
CurG         1 ---VKVGLFRTEI-----------------DQDQQEDDSLEAKLLDEIKQSSNQELESSIDQILESIIN------------------------------- 
RizD_HC      1 ---------------------------------PFKNDS----ALNEFRLLSREEKLQRIAAL------IEEKKSSAK--SAASS-------EAFA---- 
BaeN_C       1 ------------------------------------------------------NHKELLDAYRSGTLTIAEVEQKLQAFKRTTAKRP------------ 
5922_KS      1 ---------------------------------------------TDMD----------KDLLLQSIQTIRELKTRLAQAEQGHH-------EA------ 
BryB_ER      1 -------------------------------------------VVV-EEFFV--SYRDILKALQDEKISFEEAKYKLIKRKDKKSKQRLNHDRELNRSMK 
RhiD_KS      1 ---------------------------------------------------SSQEFQSIIAGLQNRQITVAEAKQRLQRLKAASATLGTEQTEAADKAVS 
CurI         1 -----------------------------------------------MKKSQSSRTIDYKALMENAFLQIETLQSKLEAFENQEK-------E------- 
TaO_ER       1 GEGHRIGVLQQPPRGRDCHEADDGSRRIPQPPVPQVGRPGRGAVMTRLEI---------LQALQSGRMALADAKKALAAIEAQVQ-------PED----- 
CurH         1 ----------------------------------ML-----NKFTKKEQILSEKQQIKQLSPLQRAALALKKLETKLNNTLHE----------------- 
CurL         1 -----------------------------------------------MNLKQEQEKEQSLSALQRALIALKDARSKLEKYETQSK-------E------- 
CurM         1 -----------------------------------------------MSNVSKT--TQQDVSSQEVLQVLQEMRSRLEAVNKAKT-------E------- 
CurJ         1 -----------------------------------------------MEPTTNK--EQLSLSK-QMFLALKQAEAKLEMMELAKS-------E------- 
CurK         1 -----------------------------------------------MELSSQT--TQLSNQQLLLLLKIQQATAKLHEIETAAT-------E------- 
consensus    1                                                .....    .... ... ..... ......  .. . .       .        
 
 
BryC_ER     42 IKSDLHDD-- 
KirAVI_KS      ---------- 
EtnI_ER     56 RAGATQTVRR 
CurG           ---------- 
RizD_HC        ---------- 
BaeN_C         ---------- 
5922_KS        ---------- 
BryB_ER     55 ITPKIVNN-- 
RhiD_KS     50 GTGRAQEP-- 
CurI           ---------- 
TaO_ER         ---------- 
CurH           ---------- 
CurL           ---------- 
CurM           ---------- 
CurJ           ---------- 
CurK           ---------- 
consensus  101            
 

B 
��������������������������������������������������������������������������������������������������������������������������������������������������������������������������������D1������������������������������������������������D2�
                                                                      -------   ------------------------------ 
CurL         1 ------------------LP----------EGQEE---------EEVDLDDSQNTQNLDSAQIETQGKVDH------------AIAAELQEIKNLLKEGN 
CurJ         1 -------ILSSN---------------STAASEAE-----TLD----------------------------------DMVDEGSLESELSESLAAEINQL 
RizC_ACP     1 ----------------------------------------------------------RALVTEAPPRGATQ--SANGHALEGMSDGNLEELFARLSGVS 
BryA_ACP     1 ----------------------------------------------------------RKQIISNDEKQHQPSIS-------TIFPTSLDELLKKIQEGT 
BryB_ACP     1 -----------------------------------------------------------KQKIEQKNDIQNLSSSSYFSEDNQEVALSLKEILKKVEGNT 
RhiC_ACP     1 ------------------------------------------------------ADNQRTAMAVSPNDLDHAVSAG-NNVRGQSRPIEIHPPFADQLEGL 
5923_ACP     1 -------------------------------------------------ARGALAELFAPAIVAAPAQLANA--AA-DASLGDHSAAELARILAHELGGL 
CurI         1 ----------MGWK----------SVADSESNLPE--------RKEVDV-------------DEQILPVIE-----------DISEEEFEALAAQQLEKI 
Ta-1_ACP     1 GNEIQK-TVSAGAPAQGEPPSLDELLRQVEAGELD----------------------------------------------------------------- 
EtnH_ACP     1 ---------------CAEHPD---DLARRQAGTQA-NGGAVLERRAVEALAE------------------------------------ELALGRISLDQT 
BaeM_ACP     1 ---------------LTEHKETIETFYRTEETETEAA-----------------------------APESK-----------EYTDQEIIAMMKQVSEGT 
KirAV_ACP    1 -----AGRFDGGTGGADDLPALFADFDRLAAGLTEAATDEVFRDRVVERVRGLLT-ALSPATPEAPPDLFA-----------AATDDEVFALIDAELGSP 
CurG         1 ---VKVGLFRTE-------------IDQDQ---QE---DDSLEAKL--------------------LDEIK-----------QSSNQELESSIDQILESI 
CurH         1 ---IPI-EFSSN-------------LDEIENLEQE---EIDNTFR------------------------FQ-----------EMSEDEMANILARKLESL 
CurK         1 ---MPI-DFSSH-------------LDQTEKALDE---EDV----------------------------------------------------------- 
consensus    1                          .   . .  .         .                  .    .               .. .. .......... 
 
CurL        52 ----------------------------------- 
CurJ        40 S-------------EDEMDL-AVSQAVSQLDQLL- 
RizC_ACP    41 SQKGEA----------------------------- 
BryA_ACP    36 LGIEEADQLIDELPDYHLDM--------ELHELL- 
BryB_ACP    42 LSIDKAEKLFEQFSLK------------------- 
RhiC_ACP    46 FL--------SGELSIDSLLNIVSPGVAEIREVSI 
5923_ACP    49 ES--------RGAL--------------------- 
CurI        49 KS------ML------------------------- 
Ta-1_ACP    35 --PSVAQQFLTNSQS-------------------- 
EtnH_ACP    46 L------DRLRA----------------------- 
BaeM_ACP    46 LDFKRVQDIIEGSKTYES----------------- 
KirAV_ACP   84 V---------RGQEDR------------------- 
CurG        48 I---------N------------------------ 
CurH        46 E---------GKKS--------------------- 
CurK           ----------------------------------- 
consensus  101 .        . .                        
 
Figure 1. Comparative sequence analysis of docking domains from trans-AT PKS and Class 2 docking 
domains. (A) Multiple alignment using ClustalOmega11 of the N-terminal regions of PKS subunits from 
trans-AT PKSs (in red), with those of Class 2 N-terminal docking domains of cis-AT PKS.12 The positions 
of the two D-helices in the solved structure of the CurH and CurL N-terminal docking domains are 
indicated, the second of which forms a coiled-coil. (B) Multiple alignment using ClustalOmega11 of the 
C-terminal regions of PKS subunits partenering those in (A) (in red), with those Class 2 C-terminal 
docking domains of cis-AT. The positions of the two D-helices in the solved structure of the CurG and 
CurK C-terminal docking domains are indicated. Only Ta-1 does not align particularly well with the 
others. 
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Caractérisation des interactions entre sous-unités au sein 

d’une PKS hybride, l’enacyloxine synthase 
 

Risser, F., Collin, S., Dos Santos-Morais R., Gruez, A., Chagot, B. & Weissman, K. J.  

 

Suite à la caractérisation de la nouvelle classe de DD présents entre les sous-unités 

VirA et VirFG de la virginiamycine synthase, une PKS trans-AT (Dorival et al., 2016), notre 

équipe s’est intéressée aux six interfaces de l’enacyloxine synthase qui est un système 

particulier : c’est en effet une PKS hybride cis-/trans-AT, les six premières sous-unités 

appartiennent à la classe des cis-AT et seule la dernière à la classe des trans-AT.  

Dans un premier temps l’existence et les limites des DD putatifs, situés aux extrémités 

Cter et Nter des sous-unités du système, ont dû être confirmées. Pour ce faire, des alignements 

de séquences de ces régions ont été réalisés de manière à déterminer les limites des domaines 

conservés. Dans le cas des interfaces « classiques », situées entre des domaines ACP en Cter et 

KS en Nter de leur sous-unité (5925/5924, 5923/5922, 5922/5921, 5921/5920 et 5920/5919), 

des courtes séquences non assignées d’une cinquantaine et trentaine de résidus respectivement 

sont bien présentes. Seule l’extrémité Cter de la sous-unité 5924 présente plus de 320 résidus 

en aval du dernier domaine conservé, une KS. L’interface formée entre cette sous-unité et la 

suivante est particulière puisqu’elle consiste en un module « splité ». Afin d’affiner ces 

premiers résultats, une série de logiciels a été utilisée sur les régions de dockings potentiels. 

Les régions Nter et Cter auraient la capacité à se structurer en hélice α (PSIPRED, Buchan et 

Jones, 2019). De plus les extrémités Cter présenteraient un caractère désordonné, ayant la 

capacité à se structurer en présence d’un partenaire d’interaction (IUPred2A, Mészáros, 

Erdős, et Dosztányi, 2018), alors que les régions Nter formeraient des coiled-coil assurant ainsi 

leur homodimérisation (prabi, https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=/NPSA/npsa_lupas.html). 

 Les caractéristiques de ces régions non annotées étant partagées avec d’autres classes 

de DD (Broadhurst et al., 2003 ; Whicher et al, 2013 ; Dorival et al., 2016), nous avons pu 

émettre l’hypothèse qu’elles correspondaient bien à des régions de docking entre sous-unités.  

Ainsi, toutes les séquences en amont des domaines conservés en Nter de leur sous-unité 

ont été clonées. Pour quatre CDD sur six, deux versions ont été clonées : l’analyse bio-

informatique de ces régions prédit la présence d’une hélice α terminale avec un fort degré de 

confiance ainsi qu’une autre hélice α plus ou moins longue en amont. Une version courte 

comprend donc cette hélice terminale et une version longue comprend les deux hélices.  Seuls 
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deux CDD sont clonés en une seule version courte : le 5925  CDD et le 5924  CDD.  Dans les 

deux cas, seule une petite hélice α, située à l’extrémité Cter des sous-unités, est présente avec 

un degré de confiance important.   

Au final, toutes les constructions sont obtenues à homogénéité à l’exception des DD 

du module « splité » et des deux versions du 5920 CDD  que nous n’avons jamais réussi à 

purifier. Pour ces derniers (5924 CDD, 5923 NDD et une version courte du 5920 CDD), notre 

étude s’est faite avec des peptides synthétiques. 

 

L’analyse biophysique des spectres CD révèle que tous les CDD comportent très peu 

de structurations secondaires alors que tous les NDD présentent des spectres caractéristiques 

de protéines structurées en hélice α. Par ITC, un Kd est déterminé pour tous les partenaires 

d’interaction, à l’exception des DD potentiels du module « splité ». Les affinités varient de 

2,1 ± 0,6 μM pour les partenaires de la première interface (5925/5924) à 57 μM dans le cas de 

l’interface 5922/5921, mais quelle que soit l’interface testée, la stœchiométrie est de 1:1. Ces 

expériences ITC permettent aussi de déterminer quelle version des CDD, longue ou courte, est 

la plus pertinente. En effet, dans le cas de l’interface 5923/5922, aucune interaction n’est 

observée entre la version courte du CDD et son partenaire, alors que cela est possible avec la 

version longue : un Kd de 26 ± 4 μM est calculé. Dans le cas de l’interface 5922/5921 

l’affinité d’interaction est deux fois plus importante lorsque la version longue du CDD est 

testée (57 μM contre 110 μM). La version courte du 5921 CDD est utilisée par la suite 

puisqu’aucune différence significative de Kd n’est observée entre la version longue et courte 

de ce CDD avec le 5920 NDD. 

 Pour caractériser plus finement les interactions mises en évidence par ITC, des 

spectres CD avant mélange des deux partenaires et après mélange, donc après formation des 

complexes, sont enregistrés. Pour chaque interface, à l’exception du module « splité », une 

augmentation des signaux spécifiques des hélices α est observée. Nous avons ainsi émis 

l’hypothèse que cette augmentation de structuration provient en majorité des CDD se repliant 

en hélice α lors de l’interaction avec leur partenaire. Les CDD de l’enacyloxine synthase 

seraient donc des régions intrinsèquement désordonnées (IDR) de la PKS. Alors que ce type 

d’interaction est déjà mis en évidence chez des PKS trans-AT (Dorival et al., 2016), c’est la 

première fois qu’elle est caractérisée au niveau de jonctions PKS cis-AT. C’est aussi la 

première fois que ce mécanisme d’interaction est démontré au niveau de plusieurs interfaces 

d’un même système.  
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Par une approche combinant ITC, CD, SLS et SAXS, l’état oligomérique des DD est 

étudié. Il s’avère que tous les CDD sont monomériques, alors que tous les NDD, à l’exception 

du 5921 NDD, sont homodimériques, et ce, probablement via la formation d’un coiled-coil. 

Un autre point commun entre toutes les interfaces réside dans le pI des partenaires : tous les 
CDD présentent un pI acide, compris entre 4 et 6 alors que la majorité des NDD présentent un 

pI basique, compris entre 9,7 et 10,6. Seuls le 5922 NDD et le 5920 NDD possèdent un pI de 

5,4 et 6,4 respectivement. Toutes les interfaces caractérisées de l’enacyloxine synthase 

partagent donc de nombreux points communs : des CDD monomériques et chargés 

partiellement négativement, intrinsèquement désordonnés, interagissant avec des NDD 

structurés en hélices α, s’homodimérisant par l’intermédiaire d’un coiled-coil et pour la 

plupart chargés partiellement positivement. Des expériences de mésappariement menées par 

ITC montrent cependant que ce système PKS présente des interactions hautement spécifiques 

puisque le 5925 CDD et le 5921 CDD n’interagissent pas ou très faiblement, avec les autres 
NDD du système.  

 

Dans le but de mieux comprendre d’où émerge la spécificité d’interaction entre chaque 

interface, des structures RMN de couples de DD en fusion ont été résolues. La première 

construction relie les DD de la première interface (5925/5924) par l’intermédiaire d’un linker 

(Gly2Ser)3. La structure du complexe présente de nombreuses caractéristiques de DD de classe 

II (Whicher et al., 2013) : les NDD homodimériques sont composés de deux hélices α chacun, 

les deuxièmes forment un coiled-coil. Les CDD monomériques sont aussi formés de deux 

hélices α, et interagissent avec un monomère de NDD chacun. Globalement la structure 

obtenue est très semblable à celle des DD de classe II (Whicher et al., 2013) puisque les 

monomères adoptent la même structuration. L’angle entre les deux hélices α d’un monomère 

de CDD est le même que dans la structure des CDD de cette classe, de même pour l’angle entre 

les deux hélices α d’un monomère de NDD.  Toutefois la topologie du complexe diffère 

légèrement par rapport à la structure cristallographique (Whicher et al., 2013), notamment 

dans la position des hélices α des NDD formant le coiled-coil. 

La dernière interface, permettant la communication entre une sous-unité cis-AT et la 

dernière sous-unité trans-AT, appartient quant à elle à la classe Ib de DD (Buchholz et al., 

2009). Ces derniers ont été fusionnés par l’intermédiaire d’un linker (Gly3Ser)2 afin d’obtenir 

la structure du complexe par RMN. Ici, le docking est réalisé par un CDD formant une petite 

hélice α s’insérant dans le sillon formé par le coiled-coil de NDD. Une différence majeure est 

à noter avec les DD de classe I : le CDD ne présente pas le couple d’hélices α en amont de 
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l’interface de docking qui s’homodimérise par l’intermédiaire d’un fagot de quatre hélices 

(Broadhurst et al., 2003).  

Les alignements de séquences suggèrent que les autres interfaces de l’enacyloxine 

synthase appartiendraient soit à la classe II pour les interfaces 5925/5924 et 5923/522 soit à la 

classe I pour les interfaces restantes : 5924/5923, 5922/5921, 5921/5920 et 5920/5919. Le 

mésappariement des DD appartenant à la même classe serait principalement empêché par un 

code électrostatique différent. Par exemple les pI des DD de l’interface 5925/5924 sont de 3,8 

et 9,7 respectivement alors que ceux de l’interface 5923/5922 sont de 5,0 et 5,4 

respectivement. En outre, il semble que les domaines adjacents aux DD pourraient jouer un 

rôle dans le cas du module « splité » puisqu’aucune interaction directe entre les DD potentiels 

n’est observée. Des constructions plus longues ont donc été clonées : KS-CDD 5924, NDD-KR 

5923 et NDD-KR-ACP 5923. Malheureusement ces protéines sont peu solubles et n’ont pas pu 

être purifiées.  

 

Dans ce travail collaboratif au sein de l’équipe, j’ai cloné, produit et purifié les 

différentes constructions avec l’aide de Sabrina Collin. J’ai mené les expériences de CD et 

d’ITC et Raphaël Dos Santos-Moirais les expériences SLS. Avec l’aide du docteur Arnaud 

Gruez, j’ai enregistré et traité les données SAXS obtenues au synchrotron SOLEIL. Les 

enregistrements des spectres et la résolution des structures RMN ont été réalisés avec l’aide 

du docteur Benjamin Chagot. 
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ABSTRACT: Specific interactions between consecutive polypeptide subunits in modular polyketide synthases (PKSs) are critical 
for faithful biosynthesis in bacteria of a wealth of bioactive natural products. These contacts are mediated, at least in part, by matched 
pairs of C- and N-terminal ‘docking domains’ (DDs). Here, we have characterized the DDs operating at the six inter-PKS interfaces 
within the unusual mixed cis-/trans-acyltransferase (AT) PKS responsible for assembling the promising antibiotic enacyloxin. Taken 
together, our data reveal that specificity is achieved in the enacyloxin PKS by deploying multiple functionally orthogonal classes of 
DDs, but also by modulating the electrostatic drivers of association within single classes. Our results also reinforce the utility of 
intrinsically disordered regions (IDRs) for achieving both medium affinity and high specificity at PKS intersubunit junctions. Overall, 
this work substantially increases the number of orthogonal DDs available for engineering novel, highly-specific interfaces within cis-
AT and trans-AT PKSs and their hybrids, and defines a clear set of design rules for their usage. 

n   INTRODUCTION 

Modular polyketide synthases (PKSs) are bacterial mega-en-
zymes responsible for synthesis of complex polyketide natural 
products, many of which have found clinical application.1 A 
striking feature of these systems is their assembly-line (divi-
sion-of-labor) organization, as each cycle of chain building is 
carried out by a specific module of enzymatic domains (Figure 

1).2,3 To date, two classes of modular PKSs have been identi-
fied: the ‘cis-acyl transferase (AT)’ and ‘trans-AT’ systems, 
which appear to have distinct evolutionary origins.4–6 The de-
fining difference between the two families is that in trans-AT 
PKSs, the eponymous ATs are not present within the multien-
zymes, but are discrete proteins which act iteratively in trans.7 
Trans-AT PKSs also exhibit a broader array of module archi-
tectures, and the majority of systems contain modules (nonribo-
somal peptide synthetases (NRPSs)) which incorporate amino 
acid monomers into the chains, although these are also present 
in many cis-AT PKSs.8 An additional common feature is that 
following release of the chain extension intermediates from the 
last multienzyme, they are elaborated to their final, bioactive 
forms by so-called ‘post-assembly line’ enzymes (Figure 1).9,10 

In both cis-AT and trans-AT PKSs, the multiple modules 
that constitute the assembly lines are distributed among several 
gigantic polypeptides called ‘subunits’ (Figure 1). As a result, 
the fidelity of the biosynthesis depends on specific interactions 
between the various subunits which allow them to adopt the cor-
rect sequence. Conversely, rational modification of interprotein 
communication by genetic engineering to enforce unnatural 
subunit ordering is a promising strategy towards generating 

novel, high-value polyketide analogues, as subunits/modules 
are employed as intact units.11 This approach has recently 
gained traction with the discovery that the functional domains 
within PKS modules are highly interdependent.12,13  

For both cis-AT and trans-AT PKSs, communication be-
tween subunits is mediated, at least in part, by short sequences 
at the extreme ends of the polypeptides called ‘docking domains 
(DDs)’ (where CDD refers to a C-terminal docking domain, and 
NDD to an N-terminal DD).14 Multiple structural classes of DDs 
have been identified to date, typically by solving the NMR or 
crystal structures of artificially-fused native CDD-NDD pairs in 
order to stably capture the interactions. Collectively, these ef-
forts have revealed four distinct types of DDs within cis-AT 
PKSs and their hybrids with NRPSs (1a (ref. 14)/1b (ref. 15), 2 
(ref. 16) and 3 (ref. 17) (Figure 2A)). For classes 1a/1b and 2, 
formation of the docking domain complexes relies on contacts 
between a-helices, while for class 3, the CDD, which is a short 
linear motif (SLiM) within the overall disordered C-terminus of 
the subunit,18 inserts as a b-strand into a b-hairpin formed by 
the N-terminal domain, with additional contacts to an N-termi-
nal a-helix19 (this class of DDs has thus recently been renamed 
‘SLiM-b-hairpin docking (bHD) domains’18). There are, in ad-
dition, fundamental differences in oligomerization state of DDs, 
as the NDDs are largely homodimeric, and the interaction por-
tions of the CDDs uniformly monomeric (the C-termini of type 
1a/1b docking domains include an additional four a-helix bun-
dle dimerization motif upstream of the docking a-helix, but it 
is not involved in docking (Figure 2A)).14,20  
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Figure 1. The enacyloxin biosynthetic pathway. The biosynthesis occurs in two stages: assembly of the core by a hybrid polyketide synthase 

(PKS) (solid spheres)/nonribosomal peptide synthatase (NRPS) (hollow spheres), followed by elaboration of the released chain by a series 

of post-assembly line enzymes. The PKS portion of the pathway encompasses seven large subunits (Bamb_5925-5919, boxed), the first six 

of which belong to the cis-AT PKS class, and the last of which is a trans-AT PKS. Each subunit contains one or more functional modules 

(one loading and 10 chain extension), which are themselves composed of catalytic and acyl carrier protein (ACP) domains. As determined 

in this work, communication across the PKS intersubunit interfaces is mediated by a collection of docking domains belonging to two different 

types: 1-like and 2-like (DD types were assigned based on structure elucidation at high resolution (those in bold), or detailed biophysical and 

bioinformatics analysis), while a type 3 DD (or SLiM-b-hairpin
18

) was recently shown to operate at the PCP (Bamb_5917)/C (Bamb_5915) 

interface involved in chain off-loading. Key: MT, C-methyl transferase; GNAT, Gcn5-related N-acetyl transferase; KS, ketosynthase (the ° 
indicates a condensation-inactive version which serves as an ACP transacylase); AT, acyl (malonyl) transferase; DH, dehydratase; KR, 

ketoreductase; PCP, peptidyl carrier protein; C, condensation.

More recently, trans-AT PKSs were also demonstrated to 
incorporate DDs, with the two classes described to date (Figure 

2B) differing from those in cis-AT PKSs. In the first published 
example of the 4 a-helix bundle type of DDs,21,22 monomeric 
CDD and NDD which both encompass two consecutive a-heli-
ces, were shown to interact to form a four a-helix bundle with 
a unique topology for a protein-protein interaction.21 Another 
notable feature of this complex is that the NDD exhibits many 
convincing characteristics of an intrinsically disordered region 
(IDR),23 and was in fact the first IDR to be shown to operate in 
bacterial secondary metabolism. Subsequently, this type of 
docking interaction was identified within a much more exten-
sive range of interfaces, including those between domains 
which belong to the same module, but which are located on ad-
jacent polypeptides (so-called ‘split modules’, which are com-
mon in trans-AT PKSs).22 The second class of DD, dehydratase 
docking (DHD),24 is located C-terminal to KS domains. As with 
4 a-helix bundle CDDs, DHDs are IDRs, but they do not asso-
ciate with another docking domain, but with a downstream DH 
domain situated on a separate multienzyme - the first example 
of a DD interacting directly with a catalytic domain to ensure 
productive intersubunit contacts.24  

In terms of the strength of docking, measured affinity be-
tween matched DD pairs in both cis- and trans-AT PKSs is re-
markably consistent and in the low/medium µM range (2-24 
µM),15,16,21,25 arguing that docking interactions between subu-
nits are transient.26,27 Specificity appears to arise from strategi-
cally-positioned polar/charge:charge interactions at the DD in-
terfaces,16,17,19 but for many systems, it has not yet been possible 
to elucidate a clear amino acid ‘code’ correlating with partner 

choice and which could be targeted for genetic engineering to 
rationally redirect communication. 

An attractive target for synthetic biology is the PKS re-
sponsible for biosynthesis of enacyloxin in several strains of 
Burkholderia (Figure 1).28 Enacyloxin is a polyene antibiotic 
which exhibits useful activity against both Gram-positive and 
Gram-negative bacteria. Susceptible strains include multi-drug 
resistant Acinetobacter baumanii, among the 12 families of bac-
teria recently identified by the World Health Organization 
(WHO) as posing the greatest threat to human health.29 How-
ever, enacyloxin in its native form is unsuitable for clinical ap-
plication due notably to its chemical instability,28 and therefore 
it is of substantial interest to generate structural analogues by 
genetic engineering.  

Towards this end, we aimed to elucidate the molecular ba-
sis for docking within the enacyloxin PKS in order to enable 
subunit/module swaps. In addition, the pathway comprises sev-
eral unusual features which make it an attractive model system 
for understanding protein-protein interactions in modular PKSs 
(Figure 1). Firstly, it includes seven PKS subunits, a relatively 
large number compared to other assembly lines.7,30 In addition, 
DDs have also recently been shown to mediate enacyloxin’s un-
usual chain off-loading mechanism, which involves the last 
PKS Bamb_5919, and two discrete NRPS domains (a peptidyl  
carrier protein (PCP, Bamb_5917) and a condensation domain 
(C, Bamb_5915)) (Figure 1).18,31 Given the resulting large 
number of interprotein interfaces in the assembly line (five of 
which involve flanking acyl carrier protein (ACP) and ketosyn-
thase (KS) domains), studying the pathway was anticipated to 
illuminate how strict specificity is achieved in such situations. 
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Figure 2. Docking domains (DD) in modular PKSs. (A) The four structural classes of DDs characterized to date from cis-AT PKSs,
14–16

 are 

shown in the presence of typical up- and downstream flanking domains. The C-terminal DDs (
C
DD) are illustrated in blue, and the 

N
DDs in 

red. Class 3 is notably present in hybrid PKS/NRPS systems (where the 
N
DD is homodimeric),

17
 as well as pure NRPSs (where the 

N
DD is 

monomeric).
19

 (B) Classes of DDs identified to date in trans-AT PKS systems. The 4 a-helix bundle type is formed by two a-helices 

contributed by each of the 
C
DD and 

N
DD. The DHD domains (for ‘dehydratase (DH) docking’) (shown in thick blue lines) which are present 

at KS/DH junctions, are intrinsically disordered regions (IDRs) which directly contact the downstream dehydratase domain. The 
N
DD of the 

four a-helix bundle type of docking domain (shown in red) is also an IDR. Key: ACP, acyl carrier protein; KS, ketosynthase; PCP, peptidyl 

carrier protein; C, condensation.

Secondly, while the first six multienzymes (Bamb_5925-5920) 
are of the cis-AT type, the last (Bamb_5919) is a trans-AT PKS 
(in the interest of brevity, the subunits will be referred to here-
after by their numbers).28 Determining how communication oc-
curs across this atypical hybrid interface was thus expected to 
be useful for attempts to create artificial chimeric cis-AT/trans-
AT PKS junctions via synthetic biology. 

Using a multidisciplinary approach combining NMR, 
small angle X-ray scattering (SAXS), biophysical analysis and 
site-directed mutagenesis, we have comprehensively character-
ized docking within the enacyloxin PKS. Taken together, our 
results reveal similarities to previously-described DDs, but also 
several features which are unique to this system. They also iden-
tify multiple additional orthogonal DDs pairs and guidelines for 
their usage, further enriching the ‘toolbox’ of such elements 
available for genetic engineering. 
 

n  RESULTS 

In Silico Analysis of Docking in the Enacyloxin PKS. The 
starting point for this work was to identify putative docking do-
mains in the enacyloxin PKS using bioinformatics, although 
such in silico analysis is insufficient for conclusive assignment 
either of DD extremities or structural classes, particularly in the 
case of trans-AT PKSs.21 For this, we analyzed the sequences 
of the C- and N-termini of all PKS subunits within the system. 
In the case of subunits 5925 and 5923-5920, the C-terminal do-
main is an ACP, while for subunits 5924 and 5922-5919, the 
N-terminal domain is a KS. The exceptional split module inter-
face in the system (between subunits 5924 and 5923) is flanked 
by KS and KR domains. Thus, in order to identify candidate 
docking domains, we compared the terminal domain of each 
subunit to the sequences of appropriate homologous domains 
whose structures have been solved at high resolution, in order 
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Table 1. Summary of findings on the enacyloxin docking domains. 

Subunit  
terminusa 

Length 
(aa) pI Coiled-coil 

predictedc 

IDR  
Predictedd/ 

evidence 
obtained 

Oligomeriza-
tion state 

Docking  
affinity (Kd) 

DD class  
assignment or 
prediction 

5925 
C
DD 

short
b 29 3.8  N/Y Monomer 

1.1 ± 0.1 µM 
2-like 

 
5924 

N
DD 43 9.7 Y (2

nd
 half) Y (weak)/N Homodimer 

5924 
C
DD 22 4.6  N/Y Monomer 

No  

interaction 

Truncatede1-like, 

and junction likely 

involves up/down-

stream domains 5923 
N
DD 34 10.6 Y (v. weak) N/N Homodimer 

5923 
C
DD 

long
b
 

54 5.0  N/Y Monomer 

26 µM 2-like 
5922 

N
DD 32 5.4 Y (2

nd
 half) Y/N Homodimer 

5922 
C
DD 

long 
80 4.1  Y/Y Monomer 

57 µM (long 

C
DD); 110 µM 

(short 
C
DD)  

1-like 
(interaction helix, 

and may involve ad-

ditional DD IDR re-

gion, flanking do-

mains) 

5922 
C
DD 

short 
21 3.9  Y/Y Monomer 

5921 
N
DD 31 9.7 Y (weak) N/N Monomer 

5921 
C
DD 

short 20 3.6  Y/Y Monomer 

8.5 ± 0.5 µM Truncated 1-like 
5920 

N
DD 

short 31 6.4 Y N/N Homodimer 

5920 
C
DD 

short 20 3.7  Y/Y Monomer 

43 ± 3 µM Truncated 1-like 

5919 
N
DD 29 10.2 Y N/N Homodimer 

a
Matched pairs of docking domains are indicated in the same color. 

b
The designation ‘long’ indicates that all sequence downstream of the last C-terminal domain (

C
DDs) or upstream of the first N-terminal 

domain (for 
N
DDs) was investigated; in the case of 

N
DDs, the first M has been excluded; the designation ‘short’ refers to a version of the 

region that was investigated, whose sequence was informed by secondary structure analysis. 

c
Predicted using: https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_lupas.html; Y if >50% probability over the majority of the 

sequence. As only 
N
DDs have been shown to form coiled-coils, this analysis was not carried out with the 

C
DDs. 

d
Predicted using: https://iupred2a.elte.hu/ (note: monomers of coiled-coil can predict to be IDRs); Y if >50% probability over the majority 

of the sequence. 

e
‘Truncated’ refers to the fact that these 

C
DDs lack the two a-helix dimerization motif found in classical type 1 DDs.

14,15

to determine the sequence regions in which DDs might be lo-
cated (Figure S1). This was straightforward for all subunits 
ending in ACP domains (5925, 5923-5920). On the other hand, 
close analysis of the C-terminus of 5924 revealed a large unas-
signed region downstream of the conserved KS domain (Figure 

S1). To ascertain what portion of the extreme C-terminus of this 
sequence might contain a docking domain, we subjected it to 
secondary structure prediction (Figure S1). This analysis re-
vealed a series of putative secondary structure elements, fol-
lowed by a 40+ amino acid gap before the last strongly-pre-
dicted a-helix. We therefore focused on this extreme C-termi-
nal region as potentially containing a CDD. 

A series of predictive software was then used to analyze all 
of the putative DD regions for: i) secondary structure 
(PSIPRED32); ii) propensity for disorder/acting as an interaction 
motif (IUPred2A33); and in the case of the N-terminal DDs (be-
cause such elements have only been described for NDDs), iii) 
coiled-coil regions (coiled-coil prediction, NPS@ web server)34 
(Figure S2). We also determined the pIs of the putative DDs35 
(Table 1). Based on this analysis, we decided to express two 
versions of all but the 5924 CDD (full-length and a shorter ver-
sion based on the secondary structure analysis) (Tables S1 and 

S2). In the case of the NDDs, we uniformly expressed all of the 
sequences upstream of the first conserved catalytic domains. 
However, for 5920 NDD, we additionally expressed a longer 
version, as a new enacyloxin PKS sequence annotation was re-
leased during the course of this work, which suggested an alter-
native start site (Tables S1 and S2).  

Expression of the Putative Enacyloxin DDs. Initially, 
eighteen constructs (5925 CDD long and short versions, 5924 
NDD, 5924 CDD, 5923 NDD, 5923 CDD long and short versions, 
5922 NDD, 5922 CDD long and short versions, 5921 NDD, 5921 

CDD long and short versions, 5920 NDD long and short ver-
sions, 5920 CDD long and short versions, and 5919 NDD) were 
amplified from B. ambifaria genomic DNA and cloned into 
vector pBG102 or pLM302 for expression in E. coli BL21 
(DE3) as His6-SUMO-tagged or His6-MBP tagged proteins, re-
spectively. Based upon initial results, we then cloned ten addi-
tional constructs: three covalent fusions of 5925 CDD and 5924 
NDD containing a (G3S)2, (G3S)3 or a zero-length linker; a fusion 
of 5920 CDD and 5919 NDD via a (G3S)2 linker; 5924 KS-CDD; 
5923 NDD-KR; 5923 NDD-KR-ACP; 5922 ACP-CDD, 5921 
NDD-KS and 5920 ACP-CDD. (The sequences of all constructs 
are given in Table S2.) 
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To allow both efficient monitoring of the DDs by UV dur-
ing purification and dosing for binding studies by ITC, we 
added a tyrosine residue at the N-terminal ends of certain CDDs 
and NDDs (Table S2). Following purification by nickel chro-
matography, and cleavage of the affinity/solubility tags using 
human rhinovirus 3C (H3C) protease (Figure S3), the N-ter-
mini of all of the proteins also harbored short, non-native se-
quences (GPGS for all but 4 constructs, Table S2). The GPGS 
sequence is highly similar and occupies the same position rela-
tive to the NDDs as the (G3S)n sequence used to fuse certain 
NDDs covalently to their upstream CDDs, which we also show 
by NMR (vide infra), to have no effect on the docking interac-
tion. In the case of the CDDs, the added residues lie upstream of 
the additional Y (Table S2). Unfortunately, despite extensive 
effort, we were unable to obtain the following constructs as re-
combinant proteins from E. coli: 5924 CDD, 5924 KS-CDD, 
5923 NDD, 5923 NDD-KR-ACP, 5921 NDD-KS and 5920 CDD, 
so we sourced 5924 CDD, 5920 CDD short and 5923 NDD as 
synthetic peptides. In the following sections, we detail sequen-
tial analysis of each of the DD interfaces in the enacyloxin PKS. 

Docking at the 5925 CDD/5924 NDD interface. Analysis 
of the 53-residue C-terminus of 5925 suggested the presence of 
up to three a-helices, while the 43-amino acid 5924 NDD was 
predicted to contain one long a-helix, with some propensity to 
form a coiled-coil within the second half of the sequence (Fig-

ure S2). While a construct encompassing the full 5925 C-ter-
minus aggregated, a shorter version containing just the C-termi-
nal 29 residues (5925 CDD short) proved well-behaved, and 
thus we judged it to contain the CDD (this construct is referred 
to hereafter as 5925 CDD). To investigate the interface, we ini-
tially subjected the recombinant DDs (5925 CDD and 5924 NDD 
(Table S2)) to circular dichroism analysis (Figure S4). This re-
vealed that while the CDD was unstructured on its own, the NDD 
was well-folded into a-helix. We next analyzed both DDs by 
small-angle X-ray scattering (SAXS) and size exclusion chro-
matography-static light scattering (SEC-SLS), in order to deter-
mine their molecular weights in solution and therefore their ol-
igomeric states. While 5924 NDD was found to be homodi-
meric, 5925 CDD is monomeric and highly extended with an Rg 
of 15.6 Å and a Dmax of 62 Å, which is consistent with a dis-
ordered protein (as shown by a Kratky plot36 (Figure S4 and 
Table S3)). Acquisition of CD spectra of 5924 NDD at multiple 
concentrations (100, 10 and 1 µM) did not reveal any substan-
tial loss in secondary structure (Figure S4), suggesting the high 
stability of the homodimer, a result further confirmed by iso-
thermal titration calorimetry (ITC), as little change was ob-
served when the DD was titrated on its own (i.e. the monomers 
remained stably associated) (Figure S4). Analysis by ITC of 
5925 CDD alone also yielded virtually no signal (Figure S4), 
but in this case, this behavior is consistent with its monomeric 
nature. 

As we had previously observed induced structuration of an 
NDD in the presence of its partner,21 we next determined 
whether overall structuration of the DDs increased when they 
were combined. For this, we carried out differential CD analy-
sis, acquiring spectra of 5925 CDD and 5924 NDD alone and 
together (Figure S4), as described previously.21 This analysis 
showed that the spectrum of the putative complex does not cor-
respond to a simple average of the spectra of the two individual 
partners (a-helical content increased from 35.5% to 46.2%).37 
As 5924 NDD is already partially folded at the concentration 

used in this experiment (60% a-helix), we thus attribute the 
structuration observed when the domains are mixed to induced 
folding of 5925 CDD (although the secondary structure content 
of 5924 NDD may also increase). Taken together with the SAXS 
and ITC results, these data are consistent with 5925 CDD being 
an intrinsically disordered region (IDR).38 

We next measured the affinity of the interaction by ITC 
(Figure S4). For this, we determined the Kd for binding when 
either 5925 CDD or 5924 NDD was placed into the cell and ti-
trated with partner. The measured Kds were similar and in the 
low µM range (1.1 ± 0.1 µM for NDD in the syringe and CDD 
in the cell, and 3 ± 1 µM for CDD in the syringe and NDD in the 
cell (experiments repeated in triplicate)) consistent with previ-
ous measurements of DD affinities,15,16,21,25 but the binding stoi-
chiometry was different depending on which partner was in the 
cell: N = 1.2 for 5925 CDD in the cell and 0.6 for 5924 NDD in 
the cell. (A stoichiometry of 0.5 was also obtained by SEC-SLC 
when the 5925 CDD was in excess (Figure S4)). As it has pre-
viously been observed that titrations of IDRs into their partners 
can yield anomalous results,39 we presumed that the stoichiom-
etry of approximately 1:1 is correct, a result supported by sub-
sequent NMR analysis (vide infra).  

To further investigate the docking interaction, we analyzed 
15N-labeled 5925 CDD in the absence/presence of 14N 5924 NDD 
and 15N 5924 NDD in the absence/presence of 14N 5925 CDD by 
NMR, so that in each case all signals arising could be attributed 
to the 15N-labeled partner (Figure S4). These experiments pro-
vided clear evidence for stable complex formation between the 
discrete DDs, as well as confirming the induced structuration of 
the 5925 CDD seen by CD, and therefore encouraged us to elu-
cidate the structures of both the well-folded 5924 NDD and a 
covalent complex of the two DDs by multidimensional hetero-
nuclear NMR spectroscopy. For this, structure calculation was 
performed using a two-step procedure consisting of initial struc-
ture generation using CYANA,40 followed by restrained molec-
ular dynamics refinement within Amber.41,42 The quality of the 
structures was assessed using PROCHECK-NMR43 and the 
MolProbity44 server (Table S4).  

The solved structure of 5924 NDD (Figure 3A) closely re-
sembles that of type 2 NDDs16. Specifically, the NDD encom-
passes two consecutive a-helices, aA (W10-L18) and aB 
(K23-E39). aB from the two monomers forms a parallel coiled-
coil, while each copy of aA contacts the aB of the opposite 
monomer, to form an overall 4 a-helix bundle. The first 13 res-
idues of the construct (including four non-native residues) are 
unstructured, as predicted (Figure S3). Dimer formation is en-
sured by predominantly hydrophobic interactions between the 
second helix of one monomer and both helices of the other mon-
omer. Hydrophobic residues involved in the packing are W10, 
Y14, L15 and L18 located in aA, L26, L29 and L33 from aB 
of the same monomer, and L26, M27, A30, L31, K34 and L38 
within aB of the other monomer (Figure 3B). Residue K23 lo-
cated at the beginning of aB of each monomer interacts with 
the carbonyl oxygen of S19 and L21 located within the loop 
between the helices of the other monomer. K11 of one mono-
mer lies in the vicinity of Q35 of the other monomer, and may 
participate in a polar interaction. Overall, the structure of 5924 
NDD resembles that of the prototypical class 2 NDDs from the 
curacin PKS16 (e.g. an RMSD of 0.55 Å between W10-Q36 of 
5924 NDD and Q48-T74 of CurH (PDB code 4MYY)), but the 
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Figure 3. NMR structures of 5924 

N
DD and the 5925 

C
DD-5924 

N
DD complex. (A) Cartoon representation of the 5924

 N
DD dimer, with 

one monomer colored in blue and the other in light blue (residues indicated with primes). (B) Interactions between the protein chains. Top 

and side views of the residues (represented as sticks) involved in dimer formation. Basic residues are shown in blue, polar in light green, 

aromatic in purple and aliphatic in yellow. (C) Comparison of dimer topology between CurH 
N
DD and 5924

 N
DD. The 5924

 N
DD dimer is 

represented as in (A). The CurH 
N
DD chains are colored orange and green. To emphasis the overall difference in architecture, one monomer 

of CurH 
N
DD is superimposed on one monomer of 5924

 N
DD. (D) Cartoon representation of the 5925 

C
DD-5924

 N
DD dimer. 5925 

C
DD is 

shown in red (dark and light for the two monomers), 5924
 N

DD in blue, and the (G3S)3 linker in beige. The a-helices present in 5925 
C
DD 

are indicated as a1 and a2, and those in 5924 
N
DD as aA and aB. The primes indicate the second monomer of each DD. (E) Interactions 

between protein chains in the 5925 
C
DD-5924

 N
DD dimer. Residues involved in hydrophobic interactions (top view) and in polar interactions 

(bottom view) are shown as sticks. Basic residues are colored blue, polar in light green, methionine in dark green, aromatic in purple and 

aliphatic in yellow. (F) Comparison of the mode of 
C
DD/

N
DD interaction between CurG 

C
DD-CurH 

N
DD and 5925 

C
DD-5924 

N
DD. The 

figure shows a monomer of CurH 
N
DD (orange) interacting with a monomer of CurG 

C
DD (green), superimposed on monomers of 5925 

C
DD and 5924 

N
DD, as shown in (D). For clarity of presentation, certain linkers in the structures have been removed.

mode of dimerization differs: the CurH NDD monomers self- 
associate purely via formation of a coiled-coil, whereas in the 
5924 NDD structure, helices aA also contact the coiled-coil 
formed by aB to yield an interleaved 4-helix bundle (Figure 

3C).  
In order to stably capture the docked complex, we next in-

vestigated three constructs in which the 5925 CDD was cova-
lently fused to the 5924 NDD: i) directly (via a zero-length 
linker), ii) using a (G3S)2 linker, as previously described,16,21 or, 
iii) with a (G3S)3 linker (Table S2), the last of which yielded a 
stably-docked DD complex. Furthermore, comparative analysis 
of a mixture of the two independent DDs and the (G3S)3 cova-
lent complex by CD yielded essentially the same spectra, show-
ing that the artificial fusion had not fundamentally altered the 
interaction (Figure S4). Full structure elucidation by NMR as 
described above revealed an overall topology again close to 
type 2 docking interactions (Figure 3D and Table S4). Within 
the complex, the structure of the 5924 NDD is equivalent to that 
of the isolated domain, while 5925 CDD also adopts two a-hel-
ices (a1 E2621-G2627 and a2 D2630-L2637). The second a-

helix binds in a perpendicular orientation to an aB from the 
coiled-coil dimer, while helix a1 contacts both aA and aB, to 
form an overall 8 a-helix bundle.16 We further confirmed the 
overall shape of the complex and its molecular weight by SAXS 
(see Figure S4 for more detailed discussion of these results). 

The docking interface is hydrophobic and comprises: resi-
dues L2622 and I2625 from a1 of 5925 CDD interacting with 
Y14, L18 from 5924 NDD aA, and L21, A28 and L29 from 
5924 NDD aB, as well as L2633, L2636 and L2637 from a2 of 
5925 CDD interacting with M27, A28 and L31 of 5924 NDD aB 
and L15 of aA of the other monomer (Figure 3E). The structure 
additionally identified multiple polar interactions potentially 
contributing to docking specificity (5925 CDD/5924 NDD): 
E2626/R17 and/or R20, E2621 and/or E2624/K32, and poten-
tially E2621/Q36. More specifically, for two of the interactions, 
the NMR structure suggested that a charged residue of one part-
ner was sandwiched between two oppositely-charged residues 
of the other partner (Figure 3E). Consistent with the important 
role of such contacts in docking, the overall pI for the CDD 
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shows it to be acidic (pI = 3.8) and the NDD to be basic (pI = 
9.7) (Table 1).  

In order to evaluate their roles in driving assembly of the 
DD complex (kon),45 we targeted NDD residues of each pair, as 
we anticipated that effects on the CDD IDR would be difficult 
to interpret (i.e. that we would not be able to distinguish muta-
tions which impacted the docking interaction from those which 
influenced the induced structuration of the CDD, or both). Three 
NDD residues (R17, K32 and Q36) were mutated to alanine and 
to glutamate, but of the two K32 mutants, only the K32A con-
struct proved soluble. Far-UV CD analysis of all of the obtained 
mutants confirmed that their structures were not perturbed sig-
nificantly relative to wild type 5924 NDD, while SAXS and 
SEC-SLS analysis (of all constructs except R17E and Q36A) 
demonstrated that they remained stably homodimeric (Figure 

S4). Following these controls, we measured the binding affinity 
of each 5924 NDD mutant to wild type 5925 CDD by ITC (ex-
periments in triplicate), as well as its ability to induce structu-
ration of the 5925 CDD by CD. None of the mutants produced a 
substantial decrease in the measured Kds for the interaction or a 
change in binding stoichiometry (Figure S4) (R17A: 2.8 ± 0.6 
µM, N = 1.3; R17E: 5 ± 1 µM, N = 1.2; K32A: 6.3 ± 0.5 µM, 
N = 1.2; Q36E: 2.7 ± 0.1 µM, N = 1.1), while a slightly im-
proved binding affinity was determined for the interaction be-
tween 5924 NDD Q36A and the 5925 CDD (Kd = 0.5 ± 0.1 µM, 
N = 1). In addition, all of the NDD mutants still provoked proper 
structuration of 5925 CDD, as measured by CD. These data sup-
port the idea that the docking interaction cannot be dissected 
into individual pairs of contacting residues, but rather arises 
from an ensemble of contacts between the surfaces (e.g. tripar-
tite rather than bipartite contacts between charged residues),46 
making it intrinsically robust to perturbation by single-site mu-
tagenesis. 

Finally, to compare the organization of the 5925 
CDD-5924 NDD docking complex to that of the prototypical 
type 2 interaction between CurG CDD and CurH NDD,16 we de-
termined the RMSD between the backbones of various portions 
of the structures, by specifically including or excluding helix 
a2 of 5925 CDD. Comparing residues T2620-L2637 of 5925 
CDD (i.e. the region encompassing both a-helices) and 
K11-L38 of 5924 NDD, to those of K4-I21 of CurG CDD and 
I49-L76 of CurH NDD, gave a backbone RMSD of 0.99 Å. 
However, the same calculation with only the residues encom-
passing a1 of 5925 CDD (5925 CDD T2620-L2628 and 5924 
NDD K11-38 vs. K4-S13 of CurG CDD and I49-L76 of CurH 
NDD) yielded an improved RMSD of 0.60 Å. Thus, overall, the 
topology of the first CDD a-helix and the NDD is identical for 
the two complexes, while that of the second CDD a-helix differs 
(Figure 3F). The 5925 CDD-5924 NDD complex architecture is 
therefore novel, but nonetheless ‘2-like’. 

Docking at the 5924 
C
DD/5923 

N
DD split module inter-

face. Unlike the other PKS interfaces within the enacyloxin sys-
tem which are formed between C-terminal ACP and N-terminal 
KS domains, this intersubunit junction occurs in the middle of 
a module – nominally between an upstream KS and a down-
stream KR domain, although there are some 320+ amino acids 
at the end of subunit 5924 which could encompass an additional 
domain of unknown function (Figure S1). It was thus unclear 
whether the N-terminus of subunit 5923 must associate with the 
extreme C-terminus of subunit 5924, or rather directly with the 

upstream KS domain (Figure 1). On the other hand, within the 
extreme C-terminal 53 amino acids of subunit 5924 there is only 
a single predicted a-helix, and so we focused on this region as 
a potential CDD, and aimed to determine whether it interacted 
with 5923 NDD. 

 Unfortunately, we were not able to produce either the CDD 
or the NDD as recombinant proteins from E. coli, and so these 
were obtained by chemical synthesis (peptides of 22 and 34 aa, 
respectively) (Table 1 and Table S2); we also purchased an 
NDD missing the first 5 residues, to correspond with an alterna-
tive start site published during this work (this peptide was only 
investigated for its interaction with the CDD, vide infra). Both 
DDs were predicted to be a-helical (and the 5923 NDD weakly 
predicted to form a coiled-coil), while neither was predicted to 
be an IDR (Table 1 and Figures S2).  

Although CD analysis of the 5923 NDD confirmed its a-
helical character and ability to fold independently (Figure S5), 
the 5924 CDD was completely unstructured, a result consistent 
with a putative IDR (Figure S5). The 5923 NDD was further 
shown to be homodimeric by SEC-SLS, but showed a loss of 
a-helical structuration (21.1% decrease) by CD when diluted 
from 100 to 10 µM (Figure S5). As observed previously, dilu-
tion analysis by ITC of the 5924 CDD peptide yielded virtually 
no signal consistent with it being monomeric, but a weak heat 
signal was observed when the 5923 NDD was titrated on its own, 
in agreement with its homodimeric nature (Figure S5). Indeed, 
homodimerization of 5923 NDD is potentially important for the 
downstream KR, as the module lacks a dimerization motif 
which is often present upstream of KR domains in cis-AT 
PKSs,47 and by SEC-SLS, a construct incorporating both the 
5923 NDD and the downstream KR (5923 NDD-KR) was shown 
to be homodimeric, as anticipated (Figure S5).  

By ITC and CD, we were unable to detect an interaction 
between the CDD and the two versions of the NDD under stand-
ard conditions (i.e. no induced structuration occurred) (Figure 

S5), despite the fact that they again exhibit highly divergent pIs 
suggestive of strong electrostatic attraction (5924 CDD = 4.6, 
5923 NDD = 10.6) (Table 1). These results are consistent with 
the idea that this junction involves one or more up- and/or 
downstream domains within subunits 5924 and 5923 (Figure 

1). To address this possibility, we attempted to express the 5924 
CDD along with its upstream KS domain, and in addition to the 
5923 NDD-KR construct described earlier, also attempted to ob-
tain 5923 NDD-KR-ACP. Unfortunately, neither the 5924 CDD-
KS nor the 5923 NDD-KR-ACP proteins proved soluble, while 
5923 NDD-KR was unstable during analysis by ITC, precluding 
investigation of its interaction with the 5924 CDD. 

Docking at the 5923 CDD/5922 NDD interface. Analysis 
of the potential 5923 CDD region predicted two or even three a-
helices within the 54 residues (Figure S2), while the 32-residue 
5922 NDD was predicted to contain a single a-helix and form a 
coiled-coil over the second half of the sequence (Figure S2). 
Given that docking by some CDDs involves two a-helices16 and 
others one,14,15 we expressed and purified a full-length version 
of the 5923 CDD encompassing all putative a-helices, and a 
short version including only the last a-helix (Table S2) (only 
the full-length gave an interaction by ITC (vide infra)). As ob-
served for the other interfaces, analysis by CD showed the 5922 
NDD to be independently well-structured and a-helical, alt-
hough it underwent destructuration upon dilution from 100 to 
10 µM (13.6% decrease in a-helix) (Figure S6). This, coupled 
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with evidence for monomerization by dilution ITC (Figure S6), 
suggests that the homodimer interface is not as stable as that of 
other NDDs within the same system. The 5923 CDD short and 
long versions also behaved similarly to the other CDDs, with no 
evidence from CD or ITC for structuration in the absence of 
NDD partner, again consistent with IDRs (Figure S6). Combin-
ing 5923 CDD long together with 5922 NDD lead to increased 
structuration as measured by CD (10% increase when measured 
at pH 6.5; 1% at pH 8.0), with a binding affinity for the interac-
tion of 26 µM and stoichiometry of 1, as determined by ITC (at 
pH 8.0) (Figure S6). In contrast, no induced structuration or 
interaction were detected when the short version of the CDD was 
used, indicating that multiple CDD a-helices are involved in 
docking. Interestingly, the electrostatic drivers for association 
of the domains appear reduced relative to the previously-dis-
cussed interfaces, as the pIs are much more closely matched 
(5.0 and 5.4, respectively, for 5923 CDD long and 5922 NDD) 
(Table 1). 

Docking at the 5922 CDD/5921 
N
DD interface. The po-

tential 5922 CDD region downstream of the C-terminal ACP is 
unusually long (80 residues (Table S1)); the first and the last 
portions were predicted to be a-helical, and essentially the 
whole region to behave as an IDR (Figure S2). We therefore 
expressed full-length 5922 CDD, but additionally a short version 
incorporating only the C-terminal-most 21 residues (Table S2). 
The 31-residue 5921 NDD which we expressed in its entirety 
(Table S2), was predicted to be a-helical and to (weakly) form 
a coiled-coil encompassing the full region (Figure S2). Neither 
of the expressed 5922 CDD versions (Figure S3) showed evi-
dence by CD for independent structuration, nor for monomeri-
zation upon dilution by ITC (Figure S7), consistent with the 
IDR prediction. The 5921 NDD exhibited a-helical character, 
though less pronounced than the other NDDs, and was found to 
be monomeric by SEC-SLS (Figure S7). Indeed, we observed 
that diluting the 5921 NDD (from 100 to 10 and 1 µM) produced 
little change in the CD spectrum, nor did the domain undergo 
obvious dissociation by ITC. We thus hypothesize that the 5921 
NDD may require the presence of the downstream homodimeric 
KS in order to stably self-associate into a coiled-coil.  

Nonetheless, by ITC, the 5921 NDD was found to interact 
with both 5922 CDD versions with low affinity. The measured 
Kd was approximately two-fold higher for the long 5922 CDD 
relative to the short (Kd = 57 µM vs. 110 µM; N = 1) (Figure 

S7), indicating a potential role for the extended CDD, and con-
sistent with its IDR character and strong predicted interaction 
propensity (Figure S2). Nonetheless, combining the short 5922 
CDD and the 5921 NDD produced a detectable increase in over-
all structuration by CD (10% increase in a-helix) (Figure S7), 
showing that full-length 5922 CDD is not obligatory for an in-
teraction. Complementary electrostatic interactions are likely 
implicated in associating the DDs, as the pIs are widely differ-
ent (4.1/3.9 and 9.7, respectively, for 5922 CDD long/short and 
5921 NDD) (Table 1). 

While we observed the 5922 CDDs and 5921 NDD to inter-
act, the unexpected monomeric nature of the 5921 NDD and the 
overall weak docking affinity prompted us to consider whether 
the flanking domains were also implicated at this junction. To 
address this question, we aimed to express the full 5922 CDD 
along with the upstream ACP domain, and the 5921 NDD with 
the downstream KS. We successfully obtained recombinant 
5922 ACP-CDD, and evaluated binding to 5921 NDD by ITC 

(Figure S7). Although we were unable to saturate binding due 
to the tendency of 5921 NDD to aggregate and the poor availa-
bility of 5922 ACP-CDD, the measured affinity of 19 ± 4 µM 
showed that the presence of the ACP increased the interaction 
strength by at least 3-fold. Unfortunately, the 5921 NDD-KS 
construct proved unstable, and so we were unable to judge the 
additional effects of potentially homodimerizing the NDD and 
the presence of the KS domain, on the interaction with the 5922 
CDD. 

Docking at the 5921 CDD/5920 NDD interface. As with 
the previous junction, a-helices were predicted for both the be-
ginning and the end of the 5921 CDD, as well as strong IDR 
character (Figure S2). We therefore expressed and purified 
from E. coli a long (40 residues) and a short (20 residues) ver-
sion of the 5921 CDD (Figure S3 and Table S2). In the case of 
the NDD, we obtained two constructs, the first beginning from 
the originally-published start site (30 residues),28 and the second 
from a revised start-site proposed while this work was in pro-
gress (44 residues) 
(https://www.ncbi.nlm.nih.gov/nuccore/NC_008392.1) (Table 

S2). Neither of the 5921 CDDs was structured by CD, nor did 
they exhibit evidence for monomerization by ITC dilution anal-
ysis (Figure S8), again consistent with already monomeric 
IDRs. The short version of the 5920 NDD was a-helical by CD 
(Figure S8). Unfortunately, we were unable to analyze the 5920 
NDD long by this method, as the presence in the sequence of 
Cys residues required reducing conditions that were incompat-
ible with CD. 5920 NDD short is likely homodimeric, as it 
shows evidence for monomerization by ITC (Figure S8). Con-
sistent with this, 5920 NDD short is strongly predicted to form 
a coiled-coil over the full length of the domain (Figure S3). 
However, the homodimer is somewhat unstable, as destructu-
ration was noted by CD on diluting the domain from 100 to 10 
µM (8.0% decrease in a-helix) (Figure S8).  

We next tested for interactions between both versions of 
the 5921 CDD and both versions of the 5920 NDD (long 
CDD/long NDD, long CDD/short NDD, and short CDD/short 
NDD) (Figure S8). As using the longer versions routinely 
yielded lower affinities, we could conclude that the two shorter 
versions are physiologically relevant (measured Kd = 8.5 ± 0.5 
µM; N = 1.1). As with the 5923 CDD/5922 NDD interface, the 
pI difference between the two partners is less pronounced than 
for other junctions (5921 CDD = 3.6, 5920 NDD = 6.4) (Table 

1).  
Docking at the cis-AT/trans-AT PKS interface, 5920 

CDD/5919 NDD. The last junction in the PKS is potentially the 
most interesting, as it represents a functional interface between 
a cis-AT and a trans-AT PKS subunit. The 40-residue C-termi-
nus of 5920 was predicted to contain one a-helix at the C-ter-
minal end, with the whole region showing fairly strong IDR 
character (Figure S2). The 29-amino acid 5919 NDD was pre-
dicted to incorporate a single a-helix, and to form a coiled-coil 
encompassing the domain (Figure S2). This was the first sur-
prising result, as the 4 a-helix bundle type NDDs described from 
trans-AT PKSs are monomeric and IDRs.21,22 Nonetheless, 
analysis of the trans-AT/cis-AT PKS junction in the kirromycin 
PKS (between subunits KirAV and KirAVI)48 reveals putative 
docking domains with similar characteristics (Figure S2). 
While we were able to obtain the 5919 NDD as a recombinant 
protein from E. coli (Figure S3 and Table S2), neither the full-
length 5920 C-terminal region or a short version encompassing 
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Figure 4. NMR structure of the 5920 

C
DD-5919 

N
DD complex. (A) Cartoon representation of the 5920 

C
DD-5919 

N
DD fusion construct, 

with 5920 
C
DD shown in yellow and 5919 

N
DD in green. (B) Hydrophobic interactions between 5920 

C
DD and 5919 

N
DD. Residues are 

shown as sticks. (C) Polar interactions between 5920 
C
DD and 5919 

N
DD. Residues are shown as sticks. In (B) and (C), aliphatic residues 

are colored yellow, methionine green, basic blue and acidic red. For clarity of presentation, linkers in panels (B) and (C) have been removed. 

just the last a-helix, was well-expressed. We therefore pur-
chased a synthetic peptide corresponding to the short version of 
5920 CDD. To test for the effect of the missing region of the 
5920 CDD, we also expressed and purified a construct which 
included the full 5920 CDD and the upstream ACP (Figure S3 
and Table S2). 

Analysis by CD of the 5920 CDD peptide showed it to be 
unstructured, again in agreement with the IDR prediction (Fig-

ure S9). Indeed, analysis by SAXS yielded a Kratky plot36 con- 
sistent with a disordered region (Figure S9, Table S3). The 
5919 NDD was independently well-folded and a-helical by CD, 
while dilution analysis by ITC and CD (from 100 to 10 µM, 
42.2 % decrease in a-helix), supported its homodimeric charac-
ter (Figure S9). Combining the two DDs yielded an increase in 
secondary structure by CD (17.3% increase in a-helix), evi-
dence that the presence of 5919 NDD induces 5920 CDD folding, 
while ITC yielded a Kd of 43 ± 3 µM and a stoichiometry of 0.8 
(with exceptionally the 5920 CDD in the syringe, as the 5919 
NDD aggregated at higher concentrations) (Figure S9). Repeat-
ing the experiment with 5919 NDD and 5920 ACP-CDD did not 
substantially change the affinity (estimated Kd = 50 µM, as we 
were not able to saturate the complex, Figure S9), confirming 
that only the last a-helix of the 5920 CDD is important for dock-
ing. 

To investigate this interaction further, we analyzed 15N-la-
beled 5919 NDD in the presence of unlabeled 5920 CDD by 
NMR, demonstrating that the complex could be saturated with 
a large excess of 5920 CDD (Figure S9). This result motivated 
us to solve the structure of the docking complex by NMR. For 
this, we created a construct in which the two DDs were fused 
using a (G3S)2 linker,16 which yielded a stable protein. Analysis 
by SAXS confirmed that, as expected based on the behavior of 
5919 NDD, the fusion construct was homodimeric (Figure S9). 
Full structure elucidation of the complex was then carried out 
by heteronuclear multi-dimensional NMR (Figure 4A and Ta-

ble S4), as described earlier. Overall, the 5920 CDD-5919 NDD 

complex structure resembles those of the type 1 DD pairs DEBS 
2 CDD/DEBS 3 NDD (type 1a)14 and PikAIII CDD/PikAIV NDD 
(type 1b)15, except that in contrast to the DEBS and Pik CDDs 
which incorporate three successive a-helices (the first two of 
which constitute a dimerization motif, and the last of which me-
diates docking), the 5920 CDD only contains a single a-helix.  

Within the docking complex, 5919 NDD forms a coiled-
coil comprising residues Q2-A28, via hydrophobic contacts in-
volving M1, I4, L8, I15, L18 and L25 of each monomer. The 
bound form of 5920 CDD is structured, with residues 
I2961-E2971 forming a single a-helix. The docking interface 
comprises a series of hydrophobic interactions: I2961, L2964, 
L2968 and M2972 of 5920 CDD contact I4, L8, A9 and L12 of 
one 5919 NDD monomer and L7 of the other (Figure 4B). In 
addition, polar interactions are observed, with E2971 of one 
5920 CDD monomer forming salt bridges with K16 and K19 of 
one 5919 NDD monomer, while D2974 of the same 5920 CDD 
monomer potentially contacts K10 of the second 5919 NDD 
monomer (Figure 4C). Based on this analysis, while the 5920 
CDD-5919 NDD complex is clearly type 1, it is not possible to 
conclusively designate it as being 1a or 1b. For example, despite 
the presence of a single docking a-helix (type 1a-like), it is of 
intermediate length between those described for 1a and 1b 
structures (Figure 1).14,15 Furthermore, certain polar contacts at 
the interface (Figure S9) and comparative sequence analysis 
with other type 1a/1b pairs (Figures S10 and S11) are con-
sistent with both type 1a and type 1b interactions. We thus favor 
the attribution ‘1-like’ for this DD interface. 

Analysis of interface cross-talk in the enacyloxin sys-

tem. One critical role of docking domains is to ensure that the 
communication between the various subunits is specific. To di-
rectly test this aspect of the enacyloxin PKS, we evaluated 
whether there was any cross-talk between 5925 CDD (two inter-
action a-helices) and the NDDs of all of its noncognate subunits 
(5923-5919), as well as that between 5921 CDD (one interac-
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tion a-helix) and the NDDs of 5924-5921 and 5919, by ITC un-
der the same conditions for which we detected binding between 
the native CDD/NDD pairs (Figure S12). With one exception 
(that between 5921 CDD and 5924 NDD which yielded a very 
weak affinity (>100 µM)), no evidence for any non-cognate in-
teraction was observed. 
 

n  DISCUSSION 

Since the discovery of the underlying modular genetic architec-
ture of the PKSs, attempts have been made to reconfigure these 
systems by genetic engineering.11 The limited success of these 
experiments despite several decades of effort may be due, at 
least in part, to the fact that the catalytic and carrier protein do-
mains which comprise the modules exhibit an unexpectedly 
high degree of functional and structural interdependence,12,13 
and thus are not truly ‘modular’. This observation suggests that 
a more productive strategy will be to combine intact modules 
and subunits to generate novel assembly lines. Although fusing 
these elements together is one potential strategy, it is arguably 
preferable to engineer non-covalent interfaces, as this avoids 
creating even larger proteins. However, the success of this strat-
egy relies on obtaining a collection of multiple pairs of docking 
domains (DDs) to mediate such interactions, which: i) have 
known boundaries; ii) are truly portable into novel contexts, or 
for which the constraints in terms of flanking domains are de-
fined; iii) are compatible with the type of PKS to be modified 
(i.e. cis-AT and/or trans-AT and mixed PKS/NRPS systems); 
and iv) are orthogonal to each other, affording specific intersub-
unit contacts, and thus a defined subunit order in the engineered 
system.  

To further this goal, we have comprehensively character-
ized docking within the enacyloxin PKS, as it represents a par-
ticularly stringent test case for DD-facilitated interactions. By 
structure elucidation of fused DD complexes, we could conclu-
sively assign the 5925/5924 and 5920/5919 interfaces to types 
2- and 1-like, respectively. For the remaining junctions 
(5924/5923, 5923/5922, 5922/5921 and 5921/5920) reasonable 
assignments have been made based on the accumulated bio-
physical data in combination with comparative sequence anal-
ysis between the identified interaction regions and representa-
tive type 1a, 1b, 2 and 4-helix CDDs and NDDs (Figures S10 
and S11; type 3 (SLiM-bHD) could be excluded because the 
NDDs are insufficiently long). Taken together (Figure 1 and 
Table 1), our results show that nature has deployed several 
strategies to achieve specificity in this multi-subunit system.  

Firstly, docking is mediated by at least three distinct types 
of docking domain which are intrinsically non-interacting: 1-
like (at the 5924/5923, 5922/5921, 5921/5920 and 5920/5919 
junctions; one definitive experimental characteristic of these 
DDs permitting this assignment is their length (£22 residues; 
Table 1)), 2-like (5925/5924 and 5923/5922) and 3 (5917 (PCP 
domain)/5915 (C domain)18). Furthermore, interfaces which in-
volve the same DD class are not equivalent. Specifically, alt-
hough the 5921/5920 and 5920/5919 junctions likely both in-
volve type 1-like DDs, and the CDDs of both pairs lack the typ-
ical four a-helix dimerization motif of type 1 complexes,14 there 
is a pronounced divergence in the DpIs across these junctions 
(5921/5920 = 2.8 and 5920/5919 = 6.5 (Table 1)), suggesting a 
critical role for differential electrostatics in steering the correct 
associations.45 In terms of the other two type 1-like junctions 

(5924/5923 and 5922/5921), although the CDDs both incorpo-
rate a predicted single, extreme C-terminal interaction a-helix, 
the 5922 CDD utilizes the upstream IDR region to interact with 
the NDD partner. Both interfaces also appear to include contacts 
between the flanking domains, though these differ between the 
junctions (KS/KR for 5924/5923 and ACP/KS for 5922/5921), 
and in the case of the 5924/5923 interface, no binding is actually 
observed between the excised DDs in the absence of these 
neighbors. Several explanations for this latter result are possi-
ble, including that the DDs only function when linked to their 
respective up- and downstream domains, that they do not con-
tact each other directly but instead the flanking domains (as 
with the DHDs24), or indeed that DDs do not contribute to re-
constituting a functional module at this point in the assembly 
line.  

Finally, in the case of the two interfaces mediated by type 
2 domains, divergent electrostatics appears to be the main con-
tributor to partner selection, as the DpI across the 5925/5924 
junction is 5.9, while that at the 5923/5922 interface is only 0.4. 
Indeed, the solved structure of the 5925/5924 docking complex 
(Figure 3) reveals at least three key polar interactions which 
likely contribute to specificity, although not in binary fashion.  

Another notable finding of our work is that all of the CDDs 
show strong characteristics of IDRs. Although IDRs were pre-
viously identified in trans-AT PKSs,21 this is a novel finding for 
cis-AT PKSs. It is nonetheless possible that the docking a-hel-
ices of the previously-reported 1a14 and 1b15 type CDDs are in 
fact IDRs, but this behavior was missed as the CDDs were stud-
ied in the context of fused complexes with their partner NDDs, 
and thus were stably folded. In any case, it is now abundantly 
clear that nature favors the use of IDRs in docking as a means 
to achieve both relatively low affinity and highly specific bind-
ing.49 Indeed, whereas classical IDRs often engage with multi-
ple partners which has been argued to intrinsically reduce their 
ability to assure high interaction specificity,49 CDDs in PKS sys-
tems need only bind a single NDD. We have also provided evi-
dence by NMR and site-directed mutagenesis that, at least for 
the 5925 CDD/5924 NDD interaction, docking is intrinsically ro-
bust to single amino acid exchanges, a useful adaptation that 
would in principle prevent alterations in docking preference as 
a result of punctual mutations. 

Even with high-resolution structural information in hand, 
the overall low sequence similarity between the DDs within the 
same structural class, means that we were not able to discern an 
obvious amino acid ‘code’ which correlates with docking spec-
ificity and which could be manipulated to influence partner 
choice (Figures S10 and S11). In any case, it is clear that dock-
ing preference depends on more than just a limited number of 
polar contacts that could be targeted for site-directed mutagen-
esis. In addition, such efforts would be complicated by the fact 
that a substantial number of both CDDs and NDDs are now 
known to be IDRs, for which the effects of point mutations on 
induced structuration/docking are difficult to predict. Taken to-
gether, these results argue that the most productive strategy for 
deploying our growing toolbox of DDs in PKS engineering will 
be to use pairs of matched domains, including those identified 
here.11  

In the case of type 1(-like) DDs, these could encompass the 
upstream dimerization motif as demonstrated previously,50 or 
include only the third docking a-helix, which is functionally in-
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dependent.14 Specificity can be achieved by employing multi-
ple, intrinsically orthogonal structural types, but a single class 
can also be used at several interfaces if, for example, there are 
large discrepancies in the DpIs of the DDs sets or if their de-
pendencies on flanking domains are different. We have also 
shown that type 1-like DDs can mediate interaction between an 
upstream cis-AT PKS and a downstream trans-AT PKS, while 
sequence analysis of KirAV CDD and KirAVI NDD (a trans-
AT/cis-AT junction) suggests that they are also type 1(a) DDs 
(Figure S13). Thus, this type of DD should be a generally suit-
able element for creating additional such hybrid systems as a 
means of boosting polyketide diversity.  
 
n    MATERIALS AND METHODS 

Sequence Analysis. The sequences of the type 1a CDDs 
and NDDs were obtained from ref. 14, the type 1b domains from 
ref. 15, the type 2 DDs from ref. 16, and additional 4 a-helix type 
domains from ref. 22. For analysis of the putative enacyloxin 
CDDs, the C-terminal boundaries of the upstream domains 
(ACP or KS) were determined by multiple sequence alignment 
of the subunit ends using Clustal Omega 
(http://www.ebi.ac.uk/Tools/msa/clustalo/), and comparison 
with domain boundaries identified in the solved structures of 
homologous domains.51–54 Similarly, the start sites of the do-
mains downstream of the N-terminal docking domains (KS or 
KR (refs. 55,56)) were assigned by alignment of the beginning of 
the subunits and comparison with the sequences of the solved 
structures of homologous domains. Sequence alignments 
shown in figures were generated using Clustal Omega and dis-
played using BoxShade (http://www.ch.embnet.org/soft-
ware/BOX_form.html), and sequence logos were created with 
WebLogo 3 (weblogo.threeplusone.com/create.cgi). Secondary 
structure prediction was carried out with PSIPRED,32 analysis 
for disorder and interaction propensity with IUPred2A 
(https://iupred2a.elte.hu/),33 the presence of coiled-coils pre-
dicted with the NPS@ web server (https://npsa-
prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_lu-
pas.html),34 and pIs calculated using ExPASY 
(https://web.expasy.org/compute_pi/).35 

Materials and DNA Manipulation and Sequencing. 

Burkholderia ambifaria AMMD was purchased from 
BCCM/LMG (Ghent University, Belgium) and genomic DNA 
was extracted using Wizard Genomic DNA Purification Kit 
(Promega). Biochemicals and media were purchased from 
ThermoFisher Scientific (Tris, EDTA), Merck (NaPi), Carlo 
ERBA (NaCl), BD (peptone, yeast extract), VWR (glycerol), 
and Sigma-Aldrich (imidazole, IPTG). Isotopically-labeled 
chemicals were sourced from Eurisotop. The enzymes for ge-
netic manipulation were purchased from ThermoFisher Scien-
tific. DNA isolation and manipulation in Escherichia coli was 
carried out according to standard methods.57 PCR amplifica-
tions were performed on a Mastercycler Pro (Eppendorf) using 
Phusion high-fidelity DNA polymerase (Thermo Scientific). 
Primers were obtained from Sigma-Aldrich (France), and DNA 
sequencing was carried out by GATC Biotech (Mulhouse, 
France). Synthetic peptides were obtained from GeneCust 
(Boynes, France). 

Cloning, Expression and Purification. Twenty-three 
constructs (5925 CDD, 5924 NDD, 5924 CDD, 5924 KS-CDD, 
5923 NDD, 5923 NDD-KR, 5923 NDD-KR-ACP, 5923 CDD 
long and short versions, 5922 NDD, 5922 CDD long and short 

versions, 5922 ACP-CDD, 5921 NDD, 5921 NDD-KS, 5921 
CDD long and short versions, 5920 NDD long and short ver-
sions, 5920 CDD long and short versions, 5920 ACP-CDD and 
5919 NDD) were amplified directly from B. ambifaria genomic 
DNA using forward primers incorporating a BamHI restriction 
site (or in select cases, SacI or SalI restriction sites) and a re-
verse primer including a HindIII restriction site (Table S1), and 
were ligated into the equivalent sites of vector pBG102 (or 
pLM302 for 5922 ACP-CDD only). Vector pBG102 codes for a 
His6-SUMO tag and pLM-302 codes for a His6-maltose binding 
protein (MBP) tag (Center for Structural Biology, Vanderbilt 
University). Following cleavage of the tags, the proteins incor-
porated a non-native N-terminal Gly−Pro−Gly−Ser sequence 
when BamHI was used, a 
Gly−Pro−Gly−Ser−Pro−Asn−Ser−Ser sequence for SacI or a 
Gly−Pro−Gly−Ser−Pro−Asn−Ser− Ser−Ser−Val-Glu sequence 
for SalI. Nonetheless, these additional residues were not ex-
pected to impact on docking, because it has been shown repeat-
edly that it is possible to covalently fuse CDD and NDD pairs 
using variable length linkers, without altering the native inter-
actions.14–16,21 From selected vectors and B. ambifaria genomic 
DNA, covalent fusions were constructed (5925 CDD−5924 NDD 
and 5920 CDD−5919 NDD) using overlap PCR. Specifically, 
fragments encoding 5925 CDD, 5924 NDD, 5920 CDD and 5919 
NDD were amplified, and then used as templates in a second 
PCR reaction to obtain the fusion constructs. The resulting frag-
ments were ligated into vector pBG102. Site-directed mutagen-
esis of 5924 NDD was carried out using Phusion high-fidelity 
DNA polymerase and vector pBG102 containing the wild-type 
sequence.  

The vectors were used to transform E. coli BL21 or Rosetta 
2 (DE3) (Novagen), and constructs were expressed as His6-
SUMO-tagged or His6-MBP-tagged fusions by growth in LB 
medium at 37 °C to an A600 of 0.7, followed by induction with 
300 µM IPTG and incubation at 20 °C for a further 12−18 h. 
The E. coli cells were collected by centrifugation (3500 g) and 
resuspended in buffer 1 (50 mM Tris (pH 8.0), 300 mM NaCl). 
Cells were lysed by sonication, and cell debris was removed by 
centrifugation and filtration (0.45 μm). When soluble protein 
was obtained (vide infra), the cell lysates were loaded onto a 
HisTrap 5 mL column (GE), equilibrated in buffer 1. The col-
umn was washed extensively with buffer 1 containing 50 mM 
or 20 mM imidazole, and His-tagged proteins were eluted using 
500 mM imidazole.  

All His6-tagged constructs were then incubated with His-
tagged human rhinovirus 3C protease (1 µM) for 12−16 h at 4 
°C to cleave the affinity-solubility tags. The constructs were 
then separated from the remaining His-tagged proteins by load-
ing onto a HisTrap 5 mL column (GE) followed by elution in 
buffer 1 containing 10 mM or 20 mM imidazole. Following this 
step, size-exclusion chromatography on a Superdex 75 26/60 
column (GE) in 100 mM sodium phosphate (pH 6.5), or 20 mM 
Tris and 100 mM NaCl (pH 8.0) for 5923 CDD long version and 
5922 NDD, or on a Superdex 200 26/60 column (GE) in the case 
of 5923 NDD-KR, resulted in a homogeneous preparation of 
each protein (Figure S1).  

Production of 15N- and 13C,15N-enriched 5925 CDD, 5924 
NDD, 5919 NDD, 5925 CDD−5924 NDD (covalent fusion) and 
5920 CDD−5919 NDD (covalent fusion) for NMR structure elu-
cidation was carried out by growth in M9 minimal medium. The 
minimal medium was supplemented with 15NH4Cl (0.5 g/L) and 
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13C6-glucose (2.0 g/L) as the sole sources of nitrogen and car-
bon. The isotopically-labeled constructs were purified to homo-
geneity as described above (Figure S1). 

Size-exclusion Chromatography Coupled to Static 

Light Scattering. SEC-SLS were performed using two differ-
ent setups (SEC-RALS/LALS or SEC-MALS): (i) AKTA Ex-
plorer HPLC system (GE Healthcare) coupled to both 
RALS/LALS light scattering and refractive index detectors 
(Viscotek TDA302, Malvern Panalytical). The SEC columns 
(Shodex KW-802.5 or KW804, 7 μm, 8 mm ID ́  300 mm, void 
volume ~6 mL, total volume ~ 12.5 mL) were equilibrated with 
NaPi buffer (100 mM, pH 6.5). The flow rate ranged from 
0.2-0.5 mL/min, and the temperature was 30 °C. Data were pro-
cessed with the Omnisec software (v5.12, Malvern Panalytical) 
using RALS/LALS detectors for 5923 NDD-KR, and only the 
RALS detector for the other proteins; and (ii) (for the 5923 
NDD) AKTA pure (GE Healthcare) coupled with a MALS de-
tector (miniDAWN TREOS II, Wyatt Technology) and a re-
fractometer (Optilab T-rEx, Wyatt Technology). The SEC col-
umn (Superdex 75, 10 mm ID ´ 300 mm, void volume ~8 mL, 
total volume ~ 24 mL) was equilibrated with 20 mM Tris.HCl 
(pH 7.5), 500 mM NaCl. The flow rate was 0.5 mL/min and the 
temperature was 25 °C. Data were processed with the Astra 
software (v. 7.14, Wyatt Technology). The refractometer was 
used as the concentration detector and the refractive index in-
crement value (dn/dc) used to determine the molecular weight 
was 0.185 mL/g. 

Analysis by Circular Dichroism. Circular dichroism 
(CD) was carried out on a Chirascan CD from Applied Photo-
physics. Data were collected at 0.5 nm intervals in the wave-
length range of 185/190/195−260 nm at 20 °C, using a temper-
ature-controlled chamber. For most measurements, a 0.01 cm 
cuvette containing 30 µL of protein sample at 100 µM was used. 
In the case of 5922 CDD, 5921 NDD, 5920 CDD and 5919 NDD, 
measurements were made on 300 µM samples. For analysis of 
10 µM protein, 200 µL of sample were used in a 0.1 cm cuvette, 
and for 1 µM, 1 mL of sample in a 1 cm cuvette. Measurements 
were performed at least in triplicate, and sample spectra were 
corrected for buffer background by subtracting the average 
spectrum of buffer alone. To evaluate the extent of induced 
folding when two docking domains were combined,21 we first 
acquired two sets of spectra corresponding to the docking do-
mains alone, either by placing the CDD into one cuvette and the 
partner NDD into another (30 µL each at 100 µM or 300 µM for 
5922 CDD, 5921 NDD, 5920 CDD and 5919 NDD) and analyzing 
the two cuvettes simultaneously, or by averaging the spectra of 
the CDD and NDD acquired separately (these protocols consist-
ently yielded the same result). We then combined the two dock-
ing domains, and placed the mixture into both cuvettes (30 µL 
at 100 µM or 300 µM for 5922 CDD, 5921 NDD, 5920 CDD and 
5919 NDD), again analyzing the two simultaneously. Spectrum 
deconvolution was carried out using the CDNN software.37 

Analysis by Isothermal Titration Calorimetry. ITC was 
performed using a MicroCal ITC 200 (GE) at 20 °C. A 300 µL 
aliquot of CDD (wild type) or NDD (wild type or mutant) at 60 
µM, 120 µM or 200 µM was placed in the calorimeter cell, and 
NDD (wild type or mutant) or wild type CDD, at 600 µM, 1.8 
mM or 2 mM, was added as follows: 0.4 µL over 0.8 s for the 
first injection, followed by 19 injections of 2 µL over 4 s at 120 

s intervals. The heat of reaction per injection (microcalo-
ries/second) was determined by integration of the peak areas 
using either the Origin (MicroCal) or Nitpic software.58 These 
software provide the best-fit values for the heat of binding (DH), 
the stoichiometry of binding (N), and the dissociation constant 
(Kd). The heats of dilution were determined by injecting the 
DDs alone (initial concentrations of 600 µM, 1.8 mM or 2 mM), 
and were subtracted from the corresponding experiments before 
curve fitting. 

NMR Data Acquisition. To minimize the amount of pro-
tein needed, 300 µL of protein solution were loaded into a 4 mm 
NMR tube. All NMR data were recorded at 25 °C on a Bruker 
DRX600 spectrometer equipped with a cryogenic probe (Unité 
Mixte de Service (UMS) 2008 Ingénierie-Biologie-Santé en 
Lorraine (IBSLor)). Backbone and sequential resonance assign-
ments were obtained by the combined use of 2D 15N−1H and 
13C−1H HSQC spectra and 3D HNCA, HNCACB, 
CBCA(CO)NH, HNHA, HBHA(CO)NH, HN(CA)CO, and 
HNCO experiments. Assignments of aliphatic side chain reso-
nance were based on 2D aromatic 13C−1H HSQC, 3D 
(H)CC(CO)NH, H(CC)(CO)NH, HNCO-ECOSY, 
CCH−TOCSY, and HCCH-TOCSY experiments (reviewed in 
ref. 59). To collect NOE-based distance restraints for the 5924 
NDD, 5925 CDD-5924 NDD and 5920 CDD-5919 NDD structure 
calculations, 3D 15N NOESY-HSQC and 13C NOESY-HSQC 
were recorded on uniformly 13C,15N enriched samples. The mix-
ing time used in all NOESY experiments was set to 120 ms. 
NMR data were processed using Topspin 3.1 (Bruker) and were 
analyzed using Sparky (Goddard TD and Kneller DG, 
SPARKY3, University of California, San Francisco, 2003). 

NMR Structure Calculation. Initial structures were gen-
erated using CYANA 3.0 software.40 Starting from a set of man-
ually-assigned NOEs, the standard CYANA protocol of seven 
iterative cycles of calculations was performed with NOE as-
signment by the embedded CANDID routine combined with 
torsion angle dynamics structure calculation.60 In each cycle, 
100 structures starting from random torsion angle values were 
calculated with 15 000 steps of torsion angle dynamics-driven 
simulated annealing. A total of 1824 NOE-based distances and 
116 backbone angle restraints were used for structure calcula-
tion of the 5924 NDD domain, whereas 2875 and 2504 NOE-
based distances associated with 136 and 148 backbone angle 
restraints were used for the 5925 CDD-5924 NDD and 5920 
CDD-5919 NDD complexes, respectively. To ensure that the 
overall structures of 5925 CDD-5924 NDD and 5920 CDD-5919 
NDD were homodimeric, weak restraints (9 Å) were applied to 
the two monomers of the NDD regions during the first two cy-
cles of CYANA calculation. The angle restraints were obtained 
from 13Cα, 13Cβ, 13C′, 15N, 1HN, and 1Hα chemical shifts using 
TALOS-N61 with an assigned minimum range of ±20°. The sec-
ond stage consisted of the refinement of the 50 lowest CYANA 
target function conformers by restrained molecular dynamic 
(rMD) simulations in Amber 14 (refs. 41 and 42) using the gen-
eralized Born solvent model. Possible atoms clashes within 
CYANA initial structures were regularized by a 1 ps energy 
minimization in the Amber force field, and then 20 ps of rMD 
was performed with the following protocol: the system was 
heated for 5 ps at 600 K with tight coupling for heating and 
equilibration (TAUTP = 0.4), 15 ps of cooling to 0 K with 13 
ps of slow cooling (loose coupling, TAUTP = 4.0−1.0) followed 
by 1 ps of faster cooling (TAUTP = 1.0), and a final 1 ps of very 
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fast cooling (TAUTP = 0.1−0.05). During rMD, the restraints 
were slowly ramped from 10−100% of their final values over 
the first 3 ps. Force constants for distance and angle restraints 
were set to 32 kcal mol−1 Å−2 and 50 kcal mol−1 rad−2, respec-
tively. The final representative ensembles correspond to the 25 
conformers from each calculation with the lowest restraint en-
ergy terms. 

Small angle X-ray Data Collection. SAXS data were col-
lected on the SWING beamline at the Synchrotron SOLEIL 

(France). Frames were recorded using an Eiger 4M detector at 
an energy of 12 keV. The distance between the sample and the 
detector was set to 2000 mm, leading to scattering vectors q 

ranging from 0.0005 to 0.5 Å−1. The scattering vector is defined 
as 4p/l sinq, where 2q is the scattering angle. The protein sam-
ples were injected using the online automatic sample changer 
into a pre-equilibrated HPLC-coupled size-exclusion chroma-
tography column (Bio-SEC 100 Å (4.6 mm ID ´ 300 mm), Ag-
ilent) at a temperature of 15 °C. 

The online purification system that delivers the eluted frac-
tions into the measurement cell was developed on the SWING 
beamline.62 After equilibrating the column in the protein buffer 
(20 mM Tris.HCl (pH 7.5), 200 mM NaCl, 5% glycerol (as ra-
dioprotectant)), 100 successive frames of 0.75 s were recorded 
of the buffer background. A 50 µL aliquot of the protein sample 
(at 10 or 30 mg/mL) was then injected, and complete data sets 
were acquired. The protein concentration downstream of the 
elution column was followed via the absorbance at 280 nm with 
an in situ spectrophotometer. In contrast to classical SAXS ex-
periments that are conducted in batch using several protein con-
centrations within a standard range (e.g., 0.1−10 mg/mL−1), the 
fact that data collection is coupled to a gel-filtration column 
means that analysis of the required multiple concentrations of 
the protein occurs within a single experiment because many dif-
ferent positions within the elution peak are sampled during the 
course of the measurement (typically 50−100 frames are ac-
quired).62 Data reduction to absolute units, frame averaging, and 
solvent subtraction were performed using FOXTROT, a dedi-
cated in-house application. Each acquisition frame of the exper-
iment yielded a scattering spectrum, which was then analyzed 
using FOXTROT, giving a Rg (radius of gyration) as well as an 
I(0) value, which depends on the protein concentration at that 
location in the elution peak from the Guinier law (approxima-
tion I(q) = I(0) exp(−q2Rg

2/3) for qRg < 1.3). It is thus the fact 
that the concentration naturally varies across a gel-filtration 
peak that provides a full range of dilutions as used in classical 
SAXS experiments. Under our experimental conditions (buffer, 
dilution over the gel filtration step, etc.), the fact that we ob-
served a constant Rg for a significant proportion of the concen-
trations present in our gel filtration peaks means that these 
measurements were independent of concentration and thus that 
we were effectively under conditions of infinite dilution. 

In the following step of data analysis, all the frames that 
exhibited the same Rg as a function of I(0) were corrected for 
buffer signal and averaged, thus ensuring that the data reflected 
only the signal arising from the protein structure and not from 
intermolecular interactions. The distance distribution function 
P(r) and the maximum particle diameter Dmax were calculated 
by Fourier inversion of the scattering intensity I(q) using 
GNOM.63 

Determination of Construct Molecular Weights. Classi-
cally, molecular weights can be derived from the SAXS data 

using the I(0) and the known protein concentration. Although in 
our experimental setup the protein concentration is known when 
the peak elutes from the gel-filtration column, the fact that there 
is a delay between exiting the column and the acquisition of the 
SAXS data means that the concentration could have changed 
prior to the measurement. Therefore, to determine the molecular 
weights of our constructs, we relied on two alternative methods: 
SAXS MoW,64 which depends on integration of the distance 
distribution function (because this is known to be proportional 
to molecular weight), and size exclusion chromatography-static 
light scattering (SEC-SLS), for which the intensity of light scat-
tered off protein molecules in solution is proportional to their 
molecular weight.65 

For MW determination by HPLC-MS, samples were equil-
ibrated to 0.5% TFA, 2% ACN and diluted, if required, to 1 pM, 
and 5 µl were fractionated through nano-HPLC on an Ultimate 
3000 system equipped with a pepMap 100 C18 desalting col-
umn and a 15 cm, pepMap RSLC C18 fractionation column (all 
from ThermoFischer) and eluted using a 2-45 % ACN gradient 
over 30 min at 300 nL/min. Eluting material was detected based 
on its absorbance at 214 nm to verify the relative purity of com-
pounds. Fractions (170, 9 s each) were collected on a Proteineer 
FcII  and elutions were mixed on MTP-1536 TF target spots 
with a-cyano-4-hydroxycinnamic acid (all from Bruker). Spots 
corresponding to eluting peaks based on absorbance were in-
vestigated by MALDI-TOF and MALDI-TOF/TOF (in LIFT 
mode) mass spectrometry on an Autoflex IV (Bruker), using 
near neighbor external calibration.  

Ab initio Shape Determination. Ab initio protein shapes 
were calculated from the experimental SAXS data using the 
bead-modeling program DAMMIN.66 At least 20 to 30 inde-
pendent fits were carried out without imposition of symmetry 
for shape determination without restraint, and with a 2-fold 
symmetry restraint when the dimeric state had been established 
by SAXS MoW and/or SEC-SLS. The results of several 
DAMMIN models were then compared using the program 
SUPCOMB67 in order to determine a consensus model. Low-
resolution models were then averaged using the DAMAVER 
and DAMFILT packages.68,69 The quality of the 3D modeling 
was determined using the discrepancy c2, defined according to 
Konarev et al.68 Values lying in the range of 0.9−1.1 are ac-
cepted to indicate a good fit between the models and the data. 
However, the calculation of c2 is inversely proportional to the 
measurement error, that is, the lower the error in the measure-
ment, the higher the c2. Because the detector at SOLEIL yields 
inherently low-error, high-quality data, the effect is to raise the 
determined c2 values above this standard range.70 Nonetheless, 
visual inspection of the agreement between the theoretical 
curves calculated from the average molecular forms and the ac-
quired SAXS data confirms the goodness of fit in all cases. 
Therefore, we decided not to rescale artificially the error on the 
measurement to give c2 of approximately 1, as has been sug-
gested.70 High-resolution structures were then superimposed 
into the ab initio protein shapes using SUPCOMB.67 Figures 
displaying the protein structures were generated using PYMOL 
(Schrödinger, LLC), and the low-resolution bead models from 
DAMMIN were converted into mesh.  

Accession numbers. Chemical shifts for 5924 NDD, 5925 
CDD−5924 NDD and for 5920 CDD−5919 NDD have been de-
posited in the Biological Magnetic Resonance Bank with acces-
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sion codes 34446, 34448 and 34447, respectively. PDB coordi-
nates for 5924 NDD, 5925 CDD−5924 NDD and for 5920 
CDD−5919 NDD have been deposited under accession codes 
6TDD, 6TDN and 6TDM. 
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SUPPLEMENTARY METHODS 
 
Table S1. Primers used in this study. 

Construct Primer type Oligonucleotides (5'-3')a 
5925 CDD short 
version 

f TTTCCGGGATCCTACGCCCCGCTCGATACCGAG 
r TTTCCGAAGCTTTTATTCACGGATGAACTCCTTGCC 

5925 CDD long 
version 

f TTTCCGGGATCCTACTCCGCCGTGGCGGAG 
r TTTCCGAAGCTTTTATTCACGGATGAACTCCTTGCC 

5924 NDD 
 

f TTTCCGGGATCCATGAATAAGCCCACCTCGTC 
r TTTCCGAAGCTTTCACCCCTGCTCGAGTTG 

5924 KS-CDD 
 

f TTTCCGGAGCTCTATCGCCGTGATCGGCATGGC 
r TTTCCGAAGCTTTTATTCGGCCTGCAAATCCTCCAGCAGG 

5923 NDD 
 

f TTTCCGGGATCCTACATGGGGAGGACCGTGGG 
r TTTCCGAAGCTTTCACCGCAGTTGCAGGATCTCC 

5923 NDD-KR 
 

f TTTCCGGGATCCATGGGGAGGACCGTGGCAC 
r TTTCCGAAGCTTTCAGGCGTCGAGCGGCGG 

5923 NDD-KR-ACP 
 

f TTTCCGGGATCCATGGGGAGGACCGTGGCAC 
r TTTCCGAAGCTTTCAGGCGTGCGCCCAGGC 

5923 CDD short 
version 

f TTTCCGGTCGACTACGACCACAGTGCCGCCGAACTCG 
r TTTCCGAAGCTTTCAAAGTGCTCCGCGTGATTCGAGAC 

5923 CDD  
long version 

f TTTCCGGTCGACTACGCGCGCGGTGCGCTGG 
r TTTCCGAAGCTTTCAAAGTGCTCCGCGTGATTCGAGAC 

5922 NDD 
 

f TTTCCGGGATCCTACATGACGGACATGGACAAGGACCTGC 
r TTTCCGAAGCTTTCAATGGCCTTGCTCGGCCTGC 

5922 CDD  
short version 

f TTTCCGGGATCCTACGATGCCGTGACCGATGAAATC 
r TTTCGGAAGCTTTCAACGGTCCTCCAGCAGC 

5922 CDD 
long version 

f TTTCCGGGATCCTACGGCAGCACCGGTAACGCT 
r TTTCGGAAGCTTTCAACGGTCCTCCAGCAGC 

5922 ACP-CDD 
 

f TTTCCGGGATCCCGCGAGTCGATGCTCGAC 
r TTTCGGAAGCTTTCAACGGTCCTCCAGCAGC 

5921 NDD 
 

f TTTCCGGGATCCTACATGGACTCGAAAGACCGCG 
r TTTCCGAAGCTTTCACTGGTCCAGCCGCGC 

5921 NDD-KS 
 

f TTTCCGGAGCTCGATGGACTCGAAAGACCGCGAGCTGCTG 
r TTTCCGAAGCTTTCAGGCCGCGTCGGGCGCC 

5921 CDD  
short version 

f TTTCCGGGATCCTACGCCGACGCGCTCGATC 
r TTTCGCAAGCTTTCACAGCAATTTGTCGAGAACGTCG 

5921 CDD  
long version 

f TTTCCGGGATCCTACGCGGGGCCCGCGCAG 
r TTTCCGAAGCTTTCACAGCAATTTGTCGAGAACGTCGG  

5920 NDD  
short version 

f TTTCCGGGATCCATGAACGACTACAAGGCATTGCTCAAG 
r TTTCCGAAGCTTTCACTCGTCGACGCCGGACTC 

5920  NDD  
long version 

f TTTCCGGGATCCATGCCGCGCCTGCCGACG  
r TTTCCGAAGCTTTCACTCGTCGACGCCGGACTCGAGTTC  

5920 CDD  
short version 

f TTTCCGGGATCCTACGATGCCGCCTTGCCGATC 
r TTTCCGAAGCTTTTAGTCGTCGCCCATCTCTTGC 

5920 CDD  
long version 

f TTTCCGGGATCCTACGCGGCACAGGCGCGG 
r TTTCCGAAGCTTTTAGTCGTCGCCCATCTCTTGC 
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5920 ACP-CDD 
 

f TTTCCGGGATCCGCCCAGCTGATGCCCGAC  

r TTTCCGAAGCTTTTAGTCGTCGCCCATCTCTTGC 

5919 NDD 
 

f TTTCCGGGATCCTACATGCAAGACATTCAGCAGCTCCTCG 
r TTTCCGAAGCTTTCACTCGCGGCGGGCCTG 

5925 CDD−5924 NDD 
(G3S)3 covalent 
fusion 

f TTTCCGGGATCCTACGCCCCGCTCGATACCGAG 
r TTTCCGAAGCTTTCACCCCTGCTCGAGTTG 
Overlap 1 
 

GGTGGAGGCAGTGGTGGAGGCAGTGGTGGAGGCAGTATGAATAAGCC
CACCTCGTC 

Overlap 2 
 

ACTGCCTCCACCACTGCCTCCACCACTGCCTCCACCTTCACGGATGA
ACTCCTTGCC 

5925 CDD−5924 NDD   
(G3S)2 covalent 
fusion 

f TTTCCGGGATCCTACGCCCCGCTCGATACCGAG 
r TTTCCGAAGCTTTCACCCCTGCTCGAGTTG 
Overlap 1 GGAGGTAGTGGTGGAGGCAGTATGAATAAGCCCACCTCGTC 
Overlap 2 GCCTCCACCACTACCTCCCCCTTCACGGATGAACTCCTTGCC 

5925 CDD−5924 NDD  
direct covalent 
fusion 
 

f TTTCCGGGATCCTACGCCCCGCTCGATACCGAG 
r TTTCCGAAGCTTTCACCCCTGCTCGAGTTG 
Overlap 1 TTCATCCGTGAAATGAATAAGCCCACCTCGTCCG 
Overlap 2 GGTGGGCTTATTCATTTCACGGATGAACTCCTTGCC  

5920 CDD−5919 NDD 
(G3S)2 covalent 
fusion 
 

f TTTCCGGGATCCTACGATGCCGCCTTGCCGATC 
r TTTCCGAAGCTTTCACTCGCGGCGGGCCTG 
Overlap 1 GGAGGTAGTGGTGGAGGCAGTATGCAAGACATTCAGCAGCTCC 
Overlap 2 GCCTCCACCACTACCTCCCCCGTCGTCGCCCATCTCTTGC 

5924 NDD R17A 
 

f AAGGACGACTACCTGAGCGCGCTGTCGCGG 
r CTTCGACAGCCGCGACAGCGCGCTCAGGTA 

5924 NDD R17E 
 

f AAGGACGACTACCTGAGCGAGCTGTCGCGG 
r CTTCGACAGCCGCGACAGCTCGCTCAGGTA 

5924 NDD K32A 
 

f CTGATGGCGCTCGCGCTCGCGCTCAAGCAG  
r GAGTTGCTGCTGCTTGAGCGCGAGCGCGAG 

5924 NDD K32E 
 

f CTGATGGCGCTCGCGCTCGAGCTCAAGCAG  
r GAGTTGCTGCTGCTTGAGCTCGAGCGCGAG 

5924 NDD Q36A 
 

f GCGCTCAAGCTCAAGCAGGCGCAACTCGAG  
r TCACCCCTGCTCGAGTTGCGCCTGCTTGAG 

5924 NDD Q36E 
 

f GCGCTCAAGCTCAAGCAGGAGCAACTCGAG 
r TCACCCCTGCTCGAGTTGCTCCTGCTTGAG 

aIntroduced restriction sites are underlined, while the base pairs coding for an additional Tyr are indicated in 
bold. 
 
  



4 
 

SUPPLEMENTARY RESULTS 
 
A 
 
5922_Cter   1 ---------------------------------------------APLPRAGIALLD-IDWARFRPIYRHGWLDALFAELGTP-----------ADGGAA 
5925_Cter   1 -----VVHWRLD-----------------------------------ALARVPGLPALL------RDLVTAATSVATPA---------------T-AGQA 
5920_Cter   1 LRRVWLAGWPAGRRMRCLV-----------RHLPEAGAAGELVYDLALIDEQERVFALIEHARFRRAALLAVEDEAVPAAGQD-----------E-AARA 
VirA ACP5b  1 ---------------------------------------------------------------------------------------------------- 
VirA ACP5a  1 ---------------------------------------------------------------------------------------------------- 
5923_Cter   1 ------------------------------------------LASGAGQEACVGVFDL-DWRRHAATYAPA----------PLWAG----------LLGD 
5921_Cter   1 -------NWPGWGGVGMAARNARGEPGSGLRRLAPERALGELGRALAGGQAQVGIADV-DWSVFGRDWRAS--AAAVPALVEDWFAAHPQAAPRQALAAA 
 
                                                                                                      End ACPê 
5922_Cter  44 GAKAADGAAAFRRAYA--AAGYRESMLDELLHALLREVLGLSGNFAAYAGTGFHDLGMDSLLTLSFAEKLGARVGLPVSSVDVFDNANPARLRGWLAARL 
5925_Cter  39 GP------ASYRQRLADALPAERAALARRLVAEQIALVTGI-AAATIEPAAPLSILGMDSLMSVALSDALAHCLGIAASATLLFDHPTLDALALHVLAAN 
5920_Cter  78 APAAAEPAIALPDEFAQLMPDAKQDLVARLVRELLVRFLKI-DAGAVSDERPFFELGMDSVSALEFSDELGACFALDLHVDTIFDYPSVASLSAYLLERL 
VirA ACP5b  1 -------------------------PVARALREELARTLYC-EPGDIDDEASFNTLGLDSILGVEFVAFVNQTYGLDEKAGILYDHPSLAALSRHVAGR- 
VirA ACP5a  1 -------------------------EIAEEVARLLAGVLYL-EPDRLDPEETFLTLGVDSILGVEFVAAVNAAYPVGVKATALYDHPTPAAFARHIAESL 
5923_Cter  38 GGAPA-EPPSFAERLAEVPPERRRRALRARLREIVAACIG-RDAAAITDTDGFAEIGIDSLHATVLHRQLEREFGAALPATIAFDHPTVAAVADCLARGA 
5921_Cter  91 GAVPA-EAAREL--AAAVDVDARLEIARRHLVGIVRRIMALDAARPLAQNKSFHELGLDSLMAIELKRALQEGFAARVPATVMFDYPDIDSLAHWLAGPA 
 
 
5922_Cter 142 KALYA-AAPAA-AGSTGNAGATGATSAFSAADATHPDATDAPPPAGPLAATVSPTASDAAGDAVTDEIERELQTMQALLEDR--- 
5925_Cter 132 APAGSAVAEAASVAPAVEA-T--------------------EPAAAPLDTELSE-----IEGLQDDDLAALLGKEFIRE------ 
5920_Cter 177 AAAQARQAPP---GPAGQAAP--------------------ADAALPID-----------------ELSALLRQEMGDD------ 
VirA ACP5b    ------------------------------------------------------------------------------------- 
VirA ACP5a 75 ------------------------------------------------------------------------------------- 
5923_Cter 136 LAELF--APAIVAAPAQLANA--------------------AADA--------S-----LGDHSAAELARILAHELGGLESRGAL 
5921_Cter 188 QAA-R--APASASAPTPRA----------------------APAD--------A-----LDQLDEGELADVLDKLL--------- 
 
 

B 
                                                                      êStart KS 
DEBS_KS5_Nter    1 ---------------------------------------------------PIAIVGMACRFPGDVDSPESFWEFVSGGGDAIAEAPADRG-----WEPD 
5921_Nter        1 -----------------MDSKDRELLARQRDAIRQGIQKIQALSA--RLDQPVAIVGIGCRVPGAD-SPEALWELLRDGREALAEVPPGRWDLDAYYDAT 
5920_Nter        1 ------------------MNDYKALLKSSIRKIQEQDRRIRELESGV--DEPVAIIGMSCRFPGAP-DAEAFWRAIEAGADTVTTMTGQRWEMEAWHTDA 
5919_Nter        1 ------------------MQDIQQLLAKSLTEIKRLKAANQALEQAR--REPIAIVGAACRYPGGIGSLDQLWTALEAGRDGIRTMVGERWPMQRFLTDD 
5924_Nter        1 MNKPTSSDGWKDDYLSRLSRLSKNQLMA-----LALKLKQQQLEQG-PAAEPIAIVGVGCRLPGGVAGPDDYWALLRSAGSGIVEMQDQRWNMAAYFDAD 
5922_Nter        1 -----------------MTDMDKDLLLQSIQTIRELKTRLAQAEQGHHEAVAVAVVGVSLRFPGGVTDLDSYWALLREGRSGVIEVEPERWSNRQFVDPD 
 
 
DEBS_KS5_Nter   45 P----------DARLGGMLAAAGDFDAGFFGISPREALAMDPQQRIMLEISWEALERAGHDPVSLRGSATGVFTGVGTVDYGPRP----DEAPDEVLGYV 
5921_Nter       81 P----GTPYKTYARRAGYLDEVDHFDARFFGISPREAQRMDPQQRLLLEVSHRALEDAELPVTALREQPVGVFVGISSGEYAVMTFDKA--RSDSQDAWS 
5920_Nter       80 ASAEAAEAGRIYTRRFGLLEDIDGFEPGAFGISEEEAPYIDPQHRLLLEQAWFCLEHAGLDAKTVKGSDIGVFVGQMNNDYARLI-----RRAEDLNPYV 
5919_Nter       81 P----HRPGGIYSDAMGLLEAIDGFDAAHFGLRHDEAIHIDPQHRLLMEVAWEAFEDAGYAVDAFSGSRTGVYVGIMNDDYGQLQ-----GPLEAASLYI 
5924_Nter       95 P----EAGGRIHTRSLGLVDEVDRFDADFFSISPREAESMDPQQRLLLEVAWEAIERSGHACASLDGRQVGVFVGMMNKDYLHLNAPDITGEAARHSPYY 
5922_Nter       84 Y----AAAGKLVTPYAGLLEHIYDFDAEFFGLSALEAENLDPQQRLLLEQSWLALEDAGYDIGRLRGSDTGVVVGIGSQDYGMA----LLADPAHANPYV 
 
 
DEBS_KS5_Nter  131 GTGTASSVASGRVAYCLGLEGPAMTVDTACSSGLTALHLAMESLRRDECGLALAGGVTVMSSPGAFTEFRSQGGLAADGRCKPFSKAADGFGLAEGAGVL 
5921_Nter      175 ITGTSMNSAAGRLAYHYGFNGPALAIDTACSSSLVAIHQAVRSLLNEECHTALAGGVNCLLTPEPSIALAQNKVLSASGRCSPFSAEADGLVRGEGCGML 
5920_Nter      175 GAGSAPSAAAGRLSYVFGLKGPSITIDTACSSSLVAVHLASQSLRLGECGMALAGGVNLLLSPETAVGACVARMLSARGRCNTFGGEADGYVRAEGCGLV 
5919_Nter      172 GSGIAKSCAAGRLAYTFGLEGPTLALDTACSSSLVGVHLAVQALRRGECDAALAGGVNLILSPQGTVVACRSQMLSPSGRCRTFDASADGYVRAEGCGLV 
5924_Nter      191 ASGEAFSIAAGRLAYILGVHGPCMTIDTACSSSLVAVHLACRSLLEDECELALAGGTSLILSPEASIVSSNARMLSPTGQCWSFDHRADGYVRGEGCAVV 
5922_Nter      176 ASGNSLSMAAGRLSYFFDFSGPSLSIDTACSSSLVAVHEACRRLQLGECGLALAAGVNAMLTPHAGINFSRARMLSTERDCHTFDARAKGYVRGEGCAVL 
 
 
DEBS_KS5_Nter  231 VLQRLSAARREGRPVLAVLRGSAVNQDGASNGLTAPSGPAQQRVIRRALENAGVRAGDVDYVEAHGTGTRLGDPIEVHALLSTYGAERDPDDPLWIGSVK 
5921_Nter      275 VLKRLDDALAQGCRILAVIRGSHVNQDGASSGLTVPNGYAQQALIATALKRARLAPGAIGYVEAHGTGTALGDPIEIKALQQALGAGREAGRPVLIGALK 
5920_Nter      275 LLKTLSRARADGDTVLAVIRGSAVNQDGRSHGLSAPNGPAQVQVMRDALARARLDPAEVGYLETHGTGTPLGDPVEVQAIDTVYGRAEGRRSPLALGAVK 
5919_Nter      272 LLKRLSDAERDGDRILALVRGSAVNHDGRTQGLTAPSGQAQRRVIAAALADAGVAAAEVGFVECHGTGTALGDPIELRALEASYVLEAGERAPLVVGALK 
5924_Nter      291 VLKRLSRALADGDPVLAVIAGSAVNHDGRSQGLTAPNTAAQMALMREALRGAKLDAARIRYVEAHGTGTPLGDPIEMNSIQAVYGEARDEASPLVIGSVK 
5922_Nter      276 VLKRLADAQADGDRIHAVIRGVAINHDGHSSGLTVPNGSAQRAVIRAALRRAGVAPAEVDYAEAHGTGTRLGDPIEAHAIADVYGEAREAGRPLVIGAVK 
 
 
DEBS_KS5_Nter  331 SNIGHTQAAAGVAGVMKAVLALRHGEMPRTLHFDEPSPQIEWDLGAVSVVS 
5921_Nter      375 AHIGHLEAASGVAGVIKTVLALRHRLLPAQINLGTPTPHVDWSSGG----- 
5920_Nter      375 ANMGHGESAAGIAGLIKLVQLLRHDSLPPVAHLDALNPHFDGLSDQ----- 
5919_Nter      372 SNLGHMESAAGIGGLHKAIQVVRHRRVPRNLHFETLNPQIRVDLERLRI-- 
5924_Nter      391 TQIGHTEACAGVAGLIKLALCVAHDRVVPQ--------------------- 
5922_Nter      376 ANLGHLEAAAGLAGLIKAMLVVRHGEAPPQPGFETLNPAIGWDTA------ 
 
 

Figure S1. Sequence analysis of the enacyloxin termini for putative docking domain regions. (A) 
Analysis of the C-termini (C-ter) of subunits 5925 and 5923-5920 which contain acyl carrier protein 
(ACP) domains, by comparison to the sequences of two ACPs from the virginiamycin trans-AT PKS (ACPs 
5a and 5b of subunit VirA) for which NMR structures are available.1 This analysis identifies a conserved 
L/V at the end of the ACPs, and so the downstream sequence was analyzed for potential DD regions. 
(B) Analysis of the N-termini (N-ter) of subunits 5924 and 5922-5919 which incorporate ketosynthase 
(KS) domains, by comparison with the sequence of KS5 from the erythromycin (DEBS) system, for which 
a crystal structure is available.2 The highly-conserved KS start site is readily identifiable, and thus the 
putative DD-containing regions of the subunits. 
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C 
 
5924_module 3     1 DIAVIGMACRMPAGANDVGAFWDQLISGTDMVRPFD-GTRWDVPRFYTPGSTEDGKMVANDGGQIADVHGFDNRFFGIGDREAEYMDPQQRIALEVAWET 
DEBSS_KS5_2HG4    1 PIAIVGMACRFPGDVDSPESFWEFVSGGGDAIAEAPADRGWEP------DPD------ARLGGMLAAAGDFDAGFFGISPREALAMDPQQRIMLEISWEA 
DEBS_KS3_2QO3     1 PIAIVSMACRLPGGVNTPQRLWELLREGGETLSGFPTDRGWDLARLHHPDPDNPGTSYVDKGGFLDDAAGFDAEFFGVSPREAAAMDPQQRLLLETSWEL 
 
 
5924_module 3   100 LESAAYTPEQLAD-GAGVFIGPGPSDFADLSQRHAGALVGLMGPGHHVSAIPGRIAHLFDWQGPCMAIDTACSSSLVAVHVAAQHLRERECRVALAGGVN 
DEBSS_KS5_2HG4   89 LERAGHDPVSLRGSATGVFTGVGTVDYGPRPDEAPDEVLGYVGTGTASSVASGRVAYCLGLEGPAMTVDTACSSGLTALHLAMESLRRDECGLALAGGVT 
DEBS_KS3_2QO3   101 VENAGIDPHSLRGTATGVFLGVAKFGYGEDTA-AAEDVEGYSVTGVAPAVASGRISYTMGLEGPSISVDTACSSSLVALHLAVESLRKGESSMAVVGGAA 
 
 
5924_module 3   199 VILSPANNIVLSKAGMLSPAGRCRTFDVGADGYVRSDGCGMVLLKRLDDALADGDAILGVIRGSAVNHNGRGQGLTAPSSRQQARLIEAALARAGTLPSE 
DEBSS_KS5_2HG4  189 VMSSPGAFTEFRSQGGLAADGRCKPFSKAADGFGLAEGAGVLVLQRLSAARREGRPVLAVLRGSAVNQDGASNGLTAPSGPAQQRVIRRALENAGVRAGD 
DEBS_KS3_2QO3   200 VMATPGVFVDFSRQRALAADGRSKAFGAGADGFGFSEGVTLVLLERLSEARRNGHEVLAVVRGSALNQDGASNGLSAPSGPAQRRVIRQALESCGLEPGD 
 
 
5924_module 3   299 IRYVEAHGTGTPLGDPIEMAALKATYGAHRDAADPLYVGAVKSAIGHTESAAGVAGLIKVLLMMRHRMIPPTLHLNTLNPHLEIDPRTIRIPTAPQPLLA 
DEBSS_KS5_2HG4  289 VDYVEAHGTGTRLGDPIEVHALLSTYGAERDPDDPLWIGSVKSNIGHTQAAAGVAGVMKAVLALRHGEMPRTLHFDEPSPQIEWDLGAVSVVSQARSWPA 
DEBS_KS3_2QO3   300 VDAVEAHGTGTALGDPIEANALLDTYGRDRDADRPLWLGSVKSNIGHTQAAAGVTGLLKVVLALRNGELPATLHVEEPTPHVDWSSGGVALLAGNQPWRR 
 
                             End conserved KSê  
5924_module 3   399 REDGTLSCAVSSFGFSGTNAHLIVAAPPGKPARPLARSGRGLFAVSARSLPALARLCERHAVHLARAGTAEPLADLCASTLLGRRRFEHVLCLYPDSHAE 
DEBSS_KS5_2HG4  389 -GERPRRAGVSSFGISGTNAHVIVEEA------------------------------------------------------------------------- 
DEBS_KS3_2QO3   400 -GERTRRAAVSAFGISGTNAHVIVEE-------------------------------------------------------------------------- 
 
 
5924_module 3   499 LIAQLRASAARLRQAPAPAAPAAIDTLALRLVAGAALPAATLAGWHDEPRFAAALAAARDALSAAQAGEPAGEGAPASLDAAWFCVLHALSHCMAAFGVE 
DEBSS_KS5_2HG4      ---------------------------------------------------------------------------------------------------- 
DEBS_KS3_2QO3       ---------------------------------------------------------------------------------------------------- 
 
 
5924_module 3   599 PDRIDYRGRLWLAAAPIHQAGSLDEAARRFLAADPAPAPKRLGGIALRPADQCEGDEGEGGFLMLRDASGRATRHLDAAAGLDDEAWRRAFGALWEGGRR 
DEBSS_KS5_2HG4      ---------------------------------------------------------------------------------------------------- 
DEBS_KS3_2QO3       ---------------------------------------------------------------------------------------------------- 
 
 
5924_module 3   699 VDWLAGFAGSAYRRVALPAYPFEHRDCSRPARLPAGERSLELLLEDLQAE 
DEBSS_KS5_2HG4      -------------------------------------------------- 
DEBS_KS3_2QO3       -------------------------------------------------- 

 
 

D 

 
 
Figure S1, cont. (C) Comparison of the 5924 module 3 sequence (in which a KS had previously been 
identified3), and the sequences of representative cis-AT PKS KSs (DEBSs KS5 (ref. 2) and KS3 (ref. 4) (the 
respective PDB entries are indicated). This analysis shows that some 320 residues (highlighted in green) 
lie downstream of the well-conserved KS domain. We therefore focused on this region for secondary 
structure prediction, to determine if we could discern a putative CDD-containing region. (D) Analysis 
using PSIPRED5 of the region shown in green in (C). This analysis identifies a large gap between the 
secondary structure elements of an as-yet unidentified putative domain (ending in …WLA) and a last 
a-helix. We therefore investigated this final a-helix as a potential CDD. 
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E 
                                                                      êStart of first KR b-strand 
Macro_KR_5D2E    1 MNEK----TMQIEQ--------IVK--KVKECSLTPEEGLELIKSLGKTHLYEMVWDRHEFKGSKKFP---HTKEPILFFC----EDDSMYTVMK----- 
Bac_KR_4J1Q      1 --------------------------------------------CSSSMWAYARLSD-------------------------SDHSGGVVQK----ADID 
KR2_5923         1 --------------------------------------------------SYVTRWAPFAAPAA-------VAMRQVLVLRMPVAAGDPLYDALDRGLIE 
KR1_5923         1 MGRTVAHFLDRIEQLSKPQLQALARAMRDEILQLRPDERADAAPADISGLAYETRWQIAPPALAAMNPGRAGA-PRVLLLN---WRDAAWPPAGC----A 
Tyl_KR1_2Z5L     1 --------------------------------------------SPTDAWRYRVTWKALTES----SPVRPHSIGRCLLVAPPTTDGEL-LDGLT----T 
Amph_KR2_3MJC    1 --------------------------------------------SHMDALRYHIEWNRVAEP----GTARPA--GRLLAVISPDHAGAPWVTAVL----D 
DEBS_KR1_2FR0    1 --------------------------------------------DEVSALRYRIEWRPTGAG----EPARLD--GTWLVAKYAGTADET-STAAR----E 
consensus        1 .          ...        . .  .     . ...  .   .......*.. .. .. ...   .............. .. .......... . .. 
 
 
Macro_KR_5D2E   75 ---R------QLEGYEAPFIYVTSGERFEDCRNGRFTMNFTKGEDYDALCGVLRSQNIR--------PRHIIHFLAAGLFKN----TEDA------MR-- 
Bac_KR_4J1Q     28 VIDESGSVCVRIKGFSTRVLEGEV---HPSKPS--------TRHERLMLEPVWEKQNEEREDEDLSYTEHIIV-LFETERSV-----TDS--IASHMKDA 
KR2_5923        44 AMRAR----------GIRVIEADG---EPA-PG-------------LGLAAVLAAQTAA-----HGRFERIVLRLGDGAAWP------------------ 
KR1_5923        93 AIASC----------VTARATLDP---DTGWAP-------------EALAAQLMRLAQA-----SGPFDAIVLAVGGDAHGAAARGEPDAVTLAAHWG-- 
Tyl_KR1_2Z5L    48 VLSER----------GASVARLEV---PIGARR-------------AEVAELLKPSMES-----AGEENTTVVSLLGLVPST------------DAVR-- 
Amph_KR2_3MJC   47 ALGPD----------TVRFEAKGT---DRAAWA-------------AQLAQLRED---------EGEF-HAVVSLLAAAEALH----TDHGSVPLGLA-- 
DEBS_KR1_2FR0   46 ALESA----------GARVRELVV---DARCGR-------------DELAERLRS---------VGEV-AGVLSLLAVDEAEP----EEAPLALASLA-- 
consensus      101 ..  .      . ...........   ...  .           . .............     ..................      .. ......    
 
 
Macro_KR_5D2E  146 --KQLNKSLYSL---FQMFQAFMANKLCPKA---------EILYLYENA-E------GEVQPIYNAVESFLKTVQAE-------NPNFT----------- 
Bac_KR_4J1Q    109 RVITLNEAVGHI---AERYQCYMQNI-----FELLQSKV--RKLSAGRIIIQAIVPLEKEKQLFAGVSGLFKTAEIEFSKLTAQ---------------- 
KR2_5923        94 ------------------------------------DAALDTAWL------------ERLGHGWSALASLPAEAPPVLVSGAAQ-PRWPAVLACVDKERA 
KR1_5923       160 TALALA-AAVAGQVAPARLWFVTRGAQCLPDDRLPADPALAPLAALGRTLS------LELPAAWGGCLDLDEAPSSLER--------------------- 
Tyl_KR1_2Z5L   103 TSIALLQAVSDIGVPAARVWALTRRAVAVVPGETPQD-AGAQLWGFGRVAA------LELPDIWGGLIDLPETAELTRTPETSQPPQTPERLPQTPNRRA 
Amph_KR2_3MJC  105 QTLLLAQALGDAGL-TAPLWCLTRGGVAAGRGDVLSSPVQGALWGLGRVIG------LEHPDRWGGLIDLPETVDTR----------------------A 
DEBS_KR1_2FR0  104 DTLSLVQAMVSAEL-GCPLWTVTESAVATGPFERVRNAAHGALWGVGRVIA------LENPAVWGGLVDVPAGSVAE----------------------L 
consensus      201 ..... ...   .. ..... ... ...... ..... .............      .... ............... .  ... ....  .      .. 
 
 
Macro_KR_5D2E  207 --------CKA----AELKSMFDEPFTKQHIADVISFEWNNQCKTDCFTCYEPRHYYKRQLQRVKKEDGEKHSFSVKKNGVYLITGGAGGLGYLFAEYLA 
Bac_KR_4J1Q    183 ---VIEI--E------KPEEMIDLHLKLK---D------DSRRPFDKQIRYEAGYRFVKGWREMVLPSADTLHMPWRDEGVYLITGGAGSLGLLFAKEIA 
KR2_5923       145 GPALTWLDCEPGLGEAGLDSLLDAHLDA------------LLAIREPACRLTRAGLVVPRLAAA-AP-LPAAAFRARDAHAYLVSGGLGGVGARVLGWLL 
KR1_5923       232 --AFDEIARDPGG-------------------------------SDDEVAYRAGQRYLPVLERVSEA--PRAPFVPSSEASYLVTGGTGGIGTVLVDDLL 
Tyl_KR1_2Z5L   196 LELAAAV-LAGRD-------------------------------GEDQVAVRASGIYGRRVSRAAAA----GAASWQPSGTVLITGGMGAIGRRLARRLA 
Amph_KR2_3MJC  176 AARLTGL-LADAG-------------------------------GEDQLAIRGSGVLARRLAHAAPA-VPGSGKRPPVHGSVLVTGGTGGIGGRVARRLA 
DEBS_KR1_2FR0  175 ARHLAAV-VSGGA-------------------------------GEDQLALRADGVYGRRWVRAAAP---ATDDEWKPTGTVLVTGGTGGVGGQIARWLA 
consensus      301 . .. .. .....  . ...... ..      .           ............. ........   ..... .. ....*..**.*..*........ 
 
 
Macro_KR_5D2E  295 KQAEVK-LILT----------------------------------------------------------------------------------------- 
Bac_KR_4J1Q    263 NRTGRSTIVLTGRSVLSEDKENELEA-L---RSIGAEVVYREADVSDQHAVRHLLEEIKERYGTLNGIIHGAGSS-KDRFIIHKTNEEFQEVLQPKVSGL 
KR2_5923       231 EQGARH-VVSLNRRAPDAAEAAALERLA---RRHAARIDTLDLGLDDPEALREALRATL-GGTPLAGVFHCAAVL-DDQPFAAQAWDAAREVLRPKGAGA 
KR1_5923       297 ARGAGR-VVVLGRRAPAAPEAAAWLAARRRAAGRDERVILVAADPADRAALGAALDDIRRSGPPLRGIFHAAGSN-ERIALARLTRDDIARIVGAKAFGA 
Tyl_KR1_2Z5L   260 AEGAER-LVLTSRRGPEAPGAAELAEEL---RGHGCEVVHAACDVAERDALAALVTA-----YPPNAVFHTAGIL-DDAVIDTLSPESFETVRGAKVCGA 
Amph_KR2_3MJC  243 EQGAAH-LVLTSRRGADAPGAAELRAEL---EQLGVRVTIAACDAADREALAALLAELPED-APLTAVFHSAGVAHDDAPVADLTLGQLDALMRAKLTAA 
DEBS_KR1_2FR0  240 RRGAPH-LLLVSRSGPDADGAGELVAEL---EALGARTTVAACDVTDRESVRELLGGIGDD-VPLSAVFHAAATL-DDGTVDTLTGERIERASRAKVLGA 
consensus      401   .... .....................   .. .....................  ................ . ......... .... ......... 
 
 
Macro_KR_5D2E      ---------------------------------------------------------------------------------------------------- 
Bac_KR_4J1Q    358 LHVDECSKDF-PLDFFIFFSSVSGCLGNAGQADYAAANSFMDAFAEYRRSLAASKKRFGSTISFNWPLWEEGGMQVGAED-EKRMLKTTGMVPMPTDSGL 
KR2_5923       325 WHLHRATLGQ-PLDHFVVFSSLSALLGQPGQAAYALANALAEAVVERRRALGLP------ALAIQWGPWAGVGMAARGGEALAAQYRAIGLAARGADDYL 
KR1_5923       395 LHLDQLTRED-ALDFQVYFSSVAGRWGTAQMAPYAMANRFLDALAERREAEGRR------TRSLAWGPWAEVGMMVRQ---RQQGFGALGLRALAPGLGL 
Tyl_KR1_2Z5L   350 ELLHQLTADIKGLDAFVLFSSVTGTWGNAGQGAYAAANAALDALAERRRAAGLP------ATSVAWGLWGGGGMAAGA---GEESLSRRGLRAMDPDAAV 
Amph_KR2_3MJC  338 RHLHELTADL-DLDAFVLFSSGAAVWGSGGQPGYAAANAYLDALAEHRRSLGLT------ASSVAWGTWGEVGMATDPE--VHDRLVRQGVLAMEPEHAL 
DEBS_KR1_2FR0  334 RNLHELTREL-DLTAFVLFSSFASAFGAPGLGGYAPGNAYLDGLAQQRRSDGLP------ATAVAWGTWAGSGMAEGP---VADRFRRHGVIEMPPETAC 
consensus      501  .........  ..................................... ....      ....... .. .... .... ....... ........... 
 
 
Macro_KR_5D2E      ------------------------------------------------------------------------------- 
Bac_KR_4J1Q    456 KAFYQGIVSDKP-----QVFVMEGQLQK----------MKQKLLSAGSKAKRN---DQRKA-----DQDQG-------- 
KR2_5923       418 RVLSARLASGAGQEACVGVFDLDWRRHAATYAPAP---LWAGLLGDGGAPAEPPSFAERLAEVPPERRRRALRARLREI 
KR1_5923       485 AALAQALGQPGIAGATRQIVDVDWPCYAEQVAVAKHLRPFAALSAAASAAC-----ATASGAAPPLDA----------- 
Tyl_KR1_2Z5L   441 DALLGAMGRNDV---CVTVVDVDWERFAPATNAIRPGRLFDTVPEAREALT-----AA--------------------- 
Amph_KR2_3MJC  429 GALDQMLENDDT---AAAITLMDWEMFAPAFTANRPSALLSTVPEAVSALS-----DE--------------------- 
DEBS_KR1_2FR0  424 RALQNALDRAEV---CPIVIDVRWDRFLLAYTAQRPTRLFDEIDDARRAAP-----QAAAE---PR------------- 
consensus      601 ... .... ...  ................. ........ .. .......     .   .  .. .   .         

 
Figure S1, cont. (E) Alignment of the N-terminus of subunit 5923 and the second ketoreductase (KR) 
from the same subunit (from module 4, Figure 1), with the sequences of multiple PKS KR domains from 
both cis-AT and trans-AT PKSs whose crystal structures are available. Key: Macro, macrolactin; Bac, 
bacillaene;6 Tyl, tylosin;7 Amph, amphotericin;8 DEBS, erythromycin9 (the corresponding PDB files used 
are indicated). This comparative analysis clearly identifies the conserved start of the first KR secondary 
structure element, and therefore the region containing a putative NDD in subunit 5923 (highlighted in 
pink). 
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Figure S2. Bioinformatics analysis of the consecutive interfaces within the enacyloxin PKS, as well as 
potential DDs at the KirAV/KirAVI interface within the kirromycin PKS.10 For all of the CDDs, we carried 
out secondary structure prediction using PSIPRED (with potential a-helices indicated in red),5 and 
intrinsic disorder/interaction propensity prediction using IUPred2A.11 For the NDDs, we additionally 
predicted for the presence of coiled-coils using the NPS@ web server (https://npsa-prabi.ibcp.fr/cgi-
bin/npsa_automat.pl?page=npsa_lupas.html). The portions of the investigated regions of the 
enacyloxin DDs11 which were found to be relevant to docking are indicated in green. 
  



9 
 

Table S2. Sequences of constructs investigated in this study. 
Construct Sequencea 
5925 CDD short 
version 

GPGSYAPLDTELSEIEGLQDDDLAALLGKEFIRE  

5925 CDD long 
version 

GPGSYSAVAEAASVAPAVEATEPAAAPLDTELSEIEGLQDDDLAALLGKEFIRE 

5924 NDD GPGSMNKPTSSDGWKDDYLSRLSRLSKNQLMALALKLKQQQLEQG 
5924 CDD GPGSYRPARLPAGERSLELLLEDLQAE 
5924 KS-CDD GPGSPNSSIAVIGMACRMPAGANDVGAFWDQLISGTDMVRPFDGTRWDVPRFYTPGSTEDGKMV

ANDGGQIADVHGFDNRFFGIGDREAEYMDPQQRIALEVAWETLESAAYTPEQLADGAGVFIGPG
PSDFADLSQRHAGALVGLMGPGHHVSAIPGRIAHLFDWQGPCMAIDTACSSSLVAVHVAAQHLR
ERECRVALAGGVNVILSPANNIVLSKAGMLSPAGRCRTFDVGADGYVRSDGCGMVLLKRLDDAL
ADGDAILGVIRGSAVNHNGRGQGLTAPSSRQQARLIEAALARAGTLPSEIRYVEAHGTGTPLGD
PIEMAALKATYGAHRDAADPLYVGAVKSAIGHTESAAGVAGLIKVLLMMRHRMIPPTLHLNTLN
PHLEIDPRTIRIPTAPQPLLAREDGTLSCAVSSFGFSGTNAHLIVAAPPGKPARPLARSGRGLF
AVSARSLPALARLCERHAVHLARAGTAEPLADLCASTLLGRRRFEHVLCLYPDSHAELIAQLRA
SAARLRQAPAPAAPAAIDTLALRLVAGAALPAATLAGWHDEPRFAAALAAARDALSAAQAGEPA
GEGAPASLDAAWFCVLHALSHCMAAFGVEPDRIDYRGRLWLAAAPIHQAGSLDEAARRFLAADP
APAPKRLGGIALRPADQCEGDEGEGGFLMLRDASGRATRHLDAAAGLDDEAWRRAFGALWEGGR
RVDWLAGFAGSAYRRVALPAYPFEHRDCSRPARLPAGERSLELLLEDLQAE 

5923 NDD GPGSYMGRTVAHFLDRIEQLSKPQLQALARAMRDEILQLR  
5923 NDD-KR GPGSMGRTVAHFLDRIEQLSKPQLQALARAMRDEILQLRPDERADAAPADISGLAYETRWQIAP

PALAAMNPGRAGAPRVLLLNWRDAAWPPAGCAAIASCVTARATLDPDTGWAPEALAAQLMRLAQ
ASGPFDAIVLAVGGDAHGAAARGEPDAVTLAAHWGTALALAAAVAGQVAPARLWFVTRGAQCLP
DDRLPADPALAPLAALGRTLSLELPAAWGGCLDLDEAPSSLERAFDEIARDPGGSDDEVAYRAG
QRYLPVLERVSEAPRAPFVPSSEASYLVTGGTGGIGTVLVDDLLARGAGRVVVLGRRAPAAPEA
AAWLAARRRAAGRDERVILVAADPADRAALGAALDDIRRSGPPLRGIFHAAGSNERIALARLTR
DDIARIVGAKAFGALHLDQLTREDALDFQVYFSSVAGRWGTAQMAPYAMANRFLDALAERREAE
GRRTRSLAWGPWAEVGMMVRQRQQGFGALGLRALAPGLGLAALAQALGQPGIAGATRQIVDVDW
PCYAEQVAVAKHLRPFAALSAAASAACATASGAAPPLDA  

5923 NDD-KR-ACP GPGSMGRTVAHFLDRIEQLSKPQLQALARAMRDEILQLRPDERADAAPADISGLAYETRWQIAP
PALAAMNPGRAGAPRVLLLNWRDAAWPPAGCAAIASCVTARATLDPDTGWAPEALAAQLMRLAQ
ASGPFDAIVLAVGGDAHGAAARGEPDAVTLAAHWGTALALAAAVAGQVAPARLWFVTRGAQCLP
DDRLPADPALAPLAALGRTLSLELPAAWGGCLDLDEAPSSLERAFDEIARDPGGSDDEVAYRAG
QRYLPVLERVSEAPRAPFVPSSEASYLVTGGTGGIGTVLVDDLLARGAGRVVVLGRRAPAAPEA
AAWLAARRRAAGRDERVILVAADPADRAALGAALDDIRRSGPPLRGIFHAAGSNERIALARLTR
DDIARIVGAKAFGALHLDQLTREDALDFQVYFSSVAGRWGTAQMAPYAMANRFLDALAERREAE
GRRTRSLAWGPWAEVGMMVRQRQQGFGALGLRALAPGLGLAALAQALGQPGIAGATRQIVDVDW
PCYAEQVAVAKHLRPFAALSAAASAACATASGAAPPLDAVPSAAEDFGQAGATLALLRELVAEL
TGAALPERGEARPMQELGLTSLLSIELSQKLRQRLGVPCRPTVVFDHANLRALAESLAQAWAHA  

5923 CDD short 
version 

GPGSPNSSSVDYDHSAAELARILAHELGGLESRGAL  

5923 CDD long 
version 

GPGSPNSSSVDYARGALAELFAPAIVAAPAQLANAAADASLGDHSAAELARILAHELGGLESRG
AL 

5922 NDD GPGSYMTDMDKDLLLQSIQTIRELKTRLAQAEQGHHEA  

5922 CDD  short 
version 

GPGSYDAVTDEIERELQTMQALLEDR 

5922 CDD  long 
version 

GPGSYGSTGNAGATGATSAFSAADATHPDATDAPPPAGPLAATVSPTASDAAGDAVTDEIEREL
QTMQALLEDR  

5922 ACP-CDD GPGSRESMLDELLHALLREVLGLSGNFAAYAGTGFHDLGMDSLLTLSFAEKLGARVGLPVSSVD
VFDNANPARLRGWLAARLKALYAAAPAAAGSTGNAGATGATSAFSAADATHPDATDAPPPAGPL
AATVSPTASDAAGDAVTDEIERELQTMQALLEDR  

5921 NDD GPGSYMDSKDRELLARQRDAIRQGIQKIQALSARLDQ 
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5921 NDD-KS GPGSPNSSMDSKDRELLARQRDAIRQGIQKIQALSARLDQPVAIVGIGCRVPGADSPEALWELL
RDGREALAEVPPGRWDLDAYYDATPGTPYKTYARRAGYLDEVDHFDARFFGISPREAQRMDPQQ
RLLLEVSHRALEDAELPVTALREQPVGVFVGISSGEYAVMTFDKARSDSQDAWSITGTSMNSAA
GRLAYHYGFNGPALAIDTACSSSLVAIHQAVRSLLNEECHTALAGGVNCLLTPEPSIALAQNKV
LSASGRCSPFSAEADGLVRGEGCGMLVLKRLDDALAQGCRILAVIRGSHVNQDGASSGLTVPNG
YAQQALIATALKRARLAPGAIGYVEAHGTGTALGDPIEIKALQQALGAGREAGRPVLIGALKAH
IGHLEAASGVAGVIKTVLALRHRLLPAQINLGTPTPHVDWSSGGVAVVSESTPIAYGPDAPFYA
GVSSFGFSGTNAHLILQDPVSAVPARAEAAGAAATQAVARFVGLSAKDPAALRELLARCHAYFR
EVPDWAAACEALNAGRAHYAHRAGFVARDRETLLEQLAAAAAEAALEADAPAPDAA  

5921 CDD short 
version 

GPGSYADALDQLDEGELADVLDKLL 

5921 CDD long 
version 

GPGSYGPAQAARAPASASAPTPRAAPADALDQLDEGELADVLDKLL 

5920 NDD short 
version 

GPGSLNDYKALLKSSIRKIQEQDRRIRELESGVDE  

5920 NDD long 
version 

GPGSMPRLPTRSINWTKANWPTFSTNCCEEPELNDYKALLKSSIRKIQEQDRRIRELESGVDE 

5920 CDD short 
version 

GPGSYDAALPIDELSALLRQEMGDD 

5920 CDD long 
version 

GPGSYAAQARQAPPGPAGQAAPADAALPIDELSALLRQEMGDD  

5920 ACP-CDD GPGSAQLMPDAKQDLVARLVRELLVRFLKIDAGAVSDERPFFELGMDSVSALEFSDELGACFAL
DLHVDTIFDYPSVASLSAYLLERLAAAQARQAPPGPAGQAAPADAALPIDELSALLRQEMGDD 

5919 NDD GPGSYMQDIQQLLAKSLTEIKRLKAANQALEQARRE 

5925 CDD−5924 NDD 
(G3S)3 covalent 
fusion 

GPGSYAPLDTELSEIEGLQDDDLAALLGKEFIREGGGSGGGSGGGSMNKPTSSDGWKDDYLSRL
SRLSKNQLMALALKLKQQQLEQG  

5925 CDD−5924 NDD 
(G3S)2 covalent 
fusion 

GPGSYAPLDTELSEIEGLQDDDLAALLGKEFIREGGGSGGGSMNKPTSSDGWKDDYLSRLSRLS
KNQLMALALKLKQQQLEQG  

5925 CDD−5924 NDD 
covalent fusion 

GPGSYAPLDTELSEIEGLQDDDLAALLGKEFIREMNKPTSSDGWKDDYLSRLSRLSKNQLMALA
LKLKQQQLEQG  

5920 CDD−5919 NDD 
(G3S)2 covalent 
fusion 

GPGSYDAALPIDELSALLRQEMGDDGGGSGGGSMQDIQQLLAKSLTEIKRLKAANQALEQARRE 

5924 NDD R17A GPGSMNKPTSSDGWKDDYLSALSRLSKNQLMALALKLKQQQLEQG 
5924 NDD R17E GPGSMNKPTSSDGWKDDYLSELSRLSKNQLMALALKLKQQQLEQG 

5924 NDD K32A GPGSMNKPTSSDGWKDDYLSELSRLSKNQLMALALALKQQQLEQG 
5924 NDD K32E GPGSMNKPTSSDGWKDDYLSELSRLSKNQLMALALELKQQQLEQG 
5924 NDD Q36A GPGSMNKPTSSDGWKDDYLSELSRLSKNQLMALALELKQAQLEQG 
5924 NDD Q36E GPGSMNKPTSSDGWKDDYLSELSRLSKNQLMALALELKQEQLEQG 
aRed = sequence introduced from the plasmid; green = added Tyr; blue = linker used to fuse the docking domains; purple 
= position of introduced mutation. 
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Figure S3. Evidence for the identity and purity of proteins used in this study. (A) SDS-PAGE analysis of 
constructs used in this study (arrows indicate the corresponding bands): 5925 CDD-5924 NDD fusion 
(G3S)3 (calc’d: 9.14 kDa); 5925 CDD-5924 NDD fusion (G3S)2 (calc’d: 8.88 kDa); 5925 CDD-5924 NDD 
direct fusion (calc’d: 8.37 kDa); 5924 NDD (calc’d: 5.02 kDa); 5924 NDD R17E (calc’d: 4.99 kDa); 5924 
NDD Q36A (calc’d: 4.94 kDa); 5924 NDD Q36E (calc’d: 4.99 kDa); 5923 CDD long version (calc’d: 6.41 
kDa); 5923 NDD-KR (calc’d: 57.4 kDa); 5922 NDD (calc’d: 4.28 kDa); 5922 CDD long version (calc’d 7.14 
kDa); 5922 ACP-CDD (calc’d: 16.3 kDa); 5921 CDD long version (calc’d: 4.52 kDa); 5921 NDD (calc’d: 4.18 
kDa); 5920 NDD long version (calc’d: 7.29 kDa); 5920 NDD short version (calc’d: 4.00 kDa); 5920 ACP-
CDD (calc’d: 13.5 kDa); 5919 NDD (4.06 kDa); 5920 CDD-5919 NDD fusion (G3S)2 (calc’d: 6.73 kDa). The 
molecular weights of the markers are indicated. (B) MS spectrum of 5921 CDD short version (calc’d: 
2.62 kDa). (C) MS spectrum of 5922 CDD short version (calc’d: 2.94 kDa). (D) MS spectrum of 5923 CDD 
short version (calc’d: 3.63 kDa). (The MW for 5925 CDD short version was verified by SAXS MoW (see 
Table S3)) 
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Figure S4. Characterization of the 5925/5924 interface. (A) CD analysis of 5925 CDD and 5924 NDD at 
100 μM. (B) Analysis by SLS of complex stoichiometry in the presence of excess 5925 CDD. The 
molecular weight of the complex corresponds to one copy of 5925 CDD interacting with two copies of 
5924 NDD. (Calc’d MW 5925 CDD (monomer): 3.6 kDa, NDD (monmer): 5.0 kDa). 
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Figure S4, cont. (C) The Kratky plot (blue dots) for 5925 CDD. (D) The distance distribution function for 
5925 CDD calculated with GNOM.12 The Guinier plot is inset.  
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Figure S4, cont. (E) Panel of 10 representative ab initio form calculations for 5925 CDD obtained with 
DAMMIN.13 The fit between the SAXS data and the 10 form calculations is shown (c2 = 1.133-1.223).  
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Figure S4, cont. (F) CD analysis of 5924 NDD at 100 μM, 10 μM and 1 μM, showing that no significant 
loss of a-helix signal is observed. (G) Dilution analysis by ITC of 5925 CDD, which gave no change in the 
observed heat signal. (H) Dilution analysis by ITC of 5924 NDD, which gave no significant change in the 
observed heat signal.  

 



17 
 

 

Figure S4, cont. (I) CD spectra showing net structuration upon combining 5925 CDD and 5924 NDD. A 
combined spectrum was obtained by simultaneously analyzing the two isolated DDs (both at 100 µM). 
Comparison with the spectrum of a mixture of the two docking domains, again at an overall 
concentration of 100 µM, provides evidence for increased structuration. (J) Analysis by ITC of binding 
between 5925 CDD in the syringe and 5924 NDD in the cell. (K) Analysis by ITC of binding between 5924 
NDD in the syringe and 5925 CDD in the cell. Panels (J) and (K) show representative data of the triplicate 
experiments that were carried out, while the measured N and Kd values and their errors are based on 
the triplicate measurements. 
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Figure S4, cont. (L) Saturation experiment with 15N-labeled 5925 CDD in the presence of unlabeled 5924 
NDD (concentration ratios (CDD:NDD): (1) 400 µM:0 µM; (2) 200 µM:240 µM; (3) 100 µM:140 µM; and, 
(4) 60 µM:600 µM). (M) Saturation experiment with 15N-labeled 5924 NDD in the presence of unlabeled 
5925 CDD (concentration ratios (NDD:CDD): (1) 400 µM:0 µM; (2) 300 µM:350 µM; and, (3) 76 µM:600 
µM).  
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Figure S4, cont. (N) The distance distribution function for 5924 NDD calculated with GNOM. The Guinier 
plot is inset. (O) Analysis of 5924 NDD by SAXS showing the difference between the experimental 
scattering curve (red dots) and theoretical scattering curve predicted from its NMR structure (CRYSOL) 
(c2 = 7.2) (blue line). The fit between the ab initio model computed with DAMMIN (dark grey line) and 
the experimental SAXS data (c2 = 1.085) is also shown. The NMR structure of 5924 NDD was placed into 
the average molecular envelope computed by DAMAVER14,15 (in grey) using SUPCOMB.16 This average 
molecular envelope was obtained using 4 different envelopes computed with DAMMIN (c2

 ranging 
from 1.085-1.110).  
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Figure S4, cont. (P) The NMR structure of 5924 NDD was divided into 3 different pdb files corresponding 
to the central 4 a-helix bundle (residues 13-56 of each monomer) and the two disordered regions in 
N-terminus of each monomer (residues 1-12). By rigid body simulated annealing (SASREF), these 
segments were positioned in order to fit the experimental scattering curve (orange line) (c2 = 1.1). Five 
possible structures of 5924 NDD calculated by SASREF17 are shown. (Q) CD analysis of a mixture of 5925 
CDD and 5924 NDD (both at 100 µM) and the 5925 CDD-5924 NDD covalent fusion at 100 µM.  
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Figure S4, cont. (R) The distance distribution function for the 5925 CDD-5924 NDD covalent fusion 
calculated with GNOM. The Guinier plot is inset. (S) Analysis of the 5925 CDD-5924 NDD covalent fusion 
by SAXS showing the difference between the experimental scattering curve (red dots) and theoretical 
scattering curves predicted from the NMR structure in which the artificial (G3S)3 linker results in an 
intermolecular (‘inter’) interaction between the DDs (blue line) (c2 = 9.4), and the NMR structure in 
which the artificial (G3S)3 linker enforces an intramolecular (‘intra’) DD interaction (green line) (c2 = 
14.4). The fit between the ab initio model computed with DAMMIN (dark grey line) and the 
experimental SAXS data (c2 = 1.147) is also shown. These two NMR structures (‘inter’ in blue and ‘intra’ 
in green) were placed into the average molecular envelope computed by DAMFILT (in grey) using 
SUPCOMB. This average molecular envelope was obtained using 5 different envelopes computed by 
DAMMIN (c2 ranging from 1.147-1.173). 
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Figure S4, cont. (T) The NMR structures of the 5925 CDD-5924 NDD covalent complex where divided 
into 13 different pdb files corresponding to the two N-terminal disordered regions (residues 1-10), the 
8 a-helix bundle of the complex (residues 11-33, 55-87, 88-120 and 142-174), and the two artificial 
linkers divided into 5 different segments of equal length. By rigid body simulated annealing (SASREF) 
the linker region was forced to allow ‘inter’ communication between the two monomers (nine of the 
resulting possible structures are shown in the left-hand panel). The fit between the experimental data 
curve (red dots) and the theoretical curves computed by SASREF is also shown (blue, NMR structure in 
which the linker is ‘inter’, c2 = 1.2; green, NMR structure in which the linker is ‘intra’, c2 = 1.2).  
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Figure S4, cont. (U) CD analysis of 5924 NDD and its mutants. (V) Molecular weight determination of 
5924 NDD wt, 5924 NDD K32A and 5924 NDD Q36E by SEC-SLS. (Calc’d MW 5924 NDD wt (monomer): 
5.0 kDa; 5924 NDD K32A (monomer): 4.9 kDa; 5924 NDD Q36E (monomer): 5.0 kDa). 
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Figure S4, cont. (W) The distance distribution function for 5924 NDD R17A calculated with GNOM. The 
Guinier plot is inset. (X) Experimental scattering curve obtained for 5924 NDD R17A. 
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Figure S4, cont. (Y) The distance distribution function for 5924 NDD K32A calculated with GNOM. The 
Guinier plot is inset. (Z) Experimental scattering curve obtained for 5924 NDD K32A. 
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Figure S4, cont. (A¢) The distance distribution function for 5924 NDD Q36E calculated with GNOM. The 
Guinier plot is inset. (B¢) Experimental scattering curve obtained for 5924 NDD Q36E.  
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Figure S4, cont. (C¢) Analysis by ITC of binding between 5924 NDD R17A in the syringe and 5925 CDD in 
the cell. (D¢) Analysis by ITC of binding between 5924 NDD R17E in the syringe and 5925 CDD in the cell. 
(E¢) Analysis by ITC of binding between 5924 NDD K32A in the syringe and 5925 CDD in the cell. (F¢) 
Analysis by ITC of binding between 5924 NDD Q36A in the syringe and 5925 CDD in the cell. All panels 
show representative data of the triplicate experiments that were carried out, while the measured N 
and Kd values and their errors are based on the triplicate measurements. 
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Figure S4, cont. (G¢) Analysis by ITC of binding between 5924 NDD Q36E in the syringe and 5925 CDD in 
the cell. Shown are representative data of the triplicate experiments that were carried out, while the 
measured N and Kd values and their errors are based on the triplicate measurements. (H¢) CD spectra 
showing structuration upon combining 5925 CDD and 5924 NDD R17A. A combined spectrum was 
obtained by simultaneously analyzing the two isolated DDs (both at 100 µM). The spectra are 
compared to those obtained with the wt 5924 NDD.  
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Figure S4, cont. (I¢) CD spectra showing structuration upon combining 5925 CDD and 5924 NDD R17E. 
A combined spectrum was obtained by simultaneously analyzing the two isolated DDs (both at 100 
µM). The spectra are compared to those obtained with the wt 5924 NDD. (J¢) CD spectra showing 
structuration upon combining 5925 CDD and 5924 NDD Q36A. A combined spectrum was obtained by 
simultaneously analyzing the two isolated DDs (both at 100 µM). The spectra are compared those 
obtained with the wt 5924 NDD.  
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Figure S4, cont. (K¢) CD spectra showing structuration upon combining 5925 CDD and 5924 NDD Q36E. 
A combined spectrum was obtained by simultaneously analyzing the two isolated DDs (both at 100 
µM). The spectra are compared to those obtained with the wt 5924 NDD. (L¢) CD spectra showing 
structuration upon combining 5925 CDD and 5924 NDD K32A. A combined spectrum was obtained by 
simultaneously analyzing the two isolated DDs (both at 100 µM). The spectra are compared to those 
obtained with the wt 5924 NDD. 
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Table S3. Summary of the SAXS data obtained on the DD constructs. 

Construct 
Rga Guinier 

(Å) 

Rg 

(GNOM) 

(Å) 

Dmaxb 
(GNOM) 

(Å) 

Calc’d 

MW 

(kDa) 

Exper. 

MW (kDa) 

(SAXS 

MoW)  

c2c 

(DAMMIN) 

c2 

(CRYSOL) 

c2 

(SASREF) 
nsd 

5925 CDD short 
version 

15.63 ± 
0.03 

16.33 ± 
0.06 62 3.66 3.1 1.135 n.d. n.d. n.d. 

5924 NDD 18.68 ± 
0.01 

19.33 ± 
0.02 75 10.04 

(dimer) 
10.17 
(dimer) 1.085 7.2 1.1 1.88 

5924 NDD K32A 18.04 ± 
0.03 

18.77 ± 
0.09 80 9.92 

(dimer) 
9.74 

(dimer) n.d. n.d. n.d. n.d. 

5924 NDD 
Q36E 

17.71 ± 
0.02 

18.26 ± 
0.07 77 10.04 

(dimer) 
9.24 

(dimer) n.d. n.d. n.d. n.d. 

5924 NDD R17A 17.55 ± 
0.02 

18.38 ± 
0.07 82 9.87 

(dimer) 
8.40 

(dimer) n.d. n.d. n.d. n.d. 

5925 

CDD−5924 NDD 
(G3S)3 covalent 

fusion 

20.87 ± 
0.03 

21.89 ± 
0.08 96 18.28 

(dimer) 
23.08 
(dimer) 1.092 9.4 (inter)f 

14.4 (intra)f 

1.2 (inter) 
1.2 (intra 
to inter)g 

1.93 (inter) 
1.88 (intra) 

 

5920 

CDD−5919 NDD 
(G3S)2 covalent 

fusion 

17.74 ± 
0.02 

17.96 ± 
0.02 60 13.45 

(dimer) 
12.61 
(dimer) 1.171 2.9 n.d. 1.64 

5920 CDD short 
version 

12.43 ± 
0.03 

13.14 ± 
0.05 49 2.17 21d; 3.31e  1.318 n.d. n.d. n.d. 

aRg is the radius of gyration derived from the atomic models using the program PRIMUS.14 For experimental data, Rg is given by the Guinier 
approximation. 
bDmax is the maximal particle diameter derived from the distance distribution function (P(r)) using the program GNOM.12 
c c2 is the discrepancy between the experimental SAXS profile and the theoretical calculated curve, obtained using the programs 
DAMMIN,13 SASREF17 or CRYSOL.18 
dThe SAXS MoW19 method by which the molecular weight is calculated is not adapted to this particular disordered region. 
eCalculated using the volume correlation (Vc) method.20 
fThe designations ‘inter’ and ‘intra’ refer to whether the interaction between the docking domains within the artificially-fused complex 
occurs in an inter- or intramolecular fashion.  
g‘Intra to inter’ refers to a SASREF calculation carried out on a pdb file of the complex, in which the normally intramolecular interaction 
between 5925 CDD/5924NDD was forced to be intermolecular via manipulation of the intervening linkers (Figure S4 (S)). 
n.d.: not determined 
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Table S4. NMR and refinement statistics. 
 5924 NDD 5925 CDD-5924 NDD 5920 CDD-5919 NDD 

NMR distance and dihedral constraints     
Distance constraints    
Total NOE  1824 2875 2504 
Intra-residue (|i – j| = 0)  520 755 660 
Inter-residue (|i – j| ≠ 0)  1304 2120 1844 
Sequential (|i – j| = 1)  466 812 670 
Medium-range (|i – j| < 4)  544 710 692 
Long-range (|i – j| > 5)  294 598 482 
Hydrogen bonds  0  0 0 
Total dihedral angle restraints  116  136 148 
f  58  68 74 
y  58  68 74 
Constraint violations, mean ± S.D    

Distances violations < 0.1 Å 5.12 ± 1.43 9.44 ± 2.17 9.12 ± 2.28 
Distances violations > 0.1 Å 0.12 ± 0.21 0.96 ± 0.61 0.64 ± 0.61 
Average maximum distance violation (Å) 0.08 ± 0.01 0.12 ± 0.03 0.10 ± 0.01 
Dihedral angle violations (º)  0  0 0 
Average maximum dihedral angle 
violation (º)  

0  0 0 

Ramachandran statistics (%)a   
Most favoured regions 95.3 92.6 94.6 
Additional allowed regions 3.6 4.9 5.0 
Generously allowed regions 0.5 0.5 0.3 
Disallowed regions 0.6 2.1 0.2 
Precision, root mean square deviation 

from the mean (Å)  
5924 NDD W10-Q37  5925 CDD E2621-E2640, 5924 

NDD W10-Q37 
5920 CDD P2960-G2973, 5919 
NDD, M1-E26 

All heavy atoms 0.99 ± 0.09  1.23 ± 0.12 1.17 ± 0.11 
Backbone  0.40 ± 0.07  0.63 ± 0.11  0.66 ± 0.13 
Molprobityb    
Molprobity score  0.5 (100th percentile) 1.33 (98 th percentile) 1.16 (99 th percentile) 
Clashscore, all atom 0 (100th percentile) 0 (100th percentile) 0 (100th percentile) 
aDetermined by PROCHECK-NMR21 
bDetermined by MolProbity22 server on the first model (best representative) of each NMR ensembles. 
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Figure S5. Characterization of the 5924/5923 interface. (A) Analysis of 5923 NDD long and short 
versions and 5924 CDD at 100 μM. (B) Oligomeric state analysis of 5923 NDD long version by SLS. (Calc’d 
MW (monomer): 4.6 kDa) 
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Figure S5, cont. (C) Analysis of 5923 NDD long version at concentrations above (100 μM) and below (10 
μM) the point at which it is suspected to homodimerize. (D) Dilution analysis of 5924 CDD, which gave 
no change in the observed heat signal. (E) Dilution analysis of 5923 NDD long version, which gave 
changes in the observed heat signal. 
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Figure S5, cont. (F) Dilution analysis of 5923 NDD short version, which gave changes in the observed 
heat signal. (G) Oligomeric state analysis of 5923 NDD-KR by SLS. (Calc’d MW (monomer): 57 kDa). 
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Figure S5, cont. (H) CD spectra showing no structuration upon combining 5924 CDD and 5923 NDD long. 
A combined spectrum was obtained by simultaneously analyzing the two isolated DDs (both at 100 
µM). Comparison with the spectrum of a mixture of the two docking domains, again at an overall 
concentration of 100 µM, provides no evidence for increased structuration. (I) CD spectra showing no 
structuration upon combining 5924 CDD and 5923 NDD short. This experiment was performed as 
described in (H). 



37 
 

 
Figure S5, cont. (J) Analysis by ITC of binding between 5923 NDD long and 5924 CDD. (K) Analysis by ITC 
of binding between 5923 NDD short and 5924 CDD. 
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Figure S6. Characterization of the 5923/5922 interface. (A) CD analysis of 5923 CDD long and short 
versions and 5922 NDD at 100 μM. (B) CD analysis of 5922 NDD at concentrations above (100 μM) and 
below (10 μM) the point at which it is suspected to homodimerize. 
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Figure S6, cont. (C) Dilution analysis by ITC of 5923 CDD short, which gave no change in the observed 
heat signal. (D) Dilution analysis by ITC of 5923 CDD long, which gave no change in the observed heat 
signal. (E) Dilution analysis by ITC of 5922 NDD long, which yielded changes in the heat signal. 
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Figure S6, cont. (F) CD spectra showing net structuration upon combining 5923 CDD long and 5922 NDD 
(pH 6.5). A combined spectrum was obtained by simultaneously analyzing the two isolated DDs (both 
at 100 µM). Comparison with the spectrum of a mixture of the two docking domains, again at an overall 
concentration of 100 µM, provides evidence for increased structuration. (G) CD spectra showing a 
small extent of structuration upon combining 5923 CDD long and 5922 NDD (pH 8). The experiment was 
performed as in (F). 
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Figure S6, cont. (H) Analysis by ITC of binding between 5923 CDD short and 5922 NDD. The error on the 
Kd represents a single measurement. (I) Analysis by ITC of binding between 5923 CDD long and 5922 
NDD. (J) Spectra showing the absence of induced structuration upon combining 5923 CDD short and 
5922 NDD. A combined spectrum was obtained by simultaneously analyzing the isolated domains (at 
100 µM). Comparison with the spectrum of a mixture of the two docking domains, again at an overall 
concentration of 100 µM, shows that no substantial change occurs. 
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Figure S7. Characterization of the 5922/5921 interface. (A) CD analysis of 5921 NDD and 5922 CDD long 
and short versions at 100 μM. (B) Dilution analysis by ITC of 5922 CDD short, which gave no change in 
the observed heat signal. (C) Dilution analysis by ITC of 5923 CDD long, which gave no change in the 
observed heat signal. 
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Figure S7, cont. (D) Oligomeric state analysis of 5921 NDD by SLS, showing it to be a monomer (Calc’d 
MW (monomer): 4.2 kDa). (E) CD analysis of 5921 NDD at 100 μM, 10 μM and 1 μM, revealing no 
significant loss of signal corresponding to α-helix. 
  



44 
 

 
Figure S7, cont. (F) Dilution analysis by ITC of 5921 NDD, which gave no change in the observed heat 
signal. (G) Analysis by ITC of binding between 5922 CDD long and 5921 NDD. (H) Analysis by ITC of 
binding between 5922 CDD short and 5921 NDD. For (G) and (H), the error on the Kd is that of a single 
measurement. 
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Figure S7, cont. (I) CD spectra showing structuration upon combining 5922 CDD short and 5921 NDD. A 
combined spectrum was obtained by simultaneously analyzing isolated domains (at 100 µM). 
Comparison with the spectrum of a mixture of the two docking domains, again at an overall 
concentration of 100 µM, shows structuration occurs. (J) Analysis by ITC of binding between 5922 ACP-
CDD and 5921 NDD. The error on the Kd is that of a single measurement. 
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Figure S8. Characterization of 5921/5920 interface. (A) CD analysis of 5920 NDD and 5921 CDD long and 
short versions at 100 μM. (B) Dilution analysis by ITC of 5921 CDD short, which gave no change in the 
observed heat signal. (C) Dilution analysis by ITC of 5921 CDD long, which gave no change in the 
observed heat signal. 
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Figure S8, cont. (D) Dilution analysis by ITC of 5920 NDD short, which gave changes in the observed 
heat signal. (E) CD analysis of 5920 NDD short at concentrations above (100 μM) and below (10 μM) 
the point at which it is suspected to homodimerize. 
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Figure S8, cont. (F) Analysis by ITC of binding between 5921 CDD long and 5920 NDD long. (G) Analysis 
by ITC of binding between 5920 NDD short and 5921 CDD long. (H) Analysis by ITC of binding between 
5920 NDD short and 5921 CDD short. (I) Analysis by ITC of binding between 5921 CDD short and 5920 
NDD short. For (F)-(I), the error on the Kd is that for a single measurement. 
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Figure S8, cont. (J) CD spectra showing net structuration upon combining 5921 CDD long and 5920 NDD 
short. A combined spectrum was obtained by simultaneously analyzing the two isolated DDs (both at 
100 µM). Comparison with the spectrum of a mixture of the two docking domains, again at an overall 
concentration of 100 µM, provides evidence for increased structuration. (K) CD spectra showing 
structuration upon combining 5921 CDD short and 5920 NDD short. The experiment was performed as 
in (J). 
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Figure S9. Characterization of the 5920/5919 interface. (A) CD analysis of 5919 NDD and 5920 CDD at 
100 μM. (B) Dilution analysis by ITC of 5920 CDD, which gave no change in the observed heat signal.  
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Figure S9, cont. (C) The Kratky plot (blue dots) for 5920 CDD. (D) The distance distribution function for 
5920 CDD calculated with GNOM.12 The Guinier plot is inset.  
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Figure S9, cont. (E) Panel of 10 representative ab initio form calculations for 5920 CDD calculated with 
DAMMIN.13 The fit between the SAXS data and the 10 form calculations is shown (c2 = 1.315—1.344). 
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Figure S9, cont. (F) Dilution analysis by ITC of 5919 NDD, which gave changes in the observed heat 
signal. (G) CD analysis of 5919 NDD short at concentrations above (100 μM) and below (10 μM) the 
point at which it is suspected to homodimerize. 
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Figure S9, cont. (H) CD spectra showing net structuration upon combining 5920 CDD and 5919 NDD. A 
combined spectrum was obtained by simultaneously analyzing the two isolated DDs (both at 100 µM). 
Comparison with the spectrum of a mixture of the two docking domains, again at an overall 
concentration of 100 µM, provides evidence for increased structuration. (I) Analysis by ITC of binding 
between 5920 CDD and 5919 NDD. The error on the Kd is that for a single measurement. 
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Figure S9, cont. (J) Analysis by ITC of binding between 5919 NDD and 5920 ACP-CDD. The error on the 
Kd is that for a single measurement. (K) Saturation experiment with 15N-labelled 5919 NDD in the 
presence of unlabeled 5920 CDD.   
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Figure S9, cont. (L) The distance distribution function for the 5920 CDD-5919 NDD covalent fusion 
calculated with GNOM. The Guinier plot is inset. (M) Analysis by SAXS of a covalent complex between 
5920 CDD and 5919 NDD. Fit between the ab initio model computed with DAMMIN (solid black line) 
and the experimental SAXS data (red dots) (!2 = 1.172). The NMR structure of the fusion complex (5920 
CDD a-helices in yellow and 5919 NDD a-helices in green) was placed into the average molecular 
envelope (in grey) using SUPCOMB.16 
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N 

5925 CDD-5924 NDD  DEBS 2 CDD-DEBS 3 NDD PikAIII CDD-PikAIV NDD 
                                                                             Type 1a    Type 1b 

Figure S9, cont. (N) Key charge:charge interactions at the docking interface in the 5920 CDD-5919 NDD 
complex, relative to those in the prototypical type 1a (DEBS 2 CDD/DEBS 3 NDD)23 and type 1b (PikAIII 
CDD/PikAIV NDD)24 interfaces. This comparison shows the 5920 CDD/5919 NDD interface to exhibit both 
type 1a and 1b characteristics. 
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A 
                                                              Helix a3 
                                                             ------------ 
5924_CDD    1 -------------------------RPARLPAG-----------ERS----LELLLEDLQAE------- 
5920_CDD    1 --------------------------DAALPID-----------ELS----AL-LRQEMGDD------- 
5921_CDD    1 ---------------------------------------ADALDQLDEGELADVLDKLL---------- 
5922_CDD    1 GSTGNAGATGATSAFSAADATHPDATDAPPPAGPLAATVSPTASDAAGDAVTDEIERELQTMQALLEDR 
5923_CDD    1 -------ARGALAEL-----FAPAIVAAPA--QLANAAADASLGDHSAAELARILAHELGGLESRGAL- 
NysA        1 -----------------------------------------DIDTVSVDRLLDIIDEEFETT------- 
MonA2       1 -----------------------------------------QLETATAEQVLDFIDNELGV-------- 
RAPSB       1 -----------------------------------------ALSSASASEILDFIDREFGDPTA----- 
Hyg2        1 -----------------------------------------TLEDASQSELLSFIDKEFGRASN----- 
TylGI       1 -----------------------------------------RLDSANDDDLFAFIEEQL---------- 
PikAII      1 -----------------------------------------DLDEASDDDLFSFIDKELGDSDF----- 
AmphC       1 -----------------------------------------DLDGASDEDMFALLDDELGLS------- 
DEBS2       1 -----------------------------------------ISEDASDDELFSMLDQRFGGGEDL---- 
OleA1       1 -----------------------------------------DVEDATIDELFEVLDNELGNS------- 
PimS1       1 -----------------------------------------DFESASDDEVFDLLDNELGLS------- 
AVES1       1 -----------------------------------------KFTSATEAEIFKFIDNDLGLS------- 
SpnC        1 -----------------------------------------TLDSATHDEIFEFIDNELDLS------- 
 

Sequence logo for the helix a3 region of type 1a CDDs: 

 
 
 
Alignment of full-length 5922 CDD against full-length type 1a CDDs: 
 
5922_CDD    1 ------GSTGNAGATGATSAFSAADATHPDATDAPPPAGPLAATV------------------------------------------------------- 
NysA        1 ------------------------------AATAPLDPGAYGEELTRFE-AIVTNLPQD-GPERRAVADRLDAIVSALRQNSPA--------------EV 
OleA1       1 -------------------------------VGSDDPLTLMRSAIDQLE-TGLALLESD-EEARSEITKRLNILLPRFGSGGSSRGR--------EAGQD 
Hyg2        1 ---------------------GPLGDGGSS-------SPEVVRDLERFE-RQLFDTRPD-DEVGTAIAVRLRSILAHLDAPATAPAAR---------TAS 
DEBS2       1 -----------------------------FAASPAVDIGDR---LDELE-KALEALSAE--DGHDDVGQRLESLR-RWNSRRADAPS------------- 
MonA2       1 VPEGAGAMGGVSGAEGVRDAYGAGGPGGDM-------TAQVLLEVARVE-HTLSAAVPH-GLDRAAVAARLEALLARCTATTAATGAAGAAVEGDGDSDG 
RapsB       1 --------------------------------NPRVQSTTLLAEIDRIE-KMFTSVTFD-DRQASAIKDRLSSVLNKWQRIS----SPEEV--------- 
PimS1       1 ------------------------------APEPTVGPEALLGELERME-KSFGGLDLT-EEMHEQIAGRLEVLRAKWDALRDTAAAAGHD------GSP 
AmphC       1 ------------------------------VTDDPSGAGSVLAALEGLE-KAIAALSLDDAEEHRRVAGRIEVLRTKWAALGRTDTADEDA--------- 
TylGI       1 -----------------AAELAGPRDGGDT-------AAAAFEGLEALAAAAVGALAED-DLRRDVLRRRLTELAAALTPQGRNPSAP--A------PAP 
AVES1       1 ------------------------------QPQPDNAVAPVLAELDKLE-SALSALDKT-DSASERVTLRLKSLMLRW----NAPQHP--T------AES 
PikAII      1 -------------ATAAGGSWAEGTGSGDTASATDRQTTAALAELDRLE-GVLASLAPA-AGGRPELAARLRALAAAL----GD---------------D 
SpnC        1 -------------------------------FPTETTVDSALAELDRIE-QQLSMLTGE-ARARDRIATRLRALHEKW----NSAAEV--P-------TG 
 
 
5922_CDD   40 ---SPTASDAAGDAVTDEIERELQTMQALLEDR 
NysA       55 PSSDEDIDTVSVDRLLDIIDEEFETT------- 
OleA1      60 AGEHQDVEDATIDELFEVLDNELGNS------- 
Hyg2       62 AQVLDTLEDASQSELLSFIDKEFGRASN----- 
DEBS2      52 --TSAISEDASDDELFSMLDQRFGGGEDL---- 
MonA2      92 DGAVDQLETATAEQVLDFIDNELGV-------- 
RapsB      54 --STTALSSASASEILDFIDREFGDPTA----- 
PimS1      63 SDEDFDFESASDDEVFDLLDNELGLS------- 
AmphC      61 --SSDDLDGASDEDMFALLDDELGLS------- 
TylGI      68 SDLDERLDSANDDDLFAFIEEQL---------- 
AVES1      57 ADDDEKFTSATEAEIFKFIDNDLGLS------- 
PikAII     67 GDDATDLDEASDDDLFSFIDKELGDSDF----- 
SpnC       55 ADVLSTLDSATHDEIFEFIDNELDLS------- 

 
Figure S10. Comparative sequence analysis of the enacyloxin C-termini shown to participate in docking, 
with CDD classes 1a/1b, 2 and 4 a-helix bundle. In each case, we could exclude certain termini from 
the alignments based on their direct structural characterization or their lengths relative to previously-
characterized CDDs, as specified below. (A) Alignment of the CDDs of subunits 5924-5920 with the 
interaction region (helix a3) of type 1a CDDs23 (based on the length of the enacyloxin CDDs, we could 
already exclude the presence of a four-helix bundle dimerization motif (helices a1 and a2 of this type 
of DD)). Below is a sequence logo produced from the type 1a CDDs covering the helix a3 region. The 
unusually long 5922 CDD has also been aligned with the full-length type 1a CDDs. Key: green = 
hydrophobic interface residues; blue = putative specificity-determinant interface residues. Also 
indicated are the a-helical regions identified in the solved structures of the fused DD complexes.23–26 
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B 
                                               Ha3’   Helix a3” 
                                          ----  ------------ 
5924_CDD    1 ----------------------RPARLPAGERSLELLL----EDLQAE---------------------------------------------------- 
5920_CDD    1 -----------------------DAALPIDELSAL-LR----QEMGDD---------------------------------------------------- 
PikAIII     1 ---------------------------SIDDLDA-ELI---RMALGPRNT-------------------------------------------------- 
NysB        1 ---------------------------SLDDMDAEALL---RLATENSAN-------------------------------------------------- 
AmphB       1 ---------------------------DLDDMDAEALL---RLAAENSAN-------------------------------------------------- 
5922_CDD    1 ---------------------------------------------GSTGNAGATGA-TSAFSAADATHPDATDAPPPAGPLAATVSPTASDAAGDAVTDE 
RapsA       1 ---------------------------FVDEMDADALI---KHVLEEER--------------------------------------------------- 
Aves2       1 ---------------------------SIDEMDIDDLM---DLAHGHTAPAREPADAEDSSSSRNRTHH---------------------THEGETA--- 
Hyg1        1 ---------------------------LIDAMDTEALI---RHVMDGTGA-------------------------------------------------- 
TylGIV      1 ---------------------------LDDLLDGDALV---RLALGEPGE-------------------------------------------------- 
NysI        1 ---------------------------SVDSMTVADLV---RAALNGQSDL------------------------------------------------- 
RifA        1 ---------------------------LIDALDISGLV---QRALGQTS--------------------------------------------------- 
PimS2       1 ---------------------------SIDAMDIADLV---QAAFDGNSPQER----------------------------------------------- 
SpnA        1 ---------------------------SIDAMDVAGLV---EAALGERES-------------------------------------------------- 
ConA        1 ---------------------------LIDAMDVAELV---RMAREGIES-------------------------------------------------- 
5923_CDD    1 ARGALAELFAPAIVAAPAQLANAAADASLGDHSAAELARILAHELGGLESRGAL---------------------------------------------- 
5921_CDD    1 -------------------------ADALDQLDEGELADVLDKLL------------------------------------------------------- 
 
 
5924_CDD      --------------- 
5920_CDD      --------------- 
PikAIII       --------------- 
NysB          --------------- 
AmphB         --------------- 
5922_CDD   55 IERELQTMQALLEDR 
RapsA         --------------- 
Aves2         --------------- 
Hyg1          --------------- 
TylGIV        --------------- 
NysI          --------------- 
RifA          --------------- 
PimS2         --------------- 
SpnA          --------------- 
ConA          --------------- 
5923_CDD      --------------- 
5921_CDD      --------------- 

 
                                                      Ha3’  Helix a3” 
                                                  ---- ------------ 
5923_CDD    1 --------ARGALAELFAPAIVAAPAQLANAAADASLGDHSAAELARILAHELGGLESRGAL------------------- 
5922_CDD    1 --------------------------------------DAVTDEIERELQTMQALLEDR---------------------- 
5924_CDD    1 -----------RP--ARLPAGER---SL-----ELLLEDLQAE-------------------------------------- 
5921_CDD    1 ---AGPAQAARAPASASAPTPRAAPADA-----LDQLDEGELADVLDKLL------------------------------- 
5920_CDD    1 LERLAAAQARQA---PPGPAGQAAPADA-----ALPIDE--LSALLRQEMGDD---------------------------- 
PikAIII     1 -----------------------------------SIDDLDA-ELIRMALGPRNT-------------------------- 
NysB        1 -----------------------------------SLDDMDAEALLRLATENSAN-------------------------- 
AmphB       1 -----------------------------------DLDDMDAEALLRLAAENSAN-------------------------- 
RapsA       1 -----------------------------------FVDEMDADALIKHVLEEER--------------------------- 
Aves2       1 -----------------------------------SIDEMDIDDLMDLAHGHTAPAREPADAEDSSSSRNRTHHTHEGETA 
Hyg1        1 -----------------------------------LIDAMDTEALIRHVMDGTGA-------------------------- 
TylGIV      1 -----------------------------------LDDLLDGDALVRLALGEPGE-------------------------- 
NysI        1 -----------------------------------SVDSMTVADLVRAALNGQSDL------------------------- 
RifA        1 -----------------------------------LIDALDISGLVQRALGQTS--------------------------- 
PimS2       1 -----------------------------------SIDAMDIADLVQAAFDGNSPQER----------------------- 
SpnA        1 -----------------------------------SIDAMDVAGLVEAALGERES-------------------------- 
ConA        1 -----------------------------------LIDAMDVAELVRMAREGIES-------------------------- 
(Here, 5922_CDD has been truncated to just the C-terminal predicted a-helix) 
 
Sequence logo for the helix a3 region of type 1b CDDs: 

 
 
Figure S10, cont. (B) Alignment of the CDDs of subunits 5924-5920 with the interaction region (helix 
a3) of type 1b CDDs24 (based on the length of the enacyloxin CDDs, we could already exclude the 
presence of a four-helix bundle dimerization motif (helices a1 and a2)). Below is a sequence logo 
produced from the type 1b CDDs covering the helix a3 region. 5922 CDD has also been aligned with the 
full-length type 1a CDDs (see next page). 
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Alignment of full-length 5922 CDD against full-length type 1b CDDs: 
 
5922_CDD    1 -----------------------------------GSTGNAGATGATSAFSAA-----------------DATHPDATDAPPPAGPLAATVSPTASDAAG 
ConA        1 ----------------GADSLSAVELRNRLGRATGLRLSATVVFDHPT-------------PTALAGRLRAELFPDRADDTVPDGPDHAAD--AEELAAE 
NysB        1 FGTAPED------AGTGRPDDPDARIREALATVPIGRLRKAGLLDMVLKLADGDATDAPAP--------------------------------EAD--AP 
AmphB       1 ----------------GRADDPDARIREALATVPIGRLRKAGLLDMVLKLAESDDTEDSAT--------------------------------ATDDAAD 
RifA        1 -----------LREADDGLDGREDDLRRVLAAVPFARFKEAGVLDTLLGLADTGTEPGTDAETTE----------------------------AAPAADD 
Hyg1        1 --------SPAPAAAGPDDDPDERELRRVLERVPVARFREAGVLEALLKLAGPDPART------P----------------------------DAAEPDE 
AVES2       1 ---LPDQEATGEQAGDQLSGGSEEDVRSLLTSIPIGRLRDAGLLGPLLTLADTGRGASGAAAGPEDAPPSGQ------------------------DTPA 
RapsA       1 ------------APAEPEPRLHEQELRRALAGISIDKFREAGVLDTLLRLAAMEGLAVP-KPDS--------------------------------ESDD 
TylGIV      1 ---------T--PPAGPAAGPREEEARAALARVPLERLREAGLLDALLRLAADESGATTPRTSAASGAPRGREEP--DGRGEPDGSGHRES--PDAAGGS 
PikAIII     1 ---------L--APAEPAPTDWEGRVRRALAELPLDRLRDAGVLDTVLRLTGIEPEPGSGGSDGG-------------------------A--ADPGAEP 
SpnA        1 -------LPE--SAGAGIPEEDEARIRAALTSIPFPALREAGLVSPLLALAGHPVDSG-----------------------------------ISSDDAA 
NysI        1 ---FPDE---------PAGSDDETEIRALLASVPLDQLREIGVLEPLLQLAGRGGRAA--------------------------------------DGDD 
PimS2       1 ---VPDEDPG--EGTADDGDPDSSAIRALLASVSVAQLREIGVLEPLLKLAAEQTAASG--AEAA-------------------------A--ATAADAY 
 
                     Ha3’   Helix a3” 
                 ----  ------------ 
5922_CDD   49 DAVTDEIERELQTMQALLEDR---------------------------- 
ConA       70 EELIDAMDVAE-LVRMAREGIES-------------------------- 
NysB       61 SESLDDMDAEA-LLRLATENSAN-------------------------- 
AmphB      53 ALDLDDMDAEA-LLRLAAENSAN-------------------------- 
RifA       62 AELIDALDISG-LVQRALGQTS--------------------------- 
Hyg1       59 DGLIDAMDTEA-LIRHVMDGTGA-------------------------- 
AVES2      74 PVSIDEMDIDD-LMDLAHGHTAPAREPADAEDSSSSRNRTHHTHEGETA 
RapsA      56 EAFVDEMDADA-LIKHVLEEER--------------------------- 
TylGIV     86 DALDDLLDGDA-LVRLALGEPGE-------------------------- 
PikAIII    63 EASIDDLD-AE-LIRMALGPRNT-------------------------- 
SpnA       57 ATSIDAMDVAG-LVEAALGERES-------------------------- 
NysI       51 GESVDSMTVAD-LVRAALNGQSDL------------------------- 
PimS2      67 DESIDAMDIAD-LVQAAFDGNSPQER----------------------- 
 

C 
                                                 Helix a1        Helix a2                                                  ----------  ------------------ 
StiA        1 -------------------AAMLKMLEQFQELSNEDLLGMLSDDKEDEVSS------ 
NidA4       1 --------------------RPAADAGEIDALSPAELIRLAKTGAGQ---------- 
5923_CDD    1 ARGALAELFAPAIVAAPAQLANAAADASLGDHSAAELARILAHELGGLESRGAL--- 
AjuB        1 --------------------TALPALPSLENLSEAELSDLLAAELSASAALMGPGMD 
EpoC        1 -------------------HTTADSAVEIEEMSQDDLTQLIAAKFKALT-------- 
MelD        1 -------------------EAEGPSLENLEQLPQDELGALLDQKLADLEKLVGDA-- 
MxaD        1 -------------------ALEAEIVNNVKQLSDEEAEALLAEKLAALAE------- 
AufI        1 -------------------EGQAERLAEVEQMSDDEAEQLLLASLESLSTELLK--- 
DkxN        1 ------------AWDAGEDQELDALLADVDDLDDDQVQAMLRRGR------------ 
5925_CDD    1 -------------------APLDTELSEI--------EGLQDDDLAALLGKEFIRE- 
CyrD        1 -------------------SSIGRILDNETDVLDSEMQSDEDESLSTLIQKLSTHLD 
CurK        1 --------------------DGSSQLSDITELSEIELEASVLQEIEALEKLI----- 
CurG        1 -------------------SLEAKLLDEIKQSSNQELESSIDQILESIIN------- 
JamJ        1 -------------------QKQEKLLADTKELSEEQLEELINQELNLIINE------ 

 
                                                                        Helix a1           Helix a2                                                                   ----------------  ------------------ 
DkxN        1 ------------------------AWDAGEDQELDALL------ADVDDLDDDQVQAMLRRGR------------ 
5925_CDD    1 -------------------------------APLDTEL------SEI--------EGLQDDDLAALLGKEFIRE- 
CyrD        1 -------------------------------SSIGRIL------DNETDVLDSEMQSDEDESLSTLIQKLSTHLD 
CurK        1 --------------------------------DGSSQL------SDITELSEIELEASVLQEIEALEKLI----- 
CurG        1 -------------------------------SLEAKLL------DEIKQSSNQELESSIDQILESIIN------- 
JamJ        1 -------------------------------QKQEKLL------ADTKELSEEQLEELINQELNLIINE------ 
5922_CDD    1 GSTGNAGATGATSAFSAADATHPDATDAPPPAGPLAATVSPTASDAAGDAVTDEIERELQTMQALLEDR------ 
StiA        1 -------------------------------AAMLKML------EQFQELSNEDLLGMLSDDKEDEVSS------ 
NidA4       1 --------------------------------RPAADA------GEIDALSPAELIRLAKTGAGQ---------- 
5923_CDD    1 -------ARGALAEL-----FAPAIVAAPAQLANAAAD------ASLGDHSAAELARILAHELGGLESRGAL--- 
AjuB        1 --------------------------------TALPAL------PSLENLSEAELSDLLAAELSASAALMGPGMD 
EpoC        1 -------------------------------HTTADSA------VEIEEMSQDDLTQLIAAKFKALT-------- 
MelD        1 -------------------------------EAEGPSL------ENLEQLPQDELGALLDQKLADLEKLVGDA-- 
MxaD        1 -------------------------------ALEAEIV------NNVKQLSDEEAEALLAEKLAALAE------- 
AufI        1 -------------------------------EGQAERL------AEVEQMSDDEAEQLLLASLESLSTELLK--- 

 
Sequence logo for the helix a1 and a2 regions of type 2 CDDs: 
 

 
 

Figure S10, cont. (C) Alignment of the CDDs of subunits 5925 (control), 5923 and 5922 (second 
alignment) with the interaction regions (helices a1 and a2) of type 2 CDDs25 (based on the length of 
the enacyloxin CDDs of subunits 5924 and 5921, we could already exclude the presence of this type of 
CDD). Below is a sequence logo produced from the type 2 CDDs covering the helices a1 and a2 regions.  
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D 
                                                           Helix a1              Helix a2 
                                                -----------------------------   ----------- 
TstDEF      1 -------------------------FDEDLYASVIDAL------------------------IDRTLDSRTAWQTVRSGR------ 
SorB        1 -----------------------------VNGGRLSAVLDAL----------------LADEMDLHDAAART-RALLAGGLS---- 
5922_CDD    1 GSTGNAGATGATSAFSAADATHPDATDAPPPAGPLAATVSPTAS--------DAAGDAVTDEIEREL--QTM-QALLEDR------ 
VirA        1 -----------------------------PSQADLDALLS-----------------AVRDNR-LSI--EQA-VTLLTPRR----- 
DifF        1 ---------------------------------------------SPLETYERLLDELEKNEISIEAAVKRT-IGFYRD------- 
PtzC        1 ---------------------------------------------FSAMSMENLLKSLETGEIDLKQAYQVD-INQDA-------- 
ElaQ        1 ---------------------------------------------RDDKEYYDLLDAVLSEELSVQHATNEI-VKML--------- 
RizD        1 ---------------------------------------------DEDFETLALLRGLSQGALSIEEVDARM-TAGMKQ------- 
AtcE        1 ---------------------------------------------ERATDVEDMLRRLAAGELTVAEAYTNL-GGPA--------- 
ChiB        1 ---------------------------------------------EGDEPLWRLLRGVESGALDVNEACRLL-ELP---------- 
MlnD        1 -----------------------------TADGEIMS----------------LLEKAQTGEMNTKETSELI-EELLFHE------ 
5923_CDD    1 ------------------------------ARGALAELFAPAIVAAPAQLAN-AAADASLGDHSAAELARIL-AHELGGLESRGAL 
OzmH        1 ---------------------------------------------APDELIAKLEARFAAGELSAAEVLDLL-DAELATRERR--- 
RhiC        1 ---------------------------------------------PPHPLDHQLEKQFLSGELSIDSLLNLV-SIGTVER------ 
 
Sequence logo for the helix a1 and a2 regions of 4 a-helix bundle type CDDs: 
 

 
 
Figure S10, cont. (D) Alignment of the CDD of subunits 5923 and 5922 with the interaction regions 
(helices a1 and a2) of 4 a-helix bundle type CDDs (the CDD of subunit 5921 is too short to be this 
type).26,27 Below is a sequence logo produced from the 4 a-helix bundle CDDs covering the helices a1 
and a2 regions. 
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A 
 
                                Coiled-coil 
                        ----------------------------- 
SpnD        1 -----TVTTSYEEVVEALRASLKENERLRRGRDRFSAEKD---------- 
AmphD       1 --------DNEQKLRDYLKLATAD---LRRARRRVGELESASQ------- 
OleA2       1 --------TNDEKIVEYLKRATVD---LRKARHRIWELED---------- 
NysB        1 QEPQQGQPDQQEKIVDYLRRVTSD---LRRARRRIGELESKDN------- 
RAPSC       1 --------PEQDKVVEYLRWATAE---LHTTRAKLEALAAANT------- 
DEBS3       1 ---SGDNGMTEEKLRRYLKRTVTE---LDSVTARLREVEHRAGE------ 
TylGII      1 ---------------------TAE---LVATRKRLGALEERAR------- 
Hyg3        1 --------ADSKTLTDYLKWVTAD---LYRTRERLAEVESASA------- 
PikAIII     1 -------ANNEDKLRDYLKRVTAE---LQQNTRRLREIEGRTH------- 
PimS2       1 --------SNEEKLREYLKRAIAD---LHETRQQLDETEAKQR------- 
MonA3       1 --------VSEEKLVDYLKRVSAD---LHATRQRLREAEERRQ------- 
AVES2       1 ------QLANEAKLLEYLKRVTAD---LDRTRRRLYEVVEREQ------- 
5923_NDD    1 ---GRTVAHFLDRIEQLSKPQLQ-------------ALARAMRDEILQLR 
5919_NDD    1 -----------QDIQQLLAKSLTE---IKRLKAANQALEQARRE------ 
5921_NDD    1 ---DSKDRELLARQRDAIRQGIQK---IQALSARLDQ------------- 
5922_NDD    1 ----------TDMDKDLLLQSIQT---IRELKTRLAQAEQGH-------- 
5920_NDD    1 -----------NDYKALLKSSIRK---IQEQDRRIRELESGVDEP----- 
 
 

Sequence logo for the coiled-coil region of type 1a NDDs: 

 
 
 
B 
 
                                                Coiled-coil 
                                        --------------------------- 
5921_NDD    1 -------------------DSKDRELLARQRDAIRQGIQKIQALSARLDQ--------- 
5922_NDD    1 --------------------------TDMDKDLLLQSIQTIRELKTRLAQAEQGH---- 
5920_NDD    1 ---------------------------NDYKALLKSSIRKIQEQDRRIRELESGVDEP- 
5923_NDD    1 GR---------TVA--HFLDRIEQLSKPQLQALARAMRDEILQLR-------------- 
5919_NDD    1 ---------------------------QDIQQLLAKSLTEIKRLKAANQALEQARRE-- 
RAPSB       1 -------------------------REDQLLDALRKSVKENARLRKANTSLRAAMD--- 
Aves3       1 -----------------------DTSSEKLVDALRASLKANQTLRARNEQLAAAMEASS 
SpnB        1 ---------------------TVTTSYEEVVEALRASLKENERLRRGRDRFSAEKD--- 
NysC        1 -----------------------STNPDKYVEALRSSLKEIERLRRQNEQLVAAAV--- 
AmphC       1 -----------------------STSTNKYVEALRSSLKEIERLRKQNEQLVASAA--- 
TylGV       1 -----------------------AMSAERLTEALRTSLKEAERLRRQNRELRAARDAAR 
NysJ        1 -----------------NAPENPETPENNVVAALRAAVKETDRLRRQNRMLVAAAK--- 
PimS3       1 -----------------------TTSSETVVAALRASLKEAENLRRQNRKLVAAAT--- 
PikAIV      1 -----------------------TSSNEQLVDALRASLKENEELRKESRRRADRRQ--- 
ConB        1 TRTPSSSSPSSSASSQSPAASPSSSSDTTVVEALRDALKETARLRRENRQLQAGVG--- 
RifB        1 -----------------------SAPNEQIVDALRASLKENVRLQQENSALAAAAA--- 
Hyg2        1 -------------------------TNEQLVEALRVSAKENARLRRENASLQEGAA--- 

 
Sequence logo for the coiled-coil region of type 1b NDDs: 
 

 
Figure S11. Comparative sequence analysis of the enacyloxin N-termini shown to participate in 
docking, with NDD classes 1a/1b, 2 and 4 a-helix bundle. In each case, we could exclude certain termini 
from the alignments based on their direct structural characterization. (A) Alignment of the NDDs of 
subunits 5923-5919 with the coiled-coil region of type 1a NDDs23 (the 5924 NDD was shown directly to 
be type 2). Below is a sequence logo produced from the type 1a NDDs covering the coiled-coil region. 
(B) Alignment of the NDDs of subunits 5923-5919 with the coiled-coil region of type 1b NDDs.24 Below 
is a sequence logo produced from the type 1b NDDs covering the coiled-coil region. Key: green = 
hydrophobic interface residues; blue = putative specificity-determinant interface residues. Also 
indicated are the a-helical regions identified in the solved structures of the fused DD complexes.23–26  
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C 
 
                                               Helix aA       Helix aB (coiled-coil) 
                                      ----------------    ------------------ 
NidA5       1 ------TRNPKMSPSIDEVLDALRTSVKETERLRRRNQELVAAAR--- 
5924_NDD    1 -NK--PTSSDGWKDDYLSRLSRLSKNQLMALALKLKQQQLEQG----- 
JamK        1 ----------KDSSHNLEQLSPLQKSFLVIERLKSKVDTLEKSQR--- 
AufD        1 --------TASTQDGSQQQRALLERATVTIKKLRAENAQLRSAQK--- 
EpoD        1 -----------TTRGPTAQQNPLKQAAIIIQRLEERLAGLAQAELERT 
CyrE        1 ------------DEKLRTYERLIKQSYHKIEALEAEVNRLKQTQCE-- 
5922_NDD    1 ---------------TDMDKDLLLQSIQTIRELKTRLAQAEQGH---- 
5921_NDD    1 --------DSKDRELLARQRDAIRQGIQKIQALSARLDQ--------- 
StiB        1 ------SDMMKQLARMIRDLPPDRRAFLAD---------LLRPEP--- 
DkxH        1 ----------STQGSDTGYSDLMKRALLKLQDAQSKLDAHERERH--- 
MxaC        1 ----------ANRNDESNELSPAKRMLVALEKMQTRLNAVEGAAK--- 
AjuC        1 ----------SNSTETPDPQARLREAILAIHKLRTRLDAVERQKT--- 
MelE        1 ------------STEQNEHSARLARALVALEKMQARLEASEREKR--- 
CurH        1 LNKFTKKEQILSEKQQIKQLSPLQRAALALKKLETKLNNTLH------ 
CurL        1 --------NLKQEQEKEQSLSALQRALIALKDARSKLEKYETQSK--- 
 
 

Sequence logo for the helix aA and aB regions of type 2 NDDs: 
 

 
 
D 
                         Helix aA       Helix aB 
                         ----------     -------- 
MlnE        1 ------NEKTMQIEQIVKKVKECSLTPEEGLELIKSLGK------ 
RizE        1 ---------SGKRTQILQAVQSGAMTPEEGMRQLRALAV------ 
AtcF        1 ---------NSAVKRVLELVETRQISPEEGRRRLTALGT------ 
DifG        1 ---------KEFLHRVFSDVKNKKMTKQDAIGILRDYDM------ 
5922_NDD    1 ----------------TDMDKDLLLQSIQTIRELKTRLAQAEQGH 
5921_NDD    1 ---------DSKDRELLARQRDAIRQGIQKIQALSARLDQ----- 
PtzD        1 TQRTIKAGADAQKRRVMALVADGMLSANEALLLREKQE------- 
TstGH       1 ---------ANYHLDIFGQVERNGLPRDAALDLLRHYRR------ 
RhiD        1 --------SSQEFQSIIAGLQNRQITVAEAKQRLQRLKA------ 
OzmJ        1 --------STAEFRDILDRYARGAVGAEQARDLLAARRP------ 
VirFG       1 -----------DAKEILTRFKDGGLDRAAAQALLAGRTP------ 
SorC        1 ---------NNLVGYLLKEMKDGRLSKADVLELLAEQGT------ 
ElaR        1 ---------KELVTYILNELKADRISRSEAVRLLKQAGT------ 
ChiC        1 ---------KRDPRVIFEQLKNGQISRAEAHRLLKARSD------ 

 
Sequence logo for the helix aA and aB regions of 4 a-helix bundle type NDDs: 
 

 
 
Figure S11, cont. (C) Alignment of the NDDs of subunits 5924 (control), 5922 and 5921 with the 
interaction regions (helices aA and aB) of type 2 NDDs.25 Below is a sequence logo produced from the 
type 2 CDDs covering the helices aA and aB regions. (D) Alignment of the NDD of subunits 5922 and 
5921 with the interaction regions (helices aA and aB) of 4 a-helix bundle type NDDs.26,27 Below is a 
sequence logo produced from the 4 a-helix bundle NDDs covering the helices aA and aB regions.  
 
Based on the data shown in Figures S11 and S12, we classified the DDs as follows (italics = putative 
assignment): 
Type 1-like 
5924/5923, 5922/5921, 5021/5920, 5920/5919 (structure solved) 
Type 2-like 
5925/5924 (structure solved), 5923/5922 
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Figure S12. ITC experiments to detect cross-talk between mis-matched docking domain pairs. (A) 
Analysis by ITC of binding between 5925 CDD and 5923 NDD long version which gave no change in the 
observed heat signal. (B) Analysis by ITC of binding between 5925 CDD and 5922 NDD which gave no 
change in the observed heat signal. (C) Analysis by ITC of binding between 5925 CDD and 5921 NDD 
which gave no change in the observed heat signal. (D) Analysis by ITC of binding between 5925 CDD 
and 5920 NDD short which gave no change in the observed heat signal. 
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Figure S12, cont. (E) Analysis by ITC of binding between 5925 CDD and 5919 NDD which gave no change 
in the observed heat signal. (F) Analysis by ITC of binding between 5921 CDD short and 5924 NDD which 
gave a small change in the observed heat signal. (G) Analysis by ITC of binding between 5921 CDD short 
and 5923 NDD long which gave no change in the observed heat signal. (H) Analysis by ITC of binding 
between 5921 CDD short and 5922 NDD which gave no change in the observed heat signal. 
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Figure S12, cont. (I) Analysis by ITC of binding between 5921 CDD short and 5921 NDD which gave no 
change in the observed heat signal. (J) Analysis by ITC of binding between 5921 CDD short and 5919 
NDD which gave no change in the observed heat signal. 
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A 
                                                           Helix a1                Helix a2 
                                                     --------------------      -------------- 
NysA         1 ------------------------------AATAPLDPGAYGEELTRFE-AIVTNLPQD-GPERRAVADRLDAIVSALRQNSPA--------------EV 
KirAV_end    1 --------------------FDGGTGGADD-------LPALFADFDRLA-AGLTEAATD-EVFRDRVVERVRGLLTALSPAT-----------------P 
OleA1        1 -------------------------------VGSDDPLTLMRSAIDQLE-TGLALLESD-EEARSEITKRLNILLPRFGSGGSSRGR--------EAGQD 
Hyg2         1 ---------------------GPLGDGGSS-------SPEVVRDLERFE-RQLFDTRPD-DEVGTAIAVRLRSILAHLDAPATAPAAR---------TAS 
DEBS2        1 -----------------------------FAASPAVDIGDR---LDELE-KALEALSAE--DGHDDVGQRLESLR-RWNSRRADAPS------------- 
MonA2        1 VPEGAGAMGGVSGAEGVRDAYGAGGPGGDM-------TAQVLLEVARVE-HTLSAAVPH-GLDRAAVAARLEALLARCTATTAATGAAGAAVEGDGDSDG 
RapsB        1 --------------------------------NPRVQSTTLLAEIDRIE-KMFTSVTFD-DRQASAIKDRLSSVLNKWQRIS----SPEEV--------- 
PimS1        1 ------------------------------APEPTVGPEALLGELERME-KSFGGLDLT-EEMHEQIAGRLEVLRAKWDALRDTAAAAGHD------GSP 
AmphC        1 ------------------------------VTDDPSGAGSVLAALEGLE-KAIAALSLDDAEEHRRVAGRIEVLRTKWAALGRTDTADEDA--------- 
TylGI        1 -----------------AAELAGPRDGGDT-------AAAAFEGLEALAAAAVGALAED-DLRRDVLRRRLTELAAALTPQGRNPSAP--A------PAP 
AVES1        1 ------------------------------QPQPDNAVAPVLAELDKLE-SALSALDKT-DSASERVTLRLKSLMLRW----NAPQHP--T------AES 
PikAII       1 -------------ATAAGGSWAEGTGSGDTASATDRQTTAALAELDRLE-GVLASLAPA-AGGRPELAARLRALAAAL----GD---------------D 
SpnC         1 -------------------------------FPTETTVDSALAELDRIE-QQLSMLTGE-ARARDRIATRLRALHEKW----NSAAEV--P-------TG 
consensus    1                                         .........   .  .  . .  .  .. *.  .. ..                       
 
                            Helix a3 
                          ------------ 
NysA        55 PSSDEDIDTVSVDRLLDIIDEEFETT------- 
KirAV_end   55 EAPPDLFAAATDDEVFALIDAELGSPVRGQEDR 
OleA1       60 AGEHQDVEDATIDELFEVLDNELGNS------- 
Hyg2        62 AQVLDTLEDASQSELLSFIDKEFGRASN----- 
DEBS2       52 --TSAISEDASDDELFSMLDQRFGGGEDL---- 
MonA2       92 DGAVDQLETATAEQVLDFIDNELGV-------- 
RapsB       54 --STTALSSASASEILDFIDREFGDPTA----- 
PimS1       63 SDEDFDFESASDDEVFDLLDNELGLS------- 
AmphC       61 --SSDDLDGASDEDMFALLDDELGLS------- 
TylGI       68 SDLDERLDSANDDDLFAFIEEQL---------- 
AVES1       57 ADDDEKFTSATEAEIFKFIDNDLGLS------- 
PikAII      67 GDDATDLDEASDDDLFSFIDKELGDSDF----- 
SpnC        55 ADVLSTLDSATHDEIFEFIDNELDLS------- 
consensus  101     . .......... ... ... .        

 
B 
 
KirAV_end    1 FD----------GGTGGADDLPALFADFDRLAAGLTEAATDEVFRDRVVERVRGLLTALS-------PAT---PEAP---------------------PD 
ConA         1 ----------------GADSLSA-----VELRNRLGRATGL-RLS------ATVVFDHPT-------------PTALAGRLRAELFPDRADDTVPDGPDH 
NysB         1 FGTAPED------AGTGRPDDPD-----ARIREALATVPIG-RLR------KAGLLDMVLKLADGDATDAPAP--------------------------- 
AmphB        1 ----------------GRADDPD-----ARIREALATVPIG-RLR------KAGLLDMVLKLAESDDTEDSAT--------------------------- 
RifA         1 -----------LREADDGLDGRE-----DDLRRVLAAVPFA-RFK------EAGVLDTLLGLADTGTEPGTDAETTE----------------------- 
Hyg1         1 --------SPAPAAAGPDDDPDE-----RELRRVLERVPVA-RFR------EAGVLEALLKLAGPDPART------P----------------------- 
AVES2        1 ---LPDQEATGEQAGDQLSGGSE-----EDVRSLLTSIPIG-RLR------DAGLLGPLLTLADTGRGASGAAAGPEDAPPSGQ---------------- 
RapsA        1 ------------APAEPEPRLHE-----QELRRALAGISID-KFR------EAGVLDTLLRLAAMEGLAVP-KPDS------------------------ 
TylGIV       1 ---------T--PPAGPAAGPRE-----EEARAALARVPLE-RLR------EAGLLDALLRLAADESGATTPRTSAASGAPRGREEP--DGRGEPDGSGH 
PikAIII      1 ---------L--APAEPAPTDWE-----GRVRRALAELPLD-RLR------DAGVLDTVLRLTGIEPEPGSGGSDGG----------------------- 
SpnA         1 -------LPE--SAGAGIPEEDE-----ARIRAALTSIPFP-ALR------EAGLVSPLLALAGHPVDSG------------------------------ 
NysI         1 ---FPDE---------PAGSDDE-----TEIRALLASVPLD-QLR------EIGVLEPLLQLAGRGGRAA------------------------------ 
PimS2        1 ---VPDEDPG--EGTADDGDPDS-----SAIRALLASVSVA-QLR------EIGVLEPLLKLAAEQTAASG--AEAA----------------------- 
consensus    1               .    .  .      ... .*. ...  ...      ...... ......                                     
 
                                 Ha3’   Helix a3” 
                            ----  ------------ 
KirAV_end   60 ---LFAAATDDE------VFALIDAELGSPVRGQEDR--------------------- 
ConA        60 AADAEELAAEEELIDAMDVAELVRMAREGIES-------------------------- 
NysB        56 ---EAD--APSESLDDMDAEALLRLATENSAN-------------------------- 
AmphB       46 ---ATDDAADALDLDDMDAEALLRLAAENSAN-------------------------- 
RifA        55 ---AAPAADDAELIDALDISGLVQRALGQTS--------------------------- 
Hyg1        52 ---DAAEPDEDGLIDAMDTEALIRHVMDGTGA-------------------------- 
AVES2       70 ------DTPAPVSIDEMDIDDLMDLAHGHTAPAREPADAEDSSSSRNRTHHTHEGETA 
RapsA       52 ------ESDDEAFVDEMDADALIKHVLEEER--------------------------- 
TylGIV      76 RESPDAAGGSDALDDLLDGDALVRLALGEPGE-------------------------- 
PikAIII     55 --AADPGAEPEASIDDLD-AELIRMALGPRNT-------------------------- 
SpnA        50 ---ISSDDAAATSIDAMDVAGLVEAALGERES-------------------------- 
NysI        47 ------DGDDGESVDSMTVADLVRAALNGQSDL------------------------- 
PimS2       59 --AATAADAYDESIDAMDIADLVQAAFDGNSPQER----------------------- 
consensus  101        . ..  .. ... .*.. ..                                
 
 

Figure S13. Comparative sequence analysis of the putative kirromycin DDs operating at the 
KirAV/KirAVI junction. (A) Alignment of the putative CDD of KirAV with full-length type 1a CDDs.23 The 
first two a-helices form a four-helix bundle dimerization motif. (B) Alignment of the putative CDD of 
KirAV with full-length type 1b CDDs.24  
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C 
                                 Coiled-coil 
                         ----------------------------- 
SpnD         1 -----TVTTSYEEVVEALRASLKENERLRRGRDRFSAEKD---- 
AmphD        1 --------DNEQKLRDYLKLATAD---LRRARRRVGELESASQ- 
OleA2        1 --------TNDEKIVEYLKRATVD---LRKARHRIWELED---- 
NysB         1 QEPQQGQPDQQEKIVDYLRRVTSD---LRRARRRIGELESKDN- 
RAPSC        1 --------PEQDKVVEYLRWATAE---LHTTRAKLEALAAANT- 
TylGII       1 ---------------------TAE---LVATRKRLGALEERAR- 
Hyg3         1 --------ADSKTLTDYLKWVTAD---LYRTRERLAEVESASA- 
DEBS3        1 ---SGDNGMTEEKLRRYLKRTVTE---LDSVTARLREVEHRAGE 
PimS2        1 --------SNEEKLREYLKRAIAD---LHETRQQLDETEAKQR- 
AVES2        1 ------QLANEAKLLEYLKRVTAD---LDRTRRRLYEVVEREQ- 
MonA3        1 --------VSEEKLVDYLKRVSAD---LHATRQRLREAEERRQ- 
KirAVI       1 --------SSEDKLRDYLRRVTAE---LQVTRRRLREVESRSG- 
PikAIII      1 -------ANNEDKLRDYLKRVTAE---LQQNTRRLREIEGRTH- 
consensus    1           .... ..... ...   *. ..... ... .    

 
D 
 
                                                 Coiled-coil 
                                         --------------------------- 
KirAVI       1 ------------------------SSEDKLRDYLRRVTAELQVTRRRLREVESRSG--- 
RAPSB        1 -------------------------REDQLLDALRKSVKENARLRKANTSLRAAMD--- 
Aves3        1 -----------------------DTSSEKLVDALRASLKANQTLRARNEQLAAAMEASS 
SpnB         1 ---------------------TVTTSYEEVVEALRASLKENERLRRGRDRFSAEKD--- 
NysC         1 -----------------------STNPDKYVEALRSSLKEIERLRRQNEQLVAAAV--- 
AmphC        1 -----------------------STSTNKYVEALRSSLKEIERLRKQNEQLVASAA--- 
TylGV        1 -----------------------AMSAERLTEALRTSLKEAERLRRQNRELRAARDAAR 
NysJ         1 -----------------NAPENPETPENNVVAALRAAVKETDRLRRQNRMLVAAAK--- 
PimS3        1 -----------------------TTSSETVVAALRASLKEAENLRRQNRKLVAAAT--- 
PikAIV       1 -----------------------TSSNEQLVDALRASLKENEELRKESRRRADRRQ--- 
ConB         1 TRTPSSSSPSSSASSQSPAASPSSSSDTTVVEALRDALKETARLRRENRQLQAGVG--- 
RifB         1 -----------------------SAPNEQIVDALRASLKENVRLQQENSALAAAAA--- 
Hyg2         1 -------------------------TNEQLVEALRVSAKENARLRRENASLQEGAA--- 
consensus    1                        ... . ....** .... ..... .  . ..      
 

Figure S13, cont. (C) Alignment of the putative NDD of KirAIV with full-length type 1a NDDs.23 (D) 
Alignment of the putative NDD of KirAVI with full-length type 1b NDDs.24 
 
Based on this analysis, the KirAV/KirAIV pair are putatively type 1a domains. 
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Caractérisation d’une enzyme post-PKS, LkcE 

 

Dorival, J., Risser, F., Jacob, C., Collin, S., Dräger, G., Paris, C., Chagot, B., 

Kirschning, A., Gruez, A. & Weissman, K. J. Insights into a dual function amide 

oxidase/macrocyclase form lankacidin biosynthesis. Nat. Commun. 9 : 3998 (2018). 

 

Bien que peu exploitées à ce jour, les enzymes post-PKS présentent un intérêt certain 

pour les expériences d’ingénierie. Notre équipe s’est intéressée à une de ces enzymes, LkcE, 

qui est capable de catalyser une réaction de macrocyclisation d’un intermédiaire linéaire de la 

lankacidine, LC-KA05. Cette réaction fait appel à un mécanisme enzymatique rare, 

puisqu’elle implique une oxydation du groupement amide du substrat. LkcE serait la 

deuxième enzyme caractérisée capable de catalyser ce type de réaction (Ames et al., 2011). 

Cette oxydation est suivie d’une réaction de Mannich intramoléculaire et aucune autre 

enzyme n’utiliserait ce type de chimie à l’exception de cas particuliers de promiscuité 

d’activité (Wu et al., 2016).  

Un premier travail bio-informatique met en évidence que LkcE possède 63% 

d’identité de séquence avec une amine oxydase caractérisée chez la bactérie Hahella 

chejuensis. Les plus proches homologues identifiés dans la PDB sont les monoamines 

oxydases humaines (hMAO) A (PDB : 2Z5X) et B (PDB : 1GOS), avec 26% et 27% 

d’identité de séquence respectivement. 

La protéine a été clonée et purifiée à homogénéité et son cofacteur redox, le FAD, a 

été identifié par spectrométrie de masse. Les structures de la protéine sous forme holo ainsi 

qu’en complexe avec deux analogues de substrat : l’éthyl 2-méthylacétoacétate (EMAA) et le 

N,N′-diallyl-L-tartardiamide (DATD) (chacun mimant une partie du substrat naturel) (Figure 

51 page 96), ont pu être obtenues par cristallisation et diffraction des rayons X.  



Résultats 

 96 

 
Figure 51 : Structures du substrat naturel de LkcE, LC-KA05, et des deux analogues : l’éthyl 2-
méthylacétoacétate (EMAA) et le N,N′-diallyl-L-tartardiamide (DADT), utilisés pour mimer une partie de ce 
substrat naturel. 

 

La première structure sous forme holo de la protéine séléniée a été résolue par 

diffusion anomale à une seule longueur d’onde (SAD) à 3,15 Å de résolution. La seconde, en 

présence des analogues de substrat, a été résolue par remplacement moléculaire à 2,8 Å de 

résolution. La comparaison des structures des cinq homologues structuraux les plus proches 

permettent de confirmer que LkcE appartient à la famille des MAO, le rmsd est de 4,72 Å 

avec la hMAO A (254 Cα) et de 5,00 Å avec la hMAO B (267 Cα). La protéine se présente 

sous la forme d’un homodimère, comme la plupart des enzymes de cette famille. Chaque 

monomère comporte deux domaines, le premier fixe le FAD, la séquence motif 

caractéristique xhxhGxGxxGxxxhxxh(x)8hxhD(E) y est présente (x : acide aminé ; h : acide 

aminé hydrophobe) (Sillitoe et al., 2015). Ce domaine diffère d’un Rossmann fold classique 

de par la topologie adoptée par les éléments de structure secondaire. Le second domaine 

catalytique assure la fixation des analogues de substrat. Les superpositions des structures de 

LkcE avec celles des homologues les plus proches indiquent que bien que le domaine de 

fixation du FAD soit bien conservé, le domaine de fixation du substrat est significativement 

différent en termes de composition en hélices α et d’orientation de ces dernières. Ceci peut 

être expliqué par le fait que LkcE accommode au sein de son site actif un substrat bien plus 

gros comparé aux petites molécules typiquement prises en charge par les MAO.  

Un autre aspect intéressant de la structuration adoptée par LkcE se situe dans son 

interface d’homodimérisation différente des MAO les plus proches, lui donnant une structure 

quaternaire différente. La hMAO B dimérise à la fois via son site de fixation du FAD et son 

site catalytique alors que LkcE dimérise uniquement via son site catalytique. Ce mode de 

relative timing of these two transformations also remaining to be
established (Fig. 1).

The catalytic mechanism proposed for LkcE involves initial
oxidation of the amide function of LC-KA05 to an iminium ion8.
This is followed by attack of a C-2 enolate anion on the iminium
to give the 17-membered lankacidinol A (2)8—an enzymatic
intramolecular Mannich reaction. Although numerous flavin
adenine dinucleotide (FAD)-dependent amine oxidases have been
characterized to date9, to our knowledge LkcE is only the second
described amide oxidase10. This observation, coupled with the
fact that no other known enzyme carries out Mannich chemistry
except as a promiscuous activity11, motivated our interest in
establishing a detailed structure/function relationship for LkcE.

In this study, we have used a combination of X-ray crystal-
lography, structure-guided mutagenesis, and kinetic analysis, to
reveal key architectural differences between LkcE and other
members of the MAO family, which underpin its second, cycli-
zation activity. We also demonstrate the tolerance of LkcE to
certain structural modifications of the substrate. As 1,3-diketones
and amide functional groups are common in PK/NRP hybrid
metabolites, LkcE represents a potentially valuable addition to a
synthetic biology toolbox as a means to access novel macrocyclic
structures of various sizes and functionality.

Results
Structural characterization of holo and ligand-bound LkcE. S.
rochei LkcE was purified to homogeneity as a recombinant pro-
tein (Supplementary Tables 1 and 2) from Escherichia coli and its
redox cofactor identified as FAD by mass spectrometry following
chromatographic separation under denaturing conditions (Sup-
plementary Fig. 1); thus in common with certain MAO family
members12 but distinct from the only other reported amide
oxidase Af12070 (ref. 10), the FAD cofactor is non-covalently
bound. By UV-Vis, 45% of the protein was estimated to contain
FAD (on a par with AF12070 (ref. 10)) (Methods). We crystallized
the enzyme in its holo form, but additionally in the presence of
substrate analogs: ethyl 2-methylacetoacetate (EMAA) (4) that
mimics the δ-lactone of LC-KA05, and N ,N ′-diallyl-L-tartardia-
mide (DATD) (5), which resembles the amide region (Fig. 2). The
X-ray crystal structure of the holo protein was solved at 3.15 Å
resolution by single-wavelength anomalous dispersion (SAD)
using data collected on seleniated protein (Fig. 3a). The structure

of LkcE (Fig. 3b, c) co-crystallized in the presence of the analogs
was then solved at 2.80 Å by molecular replacement (the statistics
for data collection, refinement, and validation of both structures
are presented in Supplementary Table 3). For all four structures,
> 99.7% of the residues were in allowed regions of the Rama-
chandran plot. In all but the SeLkcE structure, one Gly (299 or
300) was an outlier, whereas Glu313 was an outlier in both forms
of the holo enzyme structure. However, for Glu313, clear electron
density is present corresponding to the residue.

Sequence alignment (Supplementary Fig. 2) and comparison
with the structures of the five closest structural homologs to LkcE
identified by the DALI13 server confirmed that LkcE belongs to
the MAO family. The respective root mean square deviation
(rmsd) of Cα positions was 4.232 Å (212 Cα) for 6-hydroxy-L-
nicotine oxidase (6HDNO) from Paenarthrobacter nicotinovorans
(PDB 3NG7)14; 4.720 Å (254 Cα) for human monoamine oxidase
(hMAO) A (2Z5X)15; 5 Å (267 Cα) for hMAO B (1GOS)16;
10.239 (271 Cα) for protoporphyrinogen oxidase (PPOX) of
Bacillus subtilis (3I6D)17; and 14.660 Å (162 Cα) for a poly-
unsaturated fatty acid isomerase of Propionibacterium acnes
(2BAB)18.

The LkcE monomer contains two domains, a FAD-binding
domain and a substrate-binding domain (Fig. 3a), which are
joined by a substantial number of loop regions. The cofactor-
binding domain (which includes residues 1−45 incorporating a
characteristic FAD-binding motif (xhxhGxGxxGxxxhxxh
(x)8hxhE(D)19), 70−83, 206−279, and 368−438), is topologically
similar to other proteins with the ‘3-layer (BBA) sandwich’ fold in
the CATH database20, and comprises a central four-stranded
antiparallel β-sheet flanked on one side by five α-helices, and on
the other side by a second three stranded, antiparallel β-sheet and
three α-helices. The FAD cofactor is present at 100% occupancy
(Supplementary Fig. 3), and as in other members of the MAO
family, it adopts an elongated conformation. Although the
specific FAD-binding residues differ among LkcE and its closest
structural homologs (Supplementary Fig. 2), the types of
interactions are similar, with the exception of those to the
isoalloxazine ring. In all of the structures except LkcE and PPOX,
the isoalloxazine is flanked by two bulky aromatic residues (Tyr,
and in 3NG7 only, a Tyr and a Trp). In LkcE, the equivalent
residue positions are Gly364 and Leu398, respectively, whereas in
PPOX, the analogous amino acids are M413 and G449. Thus, it
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dimérisation alternatif ainsi que la forte présence de boucles à l’interface favoriseraient des 

mouvements de chaque monomère l’un par rapport à l’autre. La structure en présence des 

analogues de substrat révèle que ces derniers adoptent une position équivalente au sein de 

chaque site actif : le DATD se fixe au monomère A et l’EMAA au monomère B. Les deux 

molécules sont principalement stabilisées par des interactions hydrophobes.  

 

L’analyse de ces structures, couplée aux alignements de séquences et à des 

considérations mécanistiques (oxydation de la fonction amide en ion iminium, suivie de 

l’attaque de l’énol porté par le C2) permettent de proposer des résidus potentiellement 

impliqués dans la catalyse : Glu64, Tyr182 et Arg326. Les mutants Glu64Ala, Glu64Gln, 

Tyr182Phe, Arg326Leu et Arg326Glu obtenus par mutagenèse dirigée ont donc été produits 

et purifiés à homogénéité. Une souche de Streptomyces rochei, dans laquelle le gène lkce a été 

supprimé, a permis l’accumulation, l’extraction et la purification de l’intermédiaire linéaire de 

la lankacidine. Ce substrat étant peu stable, deux produits de dégradation sont aussi obtenus. 

Le premier, correspondant à une élimination du groupement acétate en C7, est co-élué avec 

LC-KA05 dans un rapport 1:2 (ce composé est appelé « produit d’élimination »). Le 

deuxième produit de dégradation, correspondant à une hydrolyse de ce même groupement, a 

pu être séparé par HPLC des deux premières populations (Figure 52 page 97). 

 
Figure 52 : Structures du produit d'élimination et d'hydrolyse du substrat naturel de LkcE. 

 

Une analyse HPLC-MS atteste que LkcE est capable de cycliser les trois substrats : 

LC-KA05, le produit d’élimination et celui d’hydrolyse. Ce résultat nous démontre que LkcE 

est bien active et qu’elle a la capacité d’accommoder des substrats présentant des variations 

aux positions C6 et C7. De plus, cette enzyme est un excellent exemple de gain de fonction au 

cours de l’évolution : elle appartient à la famille des MAO mais est capable de réaliser une 

relative timing of these two transformations also remaining to be
established (Fig. 1).

The catalytic mechanism proposed for LkcE involves initial
oxidation of the amide function of LC-KA05 to an iminium ion8.
This is followed by attack of a C-2 enolate anion on the iminium
to give the 17-membered lankacidinol A (2)8—an enzymatic
intramolecular Mannich reaction. Although numerous flavin
adenine dinucleotide (FAD)-dependent amine oxidases have been
characterized to date9, to our knowledge LkcE is only the second
described amide oxidase10. This observation, coupled with the
fact that no other known enzyme carries out Mannich chemistry
except as a promiscuous activity11, motivated our interest in
establishing a detailed structure/function relationship for LkcE.
In this study, we have used a combination of X-ray crystal-

lography, structure-guided mutagenesis, and kinetic analysis, to
reveal key architectural differences between LkcE and other
members of the MAO family, which underpin its second, cycli-
zation activity. We also demonstrate the tolerance of LkcE to
certain structural modifications of the substrate. As 1,3-diketones
and amide functional groups are common in PK/NRP hybrid
metabolites, LkcE represents a potentially valuable addition to a
synthetic biology toolbox as a means to access novel macrocyclic
structures of various sizes and functionality.

Results
Structural characterization of holo and ligand-bound LkcE. S.
rochei LkcE was purified to homogeneity as a recombinant pro-
tein (Supplementary Tables 1 and 2) from Escherichia coli and its
redox cofactor identified as FAD by mass spectrometry following
chromatographic separation under denaturing conditions (Sup-
plementary Fig. 1); thus in common with certain MAO family
members12 but distinct from the only other reported amide
oxidase Af12070 (ref. 10), the FAD cofactor is non-covalently
bound. By UV-Vis, 45% of the protein was estimated to contain
FAD (on a par with AF12070 (ref. 10)) (Methods). We crystallized
the enzyme in its holo form, but additionally in the presence of
substrate analogs: ethyl 2-methylacetoacetate (EMAA) (4) that
mimics the δ-lactone of LC-KA05, and N ,N ′-diallyl-L-tartardia-
mide (DATD) (5), which resembles the amide region (Fig. 2). The
X-ray crystal structure of the holo protein was solved at 3.15 Å
resolution by single-wavelength anomalous dispersion (SAD)
using data collected on seleniated protein (Fig. 3a). The structure

of LkcE (Fig. 3b, c) co-crystallized in the presence of the analogs
was then solved at 2.80 Å by molecular replacement (the statistics
for data collection, refinement, and validation of both structures
are presented in Supplementary Table 3). For all four structures,
> 99.7% of the residues were in allowed regions of the Rama-
chandran plot. In all but the SeLkcE structure, one Gly (299 or
300) was an outlier, whereas Glu313 was an outlier in both forms
of the holo enzyme structure. However, for Glu313, clear electron
density is present corresponding to the residue.
Sequence alignment (Supplementary Fig. 2) and comparison

with the structures of the five closest structural homologs to LkcE
identified by the DALI13 server confirmed that LkcE belongs to
the MAO family. The respective root mean square deviation
(rmsd) of Cα positions was 4.232 Å (212 Cα) for 6-hydroxy-L-
nicotine oxidase (6HDNO) from Paenarthrobacter nicotinovorans
(PDB 3NG7)14; 4.720 Å (254 Cα) for human monoamine oxidase
(hMAO) A (2Z5X)15; 5 Å (267 Cα) for hMAO B (1GOS)16;
10.239 (271 Cα) for protoporphyrinogen oxidase (PPOX) of
Bacillus subtilis (3I6D)17; and 14.660 Å (162 Cα) for a poly-
unsaturated fatty acid isomerase of Propionibacterium acnes
(2BAB)18.

The LkcE monomer contains two domains, a FAD-binding
domain and a substrate-binding domain (Fig. 3a), which are
joined by a substantial number of loop regions. The cofactor-
binding domain (which includes residues 1−45 incorporating a
characteristic FAD-binding motif (xhxhGxGxxGxxxhxxh
(x)8hxhE(D)19), 70−83, 206−279, and 368−438), is topologically
similar to other proteins with the ‘3-layer (BBA) sandwich’ fold in
the CATH database20, and comprises a central four-stranded
antiparallel β-sheet flanked on one side by five α-helices, and on
the other side by a second three stranded, antiparallel β-sheet and
three α-helices. The FAD cofactor is present at 100% occupancy
(Supplementary Fig. 3), and as in other members of the MAO
family, it adopts an elongated conformation. Although the
specific FAD-binding residues differ among LkcE and its closest
structural homologs (Supplementary Fig. 2), the types of
interactions are similar, with the exception of those to the
isoalloxazine ring. In all of the structures except LkcE and PPOX,
the isoalloxazine is flanked by two bulky aromatic residues (Tyr,
and in 3NG7 only, a Tyr and a Trp). In LkcE, the equivalent
residue positions are Gly364 and Leu398, respectively, whereas in
PPOX, the analogous amino acids are M413 and G449. Thus, it
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relative timing of these two transformations also remaining to be
established (Fig. 1).

The catalytic mechanism proposed for LkcE involves initial
oxidation of the amide function of LC-KA05 to an iminium ion8.
This is followed by attack of a C-2 enolate anion on the iminium
to give the 17-membered lankacidinol A (2)8—an enzymatic
intramolecular Mannich reaction. Although numerous flavin
adenine dinucleotide (FAD)-dependent amine oxidases have been
characterized to date9, to our knowledge LkcE is only the second
described amide oxidase10. This observation, coupled with the
fact that no other known enzyme carries out Mannich chemistry
except as a promiscuous activity11, motivated our interest in
establishing a detailed structure/function relationship for LkcE.
In this study, we have used a combination of X-ray crystal-

lography, structure-guided mutagenesis, and kinetic analysis, to
reveal key architectural differences between LkcE and other
members of the MAO family, which underpin its second, cycli-
zation activity. We also demonstrate the tolerance of LkcE to
certain structural modifications of the substrate. As 1,3-diketones
and amide functional groups are common in PK/NRP hybrid
metabolites, LkcE represents a potentially valuable addition to a
synthetic biology toolbox as a means to access novel macrocyclic
structures of various sizes and functionality.

Results
Structural characterization of holo and ligand-bound LkcE. S.
rochei LkcE was purified to homogeneity as a recombinant pro-
tein (Supplementary Tables 1 and 2) from Escherichia coli and its
redox cofactor identified as FAD by mass spectrometry following
chromatographic separation under denaturing conditions (Sup-
plementary Fig. 1); thus in common with certain MAO family
members12 but distinct from the only other reported amide
oxidase Af12070 (ref. 10), the FAD cofactor is non-covalently
bound. By UV-Vis, 45% of the protein was estimated to contain
FAD (on a par with AF12070 (ref. 10)) (Methods). We crystallized
the enzyme in its holo form, but additionally in the presence of
substrate analogs: ethyl 2-methylacetoacetate (EMAA) (4) that
mimics the δ-lactone of LC-KA05, and N ,N ′-diallyl-L-tartardia-
mide (DATD) (5), which resembles the amide region (Fig. 2). The
X-ray crystal structure of the holo protein was solved at 3.15 Å
resolution by single-wavelength anomalous dispersion (SAD)
using data collected on seleniated protein (Fig. 3a). The structure

of LkcE (Fig. 3b, c) co-crystallized in the presence of the analogs
was then solved at 2.80 Å by molecular replacement (the statistics
for data collection, refinement, and validation of both structures
are presented in Supplementary Table 3). For all four structures,
> 99.7% of the residues were in allowed regions of the Rama-
chandran plot. In all but the SeLkcE structure, one Gly (299 or
300) was an outlier, whereas Glu313 was an outlier in both forms
of the holo enzyme structure. However, for Glu313, clear electron
density is present corresponding to the residue.
Sequence alignment (Supplementary Fig. 2) and comparison

with the structures of the five closest structural homologs to LkcE
identified by the DALI13 server confirmed that LkcE belongs to
the MAO family. The respective root mean square deviation
(rmsd) of Cα positions was 4.232 Å (212 Cα) for 6-hydroxy-L-
nicotine oxidase (6HDNO) from Paenarthrobacter nicotinovorans
(PDB 3NG7)14; 4.720 Å (254 Cα) for human monoamine oxidase
(hMAO) A (2Z5X)15; 5 Å (267 Cα) for hMAO B (1GOS)16;
10.239 (271 Cα) for protoporphyrinogen oxidase (PPOX) of
Bacillus subtilis (3I6D)17; and 14.660 Å (162 Cα) for a poly-
unsaturated fatty acid isomerase of Propionibacterium acnes
(2BAB)18.

The LkcE monomer contains two domains, a FAD-binding
domain and a substrate-binding domain (Fig. 3a), which are
joined by a substantial number of loop regions. The cofactor-
binding domain (which includes residues 1−45 incorporating a
characteristic FAD-binding motif (xhxhGxGxxGxxxhxxh
(x)8hxhE(D)19), 70−83, 206−279, and 368−438), is topologically
similar to other proteins with the ‘3-layer (BBA) sandwich’ fold in
the CATH database20, and comprises a central four-stranded
antiparallel β-sheet flanked on one side by five α-helices, and on
the other side by a second three stranded, antiparallel β-sheet and
three α-helices. The FAD cofactor is present at 100% occupancy
(Supplementary Fig. 3), and as in other members of the MAO
family, it adopts an elongated conformation. Although the
specific FAD-binding residues differ among LkcE and its closest
structural homologs (Supplementary Fig. 2), the types of
interactions are similar, with the exception of those to the
isoalloxazine ring. In all of the structures except LkcE and PPOX,
the isoalloxazine is flanked by two bulky aromatic residues (Tyr,
and in 3NG7 only, a Tyr and a Trp). In LkcE, the equivalent
residue positions are Gly364 and Leu398, respectively, whereas in
PPOX, the analogous amino acids are M413 and G449. Thus, it
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réaction de cyclisation. Cette nouvelle fonction pourrait avoir émergé grâce au mode de 

dimérisation alternatif par rapport aux autres membres de la famille. 

Un système enzymatique couplé a été mis au point afin de suivre de manière plus 

sensible la catalyse et de caractériser les mutants. Le système repose sur la production de 

H2O2 lors de la régénération du cofacteur FAD. Le peroxyde d’hydrogène est pris en charge 

par la NADH peroxydase de Streptococcus faecalis qui catalyse la réduction du H2O2 en 

parallèle à l’oxydation du NADH. De cette manière la réaction catalysée par LkcE est suivie 

par la perte d’absorbance à 340 nm, correspondant à l’oxydation du NADH. Une constante 

catalytique (kcat) de 3,4 ± 0,2 min-1 et une constante de Michaelis (KM) de 5 ± 2 μM ont été 

calculées pour l’enzyme sauvage en présence de la mixture LC-KA05/produit d’élimination. 

Ce turn-over est comparable à celui rapporté par un système PKS in vitro et qui est de 1,1 

min-1 (Schlippe et al., 2005). L’analyse cinétique de la protéine sauvage en présence du 

produit d’hydrolyse du substrat permet l’obtention de paramètres cinétiques similaires : kcat = 

2,4 ± 0,1 min-1 et KM = 5 ± 1 μM. Les mutants Glu64Ala, Glu64Gln et Arg326Leu sont 

inactifs alors que les mutants Tyr182Phe et Arg326Gln présentent une activité comparable à 

l’enzyme sauvage en présence du substrat déacétylé. 

Des structures des mutants Glu64Gln et Arg326Gln, à 3,03 Å et 2,50 Å de résolution 

respectivement, ont été obtenues par remplacement moléculaire à partir de cristaux trempés 

dans la mixture LC-KA05/produit d’élimination. LC-KA05 est positionné à l’interface entre 

le domaine de fixation du substrat et le domaine de fixation du FAD et adopte une 

conformation étendue. Des résidus hydrophobes et des liaisons hydrogènes permettent 

l’accommodation de cette molécule au sein d’une cavité profonde de 20 Å de long sur 6 à 8 Å 

de large. Les structures adoptées par les deux mutants ne sont pas favorables à la cyclisation 

du substrat : le polycétide est présent dans cette cavité sous une forme étendue, 13,2 Å 

séparent les C2 et C18 impliqués dans la réaction de cyclisation (Figure 52 page 97). La 

conformation adoptée par le substrat serait une conformation de pré-cyclisation. Afin de créer 

l’espace nécessaire à une telle réaction l’enzyme doit subir un changement conformationnel 

important. En nous basant sur l’analyse structurale, nous avons émis l’hypothèse que ces 

changements reposent sur un mouvement charnière entre les domaines de fixation du 

cofacteur et de fixation du substrat qui serait rendu possible par le mode alternatif 

d’homodimérisation de LkcE. 

L’ensemble de ces résultats permet de proposer le mécanisme catalytique suivant : 

LC-KA05 se fixe au site actif via formation d’une liaison hydrogène entre son groupement 

énol et le groupement amide de l’Arg326. Le transfert d’hydride a ensuite lieu avec le FAD 
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engendrant la formation de l’iminium. La Glu64 joue ensuite le rôle de catalyseur base 

général et active le groupement énol permettant la cyclisation de la molécule par la réaction 

de Mannich intramoléculaire (Figure 53 page 99). 

 
Figure 53 : Mécanisme réactionnel proposé de la catalysé réalisée par LkcE. 

 

Dans ce travail collaboratif au sein de l’équipe, le docteur Jonathan DORIVAL a 

cloné, produit et purifié l’enzyme sauvage et certains mutants. Il a réalisé avec l’aide du 

docteur Arnaud GRUEZ et de Sabrina COLLIN l’ensemble des expériences de 

cristallographie et résolu les structures avec la participation du docteur Arnaud GRUEZ. J’ai 

participé au clonage, à la production et à la purification des mutants, et ai mis au point le 

système couplé afin de suivre l’activité de l’enzyme sauvage et de ses mutants. La souche 

mutante de Streptomyces rochei a été obtenue par le docteur Christophe JACOB, la 

production et l’extraction des substrats linéaires ont été réalisées par Jonathan DORIVAL, 

Christophe JACOB, Benjamin CHAGOT, Arnaud GRUEZ et Sabrina COLLIN. La 

purification et la caractérisation de ces substrats ont été réalisées par le docteur Gerald 

DRÄGER appartenant à l’équipe collaboratrice du professeur Andreas KIRSCHNING. Le 

docteur Cédric PARIS a réalisé les expériences de HPLC-MS. 

   
 

 

 

 

 

 

 

 

 

 

This mechanism could also explain the advantage of modifying
the intermediate with an acetyl protecting group28 as this assures
that attack on the iminium occurs only from C-2 and not from
the C-7 hydroxyl.

Discussion
Studying how enzymes naturally gain new functions is a valuable
source of information for attempts to replicate this process in the
laboratory using rational design or combined rational/directed
evolution approaches29. Here, we have investigated the bifunc-
tional amide oxidase/macrocyclase LkcE to understand how a
subsequent cyclization function might have been acquired by an
MAO scaffold.
Existing structure/function data, although insufficient to reli-

ably trace the evolution of the MAO family, clearly demonstrate
that the shared di-domain structure of the enzymes can support a
common oxidation mechanism of diverse amine substrates,
including primary and secondary amines, polyamines, amino
acids, and methylated lysine side chains in proteins9. Our results
strongly suggest that the new catalytic activity of LkcE depends,
among other factors, on a change in the mode of dimerization of
the enzyme relative to classical members of the MAO family, such
as hMAOs A and B. With dimerization limited to the substrate-
binding domain in LkcE, the cofactor-binding domain is sub-
stantially less constrained. This physical decoupling would appear
to permit the two domains to undergo a hinge motion, which we
propose underlies a necessary conformational change of the
initially-bound substrate between an essentially linear and a
cyclization-ready conformation. In addition, the residue at posi-
tion 326 (LkcE numbering), which in the hMAOs is positioned at
the dimer interface, is liberated in LkcE, allowing it to serve a

catalytic role in the active site. E64, a second residue that has been
implicated in the reaction mechanism, is located in a position that
favors non-deleterious mutation, on a surface loop whose
sequence is highly divergent between LkcE and hMAOs A and B
(Supplementary Fig. 2).
Evolving specificity for LC-KA05 relative to classical MAO

substrates also evidently required a substantial shift in amino-acid
sequence within the substrate-binding domain (Supplementary
Fig. 2)1, as well as at least two mutations increasing the space
available adjacent to the FAD cofactor. In this context, the
inherent promiscuity of the MAOs likely provided a favorable
evolutionary starting point for the acquisition of new substrate
specificity1. We have shown here that LkcE is capable of binding
two substantially smaller substrate analogs, and shows tolerance
toward structural variation at C-6/C-7 in the native substrate.
Although further work will be required to define its substrate
profile in detail, these data encourage the idea that LkcE may find
wider use as a ligation/macrocyclization catalyst in both synthetic
biology and organic synthesis applications. In view of the largely
hydrophobic nature of the binding pocket, it will be particularly
interesting to explore whether minimally functionalized acyl
chains are also substrates.
In conclusion, on the basis of our analysis we propose that the

bifunctional amide oxidase/macrocyclase LkcE acting on a highly
functionalized polyketide chain, arose from an ancestral amine
oxidase not only through substantial modification of the
substrate-binding region and recruitment of two catalytic residues
into the active site, but also by adoption of a different quaternary
organization from modern MAOs. This adds to the emerging
awareness of the wider structural alterations that may be neces-
sary to introduce new reaction chemistry into existing enzyme
active sites30.
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Table 1 Kinetic data obtained for LkcE and its mutants

Enzyme Substrate(s) kcat (s−1) KM (μM)

LkcE wt LC-KA05 (1)/elimination derivative (7) mixture 3.4 ± 0.2 5 ± 2
LkcE wt Deacetylated derivative (6) 2.4 ± 0.1 5 ± 1
LkcE wt Deacetylated derivative (6) complemented with DMSO 2.2 3
LkcE wt EMAA (4) X X
LkcE wt DATD (5) X X
LkcE wt EMAA (4)/DATD (5) X X
LkcE E64A LC-KA05 (1)/elimination derivative (7) mixture X X
LkcE E64Q LC-KA05 (1)/elimination derivative (7) mixture X X
LkcE R326L LC-KA05 (1)/elimination derivative (7) mixture X X
LkcE R326Q Deacetylated derivative (6) 0.88 4
LkcE Y182F Deacetylated derivative (6) 1.5 4

X= no detected activity
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Insights into a dual function amide oxidase/
macrocyclase from lankacidin biosynthesis
Jonathan Dorival1,4, Fanny Risser1, Christophe Jacob1, Sabrina Collin1, Gerald Dräger 2, Cédric Paris3,
Benjamin Chagot 1, Andreas Kirschning2, Arnaud Gruez1 & Kira J. Weissman 1

Acquisition of new catalytic activity is a relatively rare evolutionary event. A striking example

appears in the pathway to the antibiotic lankacidin, as a monoamine oxidase (MAO) family

member, LkcE, catalyzes both an unusual amide oxidation, and a subsequent intramolecular

Mannich reaction to form the polyketide macrocycle. We report evidence here for the

molecular basis for this dual activity. The reaction sequence involves several essential active

site residues and a conformational change likely comprising an interdomain hinge movement.

These features, which have not previously been described in the MAO family, both depend

on a unique dimerization mode relative to all structurally characterized members. Taken

together, these data add weight to the idea that designing new multifunctional enzymes may

require changes in both architecture and catalytic machinery. Encouragingly, however, our

data also show LkcE to bind alternative substrates, supporting its potential utility as a general

cyclization catalyst in synthetic biology.
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Enzyme activity within superfamilies frequently evolves via
changes in substrate specificity, whereas reaction chemistry
is usually retained1,2. There are also well-documented

examples of a conserved protein fold housing diverse catalytic
activities: the αβ hydrophobic barrel fold accommodates at
least six different types of acid–base chemistry3, the fumar-
ylacetoacetate hydrolase superfamily includes decarboxylases,
isomerases, hydratases, and hydrolases4, whereas the enolase
superfamily has > 30,000 members, which share an interdomain
active site architecture and the mechanistic strategy of proton
abstraction α to a carboxylate and stabilization of the enolate by a
magnesium ion5. This evolution of novel activity can occur via
several different mechanisms, including the insertion or deletion
of residues, changes in oligomerization state, and the recruitment
of metal ions and cofactors1. The enzyme LkcE from the lanka-
cidin polyketide biosynthetic pathway of the bacterium Strepto-
myces rochei represents an interesting test case for understanding
such gain-of-function, as it exhibits a monoamine oxidase (MAO)
protein fold yet also carries out a macrocyclization reaction.

The core of the lankacidin molecule is constructed from simple
acyl-CoA and amino-acid-building blocks by a series of gigantic
multimodular polypeptides, which operate in assembly-line
fashion (polyketide synthases (PKSs) and non-ribosomal pep-
tide synthetases (NRPSs), respectively)6. The full-length chain is
released from the last multienzyme LkcG by a dedicated thioes-
terase domain7. Unusually for this type of pathway, the product is
liberated from the multienzyme not as a macrolide, but as a β-
oxo-δ-lactone (Fig. 1). LkcE then catalyzes post-assembly mac-
rocyclization via formation of a C-2−C-18 carbon-carbon bond8.
This reaction is proposed to occur on a C-7 acetylated metabolite
LC-KA05 (1), although the timing of the acetylation reaction, and
the enzyme responsible, are unknown. A strain of S. rochei in
which LkcE is inactivated accumulates LC-KA05 (Fig. 1), which
can be converted into lankacidin C (3) by a strain blocked early in
lankacidin biosynthesis, demonstrating the chemical competence
of LC-KA05 as an intermediate8. In the final stages of the
biosynthesis, the C-24 hydroxyl group is oxidized to a ketone and
the C-7 acetyl group is cleaved, yielding lankacidin C, with the
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relative timing of these two transformations also remaining to be
established (Fig. 1).

The catalytic mechanism proposed for LkcE involves initial
oxidation of the amide function of LC-KA05 to an iminium ion8.
This is followed by attack of a C-2 enolate anion on the iminium
to give the 17-membered lankacidinol A (2)8—an enzymatic
intramolecular Mannich reaction. Although numerous flavin
adenine dinucleotide (FAD)-dependent amine oxidases have been
characterized to date9, to our knowledge LkcE is only the second
described amide oxidase10. This observation, coupled with the
fact that no other known enzyme carries out Mannich chemistry
except as a promiscuous activity11, motivated our interest in
establishing a detailed structure/function relationship for LkcE.
In this study, we have used a combination of X-ray crystal-

lography, structure-guided mutagenesis, and kinetic analysis, to
reveal key architectural differences between LkcE and other
members of the MAO family, which underpin its second, cycli-
zation activity. We also demonstrate the tolerance of LkcE to
certain structural modifications of the substrate. As 1,3-diketones
and amide functional groups are common in PK/NRP hybrid
metabolites, LkcE represents a potentially valuable addition to a
synthetic biology toolbox as a means to access novel macrocyclic
structures of various sizes and functionality.

Results
Structural characterization of holo and ligand-bound LkcE. S.
rochei LkcE was purified to homogeneity as a recombinant pro-
tein (Supplementary Tables 1 and 2) from Escherichia coli and its
redox cofactor identified as FAD by mass spectrometry following
chromatographic separation under denaturing conditions (Sup-
plementary Fig. 1); thus in common with certain MAO family
members12 but distinct from the only other reported amide
oxidase Af12070 (ref. 10), the FAD cofactor is non-covalently
bound. By UV-Vis, 45% of the protein was estimated to contain
FAD (on a par with AF12070 (ref. 10)) (Methods). We crystallized
the enzyme in its holo form, but additionally in the presence of
substrate analogs: ethyl 2-methylacetoacetate (EMAA) (4) that
mimics the δ-lactone of LC-KA05, and N,N′-diallyl-L-tartardia-
mide (DATD) (5), which resembles the amide region (Fig. 2). The
X-ray crystal structure of the holo protein was solved at 3.15 Å
resolution by single-wavelength anomalous dispersion (SAD)
using data collected on seleniated protein (Fig. 3a). The structure

of LkcE (Fig. 3b, c) co-crystallized in the presence of the analogs
was then solved at 2.80 Å by molecular replacement (the statistics
for data collection, refinement, and validation of both structures
are presented in Supplementary Table 3). For all four structures,
> 99.7% of the residues were in allowed regions of the Rama-
chandran plot. In all but the SeLkcE structure, one Gly (299 or
300) was an outlier, whereas Glu313 was an outlier in both forms
of the holo enzyme structure. However, for Glu313, clear electron
density is present corresponding to the residue.
Sequence alignment (Supplementary Fig. 2) and comparison

with the structures of the five closest structural homologs to LkcE
identified by the DALI13 server confirmed that LkcE belongs to
the MAO family. The respective root mean square deviation
(rmsd) of Cα positions was 4.232 Å (212 Cα) for 6-hydroxy-L-
nicotine oxidase (6HDNO) from Paenarthrobacter nicotinovorans
(PDB 3NG7)14; 4.720 Å (254 Cα) for human monoamine oxidase
(hMAO) A (2Z5X)15; 5 Å (267 Cα) for hMAO B (1GOS)16;
10.239 (271 Cα) for protoporphyrinogen oxidase (PPOX) of
Bacillus subtilis (3I6D)17; and 14.660 Å (162 Cα) for a poly-
unsaturated fatty acid isomerase of Propionibacterium acnes
(2BAB)18.

The LkcE monomer contains two domains, a FAD-binding
domain and a substrate-binding domain (Fig. 3a), which are
joined by a substantial number of loop regions. The cofactor-
binding domain (which includes residues 1−45 incorporating a
characteristic FAD-binding motif (xhxhGxGxxGxxxhxxh
(x)8hxhE(D)19), 70−83, 206−279, and 368−438), is topologically
similar to other proteins with the ‘3-layer (BBA) sandwich’ fold in
the CATH database20, and comprises a central four-stranded
antiparallel β-sheet flanked on one side by five α-helices, and on
the other side by a second three stranded, antiparallel β-sheet and
three α-helices. The FAD cofactor is present at 100% occupancy
(Supplementary Fig. 3), and as in other members of the MAO
family, it adopts an elongated conformation. Although the
specific FAD-binding residues differ among LkcE and its closest
structural homologs (Supplementary Fig. 2), the types of
interactions are similar, with the exception of those to the
isoalloxazine ring. In all of the structures except LkcE and PPOX,
the isoalloxazine is flanked by two bulky aromatic residues (Tyr,
and in 3NG7 only, a Tyr and a Trp). In LkcE, the equivalent
residue positions are Gly364 and Leu398, respectively, whereas in
PPOX, the analogous amino acids are M413 and G449. Thus, it
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appears that the FAD-binding site has been modified in these two
enzymes in order to accommodate the large macrocycles of the
substrates/products.
The substrate-binding domain contains an orthogonal α-helix

bundle that packs against a β-sheet. Visual inspection of the
overlaid structures shows that although the cofactor-binding
domain is well-conserved, the substrate-binding domain is
significantly divergent in terms of both α-helical content and
orientation (Supplementary Fig. 4). This is unsurprising given the
pronounced structural differences between LC-KA05 and the
typical small-molecule amine substrates of the MAO family21.

Although the majority of characterized MAO family members
are homodimeric, there is some disagreement between crystal-
lographic and solution data, and at least one homolog is
monomeric9. LkcE is clearly a homodimeric protein in the
crystal, with an extensive interface (4705 Å2, representing 15% of
the total surface area). It is also homodimeric in solution, as
shown by small-angle X-ray scattering (Fig. 4). However, it
dimerizes differently to the human enzymes hMAO A15 and B16,
as well as to its closest structural homolog 6HDNO14 (Fig. 5),
giving it a distinctive quaternary organization. In the hMAO B
crystal structure, the dimerization interface is formed by both the
cofactor- and substrate-binding domains, whereas in the case of
6HDNO, stabilization of the homodimer is additionally provided
by two molecules of diacylglycerophospholipid. In contrast, the
dimer interface of LkcE is formed exclusively by the substrate-
binding domain of each monomer. The interface residues include
E68, K69, V87, L106, F108, E114, D121, Q125, N128, Q129, S188,
Y199, R201, H332, and R335. Most of these are well-conserved
between LkcE and its nearest homologs, but not all (Supplemen-
tary Fig. 2). This distinct mode of dimerization, coupled with the

high content of loops at the interdomain interface within each
monomer (Fig. 3a), would favor movement of the domains
relative to each other, with potentially important implications for
the catalytic mechanism, as discussed below.

Structure-guided site-directed mutagenesis of LkcE. Analysis of
the crystal structures with substrate analogs bound revealed clear
electron density attributable to EMAA and DATD, but only one
of these compounds was present in any given active site, as their
positions overlapped (Fig. 3b, c). Inspection of the two binding
sites coupled with mechanistic considerations identified E64,
H65, Y168, Y182, R326, and T397 as candidate catalytic residues
(Supplementary Fig. 2). The presence of amino acids in the active
site capable of acting as general acids/bases contrasts with other
flavin-dependent amine oxidase homologs which lack such
residues14,21.

In particular, E64, Y182, and R326 are strictly conserved in all
genes putatively encoding LkcE-type cyclases (Supplementary
Fig. 2). Site-specific mutagenesis was used to produce five
mutants: E64A, E64Q, Y182F, R326L, and R326Q, which were
purified to homogeneity (FAD content, respectively: E64A, 58%;
E64Q, 53%; Y182F, 42%; R326L, 20%; R326Q, 60%). Analysis by
circular dichroism (CD) confirmed that the mutations had not
dramatically altered the structures (Supplementary Fig. 5).

Isolation of the native substrate of LkcE. To obtain the native
LkcE substrate LC-KA05, we disrupted gene lkcE in S. rochei
by PCR targeting, using a strategy similar to that described
previously8,22,23 (Supplementary Figs. 6 and 7). Following analysis
of the lkcE mutant by high-performance liquid chromatography-
mass spectrometry (HPLC-MS) to verify the presence of LC-KA05
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Fig. 3 Crystal structures of LkcE and its mutants. a Crystal structure of homodimeric, wild-type LkcE. The FAD-binding domain is shown in light blue and
light purple for the monomers A and B, respectively, whereas the substrate-binding domain is shown in dark blue and purple. The FAD is colored in yellow.
b View of the active site of wild-type LkcE in the presence of bound DATD (pink) with its 2Fo−Fc map contoured at 1σ. Binding occurs mainly via
hydrophobic interactions and a single hydrogen bond with T397. c View of the active site of wild-type LkcE in the presence of bound EMAA (orange) with
the 2Fo−Fc map contoured at 0.6σ. Comparison with b shows the analog to be binding in the same region of the active site. d View of the active site of the
LkcE E64Q mutant in the presence of bound LC-KA05 (green), which adopts a linear conformation. The 2Fo−Fc map surrounding the substrate is
contoured at 1σ
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and the absence of all downstream metabolites (Supplementary
Fig. 8 and Supplementary Table 4), 1 was obtained in pure form by
preparative HPLC (Supplementary Fig. 9). Unfortunately, LC-KA05
was unstable, undergoing degradation via loss of the C-7
acetate, both by hydrolysis (to give 7-OH 6, Fig. 2) and

elimination (to give 7 (Fig. 2)), which co-eluted with LC-KA05.
However, 16mg of mixed metabolite could be obtained from the
extracts of 20−30 L of culture, with 1 and 7 present in an ~ 2:1 ratio
(chemical data on all three compounds are provided in the Meth-
ods). As HPLC-MS analysis of extracts of both the wild-type strain

a b

c

d

Fig. 5 Alternate homodimerization mode of LkcE relative to hMAO B and 6HDNO. a Homodimeric structure of LkcE. b Homodimerization mode of 6HDNO.
The dimer is superimposed on one monomer of LkcE (in blue in a), in the same orientation. c Homodimerization mode of hMAO B. Again, the dimer has
been superimposed on a monomer of LkcE. d Interaction surface between the two monomers in LkcE (yellow), hMAO B (red), and 6HDNO (green),
relative to a monomer of LkcE. This analysis clearly shows that the mode of homodimerization of LkcE, as well as its overall quarternary organization, differ
from these two homologs
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and the lkcE mutant did not reveal any evidence for 7, nor, in the
case of the wild type, for its cyclized equivalent 8 (Fig. 2; Supple-
mentary Fig. 10 and Supplementary Table 4), the cellular envir-
onment must protect against this type of non-productive
degradation. The 7-OH compound 6 was observed in extracts of the
lkcE mutant although not in the wild type (Supplementary Fig. 10
and Supplementary Table 4), presumably because in the presence of
active LkcE it can be productively cyclized to give lankacidinol C (9)
(Fig. 2) (see below), and from there transformed to lankacidin
C. Interestingly, NMR analysis of purified LC-KA05 revealed that
the δ-lactone was almost exclusively in the enol form (Supple-
mentary Fig. 9) as recently described for a new lankacidin-derived
metabolite24, presumably because the six-membered ring forces
overlap in the π-system.

Kinetic characterization of LkcE and its mutants. Attempts to
determine the kinetics of LkcE-catalyzed conversion of LC-KA05
to lankacidinol A by HPLC-MS were frustrated by the rapid
degradation of 1 under the assay conditions (Supplementary
Fig. 11). Nonetheless, larger scale incubation of 1 in the presence
of LkcE produced authentic lankacidinol A, as judged by HPLC-
MS comparison with extracts of wild-type S. rochei containing
this metabolite, providing conclusive evidence that recombinant
LkcE was active (Supplementary Fig. 12 and Supplementary
Table 4). The enzyme was also found capable of cyclizing the
degradation product 7, as well as purified, deacetylated substrate
6, to give lankacidinol C, as established by HPLC-MS (Supple-
mentary Fig. 12 and Supplementary Table 4), evidence for its
relaxed specificity toward structural variations at the C-6/C-7 ring
positions.
As an alternative and more-sensitive kinetic method, we

employed a coupled enzymatic assay to detect the H2O2 formed
during each catalytic cycle. For this, we utilized NADH
peroxidase from Streptococcus faecalis, which catalyzes the
NADH-dependent reduction of H2O2 to water. In this way, LkcE
turnover (production of H2O2) was detected via the consumption
of NADH (loss of absorbance at 340 nm) under conditions where
NADH peroxidase was not rate-limiting (see Methods)25. We
also confirmed that the presence of dimethyl sulfoxide (used to
solubilize the substrates) had no effect on the measured kinetic
parameters (Fig. 6 and Table 1). However, as 1 was present at
only ca. 66% in the mixture, and degraded spontaneously during
the assays, the kinetic parameters must be considered lower
estimates. Nonetheless, the possibility to rapidly acquire many
data points in the initial stages of the reaction (A340 nm was
measured every 0.4 s) meant that effects of the decomposition of 1
were minimized.
With the ca. 2:1 LC-KA05/eliminated derivative 7 mixture,

this system yielded the following steady-state kinetic parameters
for the wild type (average of measurements in duplicate, and
taking into account the observed proportion of holo LkcE
(45%)): kcat= 3.4 ± 0.2 min−1 and KM= 5 ± 2 μM. This kcat is
comparable to both the overall rate of turnover reported for an
intact PKS system in vitro (1.1 min−1)26, as well as that for the
amide oxidase AF12070 (ca. 5 min−1 (ref. 10)) (Fig. 6 and
Table 1). Analysis of the wild-type enzyme with deacetylated
derivative 6 yielded comparable parameters (kcat= 2.4 ± 0.1 min
−1, KM= 5 ± 1 μM) (Fig. 6 and Table 1). Mutants E64A, E64Q,
and R326L were completely inactive with the 1/7 mixture (as
was boiled protein control), whereas mutants Y182F and R326Q
showed good activity towards the deacetylated derivative 6:
R326Q, kcat= 0.88 min−1, KM= 4 μM; Y182F, kcat= 1.5 min−1,
KM= 4 μM (Fig. 6 and Table 1) (owing to limited quantities, the
1/7 mixture was not tested with these mutants). Taken together,
these data are consistent with residues E64 and R326 playing

critical roles in the catalytic mechanism (although R can be
substituted by Q without a significant effect on activity), whereas
Y182 is not essential. We also confirmed lack of turnover with
the substrate analogs EMAA and DATD, both separately and
together (using 2 and 10 μM enzyme and up to 400 μM in both
substrates), consistent with their overlapping binding modes
(Fig. 3b, c).

Crystal structures of LkcE mutants in complex with LC-KA05.
In order to obtain complexes with LC-KA05, mutants E64A,
E64Q, Y182F, R326L, and R326Q were soaked with the 1/7
substrate mixture followed by rapid acquisition of the X-ray
diffraction data (owing both to the low availability of LC-KA05
and its high instability, it was not possible to carry out co-
crystallization experiments). Of the five mutants, only E64Q and
R326Q yielded co-complexes with 1; 7 was not observed in the
active sites, as the acetate of 1 was clearly visible. The structure of
the LkcE E64Q/LC-KA05 complex was solved at 3.03 Å resolu-
tion and that of the LkcE R326Q/LC-KA05 complex at 2.50 Å
resolution by molecular replacement, using the structure of the
LkcE/EMAA/DATD complex as the search model, and the pre-
sence of LC-KA05 confirmed using a weighted Fo−Fc omit map
(Supplementary Fig. 3; Supplementary Table 3).
LC-KA05 lies at the interface between the substrate-binding

domain and the cofactor-binding domain and adopts an extended
conformation. The substrate sits in a deep pocket (∼ 20 Å from
the protein surface and ~ 6−8 Å wide), and is surrounded by
hydrophobic residues (L70, Y168, Y182, L185, M189, W200,
L324, F345, V396, and G398). In addition to these hydrophobic
interactions, binding is likely mediated by seven hydrogen bonds:
two to the lactone ring at the entry point of the pocket (by N179
and T397), one to the acetate at C-7 by the side chain of Q428,
and four to the lactoyl moiety (two with Y168, and one each with
E64 and R326). Notably, in this configuration, the lactoyl portion
of LC-KA05 stacks against the FAD isoalloxazine in a position
appropriate for hydride transfer (the amide proton is situated at
3.2 Å from the FAD N-5). On the other hand, superposition of
the R326Q/LC-KA05 structure and that of the holo wild type
shows that if LC-KA05 bound into the wild type in the same
orientation as in the LkcE R326Q/LC-KA05 complex, its C-24
hydroxyl would sterically clash with R326 (Supplementary
Fig. 13). In the E64Q structure in which R326 is present, the
protein is identical, but the substrate adopts an alternative
orientation, which allows it to interact with R326 (3.1 Å between
the C-23 carbonyl of LC-KA05 and the R326 side chain)
(Supplementary Fig. 13).
In both structures obtained in the presence of 1, the observed

linear configuration of the polyketide chain would not permit
subsequent cyclization involving the C-2 and C-18 centers (they
are separated by 13.2 Å). This observation is consistent with the
idea that LC-KA05 bound into the E64Q and R326Q mutants
represents an on-pathway, pre-cyclization conformation. Indeed,
the fact that the R326Q mutant retains essentially wild-type
activity means that we have not simply captured a non-
productive complex with the enzyme. To create the space
necessary for LC-KA05 to adopt its cyclization-ready state, the
enzyme must undergo a conformational change. Based on our
structural analysis, we propose that this involves a hinge
movement between the cofactor-binding and substrate-binding
domains, made possible by the distinctive dimerization mode of
LkcE. The new substrate configuration may be stabilized by a
second hydrogen bonding interaction with the bifunctional R326.
This new configuration would also position the substrate enol in
proximity to E64. Such a large-scale conformational change of the
enzyme might account for the observation that soaking 1 with the
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E64Q and R326Q mutants failed to yield a cyclization-compatible
conformation.
Based on these data, we propose the following mechanism for

LkcE (Fig. 7). LC-KA05 in its enol form binds into the active site
via interactions that include H-bonding between the amide
portion and R326. The fact that no degradation products of LC-
KA05 are observed in the wild type in vivo strongly suggests that
binding into LkcE is closely coupled to release of the intermediate
from the PKS and its acetylation, perhaps by physical association
of LkcE, the last PKS subunit, LkcG, and the as yet unidentified
acetyltransferase. Hydride transfer9 then occurs to FAD to form

the iminium. Although we initially considered that the conserved
R326 in the active site might facilitate substrate oxidation by
acting as a catalytic general base to deprotonate the amide27, the
near wild-type activity of the R326Q mutant is instead consistent
with the residue playing a role in maintaining the cyclization-
ready conformation of the substrate established by a subsequent
conformational change. The side chain of E64 would then initiate
ring closure by acting as a general base catalyst to activate the
enol (there is no counterpart of this residue, to our knowledge, in
other MAO family members9). This key role is supported by the
complete loss of activity seen with the E64A and E64Q mutants.
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Fig. 6 Kinetic analysis by coupled assay of LkcE and its mutants. Data for which errors are shown were obtained by experiments repeated in duplicate (a)
(the error bars thus show the two data points) or triplicate (b) (the error bars indicate the standard deviation). a LkcE acting on its native substrate, LC-
KA05 (1), as a 2:1 mixture with eliminated product 7. b LkcE acting on deacetylated (7-OH) substrate 6. c LkcE acting on 6 but with each concentration
adjusted to contain the maximum amount of DMSO (that present at 100 μM 6 in b). As the data in b and c are essentially identical, the concentration of
DMSO in this range had no effect on the rate. d LkcE R326Q acting on 6. e LkcE Y182F acting on 6. It must be noted that as we were limited in these assays
for reasons of sensitivity to higher concentrations of substrate, it is possible that we missed an earlier sigmoidal dependence on concentration, indicative of
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This mechanism could also explain the advantage of modifying
the intermediate with an acetyl protecting group28 as this assures
that attack on the iminium occurs only from C-2 and not from
the C-7 hydroxyl.

Discussion
Studying how enzymes naturally gain new functions is a valuable
source of information for attempts to replicate this process in the
laboratory using rational design or combined rational/directed
evolution approaches29. Here, we have investigated the bifunc-
tional amide oxidase/macrocyclase LkcE to understand how a
subsequent cyclization function might have been acquired by an
MAO scaffold.
Existing structure/function data, although insufficient to reli-

ably trace the evolution of the MAO family, clearly demonstrate
that the shared di-domain structure of the enzymes can support a
common oxidation mechanism of diverse amine substrates,
including primary and secondary amines, polyamines, amino
acids, and methylated lysine side chains in proteins9. Our results
strongly suggest that the new catalytic activity of LkcE depends,
among other factors, on a change in the mode of dimerization of
the enzyme relative to classical members of the MAO family, such
as hMAOs A and B. With dimerization limited to the substrate-
binding domain in LkcE, the cofactor-binding domain is sub-
stantially less constrained. This physical decoupling would appear
to permit the two domains to undergo a hinge motion, which we
propose underlies a necessary conformational change of the
initially-bound substrate between an essentially linear and a
cyclization-ready conformation. In addition, the residue at posi-
tion 326 (LkcE numbering), which in the hMAOs is positioned at
the dimer interface, is liberated in LkcE, allowing it to serve a

catalytic role in the active site. E64, a second residue that has been
implicated in the reaction mechanism, is located in a position that
favors non-deleterious mutation, on a surface loop whose
sequence is highly divergent between LkcE and hMAOs A and B
(Supplementary Fig. 2).
Evolving specificity for LC-KA05 relative to classical MAO

substrates also evidently required a substantial shift in amino-acid
sequence within the substrate-binding domain (Supplementary
Fig. 2)1, as well as at least two mutations increasing the space
available adjacent to the FAD cofactor. In this context, the
inherent promiscuity of the MAOs likely provided a favorable
evolutionary starting point for the acquisition of new substrate
specificity1. We have shown here that LkcE is capable of binding
two substantially smaller substrate analogs, and shows tolerance
toward structural variation at C-6/C-7 in the native substrate.
Although further work will be required to define its substrate
profile in detail, these data encourage the idea that LkcE may find
wider use as a ligation/macrocyclization catalyst in both synthetic
biology and organic synthesis applications. In view of the largely
hydrophobic nature of the binding pocket, it will be particularly
interesting to explore whether minimally functionalized acyl
chains are also substrates.
In conclusion, on the basis of our analysis we propose that the

bifunctional amide oxidase/macrocyclase LkcE acting on a highly
functionalized polyketide chain, arose from an ancestral amine
oxidase not only through substantial modification of the
substrate-binding region and recruitment of two catalytic residues
into the active site, but also by adoption of a different quaternary
organization from modern MAOs. This adds to the emerging
awareness of the wider structural alterations that may be neces-
sary to introduce new reaction chemistry into existing enzyme
active sites30.
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Table 1 Kinetic data obtained for LkcE and its mutants

Enzyme Substrate(s) kcat (s−1) KM (μM)

LkcE wt LC-KA05 (1)/elimination derivative (7) mixture 3.4 ± 0.2 5 ± 2
LkcE wt Deacetylated derivative (6) 2.4 ± 0.1 5 ± 1
LkcE wt Deacetylated derivative (6) complemented with DMSO 2.2 3
LkcE wt EMAA (4) X X
LkcE wt DATD (5) X X
LkcE wt EMAA (4)/DATD (5) X X
LkcE E64A LC-KA05 (1)/elimination derivative (7) mixture X X
LkcE E64Q LC-KA05 (1)/elimination derivative (7) mixture X X
LkcE R326L LC-KA05 (1)/elimination derivative (7) mixture X X
LkcE R326Q Deacetylated derivative (6) 0.88 4
LkcE Y182F Deacetylated derivative (6) 1.5 4

X= no detected activity
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Methods
Analysis in silico of LkcE. As a starting point for characterizing LkcE, we iden-
tified its closest sequence homologs in the NCBI database using BlastP31. For the
top 11 hits, we also determined the genomic context of the genes (Supplementary
Fig. 2). This analysis revealed nine LkcE homologs located within complete or
partial lankacidin (or the closely related chejuenolide) gene clusters (as determined
with reference to that described in S. rochei) (Supplementary Fig. 2), with sequence
identity to the S. rochei lkcE gene in the range of 54−100%. To aid in defining
features that distinguish LkcE from classical monoamine oxidases, we also included
in our alignment the two nearest homologs which are not present in lankacidin
clusters. We also used two of the closest structural homologs to LkcE from the
PDB, which show amine oxidase activity (as identified using the DALI13 server).
Multiple sequence alignment was carried out using ClustalW (https://npsa-prabi.
ibcp.fr/cgi-bin/npsa_automat.pl?page=/NPSA/npsa_clustalw.html)32 and the fig-
ures created using ESPript33.

Materials and DNA manipulation. Biochemicals and media were purchased from
Thermo Fisher Scientific (EDTA), VWR (glycerol, NaPi, NaCl), BD (peptone, yeast
extract), Euromedex (isopropyl β-D-1-thiogalactopyranoside; IPTG), and Sigma-
Aldrich (imidazole). The enzymes for genetic manipulation were purchased from
Thermo Fisher Scientific and NADH peroxidase from NZYTech. DNA isolation
and manipulation were performed using standard methods34,35. Isolation of DNA
fragments from agarose gel and purification of PCR products were carried out
using the NucleoSpin Extract II kit (Macherey Nagel, Hoerdt, France). Standard
PCR reactions were performed with Phusion high-fidelity DNA polymerase
(Thermo Fisher Scientific); reactions were carried out on a Mastercycler Pro
(Eppendorf). Synthetic oligonucleotides were purchased from Sigma-Aldrich, and
DNA sequencing was carried out by GATC Biotech (Mulhouse, France). All
organic solvents used were HPLC grade and purchased from Sigma-Aldrich.

Bacterial strains and culture conditions. E. coli strain DH5α was used for cloning
(the primer sequences are provided in Supplementary Table 1), E. coli Rosetta 2
and E. coli B834 pRARE2 (DE3) were used respectively for producing unlabeled
and seleniated protein, E. coli BW25113 for PCR targeting22,36, and E. coli ET12567
[pUZ8002] for transforming S. rochei var. volubilis ATCC 21250. This strain of S.
rochei was a kind gift of Professor P.F. Leadlay (University of Cambridge). E. coli
strains were grown on 2TY (16 g L−1 tryptone, 5 g L−1 yeast extract, 5 g L−1 NaCl,
adjusted to pH 7.6 with NaOH) for cloning purposes and LB (10 g L−1 tryptone,
10 g L−1 yeast extract, 5 g L−1 NaCl, adjusted to pH 7 with NaOH) for production
of unlabeled protein. Seleniated protein was produced in M9 medium (50mM
Na2HPO4, 22 mM KH2PO4, 10 mM NaCl, 20 mM NH4Cl, adjusted to pH 7.2 with
NaOH). After autoclaving, sterile-filtered ingredients were added as follows: 50 mg
L−1 of thiamine and riboflavin, 4 g L−1 glucose, 100 μM CaCl2, 2 mM MgSO4, 40
mg L−1 selenomethione, and 40 mg L−1 of the remaining 19 amino acids). The E.
coli cultures also contained the appropriate concentration of antibiotics (50 mg
mL−1 kanamycin and 25 mgmL−1 chloramphenicol in pre-cultures; 5 and 2.5 mg
mL−1, respectively, in protein production cultures). S. rochei was grown on SFM
(20 g L−1 mannitol, 20 g L−1 soy flour, 20 g L−1 agar) in order to produce a spore
suspension for conjugation with E. coli, and yeast extract-malt extract-glucose
(YMG) medium (4 g L−1 glucose, 4 g L−1 yeast extract, 10 g L−1 malt extract,
adjusted to pH 7.2 with KOH) for metabolite production. For conjugation
experiments, a spore suspension was mixed with the E. coli 12567[pUZ8002] strain
and plated on SFM containing 10 mM MgCl2. For metabolite production, S. rochei
was grown at 30 °C with shaking at 180 rpm in a rotary incubator for 3 days.

Sub-cloning and site-directed mutagenesis of lkcE. Plasmid pGEX-LcsJ (a kind
gift of Professor P.F. Leadlay; lcsJ is equivalent to lkcE23) was digested with BamHI
and XhoI, and the resulting fragment cloned into the equivalent sites of plasmid
pBG-102 (Center for Structural Biology, Vanderbilt University), which codes for a
His6-SUMO tag, to yield pBG-102-LkcE (the full list of plasmids used in this study
is provided in Supplementary Table 2). The sequence of lkcE was re-verified by
sequencing. Site-directed mutations were introduced into lkcE by PCR using
mutagenic oligonucleotides (Supplementary Table 1) and Phusion high-fidelity
polymerase, followed by digestion of the parental DNA by 1 μL of DpnI Fast digest
(Thermo Fischer Scientific). The presence of the correct mutations was confirmed
by sequencing.

Expression and purification of recombinant LkcE and mutants. After an over-
night pre-culture at 37 °C, E. coli Rosetta 2 containing pBG-102-LkcE was grown in
LB medium supplemented with riboflavin (10–50 mg L−1) in order to support FAD
biosynthesis. When the cultures reached an A600 of 0.6, the cultures were subjected
to a combined chemical and thermal shock (addition of 3% ethanol, followed by
2 h at 4 °C), and then protein expression induced by the addition of IPTG (final
concentration of 0.1 mM). Incubation was then continued at 15 °C overnight. The
culture was then centrifuged for 30 min at 3500 g, the resulting cell pellet resus-
pended in 30 mL phosphate buffer (100 mM NaPi, 10% glycerol, 10 mM EDTA,
pH 7.4), and the cells re-centrifuged, before storage at − 20 °C.

The cells resulting from 1 L of culture were resuspended in lysis buffer (30 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 500 mM NaCl, pH

7.5) (10 mL of buffer were used for each A600 unit at the end of culturing). In total,
400 units of benzonase were added to each 100 mL of culture, as well as 6 mM
MgSO4, in order to eliminate nucleic acids. The cells were then lysed using a cell
disruptor (Basic Z, Constant Systems Ltd.) at 15 kPsi (1000 bars) at 4 °C, and the
cellular debris removed by centrifugation (35,000 g for 40 min). After sterile
filtration (0.22 μm filter) and addition of 70 mM imidazole, the supernatant was
injected at 3 mLmin−1 onto a Ni-Sepharose column (GE Healthcare Life Sciences)
pre-equilibrated in lysis buffer containing 70 mM imidazole, using an Äkta Avant
system (GE Healthcare Life Sciences). This was followed by a wash step using
equilibration buffer until the OD stabilized. The protein was then eluted using the
same buffer but containing 250 mM imidazole, at 5 mLmin−1. The LkcE-
containing fractions were identified by 12.5% sodium dodecyl
sulfate–polyacrylamide gel electrophoresis (SDS-PAGE), and pooled. The His6-
SUMO tag was removed by incubation with 150 μg human rhinovirus 3 C protease
(HRV3C protease), and dialyzed against lysis buffer overnight to eliminate the
imidazole. The sample was then reinjected onto the Ni-Sepharose column (2 mL
min−1), which had been pre-equilibrated with lysis buffer containing 20 mM
imidazole, and the flow-through containing LkcE collected. After this reverse nickel
step, the protein was diluted three times into reduced ionic strength buffer (30 mM
HEPES, 1 mM EDTA, pH 7.5), in order to allow for purification by anion
exchange.

For this, the sample was injected (5 mLmin−1) onto a Q-sepharose column
(trimethylammonium on 6% agarose) equilibrated in buffer (30 mM HEPES, 100
mM NaCl, 1 mM EDTA, pH 7.5). LkcE was then eluted using a NaCl gradient
(from 100 mM to 1M) at 5 mLmin−1. The LkcE-containing fractions were
identified by 12.5% SDS-PAGE, and pooled. In order to eliminate the remaining
contaminants and any aggregates, the protein was subjected to a final gel filtration
step. For this, it was concentrated using an Amicon Ultracel-30 (Merck Millipore)
by centrifugation at 4000 g, to obtain a volume of less than 8 mL. This was then
injected via a 10 mL loop onto a Superdex 200 26/60 prep grade column (GE),
which had been pre-equilibrated in buffer (30 mM HEPES, 150 mM NaCl, 1 mM
EDTA, pH 7.5). The protein was eluted in the same buffer at 2 mLmin−1.
Fractions containing pure LkcE were identified by 12.5% SDS-PAGE, and pooled.
The protein was then concentrated to 20 mgmL−1 by centrifugation at 4000 g
using an Amicon Ultracel-30, and 50 μL aliquots frozen in liquid nitrogen prior to
storage at −80 °C.

Analysis by CD of LkcE and its mutants. CD was carried out on a Chirascan CD
(Applied Photophysics). Data were collected at 0.5 nm intervals in the wavelength
range of 200−260 nm at 20 °C, using a temperature-controlled chamber. A 0.01 cm
cuvette containing 30 μL of protein sample at 50 μM was used for all the mea-
surements. Each spectrum represents the average of three scans, and sample spectra
were corrected for buffer background by subtracting the average spectrum of buffer
alone.

Identification of LkcE FAD cofactor. The LkcE cofactor was identified as FAD by
passing the enzyme over a reverse phase C8 column (Grace) using an HPLC (Åkta
Explorer, GE Healthcare) in a gradient of 0−80% acetonitrile containing 0.1%
trifluoroacetic acid. The peaks corresponding to the protein and to the released
cofactor were then analyzed by mass spectrometry (F. Dupire, Mass Spectrometry
Service of the Faculty of Sciences and Technologies, Université de Lorraine). The
FAD content of LkcE was then estimated by UV-Vis by measuring its absorbance
(450 nm, ε= 11500) using a SAFAS spectrometer (UVmc2), as well as that of the
protein (280 nm, ε= 56840). For this, LkcE was prepared at three different con-
centrations, and the OD measured at 280 and 540 nm. The value at 280 nm was
divided by 56,840 to obtain the protein concentration and that at 540 nm by 11,500
to obtain the FAD concentration, and then the ratio of the two values determined.
The % FAD values reported represent the average of the three calculated
concentrations.

Creation of the lckE knockout strain of S. rochei. The gene lkcE was inactivated
in S. rochei var volubilis ATCC 21250 by PCR targeting, using a method similar to
that described previously8. For this, oligonucleotides (Supplementary Table 2) were
designed to amplify an apramycin resistance cassette, flanked on both sides with 39
bp of homology to the genomic regions up and downstream of lkcE. These primers
were used in a PCR reaction with plasmid pIJ773 (ref. 22) encoding for ApraR. The
resulting PCR product was then used to replace the lkcE region in cosmid Lc2B12
(kind gift of Professor P.F. Leadlay), a derivative of SuperCos1 (ref. 23). For this, E.
coli BW25113 was co-transformed with cosmid Lc2B12, plasmid pIJ790 (tem-
perature-sensitive λRed recombination helper plasmid22), and the PCR fragment.
Recombinants were selected by growth on LB supplemented with apramycin, and
the presence and correct location of the deletion confirmed by PCR screening and
sequencing. E. coli ET12567[pUZ8002] was then transformed with the mutant
cosmid, and used for conjugation with spores of S. rochei. Recombinants were
selected for apramycin resistance, and the inactivation of lkcE on plasmid pSRV
(this plasmid contains the lankacidin cluster8) was confirmed by sequencing. The
presence of the intermediate (and the absence of later-stage metabolites) in the lkcE
mutant was confirmed by HPLC-MS analysis, by comparison with the wild-type
strain (Supplementary Fig. 8 and Supplementary Table 4).
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Isolation of LC-KA05. The lkcE mutant of S. rochei was grown in YMG medium
(3 × 10 L of culture). After removal of the cells by centrifugation (4550 g, 30 min),
the supernatant was extracted with ethyl acetate (3 × equivalent volume). The
organic phase was then evaporated, yielding 100−200 mg of material. Approx. 200
mg crude extract was dissolved in 2 mL methanol and cleared by centrifugation (2
min, 9610 g). The clear supernatant was purified by preparative HPLC on a
Nucleodur C18 Isis column (5 µm, 250 × 21 mm; Macherey Nagel) using a linear
gradient (0 min: 80% A, 20% B; 100 min: 55% A, 45% B; flow= 15 mLmin−1) of
water (A) and acetonitrile (B). The chromatography was monitored by electrospray
ionization (ESI)-MS using a 1:500 static splitter (methanol was used to achieve
splitting at a flow rate of 500 µL min−1) coupled to a ZQ mass spectrometer
(capillary voltage 3 kV, 650 L h−1 nitrogen, 250 °C desolvation temperature;
Waters). LC-KA05 showed a typical retention time of 39−48 min. The fractions
were pooled and freeze dried yielding 20 mg as a 2:1 mixture with an elimination
product (C25H35NO6) 7, corresponding to loss of the C-7 acetate group. It should
be noted that traces of formic acid in the chromatography solvents lead to quan-
titative formation of the elimination product upon freeze drying. An additional
hydrolysis product 6 was detected (free C-7-OH group) at a retention time of 23
−27 min. Assignment of the identities of 6 and 7 was based on HR-ESI-MS data
(QToF Premier (Waters)), as well as their fragmentation patterns (ESI positive),
which show characteristic peaks in common with each other and with 1 (Sup-
plementary Table 4). The 1H-NMR spectrum of 6 showed the absence of H-27,
while the difference NMR spectrum of 7 also revealed the absence of signals
corresponding to H-6, H-6′ and the C-7 acetate (H-27), as expected (Supple-
mentary Fig. 9).

Spectral data for LC-KA05 (1) (and see Supplementary Fig. 9): 1H-NMR (400
MHz, CD3OD) δ: 6.35 (d, J= 15.4 Hz, 1H, H-9), 6.25 (d, J= 15.6 Hz, 1H, H-15),
5.71 (dd, J= 6.6 and 15.6 Hz, 1H, H-14), 5.64−5.45 (m, 4H, H-7, H-8, H-11 and H-
17), 4.21−4.16 (m, 2H, H-5 and H-13), 4.12 (q, J= 7.0 Hz, 1H, H-24), 4.02−3.92
(m, 2H, H-18 and H-18´), 2.50−2.36 (m, 3H, H-4, H-12 and H-12´), 2.22 (ddd, J
= 6.2, 8.9 and 14.5 Hz, 1H, H-6), 2.05 (s, 3H, H-27), 1.91 (ddd, J= 4.4, 6.6 and
14.5 Hz, 1H, H-6´), 1.83 (s, 3H, H-22), 1.76 (s, 3H, H-21), 1.73 (s, 3H, H-19), 1.35
(d, J= 7.0 Hz, 3H, H-25), 1.27 (d, J= 7.2 Hz, 3H, H-20) ppm. 13C-NMR (100
MHz, CD3OD) δ: 176.2 (C-23), 170.7 (C-26), 169.6 (C-3), 168.8 (C-1), 138.3 (C-9),
135.5 (C-16), 134.3 (C-10), 133.9 (C-15), 130.8 (C-14), 129.7 (C-11), 127.2 (C-17),
123.6 (C-8), 96.7 (C-2), 77.7 (C-5), 72.4 (C-7), 71.8 (C-13), 67.7 (C-24), 37.9 (C-
18), 36.8 (C-4), 36.5 (C-6), 36.2 (C-12), 19.9* (C-25/C-27), 19.8* (C-25/C-27), 15.4
(C-20), 11.3 (C-22, C-21), 7.2 (C-19). *: These signals cannot conclusively be
assigned. HR-ESI-MS: 528.2575 (calc. for C27H39NO8Na+: 528.2573).

Spectral data for the elimination product 7: HR-ESI-MS: 468.2356 (calc. for
C25H35NO6Na+: 468.2362) and see Supplementary Fig. 9 and Supplementary
Table 4.

Spectral data for the purified C-7 hydrolysis product 6: HR-ESI-MS: 486.2462
(calc. for C25H37NO7Na+: 486.2468) and see Supplementary Fig. 9 and
Supplementary Table 4.

Crystallization and X-ray data collection. For protein crystallization, LkcE was
purified and stored in buffer (30 mM HEPES, 100 mM NaCl, 1 mM EDTA, pH 7.5)
at a final concentration of 20 mgmL−1. Homogeneity was checked by dynamic
light scattering using a Zetasizer NanoS (Malverne). Native LkcE crystals were
produced with the JCSG+ kit (Molecular Dimensions), under conditions of 15%
PEG 8000, 160 mM calcium acetate, 20% glycerol, 80 mM sodium cacodylate, pH
6.5. The 3 µL drops contained a 2:1 mixture of protein solution (5 mgmL−1, 10
mM DATD, 10 mM EMAA, and 1 mM TCEP). Crystals of SeLkcE were obtained
using the hanging drop method in Linbro® plates under conditions of 28% PEG
3350, 200 mM ammonium acetate, 100 mM Bis Tris, pH 6.5. This condition was
identified using the INDEX screen (Hampton Research). Drops were formed by
mixing 2 µL of a protein solution (8 mgmL−1 SeLkcE, DATD 5mM) with 1 µL of
crystallization buffer. Crystals grew in 2−3 days. Crystals of mutants E64Q and
R326Q were obtained by microseeding using a Seed Bead kit (Hampton Research).
Drops contained 1 µL of crystal shred in 16% PEG 8000, 160 mM calcium acetate,
20% glycerol, 80 mM sodium cacodylate, pH 6.6, and 2 µL of protein solution (6
mgmL−1). Crystals were soaked in crystallization buffer with 30% ethylene glycol
before being frozen in liquid nitrogen. The crystals of mutants were additionally
soaked in cryoprotection buffer containing 30 mM LC-KA05, before cryo-cooling.
X-ray diffraction data on SeLkcE and native/mutant LkcE were collected at the
SOLEIL synchrotron on the Proxima2 and Proxima1 beamlines, respectively. The
images were integrated using X-ray diffraction spectroscopy in the space group
P41212.

Structure determination and refinement. As LkcE shares only 25% sequence
identity with the closest homolog in the PDB (6HDNO (PDB 3NG7)14) we
acquired a complete multiple wavelength anomalous diffraction data set on SeLkcE.
Initial phases were ultimately generated using SAD using the peak wavelength (λ=
0.9793 nm). Sixteen selenium positions (out of a possible 18) were located with the
SHELX37 package. An initial model was built automatically using BUCANEER38,39
with several cycles of manual rebuilding in Coot40 and refinement with Buster41.
The structures of native LkcE and mutants were solved by molecular replacement
with Phaser MR42 using the structure of SeLkcE as the search model, manually

rebuilt in Coot and refined with Buster. All the structures were validated using the
program MolProbity43. All protein structure figures were prepared using the
program PyMol (Schrödinger, LLC). Data collection, refinement, and validation
statistics are presented in Supplementary Table 3.

LkcE activity tests in vitro with substrate analogs. LkcE (50 µM) was incubated
with 1, 5, or 50 mM of the two substrate analogs (in combination or separately) at
25 °C for 1 h in buffer (30 mM HEPES, 150 mM NaCl, 1 mM EDTA, pH 7.5), and
the reaction was stopped by adding 2 × the equivalent volume of ethyl acetate. The
organic phase was evaporated overnight at room temperature and then the residue
analyzed by HPLC-MS (see section 2.1.3), after resuspension in H2O/acetonitrile
(80:20 v/v).

LkcE activity tests in vitro with the native substrate. Steady-state kinetics
parameters were determined at 25 °C in gel filtration buffer (30 mM HEPES, 150
mM NaCl, 1 mM EDTA, pH 7.5) with variable concentrations of substrate,
either the LC-KA05 (1)/elimination derivative product 7 mixture, the deacety-
lated derivative 6, or the substrate analogs EMAA (4) and DATD (5) (in com-
bination and separately). Reactions were carried out with 2 μM LkcE (and
additionally with 4 μM enzyme in experiments with the substrate analogs 4 and
5) in the presence of NADH peroxidase from S. faecalis (0.5 U mL−1) and
NADH (0.3 mM). Initial rate measurements were obtained on a SAFAS UVmc2
spectrophotometer by following the oxidation of NADH at 340 nm. Where
appropriate, data were fitted to the Michaelis–Menten equation using least-
squares regression analysis to determine kcat and KM. We confirmed that the
NADH peroxidase was not rate-limiting in the reaction by showing that dou-
bling its concentration (from 3 to 6 U mL−1) had no effect on the rate, whereas
increasing the concentration of LkcE by a factor of five (from 5 to 250 μM)
produced the expected fivefold increase in velocity.

Large-scale assays for analysis by HPLC-MS were carried out with 20 μM active
LkcE or denatured enzyme (obtained via incubation for 10 min at 95 °C) in buffer
(30 mM HEPES, 150 mM NaCl, 1 mM EDTA, pH 7.5). In total, 100 μM substrate
(LC-KA05 1/elimination derivative 7 mixture or deacetylated derivative 6) was
added every 10 min, until a final concentration of 1 mM substrate was reached.
Enzymatic reactions were carried out overnight at 25 °C. One milliliter of ethyl
acetate was then added and the mixture was thoroughly vortexed. The organic
phase was separated from the aqueous phase, and the extraction repeated twice.
The combined organic layers were evaporated to dryness on a SpeedVac
concentrator.

HPLC-MS analysis. HPLC-MS analysis was performed using an HPLC (Dionex,
Ultimate 3000) coupled to a LTQ Orbitrap XL hybrid mass spectrometer (Thermo
Scientific) fitted with an ESI source. HPLC-MS data were processed using Xcalibur
(v. 2.1) (Thermo Scientific). For analysis of the compounds of interest, the HPLC
was fitted with an Alltima 5μ C18 column (150 mm × 2.1 mm, Grace Alltech)
column. A solvent system of acetonitrile and water both containing 0.1% formic
acid (v/v) was used. Samples were first eluted with a linear gradient from 20−35%
acetonitrile over 20 min, followed by a second linear gradient from 35−90%
acetonitrile over 15 min, at a flow rate 0.2 mLmin−1. The mass spectrometer was
run in either positive or negative ionization modes scanning from m/z 100−1000.
Mass spectrometric conditions were as follows for ESI+ mode: spray voltage was set
at + 4.5 kV; source gases were set (in arbitrary units min−1) for sheath gas, aux-
iliary gas, and sweep gas at 30, 10, and 10 respectively; capillary temperature was
set at 275 °C; capillary voltage at+ 4 V; and tube lens, split lens, and front lens
voltages at +155 V, −28 V, and −6 V, respectively. The MS parameters for the ESI
− mode were directly transposed from the ESI+ mode. To confirm some structures,
MS2 fragmentations in the ion trap and exact mass scans using the Orbitrap
analyzer were carried out.

Data availability
Protein Data Bank coordinates for seleniated holo LkcE wild type, LkcE wild type in
complex with EMAA (4) and DATD (5), and the LkcE E64Q and R326Q mutants in
complex with LC-KA05 (1), have been deposited under accession codes 6FJH, 6F32,
6F7V, and 6F7L, respectively. All data presented in the manuscript are available upon
reasonable request from the corresponding authors.
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Supplementary Figure 1 │ Characterization of recombinant LkcE. (a) SDS-PAGE (12.5%) gels of 
purified LkcE (seleniated and non) and its 5 mutants. The molecular weights of the markers are 
indicated. (b) Deconvoluted mass spectrum of non-seleniated LkcE, giving a mass of 49,289.3 Da (vs. 
the theoretical mass of 49,289.4 Da). (c) Analysis by mass spectrometry of the liberated cofactor. The 
measured mass (m/z = 784.15 [M−H]−) corresponds to that of FAD (785.5 Da). 
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b 
Analysis for the genomic context of the LkcE homologs 
LkcE homolog 
(designation in (a)) 

NCBI gene sequence ID Genomic context (translated protein products) 

S. rochei var. volubilis 
(LkcE_Sr) 

Not deposited, but differs by 
1 amino acid (P424L) from 
WP_011113095 (ref. 3) and 
has the same genomic 
context 

PqqB 
PqqE 
PqqD 
PqqC 
PqqA 
ABC transporter 
ABC transporter 
Isochorismatase 
LkcG 
LkcF 
LkcE 
LkcD 
LkcC 
LkcB 
LkcA 
MaoC-like dehydrogenase 
Efflux transporter 
PCP 
PKS FkbH-like 
PQQ-dependent dehydrogenase 

S. griseofuscus WP_051850692 Prx 
Anti-sigma factor 
PKS protein (AT-KR-ACP-TE) 
PQQ-dependent DH 
LkcA 
LkcB homolog? (KS-DH?) 
LkcE 
(2 proteins which have been removed from the 
database) 
MerR family transcriptional regulator 
Hypothetical protein 

S. cellostaticus 
(LkcE_Sc) 

KUM93544 PQQ-dependent dehydrogenase 
PKS FkbH-like 
Carrier protein homolog 
SDR homolog 
LkcA  
LkcB 
LkcC 
LkcD 
LkcE 
LkcF 
LkcG 
Nicotinamidase 
ABC transporter 
ABC transporter 
PqqC 
PqqD 
PqqE 
PqqB 

S. yokosukanensis 
(LkcE_Sy) 

WP_067137025 LkcG 
LkcF 
LkcE 
LkcD 
Nicotinamidasea 

Solemya velum gill 
symbiont 
(LkcE_gillsym) 

WP_078462125 LkcG 
ACP-KS? 
KS?  
KS-KR-ACP-KS (portion of LkcF?) 
KR-ACP (portion of LkcF?) 
Nicotinamidase 
LkcE 
LkcD 
LkcC 
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LkcB 
LkcA 
Sfp-type phosphopantetheinyl transferase 
(PPTase) 
ACP? 

H. chejuensis 
(LkcE_Hc) 

CCG06111 LkcG 
LkcF 
Isochorismatase 
LkcE 
LkcD 
LkcC 
LkcB 
LkcA 
Transcriptional regulator 

H. chejuensis 
(LkcE_Hc2) 

WP_011397301 Carrier protein homolog 
MFS transporter 
LkcG 
LkcF 
Nicotinamidase 
LkcE 
LkcD 
LkcC 
LkcB 
LkcA 

Xenorhabdus sp. KJ12.1 
(LkcE_XenspKJ12) 

WP_099111721 MFS transporter 
LkcG 
LkcF 
Nicotinamidase 
LkcE 
LkcD 
LkcC 
LkcB 
LkcA 
Carrier protein homolog 

Pseudomonas 
fluorescens 
(LkcE_Pf) 

WP_096820043 ABC transporter 
Sfp-type PPTase 
LkcG 
LkcF 
Nicotinamidase 
LkcE 
LkcD 
LkcC 
LkcB 
LkcA 
MFS transporter 

Pectobacterium 
betavasculorum 
(HypPro_Pb) 

WP_072012528 Hypothetical protein 
Record removed 
LkcE homolog 
Hypothetical protein 
Paraquat-inducible protein A 
Hypothetical protein 

E. coli WP_096961323 PhzD 
(NAD/FAD_Ec)  PhzE 

PhzF 
PhzG 
AMP-dependent ligase 
Discrete AT 
A-PCP 
Hypothetical protein 
LkcE homolog 
3-deoxy-7-phosphoheptulonate synthase 
PPTase 

aOn either side of these genes, the NCBI numbers correspond to genes present in S. celestaticus. 
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Supplementary Figure 2 │ Analysis of LkcE homologs. (a) Multiple sequence alignment of LkcE 
with various homologs. The sequences include LkcE from Streptomyces rochei and its 9 closest 
homologs identified using BlastP4, as well as human amine oxidases A and B, the closest amine 
oxidase homologs for which structures are available (PDB accession codes 2BXR and 1GOS, 
respectively) (the secondary structure elements present in each structure are indicated). The 
sequences include: LkcE Steptomyces rochei (Sr) (100% identity with WP_051850692 in 
Streptomyces griseofuscus, which lies in a partial lankacidin cluster (see part (b)); LkcE Streptomyces 
cellostaticus (Sc) (KUM93544): 91% I; 94% S, almost complete lankacidin cluster; LkcE Streptomyces 
yokosukanensis (Sy) (KUM94155): 91% I; 94% S, only partial cluster information available; LkcE 
(NAD/FAD-binding protein Solemya velum gill symbiont) (gillsym) (WP_078462125) 61% I; 79% S, 
partial lankacidin cluster; LkcE Hahella chejuensis (Hc) (CCG061111): 63% I; 79% S, lies in the 
chejuenolide cluster, which is responsible for biosynthesis of a close relative of lankacidin C5; LkcE 
Hahella chejuensis (Hc2) (WP_011397301): 61% I; 79% S, partial lankacidin/chejuenolide cluster; 
LkcE (NAD/FAD-binding protein Xenorhabdus species KJ12.1) (WP_099111721) 56% I; 71% S, 
partial lankacidin cluster; LkcE Pseudomonas fluorescens (Pf) (WP_096820043): 54% I; 66%S, partial 
lankacidin cluster; hypothetical protein Pectobacterium betavasculorum (HyPro_Pb) (WP_072012528): 
46% I; 65% S; does not lie in a lankacidin cluster; NAD/FAD binding protein Escherichia coli 
(NAD/FAD_Ec) (WP_096961323): 46% I; 64% S, does not lie in a lankacidin cluster; Human amine 
oxidase A, 25% I; Human amine oxidase B, 25% I. Key to color-coding of residues indicated by 
arrows: purple = residues implicated directly in FAD binding; black = residues mutated in this study; 
green = residues observed to interact with bound LC-KA05; blue = residues contributing to LkcE 
homodimerization. (b) Genomic context supporting assignment of 7 S. rochei LkcE homologs (among 
the 9 in (a)) as lankacidin cyclases. 
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Supplementary Figure 3 │ Omit maps for FAD and ligands bound into LkcE. (a) Omit-map 
calculated for the FAD (yellow) in the structure of the wild type LkcE. The Fo−Fc map is contoured at 
2.5σ. (b) Omit-map calculated for the structure of the wild type LkcE. The Fo−Fc electron density 
corresponding to bound DATD (pink) is contoured at 2.5σ. (c) View of the active site of wild type LkcE 
in the presence of bound EMAA (orange) with the omit Fo−Fc map contoured at 1.5σ. (d) Omit-map 
calculated for the structure of the LkcE E64Q mutant in the presence of the bound LC-KA05 (green). 
The Fo−Fc map contoured at 2.5σ indicates the position of the bound substrate. (e) View of the active 
site of R326Q mutant in the presence of bound LC-KA05 (brown) with the omit Fo−Fc map contoured 
at 2.5σ.   
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Supplementary Figure 4 │Superposition of a monomer of LkcE with the monomers of two 
structural homologs. The LkcE monomer is shown in violet, while those of 6HDNO (PDB 3NG7)6 
and hMAO B (PDB 1GOS)7 are represented in grey and green, respectively. The FAD cofactor 
present in each structure is shown in stick form, with conventional atom coloring. This superposition 
illustrates in a qualitative manner that the cofactor binding domains are more highly conserved than 
the substrate-binding domains. 
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Supplementary Figure 5 │ Analysis by circular dichroism of LkcE wild type and its five active 
site mutants. As the spectra are essentially superimposable, this analysis showed that the mutations 
did not significantly alter the structure of the enzyme. 
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Supplementary Figure 6 │ Schematic illustration of the lkcE gene disruption in Streptomyces 
rochei by PCR-targeting1. The resistance cassette amplified from the pIJ773 plasmid using the F and 
R primers (Supplementary Table 2) was used to replace the lkcE gene in the cosmid Lc2B12 (KanR). 
The mutant cosmid was then transformed into S. rochei and clones (KanS AprR) were selected and 
analyzed by PCR (the binding locations of the primers use to confirm the deletion (PCR conf F, PCR 
conf R and PCR conf I (Supplementary Table 2)) are indicated). 
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Supplementary Figure 7 │PCR analysis of the lankacidin biosynthetic gene cluster using 
genomic DNA from S. rochei ΔlkcE (lanes 1 in panels (a) and (b)) and S. rochei WT (lanes 2 in 
panels (a) and (b)) strains. (a) The product of amplification of the wild type lkcE locus using primers 
conf F/R has the expected size of 1549 bp (as seen in lane 2), while replacement of lkcE by the 
apramycin resistance cassette gives a product of 1632 bp (as seen in lane 1). (b) No product is 
expected with the wild type strain and primers conf I/R (as with lane 2), while when the apramycin 
resistance cassette is present, this primer pair yields a product of 513 bp (as in lane 1).  
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Supplementary Figure 8 │ Analysis by HPLC-MS of extracts of wild type S. rochei vs. the ∆lkcE 
inactivation mutant for LC-KA05 (1) and downstream products. m/z values obtained using the ion 
trap are reported to one significant figure, while those acquired in the Orbitrap mode are reported to 
two significant figures. (a)−(i) Analysis for the presence of LC-KA05 (1) (exact mass = 505.27 Da). (a) 
Trace of the absorbance at 230 nm of extracts of the wild type. (b) SIM of m/z = 506 (ESI positive) of 
extracts of the wild type. (c) Trace of the absorbance at 230 nm of extracts of the ∆lkcE inactivation 
mutant. The two peaks corresponding to 1 (as indicated), which are not observed in wild type extracts, 
are greyed. (d) SIM of m/z = 506 (ESI positive) of extracts of the ∆lkcE inactivation mutant. The two 
peaks corresponding to 1 are greyed. (e) Mass spectrum of the peak at RT = 21.8 min (which is 
representative of the second peak at 22.9 min), showing ions consistent with 1 ([M+H]+ = 505.8, 
[M+Na]+ = 528.3, [M+K]+ = 544.2, starred). 
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Supplementary Figure 8 │ Analysis by HPLC-MS of extracts of wild type S. rochei vs. the ∆lkcE 
inactivation mutant for LC-KA05 (1) and downstream products, cont. Nonetheless, as the m/z 
ratio of 505.8 was lower than expected for LC-KA05 (i.e. m/z = 506.3 Da), we reanalyzed the extracts 
at high resolution (Orbitrap mode (panels (f)−(h)). (f) Trace of the absorbance at 230 nm of extracts of 
the ∆lkcE inactivation mutant. (g) SIM of m/z = 506.27 of the ∆lkcE inactivation mutant. This analysis 
yielded peaks of the same retention time as in (d). (h) Mass spectrum of the peak at RT = 21.9 min, 
confirming the expected exact mass for LC-KA05 (1) (starred − [M+H]+, [M+Na]+ and [M+K]+)).  
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Supplementary Figure 8 │ Analysis by HPLC-MS of extracts of wild type S. rochei vs. the ∆lkcE 
inactivation mutant for LC-KA05 (1) and downstream products, cont. (i)−(w) Analysis for 
metabolites formed downstream of LC-KA05. (i)−(m) Analysis for lankacidinol A (2) (exact mass = 
503.25 Da). (i) Trace of the absorbance at 230 nm of extracts of the wild type. (j) SIM of m/z = 504 
(ESI positive) of extracts of the wild type. The three peaks corresponding to lankacidinol A are greyed. 
(k) Trace of the absorbance at 230 nm of extracts of the ∆lkcE inactivation mutant. (l) SIM of m/z = 
504 (ESI positive) of extracts of the ∆lkcE inactivation mutant. As expected for the absence of a 
functional LkcE, no 2 is detected. (m) Mass spectrum of the peak at RT = 21.8 min in (j), which is 
representative of the other two peaks. The parent ion is starred. 
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Supplementary Figure 8 │ Analysis by HPLC-MS of extracts of wild type S. rochei vs. the ∆lkcE 
inactivation mutant for LC-KA05 (1) and downstream products, cont. (n) Trace of the absorbance 
at 230 nm of extracts of the wild type. The peak corresponding to lankacidin A is greyed. (o) SIM of 
m/z = 502 of extracts of the wild type. The peak corresponding to lankacidin A is greyed. (p) Trace of 
the absorbance at 230 nm of extracts of the ∆lkcE inactivation mutant. No obvious peak with RT = 
28.5 min is present, as expected. (q) SIM of m/z = 502 of extracts of the ∆lkcE inactivation mutant. No 
peak with RT = 28.7 min is present, as expected. (r) Mass spectrum of the peak at 28.7 min in extracts 
of the wild type (o). Ions consistent with lankacidin A ([M+H]+ = 502.0, [M+Na]+ = 524.1) are starred. 
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Supplementary Figure 8 │ Analysis by HPLC-MS of extracts of wild type S. rochei vs. the ∆lkcE 
inactivation mutant for LC-KA05 (1) and downstream products, cont. (s)−(w) Analysis for 
lankacidin C (3) (exact mass = 459.22 Da). (s) Trace of the absorbance at 230 nm of extracts of the 
wild type. (t) SIM of m/z = 460 of extracts of the wild type. The peak corresponding to 3 at RT = 25.6 
min is greyed. (u) Trace of the absorbance at 230 nm of extracts of the ∆lkcE inactivation mutant. (v) 
SIM of m/z = 460 of extracts of the ∆lkcE inactivation mutant. No peak with RT = 25.6 min is detected, 
as expected. (w) Mass spectrum of the peak at RT = 25.7 min in extracts of the wild type (t), showing 
the expected mass (([M+H]+ = 460.1)) is present (starred). 
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Supplementary Figure 9 │Purification and NMR analysis of LC-KA05 (1) and its elimination 
product (7). (a) Preparative HPLC-MS of crude extract of S. rochei containing LC-KA05. Isolated 
fractions: RT = 23−27 min (7-OH form 6; [M+Na]+ m/z = 486) and 39−48 min (LC-KA05, [M+Na]+ m/z = 
528). The mass of 468 [M+Na]+ corresponds to the elimination product 7 (loss of acetic acid from LC-
KA05).This mass is visible as an ionization-induced fragment of LC-KA05, and additionally as a 
discrete compound eluting at 55 min. (b) 1H NMR spectrum of LC-KA05 (in CD3OD). The * indicates 
the signal arising from C-19 methyl group, which being a singlet, is diagnostic for the enol form of the 
compound (the alternative keto form would have given rise to a doublet). In addition, the proton H-2 is 
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absent from the spectrum. (c) 13C NMR spectrum of LC-KA05 (in CD3OD), which is also consistent 
with the absence of a ketone group at C-3 and the presence of the C-2−C-3 double bond. (d) H-H 
COSY NMR spectrum of LC-KA05 (in CD3OD). The structure indicates the observed correlations. (e) 
[1H, 15N]-HSQC NMR spectrum of LC-KA05 (in CD3OD). (f) HMBC spectrum of LC-KA05 (in CD3OD). 
The structure indicates the observed correlations. (g) 1H NMR spectrum of the 7-OH form 6 (in 
CD3OD). The spectrum is overall closely similar to that of LC-KA05 in (b), but notably shows the 
absence of a singlet at ca. 2 ppm corresponding to the three C-27 protons (H-27). (h) Comparative 
NMR analysis of 1 and 7. In blue, the 1H NMR spectrum of a 2:1 mixture of 1 and 7. In red, the 1H 
NMR spectrum of essentially pure 1 (a small amount of this material was obtained, but later 
decomposed during an attempt at complete purification). The difference spectrum (in green), shows 
that 7 lacks the signals for the protons H-6 and H-6′ as expected, as well as the three C-27 protons 
(H-27). Additional new signals appear in the difference spectrum, but these could not be confidently 
assigned. 
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Supplementary Figure 10 │ Analysis by HPLC-MS of extracts of wild type S. rochei and the 
∆lkcE inactivation mutant for degradation products of LC-KA05, 6 and 7, and their cyclized 
equivalents 8 and 9. Scheme indicating how compounds 6−9 are formed.  
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Supplementary Figure 10 │ Analysis by HPLC-MS of extracts of wild type S. rochei and the 
∆lkcE inactivation mutant for degradation products of LC-KA05, 6 and 7, and their cyclized 
equivalents 8 and 9, cont. m/z values are reported to one significant figure. (a) Control for 6, the 
deacetylated (7-OH) derivative of LC-KA05 (exact mass = 463.26 Da). Analysis of extracts of an in 
vitro assay containing inactivated LkcE and purified 6. Trace of the absorbance at 230 nm, showing a 
single peak at RT = 15.0 min corresponding to 6 (greyed). (b) Analysis at m/z = 462 (ESI negative) of 
the same in vitro assay yields a single peak at RT = 15.2 min (greyed). (c) Trace of the absorbance at 
230 nm of extracts of wild type S. rochei, showing the absence of a significant peak at RT = 15.0 min. 
(d) Analysis of wild type S. rochei at m/z = 462 (ESI negative) also did not reveal any peak 
corresponding to 6. (e) Trace of the absorbance at 230 nm of extracts of the ∆lkcE inactivation mutant. 
Two candidate peaks corresponding to 6 are observed (greyed). (f) Analysis of the ∆lkcE inactivation 
mutant at m/z = 462 (ESI negative) reveals two candidate peaks corresponding to 6 with the same RT 
as in (e) (RT = 12.9 and 13.9). The identity of the peaks as 6 are supported by their mass spectra (see 
(h) for a representative spectrum). (g) Mass spectrum of the peak at 15.4 min in (b). The parent ion is 
starred. (h) Mass spectrum of the peak at RT = 13.9 min in (f) which is representative of that at RT = 
12.9 min. The parent ion is starred. 
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Supplementary Figure 10 │ Analysis by HPLC-MS of extracts of wild type S. rochei and the 
∆lkcE inactivation mutant for degradation products of LC-KA05, 6 and 7, and their cyclized 
equivalents 8 and 9, cont. (i) Control for 7, the acetate eliminated derivative of LC-KA05 (exact mass 
= 445.25 Da). Trace of the absorbance at 230 nm of an in vitro assay containing inactivated LkcE and 
the purified, 2:1 mixture of LC-KA05 1/eliminated derivative 7, showing a single peak at RT = 25.8 min 
corresponding to 7 (greyed). (j) Analysis of extracts of the same in vitro assay containing the 1/7 
mixture. Analysis at m/z = 446 (ESI positive) yielded a single peak at RT = 26.0 min. (k) Trace of the 
absorbance at 230 nm of extracts of wild type S. rochei. No distinct peak corresponding to 7 is 
observed. (l) Analysis at m/z = 446 (ESI positive) of extracts of wild type S. rochei does not yield a 
clear peak corresponding to 7. (m) Trace of the absorbance at 230 nm of extracts of the ∆lkcE 
inactivation mutant, reveals a peak corresponding to 7 at RT = 25.0 min. (n) Analysis of the ∆lkcE 
inactivation mutant at m/z = 446 (ESI positive) yields the same peak (RT = 25.2 min). (o) Mass 
spectrum of the peak at RT = 26.0 min in (j) shows ions consistent with 7 ([M+H]+ = 446.0, [M+Na]+ = 
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468.0, [M+K]+ = 484.0, starred). (p) Mass spectrum of the peak at RT = 25.2 min in (n), shows ions 
consistent with 7 ([M+H]+ = 446.1, [M+Na]+ = 468.3). 

 
 
Supplementary Figure 10 │ Analysis by HPLC-MS of extracts of wild type S. rochei and the 
∆lkcE inactivation mutant for degradation products of LC-KA05, 6 and 7, and their cyclized 
equivalents 8 and 9, cont. (q) Control for 8 the cyclized form of the elimination derivative 7 (exact 
mass = 443.23 Da). Analysis of an in vitro assay containing active LkcE and a 2:1 mixture of LC-KA05 
(1) and the eliminated derivative 7. Trace of the absorbance at 230 nm yields two candidate peaks for 
the cyclized product 8 (RT = 27.4 and 28.6 min). (r) Analysis of the same in vitro assay at m/z = 444 
(ESI positive) yields two peaks at essentially the same RT (RT = 27.6 and 28.0 min). (s) Trace of the 
absorbance at 230 nm of extracts of wild type S. rochei. No distinct peak corresponding to 8 is 
observed. (t) Analysis at m/z = 444 (ESI positive) of extracts of wild type S. rochei also does not yield 
a clear peak corresponding to 8. (u) Trace of the absorbance at 230 nm of extracts of the lkcE 
inactivation mutant. No distinct peak corresponding to 8 is observed. (v) Analysis at m/z = 444 (ESI 
positive) of extracts of the lkcE inactivation mutant also does not yield a clear peak corresponding to 8. 
(w) Mass spectrum of the peak at RT = 27.6 in (r), showing peaks consistent with 8 ([M+H]+ = 444.0, 
[M+Na]+ = 466.1, [M+K]+ = 482.0, starred). 
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Supplementary Figure 10 │ Analysis by HPLC-MS of extracts of wild type S. rochei and the 
∆lkcE inactivation mutant for degradation products of LC-KA05, 6 and 7, and their cyclized 
equivalents 8 and 9, cont. (x) Control for lankacidinol C (9), the cyclized form of 6 (exact mass = 
461.24 Da). Analysis of extracts of an in vitro assay containing active LkcE and purified 6. Trace of the 
absorbance at 230 nm, showing two peaks at RT = 17.3 and 18.3 min corresponding to 9 (greyed). (y) 
Analysis at m/z = 460 (ESI negative) of the same in vitro assays also yields two peaks (RT = 17.5 and 
18.7 min). (z) Trace of the absorbance at 230 nm of extracts of wild type S. rochei, showing the 
absence of peaks corresponding to 9. (ai) Analysis of extracts of wild type S. rochei at m/z = 460 (ESI 
negative) also did not reveal any peak corresponding to 9. (bi) Trace of the absorbance at 230 nm of 
extracts of ∆lkcE inactivation mutant, showing the absence of peaks corresponding to 9, as expected. 
(ci) Analysis of extracts of ∆lkcE inactivation mutant at m/z = 460 (ESI negative) also did not reveal 
any peak corresponding to 9. (di) Mass spectrum of the peak at RT = 17.5 in (y), showing peaks 
consistent with 9 ([M−H]− = 460.2, [M−2H+Na]− = 482.2, [M−2H+K]− = 498.1, starred).  
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Supplementary Figure 11 │ Analysis by HPLC-MS of the stability of LC-KA05 under standard 
LkcE in vitro assay conditions. Incubations were carried out in the presence of inactivated LkcE and 
the 2:1 mixture of LC-KA05 (1)/eliminated derivative 7, and the substrates extracted and analyzed at 
various time points. (a)−(e) Trace of the absorbance at 230 nm showing peaks at RT = 23.2 and 25.4 
min, corresponding to 1 and 7, respectively. Integration of the peak areas shows that even in the 
absence of reaction, 1 decreased over time (1−30 min), while 7 increased correspondingly. (f)−(j) 
Analysis of the same time points at m/z = 446 (ESI positive) (for 7) and m/z = 506 (for 1). This analysis 
produced peaks with essentially the same retention times as in (a)−(e), and which showed the same 
behavior in terms of change in area with time. (k) Mass spectrum of the peak at RT = 23.4 min in (f) 
corresponding to 1. Although the retention time differs from that in Supplementary Fig. 8 (d), the 
mass spectrum contains the same major peaks (including ([M+H]+ = 505.8, [M+Na]+ = 528.1, [M+K]+ = 
544.1, starred). The difference in RT may be explained by the fact that 1 was analyzed within an 
extract in Supplementary Fig. 8 (d), while the analysis here was carried out on purified compound 
following in vitro assay (and see Table S4). (l) Mass spectrum of the peak at RT = 25.5 min in (f) 
corresponding to 7 (for comparison with Supplementary Fig. 10 (o)). 
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Supplementary Figure 12 │ Demonstration by HPLC-MS that LkcE is active in vitro. A reaction 
scheme is provided for each experiment. (a) Trace of the absorbance at 230 nm of a control reaction 
(24 h incubation) with inactivated LkcE and the 2:1 native substrate LC-KA05 (1) (exact mass = 
505.27 Da)/eliminated derivative 7 (exact mass = 445.25 Da) mixture, showing a peak (RT = 25.7 min) 
corresponding to 7. (b) Analysis of the control reaction at m/z = 446 (ESI positive), gives a peak for 7 
at essentially the same retention time as in (a) (RT = 25.8 min). (c) Analysis of the control reaction at 
m/z = 506 (ESI positive) for 1, yields a peak at RT = 24.5 min. (d) Analysis of the control reaction for 
m/z = 504 corresponding to the expected mass of lankacidinol A (2) (exact mass = 503.25 Da), does 
not yield a peak with the appropriate retention time (20−27 min, Supplementary Table 4). (e) Mass 
spectrum of the peak at 24.5 min in (c), showing peaks characteristic of 1 ([M+H]+ = 505.8, [M+Na]+ = 
528.3, [M+K]+ = 544.3, starred) (and see Supplementary Table 4).   
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Supplementary Figure 12 │ Demonstration by HPLC-MS that LkcE is active in vitro, cont. (f) 
Trace of the absorbance at 230 nm of a reaction with active LkcE and the 2:1 1/ 7 mixture, after 24 h 
incubation. (g) Analysis of the LkcE reaction at m/z = 446 (ESI positive) yields a peak corresponding 
to unreacted 7. (h) Analysis of the LkcE reaction at m/z = 506 (ESI positive) for 1, yields a peak at RT 
= 24.8 min corresponding to unreacted 1. (i) Analysis of the LkcE reaction at m/z = 504 for 2, yields 5 
peaks (RT = 20.7, 22.5, 23.3, 26.1 and 26.7 min) which are notably not present in the control reaction 
(d). (j) Mass spectrum of the peak in (i) at RT = 20.7 min, which is representative of the others. This 
shows peaks characteristic of 2 ([M+H]+ = 504.3, [M+Na]+ = 526.3, [M+K]+ = 542.3, starred). 
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Supplementary Figure 12 │ Demonstration by HPLC-MS that LkcE is active in vitro, cont. (k) 
Trace of the absorbance at 230 nm of a control reaction (24 h incubation) with inactivated LkcE and 
the 2:1 1/7 mixture, showing a peak (RT = 25.7 min) corresponding to 7. (l) Analysis of the control 
reaction at m/z = 444 (ESI positive) corresponding to 8 (cyclized 7), does not yield a candidate peak. 
(m) Trace of the absorbance at 230 nm of a reaction with active LkcE and the 2:1 1/ 7 mixture, after 24 
h incubation, yields multiple candidate peaks for 8 in the 27−28 min range, which are not present in (l). 
(n) Analysis of the LkcE reaction at m/z = 444 for 8, yields 2 peaks (RT = 27.4 and 27.9 min) which are 
notably not present in the control reaction (d). (o) Mass spectrum of the peak at 27.4 min which is 
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representative of the two, showing ions consistent with 8 ([M+H]+ = 444.3, [M+Na]+ = 466.3, [M+K]+ = 
482.3, starred). 
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Supplementary Figure 12 │ Demonstration by HPLC-MS that LkcE is active in vitro, cont. (p) 
Trace of the absorbance at 230 nm of a control reaction (24 h incubation) with inactivated LkcE and 
purified 6, the deacetylated (7-OH) derivative of LC-KA05 (exact mass = 463.26 Da), showing a peak 
corresponding to unreacted 6 (RT = 15.0 min). (q) Analysis of the control reaction at m/z = 462 (ESI 
negative) for unreacted 6, gives a peak at the same RT. (r) Analysis of the control reaction at m/z = 
460 for lankacidinol C (9) (cyclized 6) does not yield a candidate peak. (s) Trace of the absorbance at 
230 nm of a reaction with active LkcE and purified 6, yields two peaks not present in the control 
reaction (p) (RT = 17.3 and 18.4 min). (t) Analysis of the LkcE reaction at m/z = 462 (ESI negative) for 
unreacted 6 does not yield a peak at RT =15 min, as observed in the control. (u) Analysis of the LkcE 
reaction at m/z = 460 for 9, yields the two peaks not present in the control (RT = 17.5 and 18.7 min). 
(v) Mass spectrum (ESI negative) of the peak at RT = 17.5 in (u) yields peaks consistent with 9 
([M−H]− = 460.2, [M−2H+Na]− = 482.2, [M−2H+K]− = 498.1, starred). 
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Supplementary Figure 13 │ Analysis of LC-KA05 binding into the LkcE active site. (a) 
Superposition of the R326Q/LC-KA05 (1) structure (cyan) and that of the holo wild type (mauve) 
shows that if 1 bound into the wild type in the same orientation as in the R326Q/LC-KA05 complex, its 
C-24 hydroxyl would sterically clash with R326. (b) Superposition of the E64Q/LC-KA05 structure 
(blue) and that of the holo wild type (mauve). In the E64Q structure, the substrate adopts an 
orientation such that there is no longer a steric clash with R326. 
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Supplementary Tables 
 
 
Supplementary Table 1 │ Oligonucleotide primers used in this study. Mutated sites are in bold. 
Name Sequence, 5′-3′ direction 
Primers used for lkcE deletion 
plasmid 

 

LkcE deletion_F GCAGGCCGAGCCCAGGAAGTGATGACCGTGGTAGAAGCAAT
TCCGGGGATCCGTCGACC 

LkcE deletion_R GACAGGCGGGCGGGTGCTGGCTCACACGCCCATGAATTCTG
TAGGCTGGAGCTGCTTC 

Primers used to verify lkcE 
deletion 

 

PCR conf_F TGCGGTGGTGGCAGACCGTG 
PCR conf_R GCGGCGAGGTCGGTGTATCG 
PCR conf_I ACTCGCCTGCAAGCCCGGTC 
Primers used for site-directed 
mutagenesis in the lkcE gene 

 

E64A_F GTCGACATGGGCGTGGCACACTTCAACGAGAAG 
E64A_R CTTCTCGTTGAAGTGTGCCACGCCCATGTCGAC 
E64Q_F GTCGACATGGGCGTGCAACACTTCAACGAGAAG 
E64Q_R CTTCTCGTTGAAGTGTTGCACGCCCATGTCGAC 
Y182F_F GACTACAACCTCATGTTCGTCGCGCTGTCGTT 
Y182F_R ACGACAGCGCGACGAACATGAGGTTGTAGTC 
R326L_F ATGGGCAGCCTGACCCTCAACTGCAACGTGCTC 
R326L_R GAGCACGTTGCAGTTGAGGGTCAGGCTGCCCAT 
R326Q_F ATGGGCAGCCTGACCCAGAACTGCAACGTGCTC 
R326Q_R GAGCACGTTGCAGTTCTGGGTCAGGCTGCCCAT 
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Supplementary Table 2 │ List and description of vectors used in this study. 
Name Description Application Reference 

pBG102 Derivative of pET27 Used to generate N-
terminal translational 
fusions with His6 and 

SUMO tags 

Center for Structural 
Biology, Vanderbilt 

University 

pBG102-LkcE pBG102 containing 
the gene encoding 

LkcE 

Production of 
recombinant LkcE 

This study 

pBG102-LkcE_E64A Derived from 
pBG102-LkcE; 

LkcE has Glu64Ala 
mutation  

Evaluation of the role 
of residue Glu64 

This study 

pBG102-LkcE_E64Q Derived from 
pBG102-LkcE; 

LkcE has Glu64Gln 
mutation 

Evaluation of the role 
of residue Glu64 

This study 

pBG102-LkcE_Y182F Derived from 
pBG102-LkcE; 

LkcE has 
Tyr182Phe 
mutation 

Evaluation of the role 
of residue Tyr182 

This study 

pBG102-LkcE_R326L Derived from 
pBG102-LkcE; 

LkcE has 
Arg326Leu 
mutation 

Evaluation of the role 
of residue Arg326 

This study 

pBG102-LkcE_R326Q Derived from 
pBG102-LkcE; 

LkcE has 
Arg326Gln mutation 

Evaluation of the role 
of residue Arg326 

This study 

pIJ773 Template plasmid 
containing the 

apramycin 
resistance gene 
aac(3)IV and the 

oriT of plasmid RP4 

Used to generate the 
lkcE inactivation 

construct 

1 

Cosmid Lc2B12 Derivative of 
SuperCos1 

containing a portion 
of the lankacidin 

gene cluster 

Used to inactive lkcE 
in S. rochei 

2 

pIJ790 Temperature 
sensitive λRed 
recombination 
helper plasmid 

λRED recombination 
plasmid 

1 
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Supplementary Table 3 │Data collection and refinement statistics on LkcE crystal structures.  
 SeLkcE LkcEWT R326Q E64Q 
Data collection     
Space group P41212 P41212 P41212 P41212 
Cell dimensions     
    a, b, c (Å) 125.30, 125.30, 

154.53   
125.50, 125.50; 
156.69 

125.55, 125.55; 
156.66 

124.83, 124,83, 
157.39 

    α, β, γ (°) 90.00, 90.00, 90.00 90.00, 90.00, 90.00 90.00, 90.00, 90.00 90.00, 90.00, 90.00 
Resolution (Å) 48.66-3.15* 

(3.2-3.15) 
48.98-2.80*  
(3.00-2.80)** 

48.99-2.50* 
(2.60-2.50)** 

48.90-3.03*  
(3.11-3.03)** 

Rmerge 0.131 (0.802) 0.05 (0.56) 0.05 (0.64) 0.11 (0.76) 
I / σI 13.62 (2.58) 22.3 (3.8) 20.24 (2.42) 30.69 (5.67) 
CC(1/2) 1.00 (0.78) 0.99 (0.89) 0.99 (0.75) 1.00 (0.95) 
Completeness (%) 99.9 (99.3) 99.9 (100.0) 99.6 (99.4) 99.8 (97.2) 
Redundancy 7.6 (7.0) 7.4 (7.5) 4.4 (4.4) 29.7 (27.9) 
     
Refinement     
Resolution (Å) 48.66-3.15 48,98-2.80 48.99-2.50 48.90-3.03 
No. reflections 21897 31467 41613 23588 
Rwork / Rfree 0.198 / 0.240 0.237 / 0.256 0.206 / 0.244 0.191 / 0.247 
No. atoms     
    Protein 6807 6835 6888 6907 
    Ligand/ion 112 195 129 79 
    Water 216 181 230 136 
B-factors     
    Protein§ 70.52 87.81 61.75 70.26 
    Ligand/ion 67.96 77.40 58.16 77.01 
    Water 56.01 107.13 73.00 52.88 
R.m.s. deviations     
    Bond lengths (Å) 0.010 0.008 0.015 0.012 
    Bond angles (°) 1.13 1.10 1.79 1.61 
*A single crystal was used for each data set; **Values in parentheses are for highest-resolution shell. 
§ The corresponding B-factors for the protein from the Wilson plots are: 75.3, 82.2, 60.8 and 72.9, respectively. 
There is good agreement between these two sets of B-factors, indicative of significant dynamic disorder at the 
atomic level in the structures. 
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Supplementary Table 4 │ Analytical data obtained by HPLC-MS on compounds investigated 
in this study. 

Compound Calc. m/z 
(Da) 

Number of 
peaks 

Retention time(s) (min)a Characteristic MS 
peaks 

(ionization mode) 
1 LC-KA05  505.27 2 Culture extracts: 21.8, 

22.9 (Fig. S7) 
In vitro: 23.4 (Fig. S10) 
and 24.5 (Fig. S11) 

544 ([M+K]+), 528 
([M+Na]+), 506 
([M+H]+), 446, 428, 339  
(ESI positive) 

2 Lankacidinol A  503.25 3−5 Culture extracts: 21.8, 
22.6, 23.0 (Fig. S7) 
In vitro: 20.7, 22.5, 23.3, 
26.1, 26.7 (Fig. S11) 
 

542 ([M+K]+), 526 
([M+Na]+), 504 
([M+H]+), 486, 426, 
354, 337  
(ESI positive) 

Lankacidin A 501.24 1 Culture extracts: 28.7 
(Fig. S7) 
 

524 ([M+Na]+), 502 
([M+H]+), 484, 
424, 354, 337 
(ESI positive) 

3 Lankacidin C 459.22 1 Culture extracts: 25.6 
(Fig. S7) 

460 ([M+H]+), 400 
(ESI positive) 

6 Hydrolytic 
(deacetylated) 
derivative of LC-
KA05 

463.26 1 or 2 Culture extracts: 12.9, 
13.9 
In vitro: 15.2 
(Both in Fig. S9) 

462 ([M−H]−) 
(ESI negative) 
502 ([M+K]+), 486 
([M+Na]+), 464 
(M+H]+), 446, 428, 339  
(ESI positive) 

7 Eliminated 
derivative of LC-
KA05  

445.25 1 Culture extracts: 25.2 
In vitro: 26.0 
(Both in Fig. S9)  

484 ([M+K]+), 468 
([M+Na]+), 446 
([M+H]+), 428, 339 
(ESI positive) 

8 Cyclized 7 443.23 2 In vitro: 27.6, 28.0 
(Fig. S9) 

482 ([M+K]+), 466 
([M+Na]+), 444 
([M+H]+), 426, 355, 337 
(ESI positive) 

9 Lankacidinol C 
(cyclized 6) 

461.24 2 In vitro: 17.5, 18.7 
(Fig. S9) 

498 ([M−2H+K]−), 482 
([M−2H+Na]−), 460 
([M−H]−), 384 
(ESI negative) 

aAnalysis of several compounds (1, 2, 6, 8 and 9) gave multiple peaks, which we attribute to the presence of 
isomerization in the two conjugated systems (C8−C11 and C14−C17). In addition, for compounds 1, 2, 6 and 7, 
we noted differences both in retention times and the number of peaks when analysis was carried out on culture 
extracts vs. substrates/products of in vitro assays. We can cite several potential reasons for these variations. 
Although all of the analyses were performed under the same conditions (column, elution profile, etc.), the two-
year period over which they were carried out may have seen some degradation of the column material. In 
addition, differential exposure to light between the extracts and the in vitro assays may have led to differing 
extents of isomerization in the conjugated systems. We could nonetheless make confident peak assignments 
based on the mass spectra and comparison to the control analyses (extracts of the lkcE mutant vs. the wild type, 
analysis of active LkcE in vitro vs. inactivated protein). 
  



40 
 

Supplementary References  
1.  Gust, B., Challis, G. L., Fowler, K., Kieser, T. & Chater, K. F. Proc. Natl. Acad. Sci. U. S. A. 100, 

1541–1546 (2003). 
2. Dickschat, J. S. et al. ChemBioChem 12, 2408–2412 (2011). 
3. Arakawa, K., Sugino, F., Kodama, K., Ishii, T. & Kinashi, H. Chem. Biol. 12, 249–256 (2005). 
4. Altschul, S. F., Gish, W., Miller, W., Myers, E. W. & Lipman, D. J. J. Mol. Biol. 215, 403–410 (1990). 
5. Ng, B-G., Han, J.-W., Lee, D. W., Choi, G. J., Kim, B. S. J. Antibiot. (2018). doi.org/10.1038/s41429-

017-0023-x. 
6. Kachalova, G., Decker, K., Holt, A., & Bartunik, H. D. Proc. Natl. Acad. Sci. U. S. A. 108, 4800–4805 

(2011). 
7. Binda, C., Newton-Vinson, P., Hubálek, F., Edmondson, D. E. & Mattevi, A. Nat. Struct. Biol. 9, 22–

26 (2002). 



 
  

DISCUSSION ET 
PERSPECTIVES 



Discussion et perspectives 

	

 101 

En raison de leur caractère modulaire et de la grande diversité structurale et 

thérapeutique des molécules qu’elles produisent, les PKS de type I modulaires ont été une 

cible préférentielle d’ingénierie ces trente dernières années (Weissman, 2016). 

Malheureusement, plusieurs stratégies prometteuses de modification de ces PKS, telles que 

l’inactivation, l’échange ou l’insertion de domaines, se sont avérées peu efficaces (Weissman, 

2016). Les études structurales les plus récentes suggèrent que les modules subissent 

d’importants changements conformationnels au cours de chaque cycle 

d’élongation/modification. Ils impliquent des mouvements significatifs et synergiques des 

domaines guidés par la formation d’interfaces compatibles entre elles (Whicher et al., 2014). 

Ce phénomène expliquerait en grande partie l’échec des expériences d’ingénierie, et surtout 

celles impliquant des changements de domaine. Plusieurs solutions encourageantes permettant 

de contourner ces problèmes existent cependant. Une première consiste à échanger entre 

différents systèmes PKS des modules voire des sous-unités entières de manière à pallier ces 

problèmes structuraux, car les unités fonctionnelles des PKS restent intactes.   

 

Domaines de docking : études fondamentales et exploitation en biologie synthétique 

Dans le but de mettre en place cette stratégie de manière efficace et sensée, des 

connaissances supplémentaires sont nécessaires, notamment vis-à-vis des domaines de 

docking (DD). Ces petits domaines structuraux situés aux extrémités Cter et Nter des sous-

unités de PKS assurent les interactions spécifiques entre ces dernières. Les DD sont des 

garants du bon acheminement de l’intermédiaire polycétidique d’une sous-unité à la suivante 

et assurent ainsi en partie l’obtention de la molécule finale active. Ces domaines sont donc 

prometteurs pour l’ingénierie, car ils offrent la possibilité de générer des combinaisons de 

modules/sous-unités par création de nouvelles interfaces productives. Plusieurs classes 

structurales de DD ont déjà été caractérisées chez les PKS cis-AT (Broadhurst et al., 2003 ; 

Buchholz et al., 2009 ; Whicher et al., 2013). Elles partagent plusieurs points communs : les 

DD sont structurés en hélices a et ils interagissent ensemble grâce à des interactions 

hydrophobes mais aussi électrostatiques. Ces dernières établissent un « code de spécificité », 

même s’il n’est pas toujours parfaitement compris, pour les DD appartenant à la même classe. 

Les NDD sont tous homodimériques, via la formation d’un coiled-coil. Ils promeuvent ainsi 

l’homodimérisation de leur propre sous-unité, ce qui participerait à sa stabilisation (Aparicio 

et al., 1996 ; Gokhale, 1999). Les interactions médiées par ces domaines sont toutes d’une 

affinité moyenne, comprise entre 2 et 24 μM. 
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Au cours de mon travail de thèse, j’ai eu l’occasion de travailler sur plusieurs 

interfaces de docking. La première est située entre les deux premières sous-unités (VirA et 

VirFG) d’une PKS trans-AT, la virginiamycine (Vir) synthase. Jusqu’en 2015, l’existence de 

DD chez ces PKS n’était qu’hypothétique, car aucune information n’était disponible. Dans ce 

contexte, nous étions la première équipe à avoir mis en évidence un couple de DD chez les 

PKS trans-AT. La structure RMN d’une protéine de fusion entre les deux partenaires a révélé 

que la stratégie d’interaction est très similaire à celle trouvée chez les cis-AT : des 

interactions hydrophobes accompagnées d’interactions électrostatiques, mais à la différence 

des DD caractérisés chez les cis-AT, aucun de ces deux DD de la PKS trans-AT n’est 

homodimérique. La structure respective des deux partenaires est pourtant assez similaire : 

deux hélices a reliées par une boucle et disposées de manière parallèle pour former un fagot 

de 4 hélices a. VirA CDD et VirFG NDD constituent ainsi une nouvelle classe de DD qui 

serait spécifique aux PKS trans-AT. 

 De plus, nous avons pu mettre en évidence, par le biais de plusieurs techniques (RMN, 

CD et SAXS), que l’un des deux partenaires, le VirFG NDD, est une région intrinsèquement 

désordonnée de la PKS. Lorsque ce domaine est seul en solution, il n’aborde que très peu de 

structuration secondaire, c’est-à-dire qu’il ne se structure en hélices a de manière stable que 

lors de l’interaction avec son partenaire. C’est la première fois qu’une région intrinsèquement 

désordonnée (IDR) est mise en évidence chez les PKS, mais aussi dans une voie de synthèse 

appartenant à du métabolisme secondaire chez les bactéries. Globalement les IDR et les 

protéines intrinsèquement désordonnées (IDP) sont rares chez les procaryotes (Williamson et 

Potts, 2012), mais elles présentent la caractéristique intéressante d’offrir une interaction à la 

fois très spécifique et d’affinité moyenne voire faible (Uversky et Dunker, 2013). En effet, un 

Kd de 5,8 μM a été déterminé entre le VirA CDD et le VirFG NDD par ITC.  

Par une approche couplée de mutagenèse dirigée et d’ITC, nous avons confirmé la 

présence de trois couples clés de résidus impliqués dans des interactions électrostatiques entre 

les deux partenaires. Au cours de ces expériences nous avons pu noter que des mutations du 

VirFG NDD induisaient une structuration de ce dernier. Il devenait donc impossible de savoir 

si la perte d’affinité observée était due réellement à la mutation introduite ou à une perte de la 

capacité de ce dernier à subir une structuration induite native. Cette caractéristique est typique 

de ces protéines, puisque leur caractère désordonné est intrinsèque à leur structure primaire. 

Une mutation peut alors changer ce caractère par l’introduction d’un acide aminé dit 

« structurant » (Oldfield & Dunker, 2014). 
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 Cette nouvelle classe de DD serait présente à plusieurs autres jonctions de sous-unités 

de PKS trans-AT : par exemple, au niveau d’interfaces classiques ACP/ KS, mais aussi 

ACP/KR ou ER au niveau de modules « splités », et entre ACP et domaine de condensation 

ou d’hétérocyclisation appartenant à des modules NRPS (Dorival et al., 2016). 

Malheureusement, aucun code électrostatique clair n’a pu être mis en évidence au sein de ces 

nouvelles jonctions identifiées. Au vu de ces incertitudes et de la nature intrinsèquement 

désordonnée de certains des partenaires de cette classe, il est impossible d’envisager des 

mutations rationnelles de ces domaines dans le cadre d’expériences d’ingénierie visant à la 

communication non native de sous-unités de PKS trans-AT. L’échange direct d’un couple de 

DD appariant serait donc plus approprié que des mutations dirigées. 

 

Suite à cette publication, quatre couples de DD appartenant à la même classe que VirA 
CDD et VirFG NDD ont été mis en évidence chez la PKS synthétisant la macrolactine (Zeng, 

et al., 2016). Chez cette PKS, quatre modules « splités » sont présents. Trois d’entre eux 

consistent en une interface DH/KR, la quatrième en une interface KS/KR ; dans tous les cas, 

des DD de la famille de VirA CDD/VirFG NDD seraient présents à ces interfaces. La structure 

de l’un des domaines KR ainsi que son DD en Nter, situé à l’interface KS/KR, a été résolue par 

cristallographie à 1,72 Å de résolution (Figure 54 page 104).  
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Figure 54 : Structure de la KR Nter (en gris) de la sous-unité MlnE présentant un DD (en bleu) de la classe de 
VirA/VirFG (PDB : 5D2E). 

 

La KR présente en Nter un DD, MlnE NDD, permettant l’interaction avec son 

partenaire, MlnD CDD, situé en Cter du domaine KS de la sous unité précédente. La structure 

du MlnE NDD est identique à celle adoptée par le VirFG NDD dans le contexte de la protéine 

de fusion, bien qu’ici le partenaire du MlnE NDD soit absent (le rmsd entre les Cα des deux 

DD est de 1,16 Å). Des interactions impliquent la deuxième hélice a du DD avec des résidus 

du linker le reliant à la KR mais aussi avec des résidus du domaine. Ces interactions 

n’expliquent cependant pas à elles seules la structuration du NDD. En effet, en faisant 

apparaitre les protéines symétriques du système cristallin, nous voyons qu’une autre copie du 
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MlnE NDD entre en interaction avec celui-ci (Dorival, 2016). Ce symétrique mime la présence 

du DD partenaire et induit vraisemblablement son repliement (Figure 55 page 105). 

 

 
Figure 55 : Visualisation de la symétrie cristalline de la KR (en gris), s’homodimérisant par l’intermédiaire 
du DD (en bleu) (PDB : 5D2E). 
L’homodimérisation du DD peut expliquer sa structuration. Il faut noter que les deux hélices a de chaque 
DD se disposent de manière antiparallèle, contrairement aux DD de VirA et VirFG dont les hélices a se 
positionnent à 127°. 

 

Zeng et collaborateurs ont aussi démontré la portabilité des DD de cette famille.  Les 
CDD de ce système ont été échangés et accolés à d’autres domaines situés à l’extrémité Cter de 

leur sous-unité et ont permis la communication avec leur partenaire NDD natif (Zeng et al., 

2016). Ces résultats n’ont été obtenus que par chromatographie d’exclusion de taille, et 

demanderaient donc à être confirmés par d’autres techniques plus précises, afin de déterminer 

si l’affinité d’interaction entre les partenaires est impactée ou non. Ces résultats sont tout de 

même prometteurs quant à la possibilité d’utiliser les DD de cette famille dans les expériences 

d’échange de modules et de sous-unités chez les PKS trans-AT. Du fait que ces derniers 

soient aussi bien trouvés au niveau d’interfaces classiques (KS/ACP) qu’au niveau de 

modules « splités », la panoplie d’échanges possibles et donc de nouveaux dérivés 

polycétidiques obtenus est très large.  

Au cours de notre étude du couple VirA CDD/VirFG NDD, nous nous sommes aussi 

intéressés à replacer l’interaction de ces derniers dans leur contexte modulaire d’interaction. 

Pour ce faire, nous avons superposé deux enveloppes SAXS distinctes qui ont pour point 
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commun de comporter l’ACP5b. Nous avons pu ainsi proposer la première structure d’une 

interface entre deux sous-unités consécutives de PKS trans-AT. La première structure (KS5-

ACP5a-ACP5b-CDD) (Davison et al, 2014) montrait une forme de pince ou d’arche, dont le 

sommet est fourni par la KS homodimérique, à laquelle est accolé l’ACP5a. Les deux bras 

projetés à partir de ce sommet comprenaient un linker suivi de l’ACP5b et du CDD, qui 

semblait en excellente position, projeté vers l’extérieur, pour aller contacter son partenaire. En 

effet, en superposant la deuxième structure (ACP5b-CDD-NDD-KS6), les bras de l’arche 

accommodent parfaitement la KS6 suivie des DD en complexe. Ainsi même si les deux DD 

sont monomériques, l’interface d’interaction entre ces derniers est présente deux fois grâce à 

l’homodimérisation des KS5 et KS6. La surface totale d’interaction entre les DD est alors de 

1460 Å2, ce qui est du même ordre de grandeur que celles déterminées chez les DD de PKS 

cis-AT, qui sont comprises entre 1100 et 1800 Å2. En revanche, la disposition latérale du 

VirFG NDD par rapport à la KS6 adjacente est inhabituelle, puisque chez les PKS cis-AT le 
NDD formant un coiled-coil est projeté de manière axiale, facilitant l’ancrage du CDD et le 

transfert du polycétide de l’ACP vers la KS. 

L’interaction entre les DD assure la formation d’une structure close, en forme d’arche, 

similaire à celle adoptée par le module 5 de la pikromycine déterminée par cryo-EM (Dutta et 

al., 2014) (Figure 56 page 106).  

 
Figure 56 : Comparaison de la disposition en forme d’arche de l'interface VirA/VirFG et du module 5 de la 
pikromycine synthase (adapté de Dorival et al., 2016 et de Dutta et al., 2014). 
A gauche la reconstruction par SAXS de l’interface entre les modules 5 et 6 de la virginiamycine synthase, 
situés aux extrémités des sous-unités VirA et VirFG, respectivement. En gris, l’enveloppe SAXS moyenne 
calculée, dans laquelle est replacé un modèle par homologie des KS. A droite la structure cryo-EM du module 
5 de la pikromycine synthase, en transparent avec les structures à haute résolution positionnées au sein de la 
carte EM. 

Table S7); thus, it is not possible at present to discern a clear
“code” that drives interaction specificity. However, in no case
do the docking domain pairs from the same system have
identical sets of residues at these positions, consistent with their
potential contribution to partner choice through effects on
kon.

66,67 Similarly, the precise nature of the hydrophobic
interface residues varies between multiple docking domain
pairs from the same system (e.g., chivosazol (Chi),
oxazolomycin (Ozm), thailandamide (Tai), and enacyloxin
(5922)); thus, they may also contribute to docking specificity
through effects on kon, koff, or both (Table S7).66,67

Positioning of the Flanking ACP and KS Domains as
Determined by SAXS. The challenge of achieving specific
interactions is substantial when multiple, candidate interaction
partners have similar sequences and 3D structures, as is the case
within the C- and N-terminal docking domains from the Chi,

Ozm, enacyloxin, and Tai systems (Table S3).68 This raises the
question of whether contacts between the flanking domains and
the docking complex or direct contact between the domains
themselves also contribute to specificity as observed for cis-AT
PKSs.54 To address this issue, we aimed to identify by SAXS the
locations of the flanking VirA ACP5b and VirFG KS6 domains
relative to the docking domains. For this, we analyzed the
following constructs: VirA ACP5b-

CDD (data from ref 21), VirA
ACP5b-

CDD/VirFG NDD complex, VirA ACP5b-
CDD−VirFG

NDD (a covalent fusion between ACP5b-
CDD and VirFG

NDD), and a fusion protein spanning from ACP5b to KS6 (VirA
ACP5b-

CDD−VirFG NDD-KS6) (Figure S3); as mentioned
previously, it was not possible to investigate noncovalent
domain combinations involving VirFG NDD-KS6 (i.e., VirA
CDD/VirFG NDD-KS6 complex and VirA ACP5b-

CDD/VirFG
NDD-KS6 complex) because of aggregation. For the non-

Figure 4. Analysis of the interface between subunits VirA and VirFG by SAXS. (A) Analysis by SAXS of the VirA ACP5b-
CDD/VirFG NDD complex.

Fit between the ab initio model computed with DAMMIN42 (solid black line) and the experimental SAXS data (red dots). This analysis yielded a
molecular envelope different from that of VirA ACP5b-

CDD alone21 because density was only observed for one ACP domain (light blue) and the
docking domain complex (VirA CDD in red and VirFG NDD in dark blue). This result confirmed that docking occurs between a single copy each of
the C- and N-terminal docking domains and that ACP5b does not directly contact the complex of DDs. The presence of significant empty density
likely reflects the fact that several species are present when the docking domains form a noncovalent complex. (B) Analysis of VirA ACP5b-

CDD−
VirFG NDD by SAXS, showing the fit between the ab initio model computed with DAMMIN (solid black line) and the experimental SAXS data (red
dots). Comparison with the average molecular form shown in A demonstrates that the covalent linkage of the two docking domains leads to a more
homogeneous sample. (C) Analysis by SAXS of a covalent complex between VirA ACP5b-

CDD and VirFG NDD-KS6 (VirA ACP5b-
CDD−VirFG

NDD-KS6). Fit between the ab initio model computed with DAMMIN (solid black line) and the experimental SAXS data (red dots). A homology
model of KS6 (yellow) was placed into the average molecular envelope using SUPCOMB,43 whereas localization of the NMR structure of ACP5b

21

was based on the assumption that the domains would be situated on the extremities of the structure. The remaining electronic density could then be
assigned to the docking domain complex. Comparison with C indicates that further structuration occurs in the presence of both flanking functional
domains. (D) Model for the complete interface between subunits VirA and VirFG generated by superimposing the SAXS-derived model of the KS5-
ACP5a-ACP5b region of VirA module 5 (ref 21) (KS5 in green, ACP5a in orange) on the average molecular envelope obtained for VirA ACP5b-

CDD−
VirFG NDD-KS6. This analysis suggests that the interaction between the subunits creates a single, closed reaction chamber within module 5.
However, because the estimated distance between the ACP5b and KS6 active sites would not allow for direct chain transfer, conformational
adjustment is likely to occur in the presence of polyketide intermediate on ACP5b.
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three-dimensional maps, and structural rearrangements must occur to
alleviate these clashes (Extended Data Fig. 7a, b). Furthermore, the posi-
tion of AT5 relative to KS5 changes according to the substrate condition
of PikAIII, indicating a dynamic KS5–AT5 interface that adapts to differ-
ent states during the PikAIII catalytic cycle (see accompanying paper31).

Mutagenesis of PikAIII domain interfaces
To probe the KS5–AT5 interaction and the associated conformational
changes, we generated KS5 and AT5 mutants in PikAIII–TE (PikAIII
fused to the TE domain of PikAIV)24,25,32 and assessed their ability to
generate 10-deoxymethynolide (10-dml) (Extended Data Fig. 8a, b),
which is a natural macrolactone product of the Pik PKS24,25. PikAIII
AT5 Lys 490 and KS5 Asp 352 are near one another within the KS5–
AT5 clash zone whereas Arg 525 is outside the clash zone (Extended
Data Fig. 7b). Mutagenesis at these sites highlighted a critical role for
Arg 525, as also observed in the DEBS system33. The results suggest that
conformational changes within AT5 accompany its interaction with
KS5, whereby Arg 525 is probably crucial to the domain interface while
Lys 490 is outside the interaction zone. Furthermore, these AT5 amino
acids are near the KS5 active-site entrance in full-length PikAIII, but
far away in the excised KS–AT structures, providing further validation
of the cryo-EM structure.

Linker distance limitations suggest that each AT interacts with the KS
of the opposite chain but with the KR of the same monomer (Extended

Data Fig. 6d). The AT–KR conformation is incompatible with anchor-
ing of the post-AT linker (residues 891–903) to the side of a KS mono-
mer (Extended Data Fig. 6a), as observed in crystal structures of excised
KS–AT di-domains and mammalian FAS6,7,21,22, consistent with the
lack of any corresponding density in the cryo-EM maps. To confirm
this finding, we mutated conserved Phe 897 and Trp 903, which make
extensive KS contacts in the excised KS–AT crystal structures (Extended
Data Fig. 8b). PikAIII W903A and F897A exhibited 7% and 130% of
wild-type activity, respectively, suggesting that Phe 897 does not tether
the post-AT5 linker in the position found in the crystal structures, and
that Trp 903 may have some other important functional role. We probed
the AT5–KR5 interface (Extended Data Fig. 7c) with three single-site
substitutions, E766R and E768R in AT5 and G929E in KR5. The AT5
mutations reduced activity (77%, E766R; 45%, E768R) compared to wild
type, while the KR5 mutation had no effect, indicating that the observed
AT5–KR5 interface may not be crucial for PikAIII function (Extended
Data Fig. 8b).

KS5 active-site entrance for PikAII ACP4

To examine how the upstream ACP4 domain (PikAII module 4; Fig. 1)
docks and transfers the pentaketide intermediate to PikAIII KS5, we
created a PikAIII lacking ACP5 to allow visualization of the upstream
ACP4 without the added complexity of the intramodule ACP. Unex-
pectedly, we found that a PikAIII lacking ACP5 and its corresponding
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Figure 2 | Cryo-EM structures of holo-PikAIII. a, b, Solid rendering (a)
and transparent representations with modelled structures (b) of the cryo-EM
map of holo-PikAIII conformer I. This conformation, in which the ACP5

(orange) is near KR5, is observed in 57% of particle projections. c, Solid
rendering (left) and transparent representations with modelled structures
(right) of the cryo-EM map of holo-PikAIII conformer II. This conformation,

in which ACP5 (orange) is near AT5, is observed in 43% of particle projections.
d, Fitting of the DEBS ACP structure20 in the corresponding density of both
holo-PikAIII conformers reveals that Ser 1438 is directed away from any active
site. e, Comparison of holo-PikAIII full module and mammalian FAS22. The
KS is blue, AT is green, ACP is orange (disordered in FAS), DH is yellow, and
ER is red. Active sites are highlighted with spheres.

RESEARCH ARTICLE

5 1 4 | N A T U R E | V O L 5 1 0 | 2 6 J U N E 2 0 1 4

Macmillan Publishers Limited. All rights reserved©2014

KS5

KS6

ACP5a

ACP5b

Complexe 
VirA CDD/VirFG NDD



Discussion et perspectives 

	

 107 

Chez la virginiamycine synthase, cette disposition particulière pourrait faciliter la 

formation d’un complexe multi-enzymatique avec les protéines de la cassette de b-

méthylation intervenant au niveau des ACP du module 5. En outre, la structure apo proposée 

ici n’est pas compatible avec le transfert de la chaine polycétidique, puisque la sérine de 

l’ACP5b, portant normalement le groupement Ppant et l’intermédiaire, est séparée de 80 Å de 

la cystéine catalytique de la KS6. Ces résultats sont pourtant en accord avec les structures 

cryo-EM citées précédemment (Whicher et al., 2014) : des interactions stables entre l’ACP et 

ses partenaires ne sont observées que lorsque ce premier est modifié avec un substrat. Des 

travaux complémentaires sont actuellement en cours au laboratoire dans le but de : i) 

déterminer les changements conformationnels subis par le module 5 de la virginamycine 

synthase lorsque les ACP sont modifiés par un analogue de substrat, et ii) mieux comprendre 

les interactions entre ces derniers et les protéines de la cassette de b-méthylation.  

 

Afin d’étoffer nos connaissances sur les DD et sur les mécanismes moléculaires 

responsables de la spécificité d’interaction entre sous-unités d’un même système, nous nous 

sommes également intéressés aux six interfaces de l’enacyloxine synthase. Cette PKS est 

attrayante pour plusieurs raisons : i) le nombre relativement élevé d’interfaces (Helfrich et 

Piel, 2016 ; Medema et al., 2015), avec pour conséquence que ce système doit présenter 

plusieurs barrières moléculaires au mésappariement, ii) l’enacyloxine est une molécule 

efficace contre Acinetobacter baumanii, une bactérie pathogène responsable d’infections 

nosocomiales sévères. Malheureusement, la molécule n’est pas assez stable pour être utilisée 

en clinique (Mahenthiralingam et al., 2011). Les résultats obtenus permettraient d’envisager 

des expériences d’ingénierie visant à optimiser cette molécule. Et iii) cette PKS est un hybride 

cis- /trans-AT, le deuxième seulement mis en évidence à ce jour (Mahenthiralingam et al., 

2011), les cinq premières sous-unités étant de type cis-AT, et seule la dernière de type trans-

AT. Ainsi l’étude de ce système permettrait de mieux comprendre comment ces deux types de 

PKS, aux origines évolutives distinctes, communiquent ensemble et des hybrides pourraient 

être reproduits de manière efficace.  

Le premier travail bio-informatique n’a pas permis de déterminer de manière fiable les 

bornes des CDD potentiels : les régions en Cter du dernier domaine conservé comprenaient en 

moyenne une cinquantaine de résidus au sein desquels une à deux hélices α pouvaient se 

former. Différentes versions ont dû être testées avec leur partenaire respectif afin d’éliminer 

les versions de DD les moins probables.  
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Par la suite, plusieurs éléments caractéristiques à toutes les interfaces ont émergé. En 

utilisant une approche combinant analyse bio-informatique, CD, ITC, SLS et SAXS, nous 

avons pu mettre en évidence que tous les CDD sont monomériques, alors que tous les NDD 

sont homodimériques. Tous les CDD et tous les NDD ont aussi la capacité de se replier en 

hélices a. Ces deux caractéristiques sont présentes chez les deux classes de DD de PKS cis-

AT connues. De plus, tous les CDD présentent des pI acides alors que la majorité des NDD 

présentent des pI basiques. 

D’autre part, par CD, SAXS et RMN, nous avons pu mettre en évidence que tous les 
CDD du système sont des IDR. Il faut noter qu’ils sont tous présents au niveau de sous-unités 

PKS cis-AT, mais jusqu’alors, les IDR n’ont été confirmées que chez les PKS trans-AT et les 

NRPS (Richter et al., 2008 ; Dorival et al., 2016 ; Jenner et al., 2018). L’enacyloxine étant le 

troisième système pour lequel la présence d’IDR est confirmée, cette stratégie d’interaction 

semble donc répandue de manière importante au sein des PKS et non pas seulement chez les 

trans-AT.  

Chez les mammifères, les IDP et les IDR sont retrouvées au niveau de protéines 

impliquées dans des voies de signalisation complexes. Cette caractéristique particulière 

permet à ces protéines de pouvoir interagir de manière transitoire avec de nombreux 

partenaires (Fuxreiter et al., 2008). La région Cter de la protéine p53 adopte ainsi différentes 

conformations selon le partenaire avec lequel elle interagit (Oldfield et al., 2008). Il semble 

que le fait que les IDR puissent interagir avec plusieurs partenaires réduit intrinsèquement 

leur capacité à interagir de manière stable. Au sein des PKS, les IDR doivent garantir 

l’interaction, certes de manière transitoire, mais avec un seul partenaire spécifique.  

De manière à comprendre comment la spécificité d’interaction est garantie au sein de 

la PKS, nous nous sommes intéressés de plus près à la classe à laquelle les DD appartiennent. 

Par RMN, nous avons réussi à déterminer la structure à haute résolution de protéines de 

fusion entre les paires de DD de la première interface ainsi que de la dernière correspondant à 

l’hybride cis-/trans. Dans le premier cas, la topologie d’interaction adoptée par les partenaires 

est très proche de celle des DD de classe 2 (Whicher et al., 2013), alors que la dernière 

interface appartiendrait à la classe 1b (Buchholz et al., 2009). D’autre part, par alignements de 

séquences, nous avons pu mettre en évidence que ces deux classes, ainsi que la classe 1a, 

seraient présentes au niveau des autres interfaces. Le code électrostatique permettrait la 

discrimination entre les partenaires appartenant à la même classe, car bien que les pI des NDD 

soient globalement basiques, des variations sont tout de même à noter. Par exemple l’interface 
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5923/5922 appartiendrait elle aussi aux DD de classe 2 (Whicher et al., 2013) ou classe 2-like, 

tout comme la première interface. Cependant, dans le cas de la première interface du système, 

le 5924 NDD présente un pI de 9,7 alors que le 5922 NDD présente un pI de 5,4. Des 

interactions électrostatiques spécifiques entre partenaires doivent donc avoir lieu pour 

permettre de discriminer les appariements natifs des appariements non naturels entre DD 

appartenant à la même classe.  

 La structure RMN des DD de la première interface a d’ailleurs permis de proposer 

trois couples de résidus intervenant dans des interactions électrostatiques (Ser2622/Arg17 ; 

Glu2623/Lys32 ; Glu2620/Gln36). Nous avons donc cherché à connaître l’impact de ces 

résidus sur l’affinité d’interaction. Les trois résidus d’intérêt du NDD ont été mutés en un 

résidu de charge inverse (Glu), et en un résidu neutre (Ala). Étonnamment, aucun mutant n’a 

eu d’impact important sur le Kd. Il semblerait que l’interaction ne peut pas être disséquée en 

paires individuelles de résidus interagissant ensemble ; la spécificité d’appariement 

émergerait d’un ensemble de contacts à l’interface, ce qui la rendrait moins sensible aux 

mutations ponctuelles.  

 

Une autre barrière au mésappariement entre sous-unités de la PKS résiderait 

également dans une interface d’interaction étendue aux domaines adjacents aux DD. Ce serait 

le cas notamment au niveau du module « splité » pour lequel aucune interaction n’a pu être 

observée avec les DD seuls, mais aussi au niveau de l’interface 5922/5921 chez laquelle le 
NDD seul est monomérique contrairement aux autres NDD du système. Des études précédentes 

ont mis en évidence le rôle important des domaines ACP et KS dans l’interaction entre sous-

unités (Wu, Cane et Khosla, 2002 ; Weissman 2006a). Elles ont porté uniquement sur la 

dernière interface de l’érythromycine synthase. Il est donc important d’élargir ces premiers 

résultats à d’autres systèmes PKS de manière à préciser : les interactions mises en place entre 

les DD et leur domaine adjacent, l’impact des domaines sur le repliement des DD ainsi que 

les interfaces et résidus mis à contribution dans l’interaction entre ces domaines adjacents.  

 

L’ensemble de ces résultats démontrent que la spécificité d’interaction entre DD 

n’émerge pas seulement d’un nombre limité de contacts polaires qui peuvent être ciblés par de 

la mutagenèse dirigée. Nous confirmons grâce à cette seconde étude que cette stratégie ne 

serait pas non plus la plus adaptée pour les DD de PKS cis-AT, et ce pour deux raisons 

principales : i) les IDR semblent être également répandues au sein de ces systèmes, et ii) il est 

compliqué de déterminer un code électrostatique clair en se basant sur des alignements de 
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séquences uniquement. La stratégie la plus opportune serait donc bien d’échanger directement 

des paires natives de DD, et nous avons au cours de cette étude pu en caractériser cinq de 

plus. 

Quant à l’interface hybride cis-AT/trans-AT, la structure RMN du complexe formé 

par les DD à cette jonction révèle que ces derniers appartiendraient à la classe 1b. Grâce à une 

étude bio-informatique, nous pouvons émettre l’hypothèse que l’interface hybride caractérisée 

chez la kiromycine synthase appartiendrait à la classe 1a. Ainsi la classe 1 pourrait être 

utilisée de manière extensive afin de mettre en communication des sous-unités cis-AT avec 

des sous-unités trans-AT. 

 

 

 

Caractérisation d’une enzyme post-PKS : LkcE 

Une autre stratégie attrayante pour modifier les polycétides, consiste à utiliser des 

enzymes post-PKS. Afin d’élargir cette trousse à outils, nous nous sommes penchés sur LkcE. 

Cette enzyme est particulièrement intéressante puisqu’elle catalyse une réaction de 

macrocyclisation (réaction de Mannich intramoléculaire) couplée à une activité amide 

oxydase. Les groupements fonctionnels du substrat, amide et méthyl, reconnus par l’enzyme 

et impliqués dans la réaction, sont très répandus au sein des métabolites hybrides 

polycétide/NRP. Cette enzyme pourrait donc être exploitée de manière à circulariser de 

nouvelles molécules. 

La détermination de la structure de LkcE par cristallographie des rayons X révèle un 

homodimère. Les monomères présentent un repliement caractéristique d’amine oxydase, mais 

l’interface d’homodimération est totalement différente de ses plus proches homologues 

structuraux, les monoamines oxydases humaines A et B. Grâce à la mise au point d’un 

système cinétique couplé, les paramètres cinétiques de l’enzyme ont pu être déterminés, de 

même que les résidus importants intervenant dans la catalyse. Nous avons ainsi pu mettre en 

évidence que chez LkcE, le résidu Arg326 joue un rôle catalytique, vraisemblablement en 

stabilisant le substrat dans sa conformation pré-cyclique. Chez d’autres amine oxydases, le 

résidu en même position est compris dans l’interface d’homodimérisation. Le mode alternatif 

d’oligomérisation de LkcE aurait donc permis l’émergence de son activité macrocyclase.  

Nous avons pu obtenir une structure cristallographique d’un mutant catalytique de 

l’enzyme en présence du substrat naturel en trempant les cristaux. Les C2 et C18 du substrat, 

impliqués dans la réaction de cyclisation, y sont séparés de 13,2 Å. Cette structure obtenue   
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présenterait donc l’enzyme dans une conformation de pré-cyclisation. Cette dernière devrait 

subir un changement conformationnel important afin de rapprocher les deux fonctions. Au 

contraire des amine oxydases, le domaine de fixation du cofacteur FAD de LkcE n’est pas 

impliqué dans cette interface, ce qui laisserait de la liberté aux monomères de subir ce 

changement conformationnel. Malheureusement nous n’avons jamais réussi à co-cristalliser le 

mutant catalytique en présence du substrat en raison de l’instabilité des cristaux. Des 

expériences de dynamiques moléculaires restent à être menées afin d’élucider cet aspect 

important de la catalyse. 

D’autre part nous avons pu mettre en évidence que LkcE est capable d’accommoder 

plusieurs substrats présentant des variations au niveau des carbones C6 et C7. Nous avons 

démontré que l’enzyme est aussi capable de fixer les analogues structuraux du substrat naturel 

qui sont d’un poids moléculaire bien moindre. Ces résultats sont très encourageants mais des 

études complémentaires visant à cartographier plus précisément la spécificité de substrat de 

cette enzyme seront nécessaires pour pouvoir l’utiliser dans des voies de synthèses de 

nouveaux composés. 

 Ainsi nos données supportent que LkcE et son activité particulière d’amide 

oxydase/macrocyclase auraient émergé au cours de l’évolution via la mise en place d’un 

mode d’homodimérisation alternatif à partir d’une enzyme ancestrale de type monoamine 

oxydase. Ces résultats seront utiles dans l’avenir pour favoriser des efforts de modification 

des sites actifs enzymatiques existants afin de catalyser des nouvelles réactions. 
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Les polycétides sont des métabolites secondaires produits par divers organismes et présentant un large 
spectre d'activité thérapeutique. L'organisation modulaire des enzymes responsables de leur synthèse, les 
polycétides synthases (PKS), en font des cibles attrayantes pour la biologie synthétique visant l'obtention de 
nouvelles structures de polycétides. L’une des stratégies les plus prometteuses à ce jour consiste à échanger des 
sous-unités entières entre différents systèmes PKS. Cependant, le succès de cette stratégie dépend essentiellement 
de la compréhension et de l’utilisation des domaines de docking. Ces petits éléments structuraux, situés aux 
extrémités C- et N-terminales des sous-unités de PKS, sont responsables de leur bon appariement et donc du 
transfert correct de l’intermédiaire polycétidique. Pour approfondir nos connaissances sur les DD, nous avons 
étudié plusieurs interfaces entre sous-unités de PKS trans-AT et cis-AT. Ces travaux ont notamment conduit à 
l'identification de la première classe de DD chez les PKS trans-AT, et nous avons pu caractériser une interface 
complète, formée entre deux sous-unités consécutives au sein de la PKS virginiamycine. De plus, nous avons 
montré qu’au moins un des DD de paires appariées est souvent une région intrinsèquement désordonnée (IDR), ce 
mode de reconnaissance permet d’assurer une interaction spécifique couplée à une affinité moyenne. En effet, 
chez l’enacyloxine synthase, une PKS hybride cis-AT/trans-AT, les six interfaces de docking sont médiées par 
une IDR C-terminal. En outre, nous avons démontré que ce système présentait plusieurs classes structurales de 
DD, mais que des variations du code électrostatique au sein d’une classe individuelle pouvaient également être 
utilisées pour garantir la spécificité. Ensemble, ces résultats fournissent des indications importantes pour les 
futures tentatives d’utilisation des DD en ingénierie des sous-unités de PKS. 

Une autre stratégie innovante permettant d’obtenir de nouveaux dérivés polycétidiques, consiste à utiliser 
des enzymes post-PKS. Ces dernières modifient de manière extensive l’intermédiaire et lui confèrent bien souvent 
son activité biologique. Dans ce contexte, nous avons étudié LkcE, une enzyme bi-fonctionnelle qui catalyse une 
réaction rare d’oxydation d’amide, suivie d’une réaction de Mannich intramoléculaire. Nous avons résolu quatre 
structures cristallographiques de l’enzyme et ces données couplées aux études cinétiques, nous ont permis de 
proposer un mécanisme catalytique détaillé pour LkcE, impliquant un changement conformationnel à grande 
échelle de l'enzyme pour amener le substrat à une conformation de pré-cyclisation. De plus, nous avons démontré 
que LkcE possède une certaine tolérance vis-à-vis de la structure de son substrat, suggérant son utilité comme 
catalyseur général de cyclisation/ligation en biologie synthétique et synthèse chimique. 
 
Mots clés : polycétide, polycétide synthases, domaines de docking, enzymes post-PKS, RMN, SAXS. 
 

 
Complex polyketides are secondary metabolites which are produced by a range of different organisms, 

and which present a broad spectrum of therapeutic activity. The modular organization of the enzymes responsible 
for their synthesis, the polyketide synthases (PKS), makes them attractive targets for synthetic biology aimed at 
obtaining new polyketide structures. One of the most promising strategies to date consists in swapping of whole 
sub-units between different PKS systems. However, the success of this strategy critically depends on 
understanding and exploiting ‘docking domains’ - the protein sequences at the C- and N-terminal extremities of 
the subunits which are responsible for correctly ordering the polypeptides, and therefore for faithful chain transfer. 
To increase our knowledge of DDs, we investigated several interfaces in both trans-AT and cis-AT PKSs. This 
work led notably to the identification of the first family of DDs from trans-AT PKSs, and we were further able to 
characterize a complete interface formed between two consecutive subunits within the virginiamycin PKS. In 
addition, we showed that at least one DD of matched pairs is often an intrinsically disordered region (IDR), as this 
type of interaction motif allows for specific but medium affinity contacts. Indeed, in the enacyloxin hybrid cis-
AT/trans-AT PKS which we also investigated extensively, docking at every interface is mediated by a C-terminal 
IDR. In addition, we demonstrated that multiple structural classes of DD are present within the system, but that 
variations of the electrostatic ‘code’ within an individual structural class can also be used to ensure specificity. 
Taken together, these results provide important guidelines for future attempts to deploy DDs in subunit 
engineering.  

Another attractive target for synthetic biology are the so-called ‘post-PKS’ enzymes, which chemically 
decorate the initially-formed structure, and are often essential for their bioactivity. In this context, we studied 
LkcE, a bi-functional enzyme that catalyzes a rare amide oxidation followed by an intramolecular Mannich 
reaction to yield the lankacidin macrocycle – both to understand its unusual mechanism and to evaluate its 
suitability as a general polyketide modifying enzyme. We solved four crystal structures of the enzyme, and 
characterized it kinetically. Together, our data allowed us to propose a detailed catalytic mechanism for LkcE, 
involving a large-scale conformational change of the enzyme to bring the substrate into a cyclisation-ready state. 
Moreover, we showed that LkcE displays a certain tolerance toward its substrate structures, suggesting its 
usefulness as a general catalyst for cyclisation/ligation reaction in synthetic biology and chemical synthesis. 
 
Key words: polyketide, polyketide synthases, docking domains, post-PKS enzymes, NMR, SAXS. 
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