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Abstract 

In cells,  many  constituents  are able to  assemble resulting in large  macromolecular 

machineries possessing very specific biological and physiological functions, e.g. ribosome, 

spliceosome and proteasome. Assembly of such entities is commonly mediated by transient 

protein factors. SPAG1 is a multidomain protein, known to participate in the assembly of both 

the inner and outer dynein arms. These arms are required for the function of sensitive and motile 

cells. Together with RUVBL1, RUVBL2 and PIH1D2, SPAG1 is a key element of R2SP, a 

protein complex assisting the quaternary assembly of specific protein clients in a tissue-specific 

manner and associating with heat shock proteins (HSPs) and regulators. In this study, we 

have investigated the role of TPR domains of SPAG1 in the recruitment of HSP chaperones 

by combining biochemical assays, ITC, NMR spectroscopy and molecular dynamics (MD) 

simulations. First, we propose that only two, out of the three TPR domains, are able to 

recruit the protein chaperones HSP70 and HSP90. We then focused on one of these TPR 

domains and elucidated its 3D structure using NMR spectroscopy. Relying on an NMR-driven 

docking approach and MD simulations, we deciphered its binding interface with the C-

terminal tails of both HSP70 and HSP90. Finally, we addressed the biological function of 

SPAG1 and specifically demonstrated that a SPAG1 sub-fragment, containing a putative P-loop 

motif, cannot efficiently bind and hydrolyze GTP in vitro. Our data challenge the 

interpretation of SPAG1 possessing GTPase activity. We propose instead that SPAG1 regulates 

nucleotide hydrolysis activity of the HSP and RUVBL1/2 partners. 



 

 

Introduction 

Cilia are essential elements of motile and sensitive cells. In human, cilia are crucial for the 

function of specific tissues, including testis, kidney or lung and their dysfunction is responsible for 

various path- ologies, chief among which are infertility, polycystic kidney disease and primary 

ciliary dyskinesia (PCD) [1,2]. Cilia are operated by means of a molecular motor composed of 

both outer and inner dynein arms combining several dozens of proteins. Assembly of these arms 

requires many protein factors called DNAAFs (dynein axonemal assembly factors) [3], which are 

not components of the mature arm. SPAG1 belongs to this family of proteins. Several mutations 

in the human SPAG1 gene were shown to induce PCD [4]. To be specific, these mutations can 

lead to frameshift in the gene, deletion in the gene, nonsense codons, missense codons, or loss 

of the start codon. Interestingly enough, the R2SP complex, which combines SPAG1, PIH1D2, 

RUVBL1 and RUVBL2 proteins, was shown to be involved in the assembly of different protein 

complexes [5]. In addition, RUVBL1, absent from mature dynein arms, was proven pivotal to 

maintain the integrity of cilia [6]. 

The R2SP complex is close to the R2TP complex, with RPAP3 and PIH1D1 adaptors being 

replaced by SPAG1 and PIH1D2, respectively [5,7]. Both R2SP and R2TP were proposed to work 

in a concerted fashion with protein chaperones HSP70 and HSP90, thereby facilitating quaternary 

structure organization of client proteins [8]. It is worth noting that R2TP, together with the RPAP3 

interactor WDR92 (also known as MONAD), participates in dynein assembly, but at a stage 

distinct from SPAG1, thus, suggesting the involvement of HSP (heat shock protein) chaperones in 

this biological process [9,10]. Despite similarities, R2SP and R2TP target their own specific 

protein clients. In addition, expression of R2SP was shown to be tissue-specific with a peculiar 

enrichment in testis observed for SPAG1 [5]. 

Although the structure of the R2TP complex and its sub-complexes has been extensively studied 

by NMR (nuclear magnetic resonance), X-ray and cryo-EM, high-resolution three-dimensional 

data for the R2SP complex are still lacking [11–16]. SPAG1/RPAP3 and PIH1D1/PIH1D2 proteins 

have been shown to share common features. Whereas PIH1D1 and PIH1D2 are both composed 



 

of one PIH and one CS domain, SPAG1 and RPAP3 both possess one conserved C-terminal 

domain, as well as several TPR domains [5]. TPR domains (for tetratricopeptide repeat) are 

repeats of at least two 34-residue motifs arranged in a helix-turn-helix fashion [17]. Interestingly 

enough, a multi-TPR protein, such as HOP, organizes the delivery of clients from HSP70 to 

HSP90 via simultaneous anchoring of the chaperones to dedicated TPR domains [18,19]. 

Although HSP70 and HSP90 are structurally very different, this anchoring is mainly driven by a 

common motif made of residues EEVD and located at the C-terminal end of the chaperones [20]. 

Similar functions have been deciphered for RPAP3 [14,21]. More precisely, we have 

demonstrated that RPAP3-TPR1 is likely to recruit HSP70, whereas RPAP3-TPR2 is responsible 

for anchoring HSP90 to a large complex involving PIH1D1. The CS domain of the latter protein 

strongly binds a 39-residue sequence specific to isoform 1 of RPAP3, and its PIH domain is 

recognized by RPAP3-TPR1. Thus, due to their organizational similarities, RPAP3:PIH1D1 and 

SPAG1: PIH1D2 could  share common functions. However, SPAG1  has been proposed to 

possess  a specific  GTP hydrolysis activity, possibly providing the energy required for its co-

chaperone function [22]. Moreover, SPAG1 seems also able to activate G-protein-mediated 

extracellular signal-regulated kinases (ERK1/2) by associating with protein Gβ1 [23], and other 

experimental evidence has highlighted its role in nucleotide-dependent path- ways, such as the 

AMP-dependent kinase, mitogen-activated protein kinase and protein kinase C signaling 

pathways [24]. A P-loop motif (i.e. phosphate-binding loop, also known as Walker A motif), 

capable of binding specifically the phosphate moiety of nucleotides, and the consensus sequence 

of which is (G/A)-(X)4-GK-(T/S), was identified in the region between the last TPR domain and the 

C-terminal domain (from residue 781 to residue 788) [22]. It ought to be noted that the presence 

of this motif, not found in RPAP3, was also established in RUVBL proteins [25]. Indeed, RUVBLs 

can directly bind and hydrolyze nucleotides, inducing conformational changes that could 

putatively modify the specificity and/or the affinity of their protein clients [26]. 

In this work, we deciphered the binding features of SPAG1 toward the protein chaperones HSP70 

and HSP90, combining biochemical, biophysical and in silico approaches. We specifically focused 

on the third TPR domain of SPAG1, exhibiting a high stability in vitro. Using NMR and MD 



 

(molecular dynamics) simulations, we revealed at the molecular level the structure and dynamics 

of SPAG1 in complex with the tail of HSPs. We also investigated the ability of SPAG1 to bind and 

hydrolyze GTP. With this study, we bring to the fore new data, key for a better understanding of 

the involvement of HSP chaperones in dynein assembly. 

Experimental 

Cloning 

DNA sequences of human HSP70, HSP90 and HSP90-MC as well as DNA sequences of the full-

length human SPAG1 and of sub-fragments 206–327, 446–570, 440–573, 622–742 and 622–926 

were cloned into pnEA-3CH, pnYK and pCARGHO vectors [27,28]. The pnEA and pCARGHO 

vectors introduce, respectively, a 6x-His-tag and a CRD-tag at the N-terminal position of the 

recombinant proteins. The pnYK vector produces native recombinant proteins. 

 

Protein co-expression assays 

For each co-expression test, a Ca2+-competent Escherichia coli BL21(DE3) pRARE2 strain was 

co-transformed with plasmids encoding his-tagged ( pnEA) and native ( pnYK) proteins [27]. The 

positive co-transformations were selected on LB-agar medium supplemented with antibiotics. One 

single colony was used for IPTG-induced overexpression of recombinant proteins in a selective 

LB medium, overnight at 20°C. The cell pellet was then sonicated in lysis buffer [25 mM HEPES ( 

pH 7.5), 300 mM NaCl, 0.5 mM TCEP, 10 mM imid- azole]. The cell lysate was placed in contact 

with TALON beads (Clontech) and left stirring for 1 h at 4°C. 

Beads were washed three times with the lysis buffer and proteins retained on the beads were 

eluted using the lysis buffer supplemented with 300 mM imidazole. Samples were analyzed by 

SDS–polyacrylamide gels (10% SDS-PAGE). Control experiments were also performed with 

native proteins purified in the absence of his-tagged partners. 

 

Purification of recombinant proteins 

Isolated recombinant proteins were overexpressed in E. coli BL21(DE3) pRARE2 grown in a 



 

selective LB medium or in a selective M9 medium supplemented with 0.5 g/L 15NH4Cl and 2.0 

g/L 13C-d6-glucose for NMR samples. Briefly, bacteria were transformed with the plasmid of 

interest, selected on an LB agar medium and placed in pre-culture in a selective LB medium at 

37°C. One liter of LB or NMR growth medium was seeded with the pre-culture. When OD600nm  

reached ∼ 0.6, overexpression of the protein was induced with 0.2 mM IPTG and cell cultures 

were placed at 20°C for one night. Cells were harvested and sonicated in lysis buffer [25 mM 

HEPES ( pH 7.5), 300 mM NaCl, 0.5 mM TCEP, 10 mM Imidazole]. The tagged proteins were 

retained on TALON (or lactose sepharose) beads that were washed three times with the lysis 

buffer. Elution from the beads was performed using the 3C-protease or with lysis buffer 

supplemented with 300 mM imidazole or D-lactose whether the 6x-His or CRD tags were kept or 

not. Finally, a size exclusion chromatography per- formed in 10 mM NaPi ( pH 6.4), 150 mM 

NaCl, 0.5 mM TCEP on Superdex-75 or Superdex-200 columns permitted to isolate the protein of 

interest. The purification process was followed on SDS-PAGE (12.5%). When necessary, the final 

buffer was exchanged using several dilution/concentration cycles in Amicon Ultra Centrifugal 

Filters (Merck Millipore). 

 

Dynamic light scattering 

DLS experiments were performed at 20°C on a Zetasizer Nano ZS (Malvern Panalytical) in low-

volume quartz cell. Data were processed using the Zetasizer software (Malvern) with default 

parameters. 

 

Size exclusion chromatography coupled to static light scattering 

Size exclusion chromatography coupled to static light scattering experiment (SEC-SLS) was 

performed at 30°C with an AKTA Explorer HPLC system (GE Healthcare) coupled with both 

RALS/LALS light scattering and refractive index detectors (Viscotek TDA302, Malvern 

Panalytical). The refractive index  increment  value (dn/dc) used to determine the molecular 

weight was 0.185 mL/g. The SEC column (Shodex KW-804, 7 μm, 8 mm ID × 300 mm, void 



 

volume ∼6 mL, total volume ∼12.5 mL) was equilibrated with phosphate-buffered saline ( pH 7.4, 

PBS, Gibco, Thermo Fischer Scientific). The flow rate was 0.5 mL/min. Data were processed 

using the OmniSEC software (v5.12, Malvern Panalytical). 

 

Isothermal titration calorimetry 

The binding of synthetic peptides DASRMEEVD (C-terminal fragment 724–732 of human HSP90) 

and SGPTIEEVD (C-terminal fragment 638–646 of human HSP70) to the full-length SPAG1 or 

sub-fragments was measured at 288 K with an ITC-200 microcalorimeter (Malvern) in 10 mM 

NaPi ( pH 6.4), 150 mM NaCl, 

0.5 mM TCEP. Peptide and protein concentrations, around 1.5 mM and 0.15 mM, respectively, 

were calculated using absorbance at 205 and 280 nm [29]. Peptides and proteins were 

dispatched into the syringe and cell, respectively. Calorimetric data were treated with ORIGIN7 to 

derive the dissociation constant (Kd), the stoichi- ometry (N), and the variations in enthalpy (ΔH), 

entropy (ΔS) and free energy (ΔG). 

 

Protein–protein cross-link assays 

His-tagged HSP70 and HSP90-MC proteins concentrated at 30 μM were incubated for 1 h at 

room temperature with SPAG1-TPRs 1 and 3 concentrated at 120 μM in 10 mM NaPi ( pH 6.4), 

150 mM NaCl supplemented with 20 mM EDC ((1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

hydrochloride, Sigma Aldrich). The cross- linking reaction was stopped by addition of LDS buffer 

(Expedeon). Controls without EDC were performed. Samples were analyzed on precast SDS-

PAGE Gradient 4–12% (Expedeon). 

 

HSP binding monitored by NMR 

1H-13C METHYL-SOFAST-HMQC were  recorded  on  13C-labelled  SPAG1-TPRs  1  and  3  

concentrated  at 30 mM in 10 mM NaPi ( pH 6.4), 150 mM NaCl, 0.5 mM TCEP, 5% D2O in the 

absence or in the presence of a 3 molar excess of non-labeled his-tagged HSP70 or HSP90-MC. 



 

Spectra were collected at 293 K on a 600 MHz Avance III spectrometer equipped with a TCI 

cryoprobe. 

 

NMR analysis of SPAG1-TPR3 

An almost complete resonance assignment (>91%) of the free 13C/15N-labelled SPAG1-TPR3 

was obtained using a 1 mM sample in 10 mM NaPi ( pH 6.4), 150 mM NaCl, 0.5 mM TCEP, 5% 

D2O. Classical 2D and 3D spectra were recorded at 293 K on a 600 MHz Avance III spectrometer 

equipped with a TCI cryoprobe. 3D structures were derived from 1H-15N and 1H-13C 

NOESYHSQC and 1H-1H NOESY experiments recorded with a mixing time of 120 ms and from 

dihedral restraints coming from TALOS-N and PREDITOR [30,31]. CYANA3.0 was used for NOE 

assignment [32]. Finally, 100 structures were refined in water using RECOORD scripts [33]. The 

20 structures with the lowest overall energies were selected as a representative ensemble of 

structures. 

The NMR assignments of the HSP-bound forms of 13C/15N-labelled SPAG1-TPR3 were 

obtained using classical heteronuclear 3D NMR spectra recorded on samples containing 1 mM 

protein and 3 mM peptides. Buffer and temperature conditions were the ones described above. 

2D- and 3D-filtered NOESY experiments collected with a mixing time of 120 ms were recorded to 

select the 1H signals coming from the peptide before transfer- ring them either to the protein or to 

the peptide signals. Filtered TOCSY experiments collected with a mixing time of 20 and 70 ms 

were also recorded to obtain the NMR assignment of the bound peptide. 

Chemical shift perturbations (CSPs) of backbone amide groups in SPAG1-TPR3 upon HSP 

peptides binding were determined by comparing 1H-15N HSQC spectra of the free and bound 

forms of the 15N-labelled protein. 

For this purpose, composite 1H-15N chemical shifts were calculated as follows: Square 

root



HADDOCK modeling 



 

HADDOCK2.2 and CNS1.3 were used to determine the NMR-driven structure of the SPAG1-

TPR3 bound to SGTPIEEVD and DASRMEEVD peptides [34]. The best NMR structure of 

SPAG1-TPR3 and the X-ray structures of the HSP70 and HSP90 peptides enclosed, respectively, 

in PDB entries 3Q49 and 4I2Z were used as starting structures [35,36]. Filtered NOE cross-peaks 

recorded on SPAG1-TPR3:peptide complexes were converted into distance restraints and 

injected in the docking procedure. Automated mode was chosen for the definition of the semi-

flexible interfaces. 512 and 128 structures were calculated in the rigid-body and the semi-flexible 

simulated annealing steps, respectively. For the last 128 structures, a final flexible refinement in 

water was performed. Clustering of the docking solutions was performed using the FCC (Fraction 

of Common Contacts) algorithm with a cutoff of 0.75 [37]. The 3D structures were ranked 

according to their HADDOCK score. 

 

Molecular dynamics simulation 

Molecular assays were built starting from the best Haddock predicted structures subsequently 

solvated in a cubic box (edge 80 Å) by ∼15 300 water molecules in the presence of 150 mM 

NaCl. Ions, protein and the three peptides were described using the CHARMM36 force field [38] 

including CMAP  corrections  [39] whereas water was represented by the TIP3P model [40]. All 

MD trajectories were generated with the NAMD package (version 2.13) [41]. The equation of 

motions was integrated by means of a multiple time step algorithm [42] using a time step of 2 and 

4 fs for short- and long-range interactions, respectively. Covalent bonds involving hydrogen atoms 

were constrained to their equilibrium values by means of the Rattle algorithm [43]. All trajectories 

were carried out in the isobaric–isothermal ensemble at 300 K under 1 atm using 

Langevinndynamics [44] (damping coefficient 1 ps−1) and the Langevin piston method [45]. Long-

range electrostatic interactions were taken into account by means of the Particle Mesh Ewald 

(PME) algorithm [46]. Water and ions were first thermalized during 5 ns while restraining 

harmonically the heavy atoms of the complexes to their initial positions. Next, all positional 

restraints were removed. The distance between the protein residue I724 and the peptide residues 



 

Met728/Ile642 was enforced to evolve at values equal or lower to that observed by NMR using 

the ‘colvar’ module of NAMD [47]. The molecular assays were further thermalized in this condition 

for 50 ns. Finally, MD trajectories of 550 ns were generated without any restraints and analyzed 

using VMD [48]. 

 

GTP binding and hydrolysis monitored by NMR 

1H-15N BEST-TROSY-HSQC and HSQC spectra were recorded on the 15N-labelled fragment 

622–926 of SPAG1 concentrated at 0.1 mM in the presence or absence of a 10, 20 and 30 molar 

excess of GTP using a 600 MHz Avance III spectrometer equipped with a TCI cryoprobe. Data 

were collected at 293 K in 10 mM NaPi ( pH 6.4), 150 mM NaCl, 0.5 mM TCEP, 5% D2O 

supplemented or not with 5 mM MgCl2. Affinity value was derived from CSP using an in-house 

python script. 

GTPase activity was followed using decoupled 1D 31P NMR spectra recorded at 298 K in 10 mM 

HEPES ( pH 7.5), 150 mM NaCl, 5% D2O, 5 mM MgCl2, 1 mM GTP supplemented or not with 0.1 

mM 15N-labelled SPAG1(622–926). Samples were incubated for 24 h at 298 K before data 

acquisition. Spectra were recorded on a 400 MHz Avance III spectrometer equipped with a BBFO 

probe. 

 

Results 

SPAG1 and RPAP3 display similar structural organization 

SPAG1 and RPAP3 are homologous proteins, binding, respectively, PIH1D2 and PIH1D1 to form, 

with RUVBL1/2 proteins, on the one hand, the R2SP complex, and, on the other hand, the R2TP 

complex. When aligned, the amino acid sequences of SPAG1 and RPAP3 display similarity and 

identity scores of 34% and 23%, respectively (Figure 1A, Supplementary Figure S1). As 

previously described, SPAG1 and RPAP3 both possess TPR domains and one specific C-

terminal domain, which represents the signature of R2TP-like quater- nary chaperones [5]. 

Despite these similarities, SPAG1 is 30% longer than RPAP3. This difference in size is mainly 



 

due to the presence of one supplemental TPR domain in SPAG1, compared to the two TPR 

domains found in RPAP3. More specifically, analysis of the amino acid alignment suggests that 

TPRs 1 and 2 in RPAP3 are homologous to TPRs 1 and 3 in SPAG1, leaving an orphan TPR2 in 

the middle of the SPAG1 sequence. It is noteworthy that five of the eight mutations described in 

the SPAG1 gene and involved in PCD, take place in TPRs 1 and 3, the three last mutations 

occurring within the N- and the C-terminal regions [4]. All of the three TPRs in SPAG1 hold five 

conserved residues defining a carboxylate-clamp motif, suggesting an ability to bind the EEVD 

sequence located at the C-terminal tail of the HSP family members [49]. 

 

SPAG1 binds two EEVD motifs with micromolar affinities 

In RPAP3, TPRs 1 and 2 display significantly different affinities for HSP90 C-terminal peptides 

(Kd ∼100 and ∼5 mM, respectively) and similar affinities for HSP70 peptides (Kd ∼ 50 mM) [14]. 

As previously performed for RPAP3, we determined the HSP-binding properties of SPAG1 to get 

insight into the specific role of its three TPR domains in the putative recruitment of HSP 

chaperones. 

First, we performed protein co-expression assays (Figure 1B, Supplementary Figure S2A) and 

showed that the full-length SPAG1 co-elutes with his-tagged HSP70, HSP90 and HSP90-MC (the 

latter protein correspond-ing to HSP90 truncated of its N-terminal domain). Our results suggest 

that the C-terminal tails of HSP pro- teins are sufficient to recruit SPAG1. We further carried out 

ITC (isothermal titration calorimetry) analyses with the full-length SPAG1 and long peptides 

mimicking the HSP tails (HSP90: DASRMEEVD and HSP70: SGPTIEEVD) (Figure 1C). Using 

static light scattering coupled to exclusion size chromatography, we first checked that the full-

length SPAG1 was monomeric (Supplementary Figure S2B). Similar Kd values of ∼13 mM were 

then measured for the two peptides. More strikingly, a stoichiometry value of ∼2 was obtained for 

the two peptides, meaning that two binding sites in SPAG1, with similar affinities toward peptides, 

are able to provide ITC signal. These results strongly suggest that only two out of the three TPR 

domains are available in SPAG1 for the binding of HSP tails. 



 

To assess this property, we tried to overexpress isolated TPR domains of SPAG1 in E. coli. 

Whereas TPRs 1 and 3 were found soluble (i.e. fragments 206–327 and 622–742) and suitable 

for biophysical studies, we failed to solubilize TPR2 with the desired efficiency, despite several  

attempts  toward  this  end  (Supplementary Figure S3A–D). This shortcoming suggests that 

TPR2 in SPAG1 displays hydrophobic features that cause it to dive mainly into the bacteria pellet 

after cell lysis and centrifugation. Insofar as recombinant TPRs 1 and 3 are concerned, their 

purification was successfully performed. TPR3 was found highly soluble and stable, while TPR1 

exhibited a marked propensity toward aggregation and instability upon concentration (i.e. for 

concentration >150 mM, Supplementary Figure S3E). Next, using protein co-expression assays, 

we showed that isolated his-tagged TPRs 1 and 3 co-eluted with full-length HSP70, HSP90 and 

HSP90-MC (Figure 1D, Supplementary Figure S2A). These interaction data were strengthened, 

first, using NMR experiments, wherein drastic changes in the SOFAST-METHYL-HMQC spectra 

of TPRs 1 and 3 occurred upon addition of HSP70 and HSP90-MC (Figure 1E, Supplementary 

Figure S4A), and, second, using protein–protein cross-link assays (Supplementary Figure S4B). 

To acquire additional information about the interaction, we then conducted ITC experiments with 

the HSP peptides (Figure 1F). The stoichiometry values of ∼ 1 demonstrate that each TPR 

domain possesses one HSP-binding site. With the HSP90 peptide, the Kd values were similar for 

TPR1 (Kd = 2.5 ± 0.2 mM) and for TPR3 (Kd = 1.7 ± 0.1 mM). With the HSP70 peptide, the Kd 

values were slightly higher than the ones measured with the HSP90 peptide. Specifically, a 3- and 

a 6-fold increase were obtained, respectively, for TPR3 (Kd = 6.2 ± 0.6 mM) and for TPR1 (Kd = 

15.8 ± 0.2 mM). 

Altogether, these data suggest that only TPRs 1 and 3 within the full-length SPAG1 could 

efficiently recruit the EEVD motif of the HSP family members. Indeed, considering the unexpected 

insolubility of the TPR2 domain, we can assume that its carboxylate-clamp motif is not accessible 

within the full-length protein. Last, working with isolated TPR domains slightly enhances the 

affinity toward HSP90 peptides but should reflect the behavior of these modules in the context of 

the full-length SPAG1. We, thus, tried to establish the molecular basis underlying the recognition 

between SPAG1 and members of the HSP family using NMR spectroscopy. 



 

 

 

 

 

 

Figure 1. SPAG1 interacts with HSP70 and HSP90.  



 

(A) Schematic comparison between the human RPAP3 and SPAG1 proteins. Limitations of the sub-domains are indicated. (B) Protein 
co-expression assays between SPAG1 and his-HSP70, his-HSP90 and his-HSP90-MC. ‘SSo’, ‘Beads’ and ‘Elu’ relate respectively to 
the supernatant sonicate, talon beads and elution from the beads with imidazole. The co-purified proteins are indicated with arrows. 

(C) ITC experiments recorded between SPAG1 and peptides DASRMEEVD (HSP90) and SGPTIEEVD (HSP70). Stoichiometry (N), 
dissociation constant (Kd), temperature (T), variations in enthalpy (ΔH), in entropy (ΔS) and in free energy (ΔG) are reported. (D) 

Protein co-expression assays between his-SPAG1-TPRs 1 and 3 and HSP90, HSP70 and HSP90-MC (E) SOFAST-METHYL-HMQC 
spectra of isolated TPR1 and TPR3 of SPAG1 in the absence ( purple) and in the presence of his-tagged HSP90-MC (blue) and 
HSP70 (black). In all cases, methyl resonances are significantly shifted or highly broaden upon addition of HSP proteins. (F) ITC 

experiments recorded between isolated TPR1 and TPR3 of SPAG1 and peptides DASRMEEVD (HSP90) and SGPTIEEVD (HSP70). 
Same parameters as those described in C are reported 

NMR analysis of the free and HSP-bound forms of SPAG1-TPR3 

We set out to perform NMR experiments on TPR1. In our hands, this domain was somewhat 

unstable, thus, precluding a clear NMR assignment. We then focused on TPR3, fully stable and 

soluble when purified from a 13C/15N-enriched M9 medium. 

First, most of the 1H, 13C and 15N resonances in SPAG1-TPR3 were assigned and derived into 

a well- resolved ensemble of three-dimensional structures (Table 1). SPAG1-TPR3 is composed 

of seven α-helices, the first six organized into three TPR motifs (Figure 2A). Helix α7 plays the 

role of a capping helix, which may enhance the solubility by shielding several hydrophobic 

residues located on helix α6 (Figure 2B). The residues of the carboxylate-clamp, namely K627, 

N631, N662, K692 and R696, are located on the concave face of the domain and are ideally 

positioned in a cradle ready to bind the EEVD tail of HSP proteins (Figure 2C). 

Next, building on our ITC experiments, we monitored by NMR the binding of HSP peptides to 

15N-labelled SPAG1-TPR3,  using  1H-15N  CSPs.  This  method  reveals the  footprint  left  by  

the  peptide  on  the  protein domain. Strikingly, the two peptides provided very similar CSP 

profiles (Figure 2D). Helices α1, α3, α5 (which hold the five carboxylate-clamp residues) and α7 

were similarly perturbed upon peptide binding. These data suggest a common binding mode for 

HSP90 and HSP70, but also, and at first sight, a minor contribution to the binding mode from 

residues lying upstream the EEVD sequence. Some slight differences could, nonetheless, be 

observed at the root of helix α7, when HSP70 and HSP90 footprints are compared, which could 

be correlated to the difference in amino acid sequence of the two peptides and to the slight 

difference in affinity values measured by ITC (Figure 1F). Thus, in order to understand the 

molecular mechanisms that drive these binding modes, we modeled SPAG1-TPR3:HSP-peptide 

complexes and performed MD simulations. 

 



 

HADDOCK modeling and molecular dynamics simulation of the SPAG1-TPR3: HSP-

peptide complexes 

We  started  our  structural  study  by  re-assigning  the  NMR  frequencies  of  1H,  15N  and  

13C  nuclei  in  the HSP-bound forms of SPAG1-TPR3. We then recorded intermolecular NMR 

signals using filtered NOESY experiments (Figure 3). HSP90 and HSP70 peptides provided 

common intermolecular NOEs, in agreement with similar CSP profiles imprinted on SPAG1-

TPR3. We aimed to use these unambiguous NMR data to drive a docking procedure using the 

HADDOCK protocol [34,50]. 

Toward this end, we screened the Protein Data Bank in search of three-dimensional structures of 

HSP pep- tides that could globally satisfy both intermolecular data and the CSP profiles. For the 

HSP90 peptide, we found entry 4I2Z, which depicts the crystal structure of the HSP90-bound form 

of myosin chaperone UNC-45 from Caenorhabditis elegans [35]. We extracted the ASRMEEVD 

segment from this entry and fulfilled the N-terminal position with an Asp residue. For the HSP70 

peptide, we found entry 3Q49, which depicts the crystal structure of the TPR domain of CHIP 

complexed to peptide PTIEEVD [36]. We extracted the latter segment and fulfilled the N-terminal 

position with a Ser and a Gly residue. Each peptide was docked onto the best NMR  structure of 

SPAG1-TPR3, using 49  and 40 intermolecular distance  restraints  for  HSP90 and HSP70, 

respectively (Supplementary Figure S5). 

  



 

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

SPAG1-TPR3 calculated with RECOORD scripts 

 
NMR distances and dihedral constraints 

SPAG1-TPR3Total NOEs 3488 

Short range (|i − j| ≤ 1) 1605 

Medium range (|i – j| < 5) 943 

Long range (|i – j| ≥ 5) 940 

Total dihedral angle restraints 239 

f 107 

ψ 105 

χ1 27 

Structure statistics 

Violation occurrences 0 

Distance constraints (>0.5 Å) 0 

Dihedral angle constraints (>5°) 0 

Deviations from idealized geometry 

Bond lengths (×10−3Å) 2.743 ± 0.169 

Bond angles (°) 0.433 ± 0.013 

Impropers (°) 1.083 ± 0.055 

RMSD to best structure (Å) 

All backbone atoms 1.17 ± 0.28 

All heavy atoms 1.40 ± 0.22 

Backbone atoms in secondary structures

 0.

45 ± 0.09 Heavy atoms in secondary structures

 0.

93 ± 0.07 

Ramachandran statistics 
 

Residues in most favored regions (%) 92.1 

Residues in additional allowed regions (%) 7.9 

Residues in generously allowed regions 
(%) 

0 

Residues in disallowed regions (%) 0 

 
 



 

 

Figure 2. NMR analysis of the free and HSP-bound SPAG1-TPR3. 

(A) Backbone representation of the 20 best NMR structures of SPAG1-TPR3. (B) Zoom on the capping helix α7. 

(C) Zoom on the conserved residues K627, N631, N662, K692 and R696 of the carboxylate-clamp. In (B) and 

(C), the best NMR structure was used and only polar hydrogens were represented. (D) Chemical shift 

perturbations (Δδ in ppm) of backbone amide groups in 15N-labelled SPAG1-TPR3 in the presence of peptides 

DASRMEEVD (blue line) and SGPTIEEVD (green line) were plotted against the protein sequence number. The 

limitations of SPAG1-TPR3 α-helices are indicated on the top of the diagrams. 
 

 

 
 

 

Figure 3. SPAG1-TPR3 shares a common pattern of intermolecular NOEs with the two HSP peptides. 

(A) Intermolecular NOEs detected between Ile724 (A) and Val634 (B) in 13C-labelled SPAG1-TPR3 and HSP 

peptides using 3D-filtered NOESY experiments. 
 

 



 

 

 

Figure 4. Evolution of backbone RMSDs in SPAG1-TPR3:HSP complexes. 

(A) Analysis of the SPAG1-TPR3:DASRMEEVD complex. The backbone RMSD values of SPAG1-TPR3 (residues 622 to 740, in 

purple) and of the DASR and MEEVD segments in the peptide (respectively, in light and dark blue) are plotted against the 

simulation time. (B) Analysis of the SPAG1-TPR3:SGPTIEEVD complex. The backbone RMSD values of SPAG1-TPR3 (residues 

622–740, in purple) and of the SGPT and IEEVD segments in the peptide (respectively, in light and dark green) are plotted against 

the simulation time. In (A) and (B), the first frame of the trajectory was the reference structure. In (A) and (B), 3D structures were 

extracted from the trajectories at 60-ns intervals, superimposed and represented as ribbons. 
 

 

 

For the two HADDOCK calculations, the FCC clustering approach (cutoff = 0.75), subsequent to 

the final water refinement stage, placed all the 128 calculated structures of each complex in a 

unique ensemble [37]. No distance restraint violations greater than 0.5 Å were detected. Cα 

RMSD values of 0.76 ± 0.11 Å and 0.77 ± 0.23 Å were measured on the top-10 structures of 

SPAG1-TPR3 complexed  with  HSP90  and  HSP70,  respectively  (Supplementary  Figure  S6).  

No  significant  change  was observed between the bound and the unbound conformations of 

SPAG1-TPR3 (Cα RMSDs ∼ 0.5 Å). 

Next, to assess the structure and the dynamics of the binding interface, a 605-ns MD simulation 

was performed on both SPAG1-TPR3:DASRMEEVD and SPAG1-TPR3:SGPTIEEVD immersed 

in a water box, using the best HADDOCK solutions as a starting point. In the first 5 ns of the 

simulations, distance restraints were enforced to limit the motions of backbone atoms, while 

permitting reorganization of the side chains. A single distance restraint based on intermolecular 



 

NOEs was then used to immobilize the peptide over the 50 following ns. Finally, all geometric 

restraints were removed for the last 550 ns of the simulations. With respective mean backbone 

RMSD values of 0.99 ± 0.15 Å and 1.05 ± 0.19 Å, SPAG1-TPR3 bound to HSP90 and HSP70 

peptides showed only minor deviations from the initial position along the trajectories (Figure 4, 

Supplementary Movies MS1 and MS2). Similarly, the MEEVD and IEEVD parts, in the HSP90 

and HSP70 peptides, respectively, were shown to be stable throughout the trajectories, as 

depicted in the mean backbone RMSD values of 0.63 ± 0.15 Å and 0.61 ± 0.32 Å measured for 

these segments (Figure 4, Supplementary Movies MS1 and MS2). We could, nevertheless, note a 

short and partial release of the IEEVD segment between 370 and 430 ns. 

Stability of the interface in the two complexes was ensured by a common pattern of interactions. 

For clarity in the following description, the one-letter code and three-letter code were, 

respectively, used for the denomin- ation of residues in SPAG1-TPR3 and in HSP peptides. First, 

an electrostatic network was woven between the five residues K627, N631, N662, K692 and 

R696 of the carboxylate-clamp motif from SPAG1-TPR3 and the residues Met728 to Asp732 in 

HSP90 and the corresponding amino acids  Ile642  to  Asp646  in  HSP70 (Figure 5). Specifically, 

the carboxylate groups of the main and side chains of Asp732/Asp646 in the HSP90/70 peptides 

were highly stabilized by the side chains of K627, N631, N662 and K692 in SPAG1. R696 in 

SPAG1 and the backbones of Met728/Ile642 and Glu730/Glu644 in the peptides contributed 

efficiently to the interface as well as the side chains of K669 and Glu729/Glu643. Second, 

hydrophobic contacts were formed between the side chains of V634 in SPAG1 and 

Val731/Val645 in the peptides (Figure 5). This binding mode matches well with that commonly 

observed in the other three-dimensional structures of HSP-bound TPR domains. Third, 

supplemental stabilization forces were provided by a hydrophobic pocket made of side chains 

from V691, K692, Y695, V717 and I724 in SPAG1 harboring the methyl groups of Met728 and 

Ile642 in the HSP peptides (Figure 5). Similar pockets were also observed in other complexes, 

such as RPAP3, CHIP and FKBP38 bound to similar peptides [14,36,51]. 

 

 
 



 

 

Figure 5. MD analysis of SPAG1-TPR3 in complex with the DASRMEEVD and SGTPIEEVD peptides. 

(A,D) Distribution of intermolecular distances involving carboxylate-clamp residues in SPAG1-TPR3 and atoms in the peptides. For 

each distribution, the value of the most populated class of distance is indicated. A view of the polar network of interaction is 

shown on a representative 3D structure extracted from the trajectory. (B,E) Distribution of intermolecular distances involving 

residues forming hydrophobic pockets in 

SPAG1-TPR3 and hosted residues in the peptides. For each distribution, the value of the most populated class of distance is 

indicated. A view of the pockets is shown on a representative 3D structure extracted from the trajectory. (C,F) Residues in 

SPAG1-TPR3 displaying 1H-15N CSP values in the 75th percentile upon peptide binding are colored in purple on the molecular 

surface of a representative 3D structure of the complexes (see also Figure 2). For convenience, hydrogens were not represented. 
 
 



 

 
However, in sharp contrast with the latter MEEVD and IEEVD segments, the DASR and the 

SGPT extremities in HSP90 and HSP70 exhibited more flexibility along the trajectories (Figure 4, 

Supplementary Movies MS1 and MS2). The backbone RMSD values of 1.39 ± 0.38 Å and 1.22 ± 

0.41 Å measured in the DASR and SGPT parts of the HSP90 and HSP70 peptides reflected their 

higher mobility. In both complexes, the N-terminal part of the peptides (i.e. the first four residues) 

appeared more solvent-exposed than the C-terminal part (i.e. the five last residues). However, we 

were able to highlight in the trajectories significant transient salt bridges established between 

Arg727 in HSP90 and E721 and E726 in SPAG1-TPR3 (Supplementary Figure  S7). Similar  

interactions  could not be observed with  the HSP70 peptide, the first residues of which lack 

strong electron attracting groups. This difference could explain the slight lower affinity measured 

for the HSP70 peptide in complex with SPAG1-TPR3 (Figure 1F). However, the dynamic behavior 

observed within the N-terminal segment of the peptides suggests that the majority of the binding 

energy arises from the stable interface involving both polar and hydrophobic anchoring of the 

(M/I)EEVD segment into the cradle of SPAG1-TPR3. 

Last, the evolution of the intermolecular distances agrees nicely with the experimental NOE and 

CSP data (Figure 5, Supplementary Figure S6), suggesting that our MD simulations rendered a 

realistic representation of the three-dimensional structure of the complexes at hand. 

 

SPAG1 does not bind and hydrolyze GTP efficiently 

Having deciphered the binding mode of HSPs onto TPR domains at the atomic level, we focused 

next on another putative substrate of SPAG1 with the primary idea of understanding, at the same 

atomic scale, the nucleotidase function of the protein. Indeed, GTPase activity of SPAG1 was 

demonstrated by measuring the release of inorganic phosphate from GTP in the presence of E. 

coli extracts overexpressing or not a recombin- ant fragment of SPAG1, going from residues 577 

to 821 [22]. Authors showed an increase in absorbance at 700 nm in the presence of SPAG1, 

suggesting a direct contribution of the overexpressed protein in GTP hydrolysis. Using GTP and 

ATP blot assays, SPAG1 was proposed to bind GTP, while protein sequence analysis highlighted 



 

a P-loop motif between residues 781 and 788 (ASEKGGKS). To gain additional information about 

this function, we aimed to monitor the strength of the binding of GTP to the stable C-terminal 

fragment 622–926 of SPAG1, using NMR spectroscopy. 

First, the HSQC 1H-15N spectrum that we recorded on SPAG1(622–926) overlapped well with 

the spectrum of SPAG1-TPR3 that corresponds to region 622–742 (Figure 6A). Two sets of 

supplemental peaks could also be observed in this spectrum. The first one, with NMR signals of 

moderate intensities spreading over the spectrum widths, displays the features of well-folded 

protein regions. The second one, with intense 1H and 15N resonances centered, respectively, 

around 8 ppm and 120 ppm, is characteristic of disordered regions in pro- teins. These spectral 

features led us to reason that SPAG1(622–926) could behave as a protein made of two 

independent domains devoid of strong contacts between each other. Due to the multi-modular 

organization of SPAG1 (Figure 1A, Supplementary Figure S1), we could reasonably assign these 

peaks to the C-terminal domain of the protein and to the linker upstream that makes the 

connection with TPR3. 

Surprisingly, we did not observe any drastic change in the NMR spectrum of SPAG1(622–926) in 

the presence of a 10-molar excess of GTP, even when Mg2+ cations were added (Figure 6B). An 

efficient binding of the nucleotide should have significantly modified the chemical shift values 

and/or the intensities of those residues involved in the binding of the nucleotide. Cautious 

inspection of the SPAG1(622–926)  spectra recorded with a huge excess of nucleotide showed, 

nonetheless, that few isolated NH resonances underwent observable chemical shift modifications 

upon addition of GTP (Figure 6B,C). These CSPs were derived into a Kd greater than 5 mM, a 

value for which the question of biological relevance could be raised. This result strongly suggests 

that the 622–926 fragment of SPAG1 was not able to bind GTP efficiently in vitro (at least with a 

sub-millimolar affinity). 

As very low binding could not totally be related to low hydrolysis efficiency, we monitored the 

release of inorganic phosphate by SPAG1(622–926) from GTP in the presence of MgCl2, using 

31P NMR. Even after 24 h of incubation, no 31P peak between 0 and 5 ppm appeared, thus, 

indicating that hydrolysis of GTP could not be observed (Figure 6D). These data call into question 



 

the efficiency of GTPase activity in SPAG1. 

 
 

 

Figure 6. Insights into the GTPase activity of SPAG1. 

(A) Superimposition of the 1H-15N HSQC spectra of the 15N-labelled fragments 622–742 (in purple) and 622–926 (in light blue) of 

SPAG1 recorded in the NMR buffer (10 mM NaPi ( pH 6.4), 150 mM NaCl, 0.5 mM TCEP) at 293 K. (B) BEST-TROSY 1H-15N HSQC 

spectra of SPAG1(622–926)  recorded in the NMR buffer supplemented with 5 mM MgCl2 in the presence (marine blue) or absence 

(light blue) of 1 mM GTP. (C) Chemical shift perturbations upon GTP addition on SPAG1(622–926) monitored in experimental 

conditions mentioned in (B) and curve fitting of the data. The spectral region that was studied is highlighted in the gray box drawn in 

(B). (D) 1D 31P NMR spectra of 1 mM GTP in the presence (black) or 

absence (gray) of 0.1 mM 15N-labelled SPAG1(622–926) recorded at 298 K in 10 mM HEPES ( pH 7.5), 150 mM NaCl, 5 mM 

MgCl2 and 10% D2O. Reference (gray) and test (black) samples were prepared 24 h prior to data acquisition. Assignment of 
31P nuclei in GTP is indicated. 
 
 

 

Discussion 

SPAG1 is a platform for HSP proteins 

SPAG1 has been proposed to be involved in the assembly of dynein arms, and thus, in the 

function of cilia. Quaternary assembly of this kind of macromolecular complex is supervised by 

proteins with chaperoning activities. We have demonstrated here the ability of SPAG1 to recruit 

directly HSP70 and HSP90. We have shown that SPAG1 binds the tails of HSP70 and HSP90 

with comparable affinities, either for the full-length protein or for the isolated TPR domains. The 

affinities measured between isolated SPAG1-TPRs 1 and 3 and the DASRMEEVD peptide 

(HSP90) are slightly higher than the ones measured with the SGPTIEEVD peptide (HSP70), 

thereby indicating that none of the TPR domains seems dedicated to one specific chaperone. 



 

This idea is supported by our synergistic NMR and MD study of SPAG1-TPR3 and HSP peptides, 

illuminating that DASRMEEVD and SGPTIEEVD peptides can accommodate their protein 

receptor in a similar way. Specifically, on one side, the EEVD residues of the peptide are 

consensually bound to the carboxylate-clamp motif of the TPR domain and, on the other side, the 

Met728 and Ile642 residues (which were proposed as key residues for HSP specificity) are stably 

hosted in the same pocket in SPAG1-TPR3. This observation is in contrast with multi-TPR HSP 

co-chaperone proteins such as RPAP3 or HOP, the TPR domains of which have been proposed 

devoted to HSP70 or HSP90 in order to facilitate protein–client exchange inside a chaperone/ co-

chaperone complex [19]. For example, we have previously documented two different binding 

modes for HSP70 and HSP90 peptides on RPAP3-TPR2 and related these results to an 

enhanced affinity of RPAP3-TPR2 for HSP90. Here, our results indicate that SPAG1 could be 

potentially saturated by one or the other HSP proteins. It is noteworthy that previous IP-SILAC 

experiments using PIH1D2 as bait have revealed that HSP70 was strongly associated with 

SPAG1, RUVBL1, RUVBL2 and PIH1D2 proteins [5], suggesting that HSP70 could be the 

privileged partner of SPAG1 in vivo. This result also raises the question of the putative regulating 

effect of SPAG1 on HSP chaperones. Indeed, one might wonder whether SPAG1 is a simple 

carrier for HSP proteins or is able to enhance or decrease the chaperoning abilities of the latter. 

To address this question, it would be of interest to test the effect of the full-length SPAG1 and its 

sub-fragments on the ATPase activity of HSPs. We propose in the present work that SPAG1-

TPR2 could not participate in the binding of the HSP C-terminal tails due to its biochemical 

features. Still, one might question whether TPR2 only plays an organizational role in SPAG1, 

facilitating the proper folding of the protein, or act as a regulatory module that modifies the 

ATPase activity of the HSP chaperones through contacts that do not involve its carboxylate-clamp 

motif. Such regulatory roles were highlighted for the TPR domain of Sec72 that is able to interact 

with the ATPase domain of Ssb1, a yeast HSP70 homolog lacking the EEVD motif [52] and for 

Sti1, whose TPR2B domain interacts with the M domain of HSP90 [19]. In the same way, the 

formation of HSP70 dimers, and consequently the chaperoning activity of the protein, is also 

differentially regulated by TPR-containing proteins, Chip and Tomm34 [53]. 



 

 

Is SPAG1 a GTPase? 

Using the sub-fragment 577–821, SPAG1 was described years ago as a GTPase protein [22]. In 

our study, we failed to highlight catalytic activity for the sub-fragment 622–926 of SPAG1. 

Although different in size, these two sub-fragments equally contain a putative P-loop motif that 

lays between residues 781 and 788. Using NMR, we have demonstrated the stability and the 

proper folding of sub-fragment 622–926 (Figure 6A,B). In addition, sequence analysis of SPAG1 

defines the region 577–621 in SPAG1 as a linker connecting TPR domains 2 and 3 devoided of 

any specific motif, whereas region 822–926 appears folded (Figure 6A, Supplementary Figure 

S1). Thus, although the use of the sub-fragment 622–926 appears totally relevant, the P-loop 

motif remained silent in our experiments. Moreover, the SPAG1 sequence did not reveal the 

presence of a G domain, which is a conserved domain in GTPases. 

However, among partners, SPAG1 was also able to interact with RUVBL1 and RUVBL2 proteins, 

two other protein chaperones both shown to be able to hydrolyze ATP. To fulfill this function, 

RUVBLs proteins contain Walker A and B motifs, as well as ADP/ATP sensor motifs. The Walker 

A/P-loop sequence is a common motif for ATP and GTP binding. Merging these data together 

leads us to propose that SPAG1 might have a general enhancing effect on nucleotide hydrolysis. 

Indeed, we could easily assume that SPAG1 might have stimulated GTPases from E. coli in the 

past experiment [22]. In turn, this hypothesis suggests that SPAG1 could be a key activator of 

Walker nucleotidases, such as RUVBL1/2 proteins, which could facilitate their role in the 

quaternary assembly of macromolecular complexes. Interestingly enough, the C-terminal domain 

of SPAG1 is homologous to the C-terminal domain of RPAP3, which has been shown to be in 

direct contact with the RUVBL1/2 hetero-hexameric ring. Thus, this domain could be an important 

module in the regulation of the nucleotide hydrolysis function. As a perspective, extensive activity 

assays might highlight that SPAG1, through its multiple domains, is a fine tuner of the nucleotide 

hydrolysis activity of non-Walker and Walker nucleotidases (i.e. HSP and RUVBL proteins, 

respectively) within a large R2SP/HSP complex. 
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