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Essential in Streptomyces
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Homologous recombination is a crucial mechanism that repairs a wide range of DNA lesions, including the most deleterious
ones, double-strand breaks (DSBs). This multistep process is initiated by the resection of the broken DNA ends by a multisub-
unit helicase-nuclease complex exemplified by Escherichia coli RecBCD, Bacillus subtilis AddAB, and newly discovered Myco-
bacterium tuberculosis AdnAB. Here we show that in Streptomyces, neither recBCD nor addAB homologues could be detected.
The only putative helicase-nuclease-encoding genes identified were homologous to M. tuberculosis adnAB genes. These genes are
conserved as a single copy in all sequenced genomes of Streptomyces. The disruption of adnAB in Streptomyces ambofaciens and
Streptomyces coelicolor could not be achieved unless an ectopic copy was provided, indicating that adnAB is essential for growth.
Both adnA and adnB genes were shown to be inducible in response to DNA damage (mitomycin C) and to be independently
transcribed. Introduction of S. ambofaciens adnAB genes in an E. coli recB mutant restored viability and resistance to UV light,
suggesting that Streptomyces AdnAB could be a functional homologue of RecBCD and be involved in DNA damage resistance.

Cells are under constant genotoxic pressure from both endog-
enous and exogenous sources. DNA damage needs to be re-

paired to avoid the formation of deleterious mutations, abortion
of replication, and lethal chromosomal breakage. Homologous
recombination (HR) is a crucial mechanism that repairs a variety
of DNA lesions, including DNA double-strand breaks (DSBs),
single-strand DNA gaps, and interstrand cross-links.

DSBs are probably the most deleterious DNA damage that a
cell can encounter. They are induced in cells by physical agents
such as ionizing radiation or UV light, chemical agents, and nat-
ural products such as mitomycin C (MMC) or bleomycin. DSBs
also result from replication fork collapse during chromosomal
replication (1). The failure to repair DSBs can lead to cell death
and, in the case of disrepair, can trigger large-scale chromosome
rearrangements, favoring the generation of genetic diversity.

In bacteria, DSBs are for the most part processed through HR,
which requires a homologous DNA template to carry out faithful
repair of the damaged DNA duplex. In intensively replicating cells
(vegetative growth phase) or immediately after the passing of the
replication fork, the sister chromatid can be used as an intact
template. In nonreplicating phases, such as late stationary phase
or in spores (which contain a single copy of the chromosome),
DSBs are more likely repaired by an illegitimate repair pathway.
Indeed, illegitimate recombination (IR) does not require an intact
homologous sequence but as a consequence has reduced fidelity.

The involvement of DSB repair by HR in a range of fundamen-
tal cellular processes (e.g., chromosome integrity, replication, seg-
regation, etc.) reveals that HR is conserved in all living organisms.
The initiating step of the repair mechanism consists of the resec-
tion of the DSB end to generate a 3= single-stranded tail onto
which a synaptic protein (e.g., RecA in bacteria, RAD51 in hu-
mans) is loaded to form a nucleoprotein filament. The nucleopro-
tein filament will be used to perform homology search and strand
invasion within a homologous DNA sequence. Subsequently, re-
solvase activity releases two intact DNA duplexes.

The end resection step is performed by a multisubunit heli-

case-nuclease complex, such as RecBCD in Escherichia coli (2, 3)
and AddAB in Bacillus subtilis (4–6). In E. coli, defects in recB or
recC impair HR, reduce cell viability, and increase sensitivity to
DNA-damaging agents (7–9). In B. subtilis, a defect in AddAB
moderately decreases DSB repair efficiency (10). RecBCD and
AddAB are functional homologues, given that heterologous ex-
pression of B. subtilis AddAB restores cell viability, the ability to
repair UV-damaged DNA, and recombination in the E. coli
recBCD null mutant (11). Examination of the phylogenetic distri-
bution of RecBCD and AddAB revealed that one or both of the
complexes are encoded in the majority of sequenced bacterial ge-
nomes (12). Using a proteomic approach, Sinha et al. (13) uncov-
ered a new heterodimeric DNA motor-driven nuclease complex
called AdnAB (ATP-dependent nuclease) in Mycobacterium smeg-
matis. This is the third helicase-nuclease complex identified that
has been shown to be involved in DSB repair, as an M. smegmatis
adnAB-null mutant is hypersensitive to ionizing radiation (14).

Although all three of these helicase-nuclease enzymes appear
to be involved in DSB repair in their respective context, they differ
in distribution of the functional domains (helicase motor and
nuclease domains within the different subunits of the complex).
RecBCD is composed of two helicase motor domains carried by
RecB and RecD (15, 16) and one nuclease domain located at the C
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terminus of RecB. For its part, AddAB possesses a single helicase
motor at the N terminus of the AddA subunit, plus two distinct
RecB-like nuclease domains located at the C terminus of AddA
and AddB (6). The AdnA and AdnB subunits are each composed
of an N-terminal UvrD-like motor domain and a C-terminal
RecB-like nuclease domain (13).

In E. coli and B. subtilis, an alternative pathway (the RecFOR
pathway) can substitute for RecBCD and AddAB, respectively, in
the end resection step. In RecBCD-deficient E. coli cells, the
RecFOR pathway, known to be involved in single-strand-break
repair, can compensate for the RecBCD defect and promote re-
combinational DSB repair (8, 17–19). This pathway combines the
single-strand DNA exonuclease RecJ, the RecQ helicase, and the
RecF, RecO, and RecR proteins that act together to promote load-
ing of RecA onto single-stranded DNA. In B. subtilis, genetic stud-
ies revealed that addAB or �recJ mutations moderately impact
DSB repair, whereas the addAB �recJ double mutation has a syn-
ergistic negative effect (10).

In mycobacteria, both AdnAB and RecBCD complexes cohab-
it: while AdnAB is required for HR (14), the RecBCD complex is
involved in a RecA-independent illegitimate recombination path-
way called single-strand annealing (SSA) (20). Moreover, the
RecFOR pathway is absent, since neither RecJ nor RecQ has been
identified in mycobacterial genomes thus far (21).

Streptomyces are actinobacteria that are well known for their
high genetic plasticity (22, 23), yet their recombination pathways
remain poorly understood. Streptomyces are Gram-positive soil
bacteria possessing a large linear chromosome (24) showing a re-
markable genetic organization. While the central region is highly
syntenic at the intraspecific level and gathers the essential genes,
the terminal parts are variable and prone to chromosomal rear-
rangements affecting several hundreds of kilobases under labora-
tory conditions. Interestingly, comparative genomics reveals that
synteny in the terminal regions does not abruptly stop but rather
fades progressively toward the terminal regions. This degenerated
synteny consists of the accumulation over evolutionary times of
insertions and deletions (indels) that follows an increasing gradi-
ent toward the chromosomal ends (25). This phenomenon can be
put into perspective with the recent report of high intraspecies and
interspecies HR levels within Streptomyces revealed by multilocus
sequence analysis (MLSA) (26). Further, the intraspecies recom-
bination rate exceeded the interspecies rate by 2 orders of magni-
tude, supporting the possibility that gene exchange and recombi-
nation may have shaped the genome of streptomycetes. These
genomic characteristics prompted us to investigate HR in Strepto-
myces and to search for helicase-nuclease-encoding genes and
their involvement in survival, recombination, and DNA repair
pathways.

MATERIALS AND METHODS
Bacterial strains and media. The strains and plasmids used in this study
are listed in Table 1. The DH5� E. coli strain was used as a cloning host for
plasmid construction. E. coli ET12567/pUZ8002 and S17-1 are the non-
methylating plasmid donor strains used for intergeneric conjugation with
Streptomyces ambofaciens and Streptomyces coelicolor. The E. coli strains
JJC40 and JJC315 used for nuclease activity, cell viability, and UV sensi-
tivity assays were kindly provided by Bénédicte Michel (CNRS, Gif-sur-
Yvette, France). All E. coli strains were grown in Luria-Bertani (LB) broth
at 37°C, with the exception of strain DY330, used for PCR targeting, which
was grown at 30°C and transferred to 42°C for 17 min before transforma-
tion with linear DNA (27). Soya flour mannitol (SFM) agar medium was

used for Streptomyces sporulation, and liquid Hickey-Tresner (HT) me-
dium was used for growth of mycelia for RNA extraction (28). When
appropriate, antibiotics were added to the media at concentrations of 50
�g · ml�1 kanamycin, 50 �g · ml�1 apramycin, 100 �g · ml�1 puromycin,
25 �g · ml�1 nalidixic acid, and 12 �g · ml�1 tetracycline.

Plasmid constructions. The pNSV005 plasmid was designed for the
deletion of S. ambofaciens adnAB: the adnAB flanking regions were am-
plified by PCR. The 5= and 3= regions were amplified from S. ambofaciens
ATCC 23877 genomic DNA by PCR. The two PCR fragments were cloned
into the pGEM-T Easy vector and then released by HindIII/EcoRV or
EcoRV/NheI digestions. The excisable cassette att3-aac conferring apra-
mycin resistance was excised from pOSV234 (29) by EcoRV digestion.
The above-mentioned three fragments were simultaneously ligated with
the HindIII/NheI-digested vector pWED2 (30), which confers puromycin
resistance to generate an adnAB deletion vector.

Derivatives of the 2St3B6 cosmid carrying a Tn5062 insertion (31) in
either the adnA or adnB gene were purchased from Paul Dyson, Univer-
sity of Swansea (http://strepdb.streptomyces.org.uk). These cosmids were
used for adnA and adnB inactivation attempts in S. coelicolor.

TABLE 1 Bacterial strains and plasmids used in this study

Strain or plasmid Relevant characteristic(s)
Source or
reference

Streptomyces
S. ambofaciens ATCC

23877
Used as wild-type strain 51

S. coelicolor A3(2) Used as wild-type strain 52

E. coli
DH5� F� �dlacZ�M15 endA1 supE44

thi-1 recA1 relA1 gyrA96 deoR
nupG �(lacZYA-argF)U169
�� hsdR17(rK

� mK
�) phoA

relA1

53

DY330 W3110 �lacU169 gal490 �cI857
�(cro-bioA)

27

ET12567/pUZ8002 dam-13::Tn9 dcm cat tet hsdM
hsdR zjj-201::Tn10 tra neo RP4

54, 55

S17-1 recA pro hsdR RP4–2-Tc::Mu
Km::Tn7

56

JJC40 leu6 his4 argE3 lacY1 galK2 ara14
xyl5 mtl1 tsx33 rpsL31 supE44
hsdR

Provided by B.
Michel
(CNRS)

JJC315 JJC40 derivative
recB268::Tn10(Tet)

BACs and plasmids
BAB15E8 Resource of adnAB locus for

construction of
pSET152-adnAB

25

pSET152 Integrative vector for
actinomycetes; oriT(RK2), int
and attP(�C31), acc(3)IV

57

pSET153 pSET152 derivative containing
neo instead of acc(3)IV

This work

pSET152-adnAB pSET152 derivative containing
the adnAB locus

This work

pSET153-adnAB pSET152-adnAB derivative
containing neo instead of
acc(3)IV

This work

pIJ6902-LCN pIJ6902 derivative Unpublished
data

pIJ6902-LCN-adnAB pIJ6902-LCN derivative
containing adnAB

This work
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For Streptomyces complementation experiments, the S. ambofaciens
adnAB locus, including its own promoter, was isolated as a 11.4-kb NcoI
fragment from a recombinant bacterial artificial chromosome (BAC) and
cloned in pSL1180 (32). The locus was then excised as an XbaI/EcoRI
fragment to be inserted into pSET152 and to yield pSET152-adnAB. A
kanamycin-resistant version of pSET152 called pSET153 was constructed
by replacement of the acc(3)IV gene by the neo gene from supercos1 (Agi-
lent Technologies).

For E. coli complementation experiments, pIJ6902-LCN (unpub-
lished), a low-copy-number plasmid derived from pIJ6902 (33), was used
as a cloning vector. In plasmid pIJ6902-LCN, the high-copy-number
pMB1 origin was replaced by the low-copy-number replication origin of
the F factor (derived from the pBeloBAC11 vector). In order to avoid
amplification of the long GC-rich fragment, including the adnAB genes
(7.6 kb), we opted for the replacement of the sequence of pSET153 by
pIJ6902-LCN in the pSET153-adnAB construct by using a PCR targeting
procedure. By this approach, the adnAB genes were placed immediately
downstream of the pTipA promoter, which was shown to be expressed in
E. coli in our previous work (unpublished data).

Genetic procedures. Plasmids, BACs, or cosmids were introduced
into S. ambofaciens and S. coelicolor strains by intergeneric conjugation
with E. coli ET12567/pUZ8002 or S17-1 (28). Single-crossover exconju-
gants leading to integration of the deletion construct into the chromo-
some were selected on plates containing apramycin. Double-crossover
exconjugants leading to gene replacement and concomitant loss of the
cloning vector were then screened for puromycin or kanamycin sensitivity
according to the vector used (pNSV005 or 2St3B6 derivatives). Replace-
ment events were confirmed by PCR. The frequencies of a second cross-
over were calculated from three independent experiments. P values were
calculated by using the chi-square test.

Complemented E. coli strains were obtained by transformation of
JJC315 with pIJ6902-LCN-adnAB.

RNA isolation and quantitative RT-PCR. Pregerminated spores (28)
of S. ambofaciens ATCC 23877 were grown until an optical density at 600
nm (OD600) of 	0.2 was reached in HT liquid medium. RNA was har-
vested from cell aliquots treated with 1 �g · ml�1 mitomycin C (MMC) for
30 min. Total RNA was isolated from the harvested cells using the Aurum
total RNA minikit (Bio-Rad). Reverse transcription (RT) reactions were
performed using 1 �g of RNA and an iScript advanced cDNA synthesis kit
from Bio-Rad according to the manufacturer’s instructions. After quan-
titative RT-PCR was carried out on cDNA from each condition using iQ
SYBR green supermix from Bio-Rad for each PCR, normalization of gene
expression was achieved using hrdB as a reference. Primers and their po-
sitions in the target sequences are given in Table S1 in the supplemental
material.

UV sensitivity and viability assays. Overnight cultures of E. coli were
diluted at 1:100 into fresh LB medium with appropriate antibiotics and
grown to an OD600 of 	0.3. After dilution in 100 mM phosphate buffer
(pH 7.0), 100 �l of the 10�3 dilution was spread on LB plates. Plates were
irradiated with 0, 10, or 30 J · m�2 using a 254-nm UV light delivering 1
J · m2 · s�1 and then incubated for 24 h at 37°C in the dark to avoid
photoreactivation. Survival was determined as the number of CFU after a
given UV dose divided by the CFU of nonirradiated cells. Cell viability was
defined, in the absence of stress, as the ratio of CFU per ml to the expected
cell number per ml as estimated by OD600 measurement.

Cell extract preparation and nuclease activity assay. E. coli bacteria
were harvested from an overnight culture and resuspended in a lysis buf-
fer containing 1 mM dithiothreitol (DTT), 1 mM EDTA, 0.05 M Tris (pH
8), and 1 mg · ml�1 lysozyme. Cell extracts were obtained after sonication.
Nuclease activity assay mixtures contained 50 mM Tris-HCl (pH 8), 10
mM MgCl2, 50 �M ATP, 200 ng linear DNA (a 3,734-bp PCR product),
and 1 �g cell extract, and the mixtures were incubated at 37°C for 0 h, 1.5
h, and 3 h. After electrophoretic separation and ethidium bromide stain-
ing, the intensity of each DNA band was estimated using ImageJ (http:
//rsb.info.nih.gov/ij/).

RESULTS AND DISCUSSION
AdnAB is predicted to be the only helicase-nuclease activity in
Streptomyces. Twenty complete Streptomyces genomes were
searched for genes encoding helicase-nuclease activity. BLASTP
searches confirmed a previous report (21) that no homologues for
RecB, RecC, AddA, and AddB are present in Streptomyces. A weak
homologue of RecD with partial amino acid identities was identi-
fied using Rv0629c (575 amino acids [aa]) encoding the RecD
homologue of M. tuberculosis as the query sequence (36% aa iden-
tity over 73% of the protein length). This suggests the absence of a
RecBCD-like and an AddAB-like helicase-nuclease complex in
Streptomyces. Furthermore, searches for the RecQ-RecJ helicase-
nuclease complex, known to carry out DNA end resection in the
absence of RecBCD and AddAB in E. coli and B. subtilis, respec-
tively (10, 34), resulted in the identification of a sole RecQ homo-
logue in Streptomyces. In the absence of the RecJ component (ex-
onuclease activity), this pathway is not expected to be functional.

In contrast, Streptomyces genomes showed the presence of
genes encoding homologues of AdnA (Rv3202c) and AdnB
(Rv3201c) from M. tuberculosis (complex called MtuAdnAB),
with 35 to 40% amino acid identities (Table 2). Between Strepto-
myces species, AdnA-like and AdnB-like proteins are highly con-

TABLE 2 AdnAB in Streptomyces and other actinomycete sequenced
genomesa

Species and strain

Locus tag for sequence

AdnA AdnB

Streptomyces avermitilis MA-4680 SAV_3077 SAV_3076
Streptomyces bingchenggensis BCW-1 SBI_04047 SBI_04046
Streptomyces cattleya NRRL 8057

(
DSM 46488)
SCAT_4044 SCAT_4047

Streptomyces coelicolor A3(2) SCO5183 SCO5184
Streptomyces flavogriseus ATCC 33331 Sfla_2108 Sfla_2107
Streptomyces griseus subsp. griseus

NBRC 13350
SGR_2342 SGR_2341

Streptomyces scabiei 87.22 SCAB_30771 SCAB_30761
Streptomyces sp. SirexAA-E SACTE_4413 SACTE_4414
Streptomyces violaceusniger Tu 4113 Strvi_1501 Strvi_1502
Streptomyces clavuligerus ATCC 27064 SCLAV_4047 SCLAV_4048
Streptomyces lividans TK24 SLI_5469 SLI_5470
Streptomyces davawensis JMC 4913 BN159_3205 BN159_3204
Streptomyces collinus Tu 365 B446_24410 B446_24415
Streptomyces hygroscopicus subsp.

Jinggangensis TL01
SHJGH_6050 SHJGH_6052

Streptomyces hygroscopicus subsp.
Jinggangensis 5008

SHJG_6289 SHJG_6291

Streptomyces fulvissimus DSM 40593 SFUL_4994 SFUL_4995
Streptomyces albus J1074 XNR_1620 XNR_1619
Streptomyces sp. PAMC26508 F750_4709 F750_4710
Streptomyces venezuelae ATCC 10712 SVEN_4833 SVEN_4835b

Streptomyces rapamycinicus NRRL 5491 M271_51085c M271_18000
Saccharopolyspora erythrea NRRL2338 SACE_1077 SACE_1078
Rhodococcus erythropolis PR4 RER_22180 RER_22190
Frankia sp. CcI3 Francci3_3800 Francci3_3799
a Threshold e-value, �10�20 for AdnA and �10�40 for AdnB.
b The aa identity with AdnB starts in SVEN_4835 and ends in SVEN_4836 (including
the nuclease motif). The multiple homopolymers present in this region may contain a
sequence error resulting in the predicted frameshift. Thus, these two coding sequences
may form a single one.
c M271_51085 of S. venezuelae includes a stretch of undetermined nucleotides
interrupting the AdnA homologue.
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served (from 72% to 95% when using the S. ambofaciens gene
products as references), and the amino acid identities tend to re-
flect the phylogenetic relationships. These two proteins will be
here called AdnA and AdnB. The level of amino acid identity of
Streptomyces AdnA and AdnB proteins with those of other actino-
mycetes (Saccharopolyspora erythraea, Rhodoccocus erythropolis,
and Frankia sp.) falls below 50%. In all Streptomyces species, with
the exception of Streptomyces cattleya and Streptomyces venezu-
elae, the genes encoding the AdnA and AdnB homologues are
adjacent and show the same transcriptional orientation (Fig. 1), as
in Mycobacterium species (13). In S. cattleya and S. venezuelae, a
single putative gene of 702 and 834 nucleotides, respectively, is
inserted between the adnA and adnB genes.

Streptomyces AdnAB proteins share structural similarities with
MtuAdnAB (13) and with other actinomycete AdnAB homo-
logues (see Fig. S1 in the supplemental material): all Streptomyces
AdnA and AdnB proteins possess the 8 helicase motifs (I, Ia, II to
VI, and Q) (35, 36) in the N-terminal domain as well as the 3
motifs of the RecB nuclease active site in the C-terminal domain
(37, 38). These data strongly suggest that Streptomyces AdnA and
AdnB both contain an N-terminal UvrD-like motor domain and a
C-terminal RecB-like nuclease domain, as in MtuAdnAB (13).
Hence, in the absence of all other reported complexes (i.e.,
RecBCD, AddAB, and RecQ-RecJ), AdnAB may be the only DNA
end-processing helicase-nuclease in Streptomyces.

The adnAB locus is essential in Streptomyces. DNA end resec-
tion deficiency has a significant impact on bacterial cell viability
and growth: E. coli recBC recJ (39, 40) and B. subtilis addAB �recJ

double mutants (10) are deeply affected, and the Acinetobacter
baylyi �recBCD �recJ double mutant is not viable (41).

Hence, a strategy of deletion of the adnAB locus of S. ambofa-
ciens was developed to assess the consequence of AdnAB defi-
ciency on growth and survival against DNA-damaging agents. The
aac(3)IV gene conferring apramycin resistance that is bordered by
the 5=-end-flanking region (region U [upstream], 1,501 nt) and
3=-end-flanking region (region D [downstream], 1,790 nt) of the
adnAB locus was inserted in the suicide plasmid pWED2 (carrying
the pac gene, conferring resistance to puromycin). Apramycin-
and puromycin-resistant (Aprar Purr) clones resulting from inte-
gration via a single crossover could be easily selected, and PCR
analysis showed that this crossover occurred evenly in U and D
regions. Therefore, there was no obstacle to a crossover event in
either of the two regions, and the length of the regions was fully
sufficient to support HR. In contrast, deletion of the adnAB locus
by the formation of a second crossover (in the U region when the
deletion cassette was initially inserted via the D region or vice
versa) giving rise to Aprar Purs clones could not be obtained. For-
mally, no Aprar Purs clones could be found among 386 and 366
derivatives of 3 independent clones harboring the deletion con-
struct in the U and D region, respectively.

In order to determine whether the failure to obtain adnAB gene
replacement in S. ambofaciens results from the lethality of the
adnAB deletion, an integrative plasmid (pSET153, conferring re-
sistance to kanamycin) carrying an intact copy of the adnAB locus
(as an 11.4-kb DNA fragment; see Materials and Methods) was
inserted into the �C31 phage integration site of the chromosome.
This insertion was carried out in strains harboring the adnAB
deletion construct inserted by single crossover in the U or D re-
gion (3 strains for each). In the presence of this ectopic copy of
adnAB, double crossovers resulting in Aprar Purs Kanr clones were
selected at high frequencies. The loss of the puromycin resistance
gene corresponding to the formation of the second crossover was
observed at similar frequencies from strains with U (420 of 1,314
colonies tested, 32%) and D (464 of 1,472 colonies tested, 31.5%)
region insertions and was confirmed by PCR analyses. The obser-
vation that the double crossover could be selected only in the
presence of an ectopic extra copy of the adnAB genes indicates that
the adnAB locus is essential in S. ambofaciens.

Similar experiments were carried out in the closely related
strain S. coelicolor A3 (2). For this purpose, recombinant cosmids,
including the adnAB locus interrupted by the Tn5062 transposon
(in either adnA or adnB), were used in attempts to replace the
adnA and adnB genes independently. Again, while single-cross-
over events resulting in Aprar Kanr clones were scored at high
frequencies, no gene replacement by double crossover could be
selected (Aprar Kans). In these experiments, the homologous up-
stream and downstream regions were at least 15 kb long and were
thus obviously sufficient to support HR. From these data, we can
conclude that both adnA and adnB are essential for viability, since
this strategy targeted either open reading frame independently.
The possibility that adnA mutation could have polar effects on
adnB gene expression was excluded, since these two genes are
independently transcribed (see below).

This essential nature of adnAB in Streptomyces is in contrast to
all the other bacterial species investigated so far. Hence, the E. coli
recBCD mutant, B. subtilis addAB mutant, and A. baylyi �recBCD
mutant are viable, probably as a result of the presence of alterna-
tive helicase-nuclease activities (e.g., RecJ/Q). E. coli recBC recJ

FIG 1 Organization of the adnAB locus in some actinomycetes. Putative pro-
moter motifs are represented by arrows in front of both adnA and adnB genes
of S. coelicolor (Sco), S. ambofaciens (Sam), M. tuberculosis (Mtu), Rhodococcus
erythropolis (Rer), and Frankia sp. (Fra). The boldface nucleotides correspond
to the strictly defined positions described by Gamulin et al. (5=-TGTC-12nt-
TAnnnT-3=) (44). The distances between putative promoter motifs, indicated
as n(number of nucleotides), and predicted start codons are indicated at the
beginning of each arrow symbolizing the genes. The presence or absence of
intergenic space is also indicated by a straight line between the arrows or by
overlapping arrows, respectively.
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and B. subtilis addAB �recJ mutants are still viable although dras-
tically impaired in growth, which suggests that they contain addi-
tional back-up systems. This is consistent with the lethality of E.
coli recD recJ mutants in which additional mutations in the exo-
nuclease I-encoding gene (xonA) and the exonuclease VII-encod-
ing gene (xseA) are introduced (42). While an xseA homologue is
found in S. ambofaciens and S. coelicolor genomes, it clearly does
not provide the same back-up activity.

adnAB expression is induced in response to genotoxic
agents. The adnAB genes of M. tuberculosis were shown to be
induced (9-fold) in response to MMC, a DNA-damaging agent
causing genotoxic stress (43). In order to test whether adnAB
genes are induced by DNA damage in Streptomyces, the level of
expression of adnAB was measured by quantitative RT-PCR in
response to MMC. The recA gene involved in the positive regula-
tion of the SOS system in bacteria was chosen as a positive control
in these experiments. The hrdB gene was used for normalization of
gene expression levels. As expected, induction of recA was ob-
served after exposure to 1 �g · ml�1 MMC (about 20-fold). Under
the same conditions, a significant induction of about 4-fold was
observed for both adnA and adnB genes (Fig. 2). In order to es-
tablish whether adnA and adnB constitute an operon, the tran-
scription of the intergenic sequence (250 bp) was assessed in the
presence or absence of MMC. No transcript was observed, indi-
cating that both genes were independently expressed.

Consistent with these data, we could identify putative motifs
upstream of both genes that strongly resemble the consensus pro-
moter sequence 5=-tTGTCRgtg-8nt-TAnnnT-3= (where upper-
and lowercase letters correspond to conserved and variable nucle-
otide positions, respectively) described by Gamulin et al. (44) in
M. tuberculosis. This promoter motif was involved in the RecA-
independent inducible response to DNA-damaging agents
(MMC) (43, 44). In our analysis, a sequence approaching this
consensus can be found just upstream of the translation start
codon of both adnA and adnB (6 and 7 nucleotides, respectively)
(Fig. 1). This promoter motif was also detected upstream of adnA
in Frankia sp. and of adnA and adnB in Rhodococcus erythropolis,
both actinomycetes. Interestingly, the promoter motifs are posi-
tioned only 7 nucleotides upstream from the predicted transla-
tional start codon of adnB in both S. coelicolor and S. ambofaciens,
suggesting that these genes may be leaderless genes that are wide-
spread in actinobacteria (45).

Phenotypic characterization of a Streptomyces mutant carry-
ing two adnAB copies. S. ambofaciens and S. coelicolor strains con-
taining two copies of the adnAB locus were obtained during this
work and were exploited to assess the impact of adnAB overex-
pression. S. ambofaciens harboring two copies of adnAB exhibited
a colonial phenotype typical of genetic instability, i.e., with a high
frequency of unpigmented papillae on bacterial colonies (Fig. 3A)
(46). Colonies of S. coelicolor strains harboring two copies of the
adnAB locus showed a marked impairment of their development
(Fig. 3B). Furthermore, a small but reproducible increase in sen-
sitivity to MMC was noticed in S. ambofaciens clones harboring
two adnAB loci (not shown). Quantitative RT-PCR analysis
showed that the presence of two copies of adnAB was associated
with 6- and 3-fold increases in transcript quantity for adnA and
andB, respectively, compared to the wild-type (WT) context.
Therefore, the observed phenotypes may result from the modula-
tion of the homeostasis of helicase-nuclease cellular activity. The
excess of nuclease activity may be harmful and lead to an unex-
pected degradation of DNA during chromosomal replication, af-
fecting cell growth. In the same way, genome instability and sen-
sitivity to genotoxic agents may result from impairment of the HR
process. A parallel could be drawn with E. coli, where overexpres-
sion of recBCD reduces resistance to UV exposure (47).

Streptomyces adnAB restores survival and UV light resis-
tance to E. coli recB. In E. coli, RecBCD (exonuclease V) is crucial
for the initiation of HR at DNA double-strand ends, and its ab-
sence leads to a drastic decrease in survival compared to that of the

FIG 2 Induction of adnAB by exposure to mitomycin C. Quantitative RT-
PCR experiments were carried out to test the induction of adnA and adnB in
response to MMC. S. ambofaciens cultures were exposed to MMC (1 �g · ml�1)
or not exposed for 30 min. recA served as a positive control. hrdB was used for
normalization as a reference gene. This experiment was performed in tripli-
cate.

FIG 3 Phenotypes of Streptomyces harboring two copies of the adnAB locus.
The S. ambofaciens (A) and S. coelicolor (B) strains harboring an empty plasmid
pSET153 (Sam and Sco, respectively) as a control or harboring plasmid
pSET153-adnAB (Sam/adnAB and Sco/adnAB, respectively) were grown on
SFM agar. Genetic instability (represented by papillae) in S. ambofaciens was
observed after 12 days of growth. The growth defect of S. coelicolor harboring
two adnAB loci was visible from the third day of growth.
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WT strain in response to genotoxic agents (for a review, see refer-
ence 48). In order to test whether Streptomyces AdnAB works as a
functional homologue of E. coli RecBCD, complementation of an
E. coli recB mutant (JJC315) was examined. The recB mutant (al-
lele recB268) is suggested to be deficient for the B and D subunits
of the RecBCD complex due to a polar effect on the adjacent recD
gene (49).

Plasmid pIJ6902-LCN either empty or containing the S. ambo-
faciens adnAB locus was used to transform E. coli JJC40 (WT) and
JJC315 (recB) strains. First, crude extracts of E. coli clones harbor-
ing these plasmids were assayed for exonuclease activity. For that
purpose, 300 ng of linear DNA was exposed to crude extracts.
After 3 h of exposure, the degradation was more visible with ex-
tracts from cells containing the adnAB locus (Fig. 4). The degra-
dation provided by the adnAB-complemented extract was roughly
estimated to be 40 to 60% higher than that of the noncomple-
mented strain. This result strongly suggested that Streptomyces
adnAB can be expressed in E. coli and exhibits an exonuclease
activity.

To examine whether the viability of an E. coli recB mutant
could be restored by the Streptomyces adnAB genes, the plating
efficiency of E. coli cultures grown to an OD600 of 	0.3 was mea-
sured. Cell viability was expressed as the number of CFU · ml�1

per unit OD600. recB mutation in E. coli resulted in a 20-fold re-
duction of cell viability. In contrast, in the E. coli recB mutant
carrying S. ambofaciens adnAB, the viability was partially restored,
reaching 60% of the WT level of survival (Fig. 5A).

The role of Streptomyces AdnAB in DNA repair was studied by
examining whether S. ambofaciens adnAB genes could restore the
impaired ability of the E. coli �recB mutant to repair UV-induced
DNA damage. Samples of cultures in exponential phase were ir-
radiated with UV light, and cell survival was determined (Fig. 5B).
In our experimental conditions, the E. coli �recB mutant was
highly sensitive to UV, as cell survival was reduced about 200-fold
compared to that of the WT at 10 J · m�2. However, the strain
complemented with S. ambofaciens adnAB was about 60-fold

more resistant to UV than the E. coli �recB mutant, which dem-
onstrates that Streptomyces adnAB could restore the impaired abil-
ity of �recB mutant to repair UV lesions. Altogether, these data
suggest that S. ambofaciens AdnAB is a functional homologue of
RecBCD and is likely to be involved in DNA repair.

In conclusion, the helicase-nuclease encoded by adnAB of
Streptomyces is assumed to be involved in HR. Therefore, adnAB
essentiality may be linked to some HR-dependent critical cell pro-
cesses such as DNA replication, DNA repair, or chromosome seg-
regation. It is also tempting to speculate that integrity and main-
tenance of the chromosomal linearity and bacterial telomeres
could require a functional HR pathway. The terminal redundan-
cies, characteristic of the Streptomyces chromosome, may result
from HR or require HR for its maintenance. However, HR does
not seem to be essential, since recA-null mutants can be generated
in Streptomyces (50). Hence, the essentiality of AdnAB would re-
sult from the involvement of AdnAB in an unknown crucial cell
process.
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