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ABSTRACT

Tetratricopeptide Repeat domains, or TPR domains, are protein domains that mediate protein:protein
interaction. As they allow contacts between proteins, they are of particular interest in transient steps of
the assembly process of macromolecular complexes, such as the ribosome or the dynein arms. In this
study, we focused on the first TPR domain of the human SPAG1 protein. SPAG1 is a multidomain
protein important for ciliogenesis whose known mutations are linked to the primary ciliary dyskinesia
syndrome. It can interact with the chaperones RUVBL1/2, HSP70 and HSP90. Using protein sequence
optimization in combination with structural and biophysics approaches, we analyzed, with an atomistic
precision, how the C-terminal tails of HSPs bind a variant form of SPAG1-TPR1 that mimics the wild-
type domain. We discussed our results in regard of others complex 3D structures with the aim to highlight
the motifs in the TPR sequences that could drive the positioning of the HSP peptides. These data could

be of importance for the draggability of TPR regulators.



INTRODUCTION

To ensure the efficient functioning of biological pathways in cells, proteins must interact through a
complex network weaved within and between cellular compartments, as well as with lipid membranes
and the extracellular medium. To transmit information, proteins are able of direct contacts with other
proteins, nucleic acids, lipids, or small molecules. Thus, domains dedicated to the binding of specific
types of partners have appeared in proteins, sometimes in several copies, to finely regulate their
communication abilities '. The rise of structural biology highlighted the three-dimensional structures of
many protein domains, commonly found in proteins, like domains SH2/SH3 (Src Homology 2/3), PDZ
(PSD-95 DIg1 ZO-1), Zinc fingers, RRM (RNA Recognition Motif), CRD (Carbohydrate Recognition
Domain) and many more. Fascinatingly, structural biology permits to access, with an atomic precision,
the molecular determinants that drive interactions between these domains and their biological partners.
This latter point is a key point to investigate the druggability of protein targets, especially for proteins
coming from pathogenic bacteria, viruses, and parasites 2. To answer functional questions, structural
biology studies require significant amounts of samples and their analyses in vitro through methods such
as nuclear magnetic resonance (NMR), X-ray crystallography or cryo-electron microscopy. At a first
approach, proteins of interest are purified using bacterial expression systems since they are, most of
the time, easy to set up. Unfortunately, not all proteins can be efficiently purified due to their intrinsic
features which can make them insoluble for example. To get through this bottleneck, prokaryotic,
eukaryotic and in vitro expression systems were developed in combination with more and more complex
purification protocols 3-5. Another possibility is to slightly modify the wild-type sequence of a protein to
facilitate expression in simple experimental conditions . This approach requires control analyses that
demonstrate that the behavior of the modified protein (meaning enzymatic activity, binding capacities,
conformational adaptability, and so on) does not differ from its native form.

Extensive studies are made on the TPR domain (Tetratricopeptide Repeat) that is present in dozens of
entries in the Protein Data Bank, a worldwide library that collects 3D structures of biological
macromolecules. The TPR domain consists in a repetition of at least two TPR motifs, each motif being
generally made of 34 amino acids shaped into a helix-turn-helix structure 7. Moreover, solubilization of
the domain is facilitated by a C-terminal a-helix that caps hydrophobic residues of the last TPR motif 78.

To maintain the characteristic helix-turn-helix 3D shape, positions need to be conserved within the amino



acid sequence, especially for aromatic residues 7. Thus, based on sequence conservation and known
3D structures, a consensus TPR motif could have been successfully designed °. The 3D features of the
TPR motif give to the TPR domain the shape of a concave cradle 7, until forming a superhelix in case of
a long juxtaposition of many copies of TPR motifs '°. From a functional point of view, the TPR domain
mediates protein:protein interactions, in particular with the heat shock proteins HSP70 and HSP90. More
precisely, this latter interaction is allowed thanks to five conserved polar residues located in the cradle
of the TPR domain and that promote polar contacts with the four last EEVD residues of the HSPs 1112,
The five conserved residues in the TPR domain form a clamp that traps the two carboxylate groups of
the C-terminal aspartic acids in HSPs, hence the name of “carboxylate-clamp” given to this five residues
motif 3. In addition, the interaction is also maintained by hydrophobic contacts involving the penultimate
valine in HSPs and hydrophobic residues in the TPR. Finally, residues upstream the EEVD sequence
were also shown important in the binding. A methionine, only found in HSP90, and an isoleucine, only
found in HSP70, are both located just before the EEVD motif and can accommodate a pocket at the
surface of the TPR 316 It was proposed that this Met/lle switch represents a crucial point for the HSP
selectivity 13. Moreover, the amino acids upstream the Met/lle residue can also be crucial to strengthen
the binding of HSPs to a TPR domain '415. Nonetheless, not only the cradle in the TPR is able to promote
direct contacts with protein partners. Indeed, the opposite face, that displays a convex curvature, can
interact with partner for regulation. It is notably the case of TPR domains in the proteins Sti1 and Sec72
17,18

SPAG1 (Sperm-associated antigen 1) is a human protein, present in lung and testis, that possesses
HSP binding abilities and that is required in the preassembly of dynein arms 151920, Mutations in the
SPAG1 gene were shown responsible of a human syndrome, called primary ciliary dyskinesia (PCD),
that affects lung and fertility functions by reducing the motility skills of flagellar and ciliary cells 2°. SPAG1
is a 104 kDa protein that exhibits at least four distinct domains, including three carboxylate-clamp TPR
domains in a row 52!, SPAG1 is homologous to RPAP3, the two proteins possessing a RPAP3C domain
that signals their interaction capacity with two other chaperones, RUVBL1 and RUVBL2 2223, We and
others extensively studied RPAP3 and SPAG1 and their interactions with HSPs and RUVBLs in the
context of the assembly processes of the small nucleolar ribonucleoproteins and of dynein arms 14.15.24-
28|t has been proposed that HSPs carried out protein clients to their final destinations in these assembly

pathways. For that purpose, HSPs interacts with the so-called R2TP and R2SP complexes that both



contained the RUVBL1 and RUVBL2 chaperones in combination, either with the RPAP3/PIH1D1 or
SPAG1/PIH1D2 heterodimers, the PIH containing partner being also able to directly bind their own
partners 22:29-34,

Previously, we demonstrated that first and third TPR domains in SPAG1 could recruit HSPs with similar
affinities, whereas the second TPR was most likely unavailable for HSP binding, certainly because of its
inner hydrophobicity. We deciphered with an atomic resolution the binding mode of the third TPR domain
to HSP peptides and questioned the direct GTPase activity that was initially proposed 1521, In this study,
we used protein engineering to solubilize the first TPR domain of SPAG1. We showed that an optimized
TPR1 could mimic the wild-type version and obtained, thanks to NMR, the precision required to finely
inspect its interaction with the HSP C-terminal tails. Interestingly, TPR1 and TPR3 in SPAG1 display a
distinct binding mode, especially for the HSP90 peptide. Our data are discussed in regard of the
emerging interest for druggable TPR domains, in regard of known 3D structures and in regard of the

functionality of the TPR domains in SPAG1.



MATERIALS AND METHODS

Homology modelling
The wild-type amino acid sequence of the human SPAG1 protein was retrieved from the UniProt
database (code: Q07617). The region 206 to 327 (SPAG1-TPR1) was used for homology modelling with

the I-TASSER webserver (https://zhanglab.ccmb.med.umich.edu/I-TASSER/) .

Optimization of protein sequences
The best 3D model of SPAG1-TPR1 provided by I-TASSER was used as entry in the PROSS webserver
(https://pross.weizmann.ac.il/step/pross-terms/) 6. Default parameters were used for protein sequence

optimization.

Protein expression and purification

The optimized sequences of SPAG1-TPR1 was introduced into a pnEA-3CH plasmid dedicated to the
overexpression of 6xHIS tagged recombinant proteins 6. Briefly, a Ca?* competent BL21(DE3) pRARE2
strain of Escherichia coli was transformed with the protein expression vector using a heat-shock at 42
°C. Positive clones were selected on LB-agar plates supplemented with chloramphenicol and ampicillin.
An isolated colony was grown in selective LB medium at 37 °C, overnight and under agitation. 1 L of
selective LB medium was seeded with the preculture and placed at 37 °C under agitation until optical
density (OD) at 600 nm reached ~ 0.6. Overexpression of the recombinant protein was induced by
addition of IPTG (Isopropyl B-D-1-thiogalactopyranoside) at a final concentration of 0.2 mM. The culture
was placed at 20 °C, overnight and under agitation.

Then, bacteria were harvested by centrifugation. The pellet was resuspended in lysis buffer (25 mM
HEPES, pH 7.5, 300 mM NacCl, 0.5 mM TCEP, 10 mM Imidazole) and sonicated. After centrifugation,
the supernatant was put on TALON beads for 2 hours, at 4 °C and under agitation. The beads were
washed 3 times with the lysis buffer. The elution of bound proteins was performed in lysis buffer by
adding recombinant 3C PreScission protease directly on the beads. After cleavage, the non-native
GPHM sequence remains at the N-terminal extremity of the recombinant protein. Finally, a gel filtration
(GF) was performed in 10 mM NaPi, pH 6.4, 150 mM NaCl, 0.5 mM TCEP with a Superdex-75 column.

The GF fractions containing the protein of interest were pooled and concentrated up to a protein



concentration of 1 mM. The purification process was followed with denaturant poly-acrylamide gel
electrophoresis (SDS-PAGE).
The same protocol was applied to obtain samples suitable for NMR spectroscopy, except that bacteria

were grown in a minimal M9 medium supplemented with ">NH4Cl and '2C or '3C-d6-glucose.

Dynamic light scattering (DLS)
DLS experiments were performed at 20 °C, in 10 mM NaPi, pH 6.4, 150 mM NaCl, 0.5 mM TCEP, on a
Zetasizer Nano ZS (Malvern Panalytical) in a low-volume quartz cell. Data were processed with the

Zetasizer software (Malvern) with default parameters.

Protein co-expression assays

Sequences of the human HSP70 (uniprot ID: PODMV8) and HSP90-MC (N domain truncated HSP90,
uniprot ID: P08238) proteins and of SPAG1-TPR1.pt were respectively introduced in pnYK (for untagged
proteins) and pnEA-3CH (for 6xHIS tagged proteins) vectors. Ca?* competent BL21(DE3) pRARE2
strain of Escherichia coli were simultaneously transformed with the pnYK and pnEA vectors. Control
experiments were done with pnYK-transformed bacteria. Our protocol was previously described 5.
Briefly, positive clones were selected on LB-agar plates, picked for pre-culture at 37 °C in selective LB
medium and grown in LB medium at 37 °C until OD at 600 nm reached ~ 0.6. Overexpression of
recombinant proteins was induced by 0.2 mM ITPG for one night at 20 °C. Cells were harvested,
pelleted, and sonicated in the lysis buffer described above. Sonicates were centrifuged and the
supernatant was placed on TALON beads for 2 hours at 4 °C under agitation. Proteins were eluted from
the beads using lysis buffer supplemented with 300 mM Imidazole. The purification process was

followed on denaturant poly-acrylamide gels.

Isothermal titration calorimetry (ITC)

The binding of synthetic peptides DASRMEEVD (C-terminal amino acids of human HSP90) and
SGPTIEEVD (C-terminal amino acids of human HSP70) to recombinant SPAG1-TPR1opt was measured
at 283 K on an ITC-200 microcalorimeter (Malvern) in 10 mM NaPi, pH 6.4, 150 mM NaCl, TCEP 0.5
mM. Peptide and protein concentrations were comprised between 1.5 and 2 mM and 0.1 and 0.2 mM,

respectively. Peptides and proteins were dispatched into the syringe and cell, respectively. The



dissociation constant (Kd) the stoichiometry (N) and the variations in enthalpy (AH), entropy (AS) and

free energy (AG) were derived from the calorimetric data using the ORIGIN7 software (Malvern).

Nuclear Magnetic Resonance

NMR data were recorded at 293 K on a '3C/'*N labelled sample of SPAG1-TPR1t concentrated at 1
mM in 10 mM NaPi, pH 6.4, 150 mM NaCl, 0.5 mM TCEP using a 600 MHz spectrometer equipped with
a cryoprobe. Usual 2D and 3D NMR spectra were collected. The majority of 'H, '3C and °N resonances
were assigned and deposited in the Biological Magnetic Resonance Bank under access code 34586.
The 3D NMR structure of SPAG1-TPR14,t was calculated using distance restraints derived from 'H-15N
3D-NOESYHSQC, 'H-"3C 3D-NOESYHSQC and 'H-"H 2D-NOESY experiments recorded with a mixing
time of 120 ms, and dihedral restraints derived from TALOS-N and PREDITOR 37:38, Automated
procedure of CYANA 3.0 was used to iteratively assign NOE cross-peaks 39. After careful inspection of
the final CYANA step, the distance and dihedral restraints were used to calculate 100 water-refined
structures with the AMBER web portal 0. The 20 structures with the lowest restraint energy were
selected as representative structures of SPAG1-TPR10pt and deposited in the Protein Data Bank under
access code 7BEV.

Samples containing 1 mM of 3C/"SN labelled SPAG1-TPR1opt and 3 mM of DASRMEEVD or
SGPTIEEVD peptides were prepared in 10 mM NaPi, pH 6.4, 150 mM NaCl, 0.5 mM TCEP. In addition
to classical 2D and 3D NMR spectra, 2D and 3D filtered NOESY with a mixing time of 120 ms data were
collected at 600 MHz and 293K, to highlight intermolecular cross peaks. To evaluate the chemical shift
perturbations (CSP) induced by HSP peptide binding to labelled SPAG1-TPR1op, the variation of

composite 'H-SN chemical shift was calculated, for each backbone amide group, as follow: A8 =

J0.1(8"N)2 + (8'H)? (where 5'5N and &'H are respectively the chemical shift difference in the 5N

dimension and in the 'H dimension between the free and the bound states of SPAG1-TPR1opt).

Modelling of the peptide:SPAG1-TPR1,pt complexes

We used the best NMR structure of SPAG1-TPR1opt and ten structures of the DASRMEEVD and
SGPTIEEVD peptides to model complex structures using HADDOCK-2.2 and CNS-1.3 41, 3D structures
of the two peptides were extracted from the 3D NMR structure of RPAP3-TPR2 in complex with

DTSRMEEVD and SGPTIEEVD peptides. The threonine in the HSP90 peptide was mutated into alanine



using PyMOL 42. To drive the docking, we defined active and passive residues to build ambiguous
intermolecular restraints (AIR). In SPAG1-TPR1opt, active residues are solvent exposed residues that
(i), are located on the concave face of structure and (ii), that belong to the 25 % most perturbed residues
in NMR titration experiments (i.e with Ad values > centile 75 value). Passive residues are surface
residues neighbors of the active residues. All residues in the peptides were defined as active.
Intermolecular NOEs were turned into unambiguous restraints. Additional unambiguous distance
restraints were added between residues of the carboxylate-clamp in SPAG1-TPR14pt and the C-terminal
part of the peptides. Automated mode was chosen for the definition of the semi-flexible interfaces. 2560
and 256 structures were calculated in the itO rigid-body and the it1 semi-flexible simulated annealing
steps, respectively. The last 256 structures were refined in water. The docking solutions were clustered
using the FCC (Fraction of Common Contacts) algorithm with a cutoff value of 0.75 43. The 3D structures

of the complexes were ranked according to their HADDOCK score.



RESULTS

Sequence optimization of SPAG1-TPR1 greatly enhances its solubility

Previously, we showed that the human SPAG1 protein contained three TPR domains 5. When produced
in an isolated form, two of them were soluble, meaning the first and the third domains, the second
domain being not soluble. Unfortunately, due to aggregation features appearing at a protein
concentration greater than 150 uM, we were not able to perform an in-depth analysis of SPAG1-TPR1,
which has however been shown able to bind HSP70 and HSP90 through their C-terminal tail 15. Indeed,
the wild-type SPAG1-TPR1 (SPAG1-TPR1wt) possesses residues K213, N217, N247, K277 and R281
that form a conserved carboxylate-clamp motif, which is the signature for the binding of HSP70 and
HSP9O tails. Thus, we thought that study at the atomic level could bring new insights into the molecular
properties of this protein domain.

As the TPR domain is a well-characterized domain in the literature, we used the I-TASSER homology
modelling webserver to have a first, but potentially strong, preview of the 3D structure of SPAG-TPR 1wt
35 Using the amino-acid sequence of region 206-327 of the human SPAG1 protein as the sole source
of information, we got a 3D model with a C-score value of 0.66 (Figures 1A, 1B and 1C). This value is
sufficiently high to consider the modelling as reliable. Interestingly, the best threading 3D template was
SPAG1-TPR3 (PDB code: 6157). As expected, the prediction consists in seven a-helices folded into
three TPR motifs followed by a final a-helix that caps the sixth a-helix (Figure 1A). The global shape of
the protein domain displays a convex face and a concave face, where carboxylate-clamp residues are
available for HSP binding. Analysis of the predicted structure revealed solvent-exposed hydrophobic
amino acids, especially residues F207, L2os, L23g, V243, L2ss, Fae2, L271, V305, La11 and Lazs, that could
promote protein aggregation through uncontrolled intermolecular hydrophobic contacts (Figure 1B).
Next, considering this prediction, we used the PROSS webserver with the idea to design an optimized
sequence suitable for recombinant expression of SPAG1-TPR1 in E. coli 8. For this purpose, PROSS
requires a 3D structure and an amino acid sequence alignment. Based on the I-TASSER 3D structure
of SPAG1-TPR1w, the PROSS algorithm returned seven primary sequences, starting with 12 mutations
up to 40 mutations with respect to the wild-type sequence (Figure 1C). We previously demonstrated that
not only a-helices 1, 3 and 5 (that hold the carboxylate-clamp residues) but also the region at the root
of a-helix 7 could be involved in the recognition of HSP peptides in RPAP3-TPR2 or SPAG1-TPR3 415,

In the light of these data, we rationally designed an amino acid sequence of SPAG1-TPR1 based on the



PROSS proposals, but only for residues distant from the carboxylate-clamp residues and located on the
convex face of the domain. In addition, we tried to restrict the number of mutations introduced in the
wild-type sequence to minimize their potential impact on the global features of the protein domain. Thus,
we constructed a final sequence with the following seven mutations: F207Y, E252Y, F262E, T285A,
T296R, S300K and D304K (Figure 1C). This optimized sequence was introduced in a plasmid dedicated
to protein overexpression in bacteria. We showed that our optimized SPAG1-TPR1 (SPAG1-TPR1opt)
was efficiently purified from E. coli (Figure 1D). Interestingly, with a mean size of 4.6 £ 0.1 nm, dynamic
light scattering (DLS) showed that this recombinant domain remains monomeric in solution at protein
concentration of 1 mM (Figure 1E). This result strongly contrasts with the DLS experiments performed
on SPAG1-TPR1w (i.e. wild-type SPAG1-TPR1), for which a mean size of ~ 80 nm was previously
measured at protein concentration greater than 150 uM, 'S and demonstrates the stabilization effect

provided by the point mutations.

Optimized and wild-type SPAG1-TPR1 behave similarly

Thanks to protein sequence optimization, we obtained a highly soluble sample of SPAG1-TPR1.
However, one could wonder whether this domain could reproduce the behavior of the wild-type domain.
To answer this question, we first performed protein co-expression assays between His-tagged SPAG1-
TPR1opt and human HSP70 or HSP90-MC (i.e. HSP90 truncated of its N-terminal domain). As observed
for the wild-type SPAG1-TPR1w, we showed that SPAG1-TPR1oxt co-elutes specifically with HSPs
(Figure 2A). We next performed isothermal titration calorimetry (ITC) experiments to access the
thermodynamics of the interaction between SPAG1-TPR1ot and HSP peptides (DASRMEEVD for
HSP90 and SGPTIEEVD for HSP70) (Figure 2B). For the two peptides, we obtained stoichiometry
values close to 1:1. The dissociation constant (Kd) values were 2.1 £ 0.2 uM and 11.0 £ 0.9 uM for
HSP90 and HSP70 respectively. These ITC data were similar to the ITC data obtained with SPAG1-
TPR1wt, for which we measured, in the same experimental conditions, 1:1 stoichiometries and Kd values
of 2.5+ 0.2 yM and 15.8 + 2.6 uM for HSP90 and HSP70 peptides 5. More, for each peptide, values of
variations in enthalpy (AH), entropy (AS) and free energy (AG) are almost identical whatever the domain
tested 5. Altogether, these biochemical and biophysical data strongly support the fact that optimized
and wild-type SPAG1-TPR1s behave similarly in vitro. Thus, they allowed us to go deeper in the

structural analysis of SPAG1-TPR1.
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Structural analysis of SPAG1-TPR 1t

We used nuclear magnetic resonance in solution to get experimental data at the atomic scale on
SPAG1-TPR1opt. We produced a '3C/'®N labelled of SPAG1-TPR14t concentrated at 1 mM and
recorded a set of 2D and 3D spectra to get its resonance assignment.

In agreement with DLS data, the 'H-">N HSQC spectrum displays the features of a monomeric and well
folded protein domain. Indeed, the cross peaks observed on this 2D spectrum are thin, with
homogeneous intensities and well dispersed in the two dimensions (Figure 3A). Analysis of the 3D
spectra permitted to assign the large majority of 'H, '3C and >N resonances of SPAG1-TPR1opt and
allowed us to access the 3D structure of the protein domain. We obtained a well-defined ensemble of
twenty 3D structures of SPAG1-TPR1¢pt (for statistics, see Table 1). Our experimental structure reveals
that SPAG1-TPR1opt folds into a TPR domain with a seventh capping a-helix (Figure 3B), as supported
by the HSP binding assays. Here again, the concave face, which is made of a-helices 1, 3, 5 and 7,
exposes the five residues of the carboxylate-clamp, whereas a convex face is made of a-helices 2, 4
and 6. With a RMSD value of 0.9 A measured on Ca atoms, this structure superimposed well with the I-
TASSER model generated with the wild-type sequence of SPAG1-TPR1 (Figure 3C).

Next, we naturally focused on the optimized positions to better understand their role in the stabilization
of the domain. For position 207, the tyrosine residue, which is quite solvent exposed, bring polarity to
the side chain without changing the hydrophobic nature of the phenol ring coming from the initial
phenylalanine. Positions 252 and 262 were of particular interest since our mutations turned drastically
the chemical feature of the amino acid side chain. In SPAG1-TPR1opt, Y252 is framed by V229, L255
and R248 (Figure 3D). Moreover, its hydroxyl group brings surface polarity. At the opposite, E262 in
SPAG1-TPR1pt promotes stable polar contacts with N259, Q263, Q289 and K291. Obviously, this polar
environment appeared not favorable to host the phenylalanine present in the wild-type sequence. In
position 285, the conversion of the threonine to an alanine residue, in a hydrophobic context supported
by 1253, W258 and Y286, cancels the polar feature of the hydroxyl group. Concerning position 296,
introducing an arginine residue permitted (i), to efficiently connect helices a6 and a7 through a salt
bridge with E320, and (ii), to limit exposition to solvent of L316 and L323. Finally, lysine residues
introduced in position 300 and 304 enhances the general solubility thanks to their side chain amine

group. Thus, our NMR structure fully explains the high stability of SPAG1-TPR1opt.
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SPAG1-TPR1,,t does not bind HSP C-terminal tails as SPAG1-TPR3 does

Having solved the 3D structure in solution of SPAG1-TPR1.pt and demonstrated that it could nicely
mimic the wild-type domain, we aimed to have more precise information on the interaction with HSP90
and HSP70 C-terminal tails.

To this end, we mapped the footprint of HSP C-terminal tails on the SPAG1-TPR1opt 3D structure by
analyzing the perturbations of the 'H-'N composite chemical shifts induced upon formation of the
protein:peptide complex (CSP, for chemical shift perturbation). This analysis revealed that, a-helices 1,
3 and 5 as well as the a6-a7 bridging region at the root of the last a-helix in SPAG1-TPR1opt appear
involved in the binding of the two peptides (Figure 4). Analysis of filtered NOESY spectra revealed a
common pattern of intermolecular NOEs in the complexes with the two peptides (Figure 4). Indeed, Met
in HSP90, but also lle in HSP70, faced 1253, T284 and L311 in SPAG1. Ala in HSP90 was found close
to N309 region in SPAG1, while no intermolecular NOE could have been highlighted in this region with
the HSP70 peptide (Figure 4). These NMR data reminded us the binding features observed in HSP-
bound RPAP3-TPR2 4. Indeed, in addition to comparable CSP profiles obtained upon HSP peptides
binding, RPAP3-TPR2 and SPAG1-TPR1.pt share patterns of intermolecular NOEs involving conserved
positions on the peptides and on the protein domains (supplemental figure S1). This strongly suggests
that HSP peptides adopt similar conformations upon binding of RPAP3-TPR2 and SPAG1-TPR1opt.

To have 3D views of these interactions, we modeled the protein:peptide complexes in a HADDOCK
protocol. Thus, as entries, we used the best SPAG1-TPR1opt NMR structure and ten distinct structures
of the HSP peptides extracted from the complexes with RPAP3-TPR2 (PDB codes: 6FDT and 6FDP).
To drive the docking, we used our ambiguous and unambiguous restraints derived from NMR data. To
ensure the orientation of the peptide, we added distances locking the EEVD parts of the peptides next
to the conserved carboxylate-clamp region that were shown essential in TPR domains for efficient HSP
binding (supplemental figure S2) 13141627 The results of the calculations were summarized in Table 2.
We obtained, for each complex, final 3D solutions that all cluster in one group, meaning that all the
structures share 75 % of common contacts. For the two complexes, the five best HADDOCK structures
superimposed well, and the positioning of the peptides, that both adopt a horseshoe conformation, nicely
matches with the NMR CSP footprints and intermolecular NOEs (Figures 5A and 5B). Due to their

importance in the cochaperone selectivity, we focused our intention on the Met and lle residues in the
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HSP peptides. These 3D models reveal that these two residues are both hosted by residues Q250, 1253,
L280, T284 and L311. We compared our 3D data with those we obtained with the third TPR in SPAG1
known to be the other module able to bind HSPs in the full-length protein.

We noticed a clear difference in the positioning of the Met side chain in the HSP90 peptide (Figure 5C).
The T284L substitution in SPAG1-TPR3 may prevent, by steric hindrance, a deep hosting of the Met
methyl group close to this position. The Y residue in SPAG1-TRP3, replacing L280 in SPAG1-TRP1opt,
seems to act as a barrier, which, in addition to the L311E and N309I substitutions that displace
hydrophobicity at the bottom of SPAG1-TPR3, promotes opposite orientations of the Met side chain in
the two complexes. Concerning the HSP70 peptide, its lle residue is bulkier, more hydrophobic, and
less plastic than the Met in HSP90. The L280 in SPAG1-TPR10pt leaves enough space to host the two
methyl groups of lle in a quite hydrophobic environment spreading from T284 to V276 (Figure 5C). For
that reason, the positioning of lle in the two complexes is not as different as in the case of the Met in
HSP90. Thus, even if TPR 1 and 3 recruit HSPs with similar affinities, they take distinct structural paths

to bind their C-terminal ends, especially for HSP9O0.
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DISCUSSION

Optimization of the TPR domains

In vitro techniques used for atomistic structural studies are usually dependent on the quality of the
samples. De facto, not all proteins can be analyzed due to a misbehavior, according to the
experimenter's expectations, during the expression or purification process. Here, we used protein
engineering to solubilize TPR 1 of SPAG1.

The TPR domain is a versatile domain that is highly studied since it mediates protein/protein interaction,
especially with HSPs if the carboxylate-clamp signature is present in the sequence. The amino acids
surrounding the structuring residues required for establishing the TPR motif, could display high
heterogeneity 7-°. As we demonstrated, this heterogeneity of sequence could lead to protein insolubility
in SPAG1-TPR2 5. By mutating less than 6 % of the amino acid sequences, we obtained a soluble and
highly stabilized SPAG1-TPR1 in vitro. Remarkably, the SPAG1-TPR1opt sample was stable for more
than one year at 4 °C in the NMR buffer. This demonstrates that clever modifications in TPR domains
permit their structural study alone or in complex with biological partners.

One great interest of the optimization approach is to support studies on the druggability of proteins.
Indeed, in silico methods are often used to screen plethora of ligands toward protein targets 4. Robust
3D structure of the target is required for an efficient screening. Enhancing the solubility of the target will
facilitate resolution of structures, which can directly be used in bioinformatic binding assays, or which
can first serve as starting template for homology modelling of the wild-type protein. It also permits bench
scale experiments, this step being crucial to test the real binding activity of computational ligands.
Moreover, stabilized samples appear also essential to test the impact of the ligand on the activity of the
target, in vitro. Interestingly, using combined in silico and biochemical approaches, the TPR2A domain
of the protein Hop was turned into a druggable target 4°. Indeed, authors designed an organic ligand
that binds the HSP90 recognition site through contacts with the carboxylate-clamp residues. Similarly,
Dictyoceratin-A and -C are two inhibitor molecules that bind the TPR1 region of RPAP3 46. These studies
open the door to a fine tuning of the HSP90 activity via the selective blocking of its different adaptative
regulators. Our novel data on SPAG1-TPR1opt in complex with DASRMEEVD and SGPTIEEVD peptides
extend the knowledge on the binding mode of TPR domains containing a carboxylate-clamp signature
and could contribute to the development of novel molecular compounds with specific modulator activity

on HSP70 and/or HSP90 co-chaperones.
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Since fine tuning of the HSP activity goes hand in hand with fine knowledge of the interaction modes of
the co-chaperones, we compared our 3D data with known structures available in the Protein Data Bank

and in our previous studies.

Sequence signature in the TPR domain might forecast the mode of binding of the last Methionine in
HSP90

Concerning the interaction between the C-terminal tail of HSP90 and TPR domains, we observed that
the Methionine of the MEEVD motif could adopt 4 main orientations, defining four families of structures
(Figures 6A and 6B). In one of them, the Met residue points toward the solvent and does not seem
involved in the anchoring of the peptide onto the TPR domain (Family O, Figure 6A). The three remaining
groups define three distinct interaction spots for the methionine at the surface of the TPR domains
(Figures 6B and 6C). On a structural alignment we looked at primary sequences in these patches with
the aim to highlight residues that could be the signature of one or the other interaction modes.

The family 1 of structures (Figure 6A) contains the first ever described 3D structure of an HSP90 peptide
in complex with a TPR domain 3. In this group, the peptide is quite linear, spreading from the top to the
bottom of the TPR surface. It distinguishes this family from families 2 and 3 in which the peptide adopts
superimposable conformations looking like a horseshoe, extended from the right to the left of the TPR
(Figure 6A). For TPR domain orientation, please report to Figure 6. Remarkably, the HSP90 peptides
used in the structures of the family 1 is very short, as it contains only the five last MEEVD residues. In
contrary, for 3D determination of structures included in the families 2 and 3, longer peptide sequences
were used. The interaction spot in family 1 (spot 1) seems quite well conserved in families 2 and 3
(Figure 6C), making difficult to highlight specific positions for family 1. Thus, one could wonder how the
length of the peptide influences its positioning. The interaction spot 2 in family 2 looks quite
heterogenous in terms of amino acid sequences, corresponding residues in families 1 and 3 reproduce
this heterogeneity. Nonetheless, our detailed inspection of these structural data drawn our attention to
position 3 in the interaction spot 3, where a Thr residue is strictly conserved in structures belonging to
family 3. This Thr is replaced by a Asn in family 1 and, in family 2, by bulkier residues (Leu or Lys) or by
a Ser, which is more hydrophilic than Thr. This spot 3, quite hydrophobic in family 3, appears more
susceptible to host the methyl group of the HSP90 methionine than in the other families. From our

analysis, we propose that this Thr residue, which corresponds to Thr284 in optimized SPAG1-TPR1opt,
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may be a key residue that signals the positioning of the HSP90 methionine close to it. TPR domains that
lacks this Thr could be direct to other families, but clear sequence determinants still escape our analysis.
To go further, we performed the same structural analysis for TPR domains in complex with the HSP70
C-terminal tail. In the 3D structures retrieved from the Protein Data bank, the HSP70 peptides include
an lle or a Val residue just before the EEVD end. These residues are bulkier and largely more
hydrophobic than the methionine of the HSP90 end. As we showed with the comparison of 3D data
obtained on TPR1.pt and TPR3 (Figure 5), accommodation of the lle/Val side chains to the molecular
surface of the TPR domain requires space and enough hydrophobicity to minimize exposition with the
solvent. This point is even more important since the amino acids located before the lle/Val residue,
meaning Ser, Gly, Pro and Thr, do not possess the same interaction power than the corresponding Asp,
Ala, Ser and Arg in HSP90. Thus, compared to the DASR sequence in HSP90, the SGPT sequence in
HSP70 is likely less susceptible to bind an anchoring point at the surface of the TPR domain. We
classified the 3D structures in two families (Figure 7). Family 1 is close to the family 1 defined with the
HSP90 peptides, since the HSP70 peptide is linear and spreads from the top to the bottom of the protein
receptor. The Val/lle side chains are in regard of the top right corner of the TPR. In family 2, Val or lle
are in the bottom left corner. For TPR domain orientation, please report to Figure 7. We compared TPR
sequences in these two spots. Within the family 1, spot 1 displays heterogeneity in terms of amino acid
content. At this spot, family 2 of structures exhibit also inhomogeneous sequences. The same comments
could be done for spot 2, where various amino acids occupy each position in the two families of
structures. Based on our structural alignment, and to our mind, it was not possible to highlight sequence
features that could predict the positioning of the lle residue in the HSP70 peptide.

All these observations can be related to the lower affinity that is generally observed for HSP70 than
HSP90 peptide for a given TPR domain. Accommodation of residues upstream the EEVD end to the
TPR domain is more problematic for the HSP70 peptide that does not displays highly attractive chemical
functions within its first residues. We think that the N-terminal end of the HSP70 peptide adapts the TPR
surface to minimize exposition of its lle residue to the solvent. However, having so much variability
between the sequences of the TPR family is probably not the best mean to offer optimized conditions
to reduce solvent exposition. In contrary, the HSP90 peptide appears more susceptible to form chemical

bound thanks to its first Asp or Arg residues. In addition, due to its size smaller than lle, its methionine
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offers more possibilities to accommodate the TPR surface. Thus, the HSP90 peptide sequence seems

more adapted to sample and find the most favorable energetic positions on the TPR domain.

HSP binding properties of SPAG1

Previously, we described SPAG1 as a platform for HSP proteins through interactions with its TPR1 and
TPR3. We demonstrated that the wild-type and optimized versions of SPAG1-TPR1 behaved very
similarly toward HSP binding, especially in terms of thermodynamics, strongly suggesting that they
recruit the HSP C-terminal tails with the same structural recognition mode. Despite the T285A
substitution (which occurs sequentially close to, but spatially quite distant from the Thr284 that was
proposed as a marker of family 3 for HSP90 peptides), we can reasonably rank SPAG1-TPR1wt into the
same families that were described for SPAG1-TPR1opt (Figures 6 and 7). Thus, the structural differences
raised between the HSP70- and HSP90-bound forms of SPAG1-TRP1t and SPAG1-TPR3 could
rationally be transposed to SPAG1-TPR1ut.

This result suggests that SPAG1 needs a strong partnership with HSPs. The two chaperones HSP70
and HSP90 are both able to hold and deliver client proteins in an assembly pathway. One could assume
that delivering of HSP clients via SPAG1 (which works in concert with PIH1D2, RUVBL1 and RUVBLA1
into a so-called R2SP complex) is a so crucial function for the cell expressing this protein that two TPR
domains, with similar properties, were included in the sequence. Having two structural modes of
recognition for the HSPs prevent the total blocking of the SPAG1 function if an inhibitor molecule,
specific from one or the other mode, enters the cell. Another possibility could be that two HSPs could
be bound to SPAG1 with the aim to bring faster, or in larger quantities, client proteins that need to be
assembled in a specific pathway. It could also facilitate the exchange of clients between HSP70 and

HSP9O0 if the two chaperones bind SPAG1 simultaneously.
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FIGURE LEGENDS

Figure 1: Optimizing the TPR1 domain in SPAGT.

(A) Two views of the 3D structure of region 206-327 in SPAG1 obtained by homology with the I-TASSER
software. TPR motifs and the C-terminal capping helix are highlighted using different colors. (B)
Hydrophobic residues in SPAG1-TPR1wt are represented using sticks on the 3D homology model. (C)
Results of the PROSS optimization. Sequences of the wild-type, the PROSS proposals and the in-house
optimized SPAG1-TPR1 are aligned. Strictly conserved residues are in black boxes. Residues of the
carboxylate-clamp motif are highlighted with an asterisk. Secondary structures coming from the 3D
homology model are displayed on the top of the alignment. On the right, carboxylate-clamp residues (in
black, with an asterisk) and residues selected for optimization in SPAG1-TPR1wt are displayed using
sticks on the 3D homology model. (D) Purification process of recombinant SPAG1-TPR1opt. On the SDS-
PAGE profile displayed on the left, So, CSo, SSo, Unbound, Beads, MW, RAC, Wash and Cut3C refer
respectively to the sonicate, the sonicate pellet, the sonicate supernatant, the flow-through of TALON
beads, the TALON beads, the size marker, the TALON beads after 3C cleavage, the washed TALON
beads after 3C cleavage and the soluble fraction after 3C cleavage. The protein of interest is indicated
using a black arrow. The gel filtration profile was obtained on a preparative Superdex-75 column.
Fractions of interest are highlighted in a grey box. The maximal intensity measured at 280 nm is
indicated. The SDS-PAGE on the right corresponds to the analysis of fractions 15 to 22 coming from
the gel filtration. (E) DLS analysis of SPAG1-TPR1opt at 150, 500 and 1000 pM. The size corresponding

to the highest intensity is reported.

Figure 2: SPAG1-TPR1y interacts with HSPs.

(A) Co-expression assays between SPAG1-TPR1opt and HSP90-MC or HSP70. On the SDS-PAGE
profile, SSo, Beads, Elu and MW refer to the supernatant sonicate, the TALON beads, the soluble
fraction after elution with Imidazole buffer and to the size marker. Test experiments are on the left part
of the gel, control experiments are on the right part. (B) ITC experiments recorded at 283 K with SPAG1-
TPR1opt and DASRMEEVD or SGPTIEEVD peptides in 10 mM NaPi, pH 6.4, 150 mM NaCl, 0.5 mM

TCEP. The protein concentration was comprised between 0.15 and 0.2 mM. Peptides were
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concentrated between 1.5 and 2 mM. N, Kd, T, AH, AS and AG refer respectively to the stoichiometry,

the dissociation constant, the temperature and the variations in enthalpy, entropy, and free energy.

Figure 3: NMR solution structure of SPAG1-TPR1opt.

(A) "H-SN HSQC spectrum of SPAG1-TPR1qpt recorded at 600 MHz, 293 K, in 10 mM NaPi, pH 6.4,
150 mM NaCl, 0.5 mM TCEP. Folded resonances were colored in blue. (B) Two backbone
representations of the twenty best NMR structures after AMBER water-refinement. The three TPR motifs
and the C-terminal capping helix are highlighted. (C) Superimposition of the SPAG1-TPR1ot NMR
structure with the 3D homology model of SPAG1-TPR1wt. (D) Structural close-up on the regions of

residues Y252, E262, R296 and A285 in SPAG1-TPR1opt.

Figure 4: NMR analysis of SPAG1-TPR 1.t upon HSP peptide binding.

(A) Chemical shift perturbation profiles (CSP) of SPAG1-TPR1opt upon binding of the DASRMEEVD
peptide. The 'H-SN chemical shift variation (Ad) for each residue is plotted against the sequence
number. Positions of a helices in SPAG1-TPR1pt are represented on the diagram. The centile-75 value
of Ad, which discriminates the most perturbed residues, is indicated as a line. The residues displaying
Ad value higher than the centile-75 value are colored on a molecular surface representation of SPAG1-
TPR1opt. On the right, intermolecular NOE cross peaks are represented on strips extracted from a filtered
3D 'H-3C NOESYHSQC. (B) Same as (A) but for the SGPTIEEVD peptide. CSP data were recorded
at 600 MHz, 293 K, in 10 mM NaPi, pH 6.4, 150 mM NaCl, 0.5 mM TCEP using a peptide:protein ratio

of 3.

Figure 5: HADDOCK modelling of SPAG1-TPR1.x in complex with HSP peptides.

(A and B) The five best 3D models (i.e. presenting the best HADDOCK scores) of SPAG1-TPR1opt in
complex with DASRMEEVD (A) and SGPTIEEVD (B) are superimposed and presented on the left. The
peptide is represented using its backbone trace. On the right, detailed views of the methionine (A) and
of the isoleucine (B) environments are displayed using the best HADDOCK structure of each complex.
(C) Superimposition of the HSP-bound states of SPAG1-TPR14t and of SPAG1-TPR3. For SPAG1-
TPR1opt, the best HADDOCK structures were used (in blue or magenta). For SPAG1-TPRS3,

representative structures coming from the work of Chagot and colleagues were used (in light or dark
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grey) '5. Detailed views of the environment of the methionine and of the isoleucine in HSP peptides are
presented. The numbering of SPAG1-TPR1opt was used. Residues in the SPAG1-TPR1opt and SPAG1-

TPR3 complexes are labeled in blue/magenta and grey, respectively.

Figure 6: Structural comparison of TPR domains in complex with HSP90 peptides

(A) The families 0 to 3 of superimposed 3D structures are represented using the backbone traces of the
TPR domain and cartoon representations of the HSP90 peptides. Arbitral orientations of the structures
are specified. When available, the name of the TPR protein and the PDB code are indicated. (B) All the
3D structures displayed in (A) are superimposed and, for each of them, the methionine in the HSP90
peptide is represented using sticks. The three main spots of interaction involving this methionine are
highlighted with colored circles. Two views are proposed. (C) Detailed views of the binding spots of each
family. To look at sequence conservation on the structural alignment, five positions (#1 to #5) are defined
at each spot. The amino acid that occupies each of these positions in all the structures is reported,
structures being sorted by family. The residues belonging to the carboxylate-clamp motif are indicated

with an asterisk.

Figure 7: Structural comparison of TPR domains in complex with HSP70 peptides

(A) The families 1 and 2 of superimposed 3D structures are represented using the backbone traces of
the TPR domain and cartoon representations of the HSP70 peptides. Arbitral orientations of the
structures are specified. When available, the name of the TPR protein and the PDB code are indicated.
(B) All the 3D structures displayed in (A) are superimposed and, for each of them, the isoleucine, or the
corresponding valine, in the HSP70 peptides is represented using sticks. The two main spots of
interaction involving this isoleucine/valine are highlighted with colored circles. Two views are proposed.
(C) Detailed views of the binding spots of each family. To look at sequence conservation on the structural
alignment, up to eight positions (#1 to #8) are defined at each spot. The amino acid that occupies each
of these positions in all the structures is reported, structures being sorted by family. The residues

belonging to the carboxylate-clamp motif are indicated with an asterisk.

21



TABLES

SPAG1-TPR1pt

NMR distances and dihedral constraints

Total NOEs 2919

Short range (i —j| < 1) 1357
Medium-range (i —j| <5) 904
Long-range (|i —j| 2 5) 658
Total dihedral angle restraints 239
) 109
I 110
x1 26

Structure statistics
Violation occurences

Distance constraints (> 0.3 A) 0
Dihedral angle constraints (> 5°) 0.15+0.37
RMSD to best structure (A)

All backbone atoms 0.92 £0.20
All heavy atoms 1.28£0.14
Backbone atoms in secondary structures 0.51x0.11
Heavy atoms in secondary structures 1.12+£0.11
Ramachandran statistics

Residues in most favoured regions (%) 91.3
Residues in additional allowed regions (%) 8.7
Residues in generously allowed regions (%) 0
Residues in disallowed regions (%) 0

Table 1. NMR-derived restraints and structural statistics for the 20-best water-refined structures of

SPAG1-TPR1opt.
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SPAGI1-TPR1op::DASRMEEVD

SPAGI1-TPR1op:SGPTIEEVD

Active residues
Total

Residues

Passive residues
Total

Residues

AIR

(Ambiguous Intermolecular Restraints)

UIR

(Unambiguous Intermolecular Restraints)

Coming from intermolecular NOEs

Top-5 structures statistics
HADDOCK score
AIR violation (> 0.3 A)
UIR violation (> 0.3 A)
RMSD to best structure (A)
All backbone atoms
All heavy atoms

SPAGI-TPR lop

9 9

214 217220 221 243

254277 305 308 all

20 0
210213 216 225
240 241 242 246 247
250251275276 278
280 281 306
307 309 310

9 9

27
17

-114.959 + 6.842
04+0.5
0

0.74 £0.15
1.07+£0.13

DASRMEEVD

SPAGI-TPR o

214 217 220 221 243

254277 305 306 all

20 0
210213 216 225
240 241 242 246 247
250251 275276 278
280 281 306
307 308 309

9 9

24
14

-103.447 £ 1.751
0
0

0.67 £0.05
0.95+0.07

SGPTIEEVD

Table 2. Summary of restraints used in HADDOCK and structural statistics for the 5-best structures of

SPAG1-TPR1opt in complex with the DASRMEEVD and SGPTIEEVD peptides.
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