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Abstract

Hsp90 and Hsp70 are highly conserved molecular chaperones that help maintain proteostasis by 

participating in protein folding, unfolding, remodeling and activation of proteins. Both chaperones 
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are also important for cellular recovery following environmental stresses. Hsp90 and Hsp70 

function collaboratively for the remodeling and activation of some client proteins. Previous studies 

using E. coli and S. cerevisiae showed that residues in the Hsp90 middle domain directly interact 

with a region in the Hsp70 nucleotide binding domain, in the same region known to bind J-domain 

proteins. Importantly, J-domain proteins facilitate and stabilize the interaction between Hsp90 and 

Hsp70 both in E. coli and S. cerevisiae. To further explore the role of J-domain proteins in protein 

reactivation, we tested the hypothesis that J-domain proteins participate in the collaboration 

between Hsp90 and Hsp70 by simultaneously interacting with Hsp90 and Hsp70. Using E. coli 
Hsp90, Hsp70 (DnaK), and a J-domain protein (CbpA), we detected a ternary complex containing 

all three proteins. The interaction involved the J-domain of CbpA, the DnaK binding region 

of E. coli Hsp90, and the J-domain protein binding region of DnaK where Hsp90 also binds. 

Additionally, results show that E. coli Hsp90 interacts with E. coli J-domain proteins, DnaJ and 

CbpA, and that yeast Hsp90, Hsp82, interacts with a yeast J-domain protein, Ydj1. Together these 

results suggest that the complexes may be transient intermediates in the pathway of collaborative 

protein remodeling by Hsp90 and Hsp70.

Graphical Abstract

Docked model of an E. coli Hsp90-DnaK-CbpA complex
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Introduction

Both Hsp90 and Hsp70 are ATP-dependent molecular chaperones that regulate the activity 

of hundreds of cellular proteins by remodeling and reactivating inactive proteins [1–4]. They 

are abundant proteins under nonstress conditions and are further induced by stress conditions 

[3, 5, 6]. Hsp90 is essential in all eukaryotes and in some bacteria, but not in E. coli, while 

Hsp70 is essential in all organisms [3–5, 7, 8]. Remodeling of many client proteins in both 

eukaryotes and bacteria requires the collaboration of Hsp90 and Hsp70 [3, 9–14].
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Hsp90s are homodimers with each protomer composed of an N-terminal domain (NTD), 

a middle domain (MD), and a C-terminal domain (CTD) (Fig. 1a). In addition, eukaryotic 

Hsp90s have an unstructured linker of variable length connecting the N-domain to the 

M-domain, which bacterial Hsp90s lack [2, 3]. Cytoplasmic eukaryotic Hsp90s also have a 

C-terminal extension that is important for binding cochaperones containing tetratricopeptide 

repeat (TPR) domains [3, 15, 16]. The Hsp90 NTD binds ATP and, together with a catalytic 

loop in the MD, hydrolyzes ATP [2, 3]. A region in the MD of Hsp90 interacts with the 

Hsp70 chaperone, and the CTD facilitates Hsp90 dimerization [2, 3]. All Hsp90 domains 

are implicated in binding various clients [17]. The chaperone activity of Hsp90 requires 

ATP hydrolysis, which results in large conformational rearrangements that transform Hsp90 

from an extended open conformation to a closed conformation characterized by transient 

dimerization at the NTDs and CTDs [18–20]. In eukaryotes, Hsp90 function is regulated 

by various combinations of more than twenty cochaperones, whereas bacteria lack Hsp90 

cochaperone homologues [17, 21, 22].

Hsp70s are comprised of an N-terminal nucleotide-binding domain (NBD) and a C-terminal 

substrate-binding domain (SBD) that are connected by a short linker [1, 2] (Fig. 1b). 

The SBD is composed of two subdomains: SBDβ contains the substrate (client)-binding 

pocket and is composed of β-strands, and SBDα is a helical region that functions as a 

lid to cover the bound client. Similar to Hsp90, Hsp70 undergoes cycles of ATP binding 

and hydrolysis that are accompanied by large conformational changes in the chaperone [1, 

2]. Hsp70 is regulated by two cochaperones, a J-domain proteins (JDP) and a nucleotide 

exchange factor (NEF). JDPs target specific substrate proteins to Hsp70 and stimulate Hsp70 

ATP hydrolysis. There are three classes of JDPs, all containing a J-domain. Class A JDPs, 

such as E. coli DnaJ and yeast Ydj1, contain a J-domain followed by two homologous 

C-terminal domains referred to as CTD I and CTD II [23, 24]. They also contain a Zn2+ 

binding domain embedded in CTD I. Class B JDPs, such as E. coli CbpA and yeast Sis1, 

lack the Zn2+ binding domain but are otherwise homologous to type I JDPs. Class C JDPs 

contain a J-domain but are otherwise not homologous to JDPs. JDPs present substrates to 

Hsp70 and stimulate ATP hydrolysis by DnaK, causing high affinity substrate binding [1, 

2]. NEFs trigger the release of ADP from Hsp70 and the binding of ATP, thereby promoting 

nucleotide exchange [25].

Physical interaction between bacterial Hsp90 and Hsp70 is required for Hsp90 and Hsp70 

to synergistically function in client remodeling [4, 26]. Previously we demonstrated that 

direct interactions between E. coli Hsp90 (Hsp90Ec) and Hsp70 (DnaK) and between 

Saccharomyces cerevisiae Hsp90 (Hsp82) and Hsp70 (Ssa1) are essential for client 

remodeling [9, 10, 13] (Fig. 1a). Residues in the MDs of both Hsp90Ec and Hsp82 are 

important for the Hsp90-Hsp70 interaction, and they directly contact residues in the NBDs 

of DnaK and Ssa1, respectively [12, 13, 27] (Fig. 1a). Moreover, many of the E. coli and 

yeast Hsp70 residues that are involved in Hsp90 binding were previously shown to be 

important for interaction with JDPs [12, 13] (Fig. 1b and 1c). It has also been observed that 

Hsp70-Hsp90 complex formation in the presence of ATP is stimulated by the addition of 

JDPs [10, 27]. The JDP likely stimulates the conversion of the ATP-bound conformation 

of Hsp70 to the ADP-conformation, which more readily interacts with Hsp90 [13, 27, 28]. 

In addition, the Hsp70-Hsp90 complex is stabilized by a known client protein, ribosomal 
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protein L2 [10]. Together, these results suggest that JDPs, Hsp70s, and Hsp90s function 

synergistically in protein remodeling.

In this work we explored the mechanism by which JDPs facilitate the collaboration between 

Hsp90 and Hsp70. Our results show that an E. coli JDP, CbpA, forms a ternary complex 

with Hsp90 and Hsp70. In addition, both E. coli and yeast J-domain proteins form binary 

complexes with Hsp90. These observations suggest that transient CbpA-Hsp90Ec complexes 

and CbpA-DnaK-Hsp90Ec complexes may be intermediates in the pathway of protein 

remodeling.

Results

Hsp90, Hsp70, and JDP form a ternary complex

Previous in vivo and in vitro research showed that there is a direct interaction between 

Hsp90 and Hsp70 [9, 10, 27]. It was also shown that the site of interaction between 

the two chaperones involved residues in the MD of Hsp90 and the NBD of Hsp70 

[12]. Moreover, the residues in E. coli and yeast Hsp70 that interact with Hsp90 are 

also known to interact with JDPs [12, 13, 27, 29–32]. These observations suggested the 

possibility that Hsp90 and JDP compete for binding Hsp70. However, CbpA and DnaJ 

did not compete with Hsp90Ec in pull-down assays with biotin labeled DnaK (Genest 

2015). Similarly, E. coli and yeast JDPs did not compete with E. coli and yeast Hsp70s 

in Hsp70-Hsp90 crosslinking experiments. Instead, E. coli and yeast JDPs facilitated or 

stabilized the Hsp90-Hsp70 complex in the presence of client and ATP (Genest, 2015, 

Doyle 2019). These results suggested the possibility that JDPs may form a larger Hsp90-

Hsp70-JDP complex as a transient intermediate in the pathway of client remodeling. To test 

this hypothesis, we performed crosslinking experiments using a trifunctional crosslinker, 

TMEA (tris(2-meleimidoethyl)amine), containing three reactive maleimide groups with 

linker lengths of 10.3 Å, to enable conjugation to sulfhydryl-containing molecules. We 

constructed cysteine substitution mutants in Hsp90Ec, DnaK, and CbpA, since Hsp90Ec 

and CbpA lack cysteines and DnaK contains one buried cysteine that does not interfere in 

crosslinking experiments [27]. The residues selected for mutation were nearby the known 

Hsp90Ec-DnaK and the DnaK-DnaJ interfaces (Fig. 1). After testing various mutants, we 

focused on the combination of Hsp90Ec N347C, CbpA E51C and DnaK D211C (Fig. 2a, 

2b). All three of the mutant proteins function like their wild type counterparts in protein 

reactivation and ATP hydrolysis (Fig. S1, [27]).

The Hsp90Ec, DnaK, and CbpA cysteine mutant proteins were incubated individually, in 

pairs, and all three together in the presence of TMEA and ATP. The rationale for including 

ATP was to allow the chaperones to undergo conformational changes that may be necessary 

for formation of a transient complex. The crosslinked products were then visualized by 

SDS-PAGE. Strikingly, a novel, slowly migrating species was observed when Hsp90Ec 

N347C, CbpA E51C and DnaK D211C were crosslinked (Fig. 2c, lane 7), but not when any 

one of the three components was omitted (Fig. 2c, lanes 4–6). When wild-type Hsp90Ec, 

DnaK, or CbpA was substituted in the reaction for the corresponding cysteine mutants, the 

high molecular weight crosslinked product was not observed, indicating that the crosslinked 

complex consists of the three cysteine mutants of Hsp90Ec, DnaK and CbpA (Fig. 2c, lanes 
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8–10). When either Hsp90Ec or CbpA alone was treated with TMEA, a small amount of 

crosslinked Hsp90Ec protomers or CbpA protomers could be seen (Fig. 2c, lanes 1 and 3). 

When DnaK alone was treated with TMEA, crosslinked DnaK protomers were not detected 

(Fig. 2c, lane 2). DnaK and CbpA crosslinked as expected (Fig. 2c, lane 4) as did DnaK and 

Hsp90Ec, (Fig. 2c, lane 6). Interestingly, we also observed a new crosslinked species when 

Hsp90Ec and CbpA were treated with TMEA in the absence of DnaK, suggesting a binary 

complex of Hsp90Ec and CbpA (Fig. 2c, lane 5). This observation was pursued in greater 

detail in sections below. In control experiments, in the absence of crosslinker, the expected 

protomer species were seen, but not higher slowly migrating species (Fig. S2a). Together 

these results demonstrate a novel potential ternary complex comprised of Hsp90Ec, CbpA, 

and DnaK.

We next tested the effect of nucleotides on the formation of the new complex by performing 

TMEA crosslinking in the absence of nucleotide or in the presence of ATP, ADP or AMP-

PNP (Fig. 2d, S2b–d). Similar amounts of new complex were observed with all conditions. 

These observations show that formation of the potential ternary complex is independent 

of nucleotide, suggesting the closed or open conformations of DnaK and Hsp90Ec can 

participate in ternary complex formation.

To address whether ATP binding by the chaperones was important for formation of the new 

complex we performed crosslinking experiments using previously characterized Hsp90Ec 

and DnaK mutants that are defective in ATP binding. Starting with Hsp90Ec D80N [33, 

34] and DnaK K70A [35] mutants that are deficient in ATP binding, we constructed 

double mutants, Hsp90Ec N347C/D80N and DnaK D211C/K70A, for crosslinking (Fig. 

S1i, j). When the double mutants were tested in crosslinking experiments using TMEA, we 

observed formation of the new complex, both with and without ATP (Fig. 2e, 2f). Thus, 

formation of the new slowly migrating species can occur independent of ATP binding and 

hydrolysis by Hsp90Ec and DnaK.

Characterization of the Hsp90Ec-DnaK-CbpA complex

To determine the composition of the potential ternary complex, TMEA crosslinking 

followed by mass spectrometry (MS) analysis was performed. The TMEA crosslinking 

experiment compared a sample with all three proteins to samples where pairs of proteins 

were incubated with TMEA (Fig. 3a). Following SDS-PAGE, MS analysis of the band 

containing the slow migrating potential ternary complex confirmed the presence of all 

three proteins (Fig. 3a (sample A), Fig. 3b). In control experiments containing pairs of 

proteins, MS analysis of the region of the gel where the ternary complex migrated detected 

background levels of the two proteins present in the pair (Fig. 3a (samples B-D), Fig. 3b). 

The TMEA experiment was repeated with a sample containing all three proteins together 

with TMEA and the analysis confirmed the presence of all three proteins (Fig. S3).

To further define the sites of interactions among the three proteins, we monitored the 

ability of various Hsp90Ec mutants to participate in ternary complex formation using TMEA 

crosslinking. Hsp90Ec N350C, which is near N347 in the DnaK binding region of Hsp90Ec 

and has properties like wild type (Fig. 2a, S1a–d), formed a prominent ternary complex 

(Fig. 4a, lanes 1 and 2). Ternary complexes were faintly visible or not visible when Hsp90Ec 
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mutants defective in protein reactivation and in DnaK binding [10, 27], including Hsp90Ec 

K354C, Q358C, K238C, R267C, E269C, and R355C, were incubated with DnaK, CbpA 

and TMEA (Fig. 4a, lanes 3–8). As expected, the ternary complex was not observed when 

L493C, a residue in the Hsp90 C-terminal domain (CTD), was used in the crosslinking 

reaction (Fig. 4a, lane 9). These observations suggest that the residues important for 

Hsp90Ec-DnaK complex formation are also important for ternary complex formation or that 

the residues tested are too far away from DnaK in the ternary complex to form crosslinks.

Additional cysteine mutants in helices 2 and 3 of the CbpA J-domain were also constructed 

and tested for ability to form ternary complexes (Fig. 2b). All of the mutants, K22C, A44C, 

and S57C, had properties similar to wild type (Fig. S1e–g) and formed ternary complexes 

when treated with TMEA in the presence of Hsp90Ec N347C and DnaK D211C, although 

K22C was slightly defective compared to the other mutants (Fig. 4b, lanes 1–4). CbpA 

S295C, a mutant in the CTD II, did not form the ternary species, as expected (Fig. 4b, lane 

5). These observations show that the region of CbpA involved in ternary complex formation 

involves both helix 2 and helix 3 of the J-domain. Taken together, these results suggest that 

the NBD of DnaK simultaneously interacts with the MD of Hsp90Ec and the J-domain of 

CbpA to form an Hsp90Ec-DnaK-CbpA ternary complex.

To test if the CbpA J-domain was sufficient for ternary complex formation with Hsp90Ec 

and DnaK, we constructed and purified a CbpA J-domain fragment (residues 1–78 [36]) 

containing a cysteine substitution in residue A44C (CbpA J-domain A44C). We tested 

its ability to form a crosslinked species with Hsp90Ec N347C and DnaK D211C when 

treated with TMEA (Fig. 4c). A new species migrating slightly slower than Hsp90Ec-DnaK 

complexes was seen (Fig. 4c, lane 7), consistent with a complex containing the CbpA 

J-domain fragment, Hsp90Ec and DnaK. The new higher molecular weight product was not 

observed when wild-type CbpA J-domain, Hsp90Ec, or DnaK was substituted in the reaction 

mixture for the corresponding cysteine mutant (Fig. 4c, lanes 8–10). Binary complexes of 

DnaK-CbpA J-domain and Hsp90Ec-CbpA J-domain were also observed (Fig. 4c, lanes 4–

5). In another control, when the CbpA J-domain was incubated alone with TMEA, no band 

was observed in the position of the potential new complex (Fig. 4c, lane 3). Western blot 

analysis of the gel after TMEA crosslinking confirmed that the new species contained the 

CbpA J-domain (Fig. 4d, Fig. S4). These results demonstrate that the J-domain fragment of 

CbpA is sufficient for ternary complex formation with Hsp90Ec and DnaK.

Direct interactions between Hsp90s and J-domain proteins

As mentioned earlier, we observed an interaction between Hsp90Ec and CbpA in the absence 

of DnaK while investigating the Hsp90Ec-DnaK-CbpA complex (Fig. 2c, lane 5). A similar 

observation was previously reported showing that Synechococcus elongatus Hsp90 and S. 
elongatus DnaJ2, a type II JDP, interact [37]. In addition, the DnaJ2 CTD I and II were 

found to be involved in the interaction. To further explore the E. coli Hsp90Ec-CbpA 

interaction, we performed pull-down assays using Hsp90Ec and biotin-labeled CbpA. We 

found that Hsp90Ec associated with CbpA in a concentration-dependent manner, thus 

confirming a physical interaction between the two proteins (Fig. 5a–5d). In the presence 

of ATP, ~50% less Hsp90Ec associated with CbpA than in the absence of ATP (Fig. 5a, 
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5b). Similarly, decreased Hsp90Ec association with CbpA was also observed in the presence 

of AMP-PNP or ADP (Fig. S5a–d). The addition of a client protein, ribosomal protein L2, 

resulted in approximately four-fold more Hsp90Ec associated with CbpA-biotin (Fig. 5c, 

5d). These results suggest that the open conformation of Hsp90Ec favors interaction with 

CbpA and the client protein stabilizes the interaction between CbpA and Hsp90Ec (Fig. 5e). 

No effect of CbpA on the Hsp90Ec ATPase activity in the presence or absence of L2 was 

detected (Fig. S5e).

We also tested if DnaJ, a type I JDP and the major E. coli JDP, could interact with Hsp90Ec. 

Using biotin-labeled DnaJ, we observed that DnaJ, like CbpA, associated with Hsp90Ec in 

pull-down assays (Fig. 6a–6d). About 50% less Hsp90Ec-DnaJ complex was observed in the 

presence of ATP than in the absence of ATP and ~50% more in the presence of L2 than 

in the absence of L2 (Fig. 6a–6d). The presence of ADP or AMP-PNP similarly resulted 

in decreased Hsp90Ec-DnaJ interaction, suggesting the open form of Hsp90Ec is the slightly 

preferred conformation for DnaJ binding (Fig. 6e, Fig. S6a–d). Interactions between the 

two JDPs and Hsp90Ec were additionally monitored using BioLayer Interferometry (BLI), 

which revealed a modest affinity of Hsp90 for JDP. In the absence of ATP, the Kd values 

for DnaJ-Hsp90Ec and CbpA-Hsp90Ec complexes were 3.6 ± 0.3 μM and 11 ± 0.9 μM, 

respectively (Fig. 5f, 6f, Fig. S7a–d). Thus, these results demonstrate that both type I and 

type II E. coli JDPs interact directly with Hsp90Ec.

To determine if the interaction between Hsp90 and JDP is conserved across species, pull-

down assays using S. cerevisiae Hsp90 (Hsp82) and biotin-labeled Ydj1, a yeast type I JDP, 

were performed. Hsp82 associated with Ydj1 and the interaction was slightly inhibited when 

ATP, ADP, or AMP-PNP was present and was stimulated approximately two-fold by L2 

(Fig. 7a–e, Fig. S6e–h). As seen with CbpA, there was no detectable effect of Ydj1 on the 

Hsp82 ATPase activity (Fig. S5f). The Hsp82-Ydj1 complex was also monitored using BLI, 

showing a Kd of 3 ± 0.2 μM (Fig. 7f, Fig. S7e, S7f). Altogether, the results show that Hsp90s 

and JDPs physically interact and highlight the conserved nature of the interaction between 

bacteria and yeast.

Identification of Hsp90Ec and CbpA interaction sites

Based on our findings that Hsp90 and JDPs directly interact, we next sought to determine 

the sites on Hsp90Ec and CbpA involved in the interaction. Crosslinking between Hsp90Ec 

and CbpA in the absence of ATP using disuccinimidyl sulfoxide (DSSO), an amine-reactive 

crosslinker with a 10.3 Å spacer arm followed by tandem mass spectrometry (XL-MS) was 

utilized to assess intermolecular interactions in an unbiased manner. Numerous crosslinks 

were observed between the two proteins. Residues in the J-domain of CbpA crosslinked with 

residues in the NTD, MD, and CTD of Hsp90Ec (Fig. 8a–c, Fig. S8a, S8b). Additionally, 

CbpA CTD I and CTD II crosslinks with the Hsp90Ec MD and CTD, respectively, were 

observed. These results suggest that there are multiple possible CbpA binding sites on 

Hsp90Ec and suggest that multiple CbpA protomers may contact Hsp90Ec simultaneously.

Wickramaratne et al. Page 7

J Mol Biol. Author manuscript; available in PMC 2024 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Interaction between the Hsp90Ec DnaK binding region and CbpA

We further explored the interaction between the MD of Hsp90Ec and CbpA observed in the 

XL-MS experiment. This region was of particular interest because the two Hsp90Ec MD 

residues, K238 and K354, that interacted with CbpA in the XL-MS experiment (Fig. 8a) 

were previously shown to be important for protein reactivation by the collaborative activity 

of Hsp90Ec, DnaK, and DnaK cochaperones, and for the direct interaction with DnaK [10, 

13, 27]. Additionally, this region of Hsp90Ec was shown above to be involved in ternary 

complex formation with DnaK and CbpA (Fig. 4a).

To confirm that CbpA forms a binary complex with Hsp90Ec through residues overlapping 

the DnaK binding site, we used cysteine-specific crosslinking. Interactions between Hsp90Ec 

K238C and CbpA K22C as well as between Hsp90Ec K354C and CbpA K22C were probed 

using bis(maleimido)ethane (BMOE), a homobifunctional cysteine reactive crosslinker with 

a spacer arm of 8.0 Å. CbpA K22C was chosen since it was identified as a residue involved 

in XL-MS that crosslinked with both Hsp90Ec K238C and K354C (Fig. 8a). In addition, it 

has properties like wild type (Fig. S1e–f) and forms ternary complexes with Hsp90Ec and 

DnaK (Fig. 4b). Following treatment with crosslinker in the absence of ATP, we observed 

that both Hsp90Ec K238C and K354C produced a higher molecular weight product when 

incubated with CbpA K22C (Fig. 8d, lanes 5 and 6). When Hsp90Ec K238C, Hsp90Ec 

K354C, or CbpA K22C alone was treated with crosslinker, the potential Hsp90Ec-CbpA 

species was not observed (Fig. 8d, lanes 2, 3 and 4, Fig. S8c).

To validate the presence of Hsp90Ec and CbpA in the BMOE crosslinked species, the 

experiment was repeated using a reversible homobifunctional, cysteine-reactive crosslinker, 

dithiobismaleimidoethane (DTME). The crosslinked species formed with Hsp90Ec K238C 

or K354C and CbpA K22C migrated similarly on SDS-PAGE to those obtained with BMOE 

(Fig. 8e, Fig. S8d). The potential Hsp90Ec-CbpA crosslinked species were extracted from 

the gel, treated with a reducing agent, and analyzed by SDS-PAGE. Approximately equal 

amounts of Hsp90Ec and CbpA were observed with either Hsp90Ec mutant (Fig. 8e, lanes 2 

and 4). These results confirm that residues in the DnaK binding region of Hsp90Ec directly 

interact with the J-domain of CbpA.

We next tested four Hsp90Ec mutants that are defective or partially defective in binding 

DnaK, including K354C, R355C, Q358C, and a double mutant G270A/K271A (Fig. 2a) 

[10], for their ability to bind CbpA using pull-down assays in the absence of ATP and 

the presence of L2. Two Hsp90Ec mutants, R355C and G270A/K271A, were defective in 

interaction with biotinylated CbpA (Fig. 9a, 9b, S9a). The other two Hsp90Ec mutants, 

K354C and Q358C, bound CbpA like wild type (Fig. 9a, 9b, S9a). Hsp90Ec N347C and 

N350C, that bind DnaK like wild type and participate in ternary complex formation (Fig. 

4a, Fig. S1c, S1d), also bound CbpA similar to wild type (Fig. 9a, 9b). An Hsp90Ec mutant 

in the CTD, L493C, which is far from the DnaK binding region, also bound CbpA like 

wild type (Fig. 9a, 9b, Fig. S9a). We next tested yeast Hsp82 mutants that are defective in 

Ssa1 interaction [13] (Fig. 9c) for their ability to interact with Ydj1 in pull-down assays in 

the absence of ATP. We observed that Hsp82 G313S and K398E, which are homologous to 

Hsp90Ec G270 and K354, respectively, were defective in interaction with Ydj1 compared 

to wild type (Fig. 9c–e, Fig. S9b). Substitution mutants in two other residues in the Ssa1 
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binding region of Hsp82, K394C and K399C, were not defective. These results show that the 

region of Hsp90 that interacts with JDP overlaps with the region that interacts with Hsp70 

and is conserved between E. coli and yeast.

BMOE crosslinking was also used to probe the interaction between the DnaK binding region 

of Hsp90Ec and CbpA. We tested several Hsp90Ec cysteine mutants in the MD region that 

are defective in binding DnaK [10] for their ability to crosslink to CbpA E51C (Fig. S10a, 

S10b). We observed more mutants to be partially defective in Hsp90Ec-CbpA interaction 

using the crosslinking technique compared to the pull-down assay. The differences possibly 

reflect differences in the assays, since all three Hsp90Ec domains can participate in the 

pull-down assay while only one cysteine mutant at a time can participate in the crosslinking 

assay. Crosslinking also has the additional constraint that the cysteine mutants must be 

close enough to form the crosslink necessary to capture complex formation. Altogether, both 

pull-down and crosslinking results demonstrate that the DnaK binding region of Hsp90Ec is 

important for the interaction with CbpA.

We also tested several other cysteine substitutions in the CbpA J-domain for their ability to 

interact with the Hsp90Ec MD in crosslinking experiments (Fig. 10a, Fig S10c). All of the 

CbpA J-domain mutants, including K22C, A44C, and S57C, interacted with Hsp90Ec N347 

similarly to CbpA E51C. In a control, crosslinking was very weak between Hsp90Ec N347C 

and CbpA S295C, a residue in the dimerization domain of CbpA (Fig. 10a, Fig. S10c). The 

results show that multiple residues in in the CbpA J-domain can interact with the DnaK 

binding region of Hsp90Ec. They also show that the same CbpA J-domain residues that are 

involved in forming ternary complexes with DnaK and Hsp90Ec are also involved in forming 

binary complexes with Hsp90Ec.

To determine if the J-domain alone was sufficient to carry out the observed interaction 

between CbpA and the Hsp90Ec MD, we tested if the CbpA J-domain A44C fragment was 

able to form a crosslinked species with Hsp90Ec using BMOE. This binary Hsp90Ec-CbpA 

J-domain complex was previously observed using TMEA crosslinking (Fig. 4c, lane 5, 4d). 

When either Hsp90Ec N347C or N350C was crosslinked with the CbpA J-domain, a new 

higher molecular weight species, consistent with a complex of the J-domain and Hsp90Ec, 

was observed (Fig. 10b, lanes 6 and 7). The new higher molecular weight product was 

not observed when CbpA J-domain A44C was incubated with Hsp90Ec R355C or L493C 

and BMOE (Fig 10b, lanes 8 and 9). These results reflect the specificity of the binary 

complex formed with full-length CbpA E51C and the corresponding Hsp90Ec mutants (Fig. 

S10a, S10b). When CbpA J-domain A44C alone was treated with crosslinker, the higher 

molecular weight complex was not observed (Fig 10b, lane 5). Similarly, addition of the 

wild-type CbpA J-domain fragment to crosslinking assay with CbpA E51C and Hsp90Ec 

N347C disrupted the CbpA-Hsp90Ec interaction in a concentration-dependent manner (Fig. 

S10d, S10e). Together these results show the ability of the CbpA J-domain to interact with 

the DnaK binding region of Hsp90Ec independently of the substrate binding domains CTD I 

and CTD II.
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Interactions between the Hsp90Ec N-terminal domain and CbpA and between the Hsp90Ec 

C-terminal domain and CbpA

We further explored the interactions between the other domains of Hsp90Ec and CbpA that 

were identified by DSSO XL-MS (Fig. 8a). We constructed cysteine substitutions in the 

five Hsp90Ec NTD residues identified by XL-MS, including K45C, K71C, K99C, K103C, 

and K199C (Fig. 8b). All five Hsp90Ec NTD mutants reactivated denatured proteins with 

DnaK, CbpA and GrpE similarly to wild type (Fig. S11). When tested in crosslinking 

experiments with CbpA K22C using BMOE, all of the Hsp90Ec NTD mutants exhibited 

slower migrating species, consistent with Hsp90Ec-CbpA complexes, that were not observed 

when the Hsp90Ec NTD mutants were treated with BMOE in the absence of CbpA (Fig. 

11a). We tested if wild type CbpA J-domain fragment (residues 1–78) [36] could inhibit 

crosslinking between Hsp90Ec K199C and CbpA E51C by competition and observed that 

increasing concentrations of CbpA J-domain fragment led to a decrease in the Hsp90Ec-

CbpA crosslinked species (Fig. 11b–11c, Fig. S12a). Similar results were observed when 

full-length CbpA wild type was used as a competitor (Fig. 11b–11c, Fig. S12a). These 

results suggest that the CbpA J-domain is largely responsible for the interaction between 

CbpA and the Hsp90Ec K199C.

To test if the region of DnaK that interacts with CbpA and the Hsp90Ec MD could 

alternatively interact with CbpA and the Hsp90Ec NTD, we carried out TMEA crosslinking 

experiments with DnaK D211C, CbpA E51C, and each of the five Hsp90Ec NTD cysteine 

mutants. Ternary complexes were not observed (Fig. S12b, S12c). Lastly, in pull-down 

assays, Hsp90Ec K45C, K71C, K103C and K199C were similar to wild type in their ability 

to interact with biotinylated CbpA in the presence of L2 and the absence of ATP, while 

K99C interaction with CbpA was slightly defective (Fig. S12d, S12e, S9c). These results 

suggest that the Hsp90Ec NTD is important for interaction with CbpA.

We also constructed cysteine substitution mutants in the Hsp90Ec CTD residues identified by 

XL-MS (Fig. 8a–b). The mutants, Hsp90Ec K492C, K502C and K560C, exhibited properties 

like wild type in protein reactivation assays and ATPase assays (Fig. S13). When tested in 

pull-down assays with biotinylated CbpA in the absence of ATP and the presence of L2, they 

bound CbpA similarly to wild type (Fig. S13, Fig. S9d). Together the results show that all 

three domains of Hsp90Ec are capable of binding CbpA, although only the MD interactions 

are essential for protein reactivation.

Discussion

The results presented here demonstrate that Hsp90Ec, DnaK, and CbpA simultaneously 

interact through the DnaK binding region in the middle domain of Hsp90Ec, the DnaJ 

binding region of DnaK, and the J-domain of CbpA. Additionally, the results show binary 

complexes between both E. coli and yeast Hsp90s and JDPs.

We used molecular modeling to visualize the possible arrangement of Hsp90Ec, DnaK, and 

CbpA in a complex that allowed the three proteins to contact one another through residues 

determined experimentally. The closed form of DnaK (PDB ID 2KHO [38]) was used 

because the ternary complex forms with a DnaK mutant deficient in ATP binding (Fig. 2f). 
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The NBD of DnaK (residues 1–390) was used because this domain of DnaK was observed 

to crosslink with Hsp90Ec and CbpA (Fig. 2). The open form of Hsp90Ec (PDB ID 2IOQ 

[39]) was used since an Hsp90Ec mutant defective in ATP binding was able to form ternary 

complexes (Fig. 2e). It is also the form known to interact with DnaK [12, 28]. The J-domain 

of CbpA (PDB ID 2KQX [40]) was used because our results showed the J-domain was 

sufficient for complex formation (Fig 4c, 4d). Distance restraints were incorporated based 

on the TMEA crosslinking data (Fig. 2c and Fig. 4a, 4b, and Table S1; see Materials and 

Methods for modeling procedure). The resulting models were sorted based on their docking 

scores and the standard deviation for each model was considered. Complexes with clashes 

with the second protomer of the Hsp90Ec dimer were eliminated. The complex with the 

best score, lowest interface RMSD, and largest number of clustered models (Fig. S14) is 

presented in Fig. 12a, while the second model is presented in Fig. S15a. Importantly, the 

models show it is feasible for CbpA, DnaK and Hsp90Ec to contact one another in a ternary 

complex. Most observed distances of the experimentally determined residues in the modeled 

ternary complexes are within the 10.3 Å crosslinker spacer arm restraint (Fig. S14c).

In the top ternary model (Fig. 12a), the orientation of the DnaK NBD is compatible with the 

full-length ADP bound DnaK molecule (Fig. 12b). Interestingly, this orientation of DnaK 

relative to Hsp90Ec is similar to the orientation of ADP-bound DnaK in the docked model 

of the binary DnaK-Hsp90Ec complex (Fig. 12c) [12]. In the ternary model, the CbpA 

J-domain contacts DnaK in the general vicinity where the DnaJ J-domain contacts DnaK in 

the DnaK-DnaJ-domain cocrystal; however, it is rotated ~45° and shifted to interact with the 

opposite face of DnaK subdomain IIA compared to the DnaK-DnaJ-domain cocrystal (Fig. 

12d). Analysis of the second model indicates compatibility with the full-length ADP-bound 

DnaK structure but shows inconsistencies with binary DnaK-Hsp90Ec and DnaK-DnaJ 

J-domain complexes (Fig. S15). Together, the modeling shows that ternary complexes 

comprised of CbpA, Hsp90Ec and DnaK are plausible.

Molecular docking was also used to visualize the CbpA J-domain interaction with the 

Hsp90Ec MD. For modeling, the apo form of Hsp90Ec (PDB ID 2IOQ [39]) was used 

because the best experimental condition to detect complex formation was in the absence of 

nucleotide (Fig. 5, Fig. S5). The CbpA J-domain structure (PDB ID 2KQX [40]) was used 

since residues in the J-domain crosslinked with the Hsp90Ec MD (Fig. 10b) and because 

the CbpA J-domain competed with full-length CbpA for Hsp90Ec binding (Fig. 11b and 

11c). The docked binary J-domain-Hsp90Ec model with the most favorable docking score is 

shown in Fig. 12e (Materials and Methods; Fig. S16). The J-domain is in the general vicinity 

of Hsp90Ec where it is observed in the top ternary models (Fig. 12a). However, alignment of 

the binary Hsp90Ec-CbpA model and the ternary Hsp90Ec-DnaK-CbpA model with respect 

to Hsp90Ec shows that the CbpA J-domain in the ternary complex is shifted and rotated (Fig. 

12f, S15e).

A “working model” for the mechanism of protein reactivation by bacterial Hsp90, DnaK, 

and CbpA is shown in Fig. 13. While many aspects are speculative, it provides a framework 

for further investigation. Likely, the client protein binds CbpA and is targeted to DnaK. 

Cycles of client binding and release from DnaK, facilitated by GrpE, promote partial client 

refolding (Fig. 13, step 1). Next, DnaK, CbpA and client may interact with the MD of 
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Hsp90Ec, forming a transient quaternary Hsp90Ec-DnaK-CbpA-client complex (Fig. 13, step 

2). While in the transient complex the client may be transferred from DnaK to Hsp90Ec as 

DnaK and CbpA dissociate (Fig. 13, step 3). It is possible that the order of dissociation of 

CbpA and DnaK from the quaternary complex is not specific; either one can leave first. 

This possibility is consistent with the observations that Hsp90Ec binds CbpA (Fig. 5) and 

DnaK [12] with similar affinities. In the last step of the working model, the client is released 

from Hsp90Ec and refolds in its active conformation (Fig. 13, step 4). The current data are 

also consistent with the possibility that the CbpA-Hsp90Ec-client complex recruits DnaK 

to form a quaternary Hsp90Ec-DnaK-CbpA-client intermediate. Although ATP hydrolysis is 

required for protein remodeling by the Hsp70 system alone and by collaborative function 

of Hsp90 and the Hsp70 system, it is not required for formation of the Hsp90-JDP and 

Hsp90Ec-DnaK-CbpA complexes described here or for the Hsp90-Hsp70 complex. It is clear 

further research will be necessary to dissect out the pathway of the protein refolding by this 

complicated multichaperone system and to identify the steps requiring ATP hydrolysis.

In contrast to protein remodeling facilitated by bacterial Hsp90 and Hsp70 chaperones, the 

process in eukaryotes in significantly more complex. However, some underlying principles 

may be similar. Recent work by Agard and colleagues using human chaperones captured 

an Hsp90 ‘client loading’ complex for a model client, glucocorticoid receptor (GR) by 

cryo-electron microscopy [41]. The complex consists of an Hsp90 dimer, two Hsp70s, the 

cochaperone Hop (Hsp90/Hsp70 organizing protein), and GR. One portion of GR is bound 

in the SBD of Hsp70 and another is bound in the Hsp90 lumen. The NBD of Hsp70 is bound 

to the MD of Hsp90 and interacts through a homologous interface as shown for the DnaK-

Hsp90Ec interaction [12]. Similar to our previous observations in the bacterial chaperone 

system, the ATP conformations of Hsp70 and Hsp90 are incompatible with complex 

formation in the eukaryotic chaperone system. In the resolved eukaryotic client loading 

complex, the second Hsp70 molecule is bound to the other Hsp90 protomer and serves a 

scaffolding role in complex formation, while Hop interacts with Hsp70, Hsp90, and GR. For 

client remodeling to occur, Hsp90 transitions from the transient client loading complex to 

a closed conformation and hydrolyzes ATP. At the same time, Hsp70 and Hop dissociate, 

and the cochaperone p23 binds to Hsp90 and GR, forming the ‘maturation complex’ [42]. 

Alternative remodeling pathways without the direct transient Hsp90-Hsp70 interaction have 

also been observed, suggesting that multiple pathways likely exist for client delivery to 

Hsp90. Recently, a mechanism for the transfer of GR from human Hsp70 to Hsp90 was 

discovered by Buchner and colleagues [43]. They found that an Hsp90 cochaperone, NudC, 

functions in the transfer of the client from Hsp40-Hsp70-client complexes to Hsp90. By 

interacting with JDP and Hsp90, NudC transfers the client from Hsp70 to Hsp90, bypassing 

the requirement for a direct Hsp90-Hsp70 interaction in client transfer. Together, these 

studies have shown that the formation of large chaperone complexes for client remodeling in 

eukaryotes requires participation of numerous Hsp90 cochaperones. Additional complexity 

in eukaryotic systems is introduced by post translational modifications that further regulate 

cochaperone binding and client remodeling by Hsp90 [44]. Thus, while bacteria, like 

eukaryotes, use two major chaperones, Hsp70 and Hsp90, in protein remodeling reactions, 

the regulation of collaboration between Hsp70 and Hsp90 differ. Collaboration between 

bacterial Hsp90 and Hsp70 relies on weak and transient interactions between Hsp90, Hsp70 
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and JDP, while eukaryotes have evolved to use Hsp90 cochaperones to mediate the coupling 

between Hsp90 and Hsp70. Further work is necessary to establish the function of these 

complexes in chaperone-mediated protein remodeling.

Materials and Methods

Plasmids and Proteins

Site-directed substitution mutants Hsp90Ec N347C, N350C, K45C, K71C, K99C, K103C, 

K199C, L493C, K492C, K502C, K560C, N347C/D80N; CbpA K22C, A44C, E51C, S57C, 

S295C; CbpA J-domain fragment A44C; and DnaK D211C/K70A were made with the 

QuikChange Lightning mutagenesis system (Agilent 210519–5) using pET-HtpG [9], pET-

CbpA and pET-CbpA(1–78) [36]. pET-CbpA was constructed by generating a cbpA PCR 

fragment from E. coli DH5, containing 5’ and 3’ NdeI and HindIII sites, respectively. 

The PCR fragment was digested with NdeI and HindIII and ligated into similarly digested 

pET24b. All mutations were verified by DNA sequencing. Hsp90Ec K354C, Q358C, K238C, 

R267C, E269C, R355C, and G270A/K271A were previously constructed as described [10]. 

DnaK D211C [27], E209C [12], G238C [27] were previously constructed as described.

Hsp90Ec wild-type and mutants [9], DnaK wild-type and mutants [45], CbpA wild-type and 

mutants [46], CbpA J-domain wild-type and mutant [36], Hsp82 wild-type and mutants [13, 

47], Ydj1 [48, 49], and His-tagged L2 [50] were isolated as described. All proteins were 

>95% pure as determined by SDS-PAGE. Luciferase (E1701) and luciferin (E1603) were 

from Promega. Concentrations given are for Hsp90Ec, Hsp82, CbpA, and Ydj1 dimers and 

DnaK, L2, and luciferase monomers. Newly constructed Hsp90Ec and CbpA mutant proteins 

were characterized. All were found to coelute in size exclusion column chromatography 

like the wild-type. ATP hydrolysis rates were determined for the Hsp90Ec mutants and both 

Hsp90Ec and CbpA mutants were tested in protein reactivation assays.

Crosslinking

TMEA (tris(2-maleimidoethyl)amine, Thermo Fisher 33043) crosslinking reactions (25 μL) 

contained TKME Buffer, 4 mM ATP (unless indicated otherwise), 5 mM MgCl2, 2 μM 

Hsp90Ec, 2 μM DnaK, and 2 μM CbpA cysteine mutants and/or wild-type proteins as 

indicated. Proteins were crosslinked in the presence of 0.4 mM TMEA at 23 °C for 1 hr, 

quenched with 40 mM DTT at 23 °C for 15 min, and analyzed by Coomassie staining 

following SDS-PAGE.

DSSO (disuccinimidyl sulfoxide, Thermo Fisher A33545) crosslinking reactions (25 μL) 

contained 20 mM Hepes, 75 mM KCl, 10 mM MgCl2, and 7 μM Hsp90Ec and 14 μM CbpA 

wild-type. Proteins were crosslinked in the presence of 0.19 mM DSSO at 23 °C for 30 min 

with mixing and analyzed by Coomassie staining following SDS-PAGE.

BMOE (bismaleimidoethane, Thermo Fisher 22323) crosslinking reactions (25 μL) 

contained TKME Buffer, 2 μM Hsp90Ec and 2 μM CbpA cysteine mutants as indicated. 

Proteins were crosslinked in the presence of 0.4 mM BMOE at 23 °C for 1 hr, quenched 

with 40 mM DTT at 23 °C for 15 min, and analyzed by Coomassie staining following 

SDS-PAGE.
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DTME (dithiobismaleimidoethane, Thermo Fisher 22335) crosslinking reactions (25 μL) 

contained 20 mM Tris-HCl, pH 7.5, 75 mM KCl, 10 mM MgCl2, 5 mM EDTA (TKME 

Buffer) and 4 μM Hsp90Ec and 4 μM CbpA cysteine mutants as indicated. Proteins were 

crosslinked in the presence of 0.8 mM DTME at 23 °C for 1 hr and analyzed by Coomassie 

staining following SDS-PAGE. Crosslinked species were excised and treated with NuPAGE 

LDS Sample Buffer (Invitrogen NP0007) containing DTT (50 mM) and re-analyzed by 

Coomassie staining following SDS-PAGE.

Crosslinking and mass spectrometry

DSSO or TMEA crosslinking was carried out as described above. Samples from DSSO 

crosslinking assays were analyzed using 3–8% Tris-acetate gels (Invitrogen EA03752BOX). 

Specific crosslinked protein bands were in-gel digested with trypsin for 16 h at 37 °C, as 

described [51]. The extracted peptides were dried and lyophilized prior to mass spectrometry 

analysis. Each sample was separated on a 75 μm × 15 cm, 2 μm Acclaim PepMap reverse 

phase column (Thermo) using an UltiMate 3000 RSLCnano HPLC (Thermo) at a flow rate 

of 300 nL/min followed by online analysis by tandem mass spectrometry using a Thermo 

Orbitrap Fusion mass spectrometer. For analysis of TMEA crosslinked proteins, peptides 

were eluted into the mass spectrometer using a 30 min gradient and parent full-scan mass 

spectra were collected in the Orbitrap mass analyzer at 120,000 FWHM resolution followed 

by HCD fragmentation (HCD normalized energy 32%, stepped ± 3%), and MS2 spectra 

collected in the ion trap. For analysis of DSSO crosslinked proteins, peptides were eluted 

into the mass spectrometer using a 120 min gradient. Parent full-scan mass spectra were 

collected in the Orbitrap at 120,000 FWHM resolution followed by CID fragmentation and 

collection of MS2 spectra in the Orbritrap at 30,000 FWHM resolution. Upon detection of 

fragment pairs with a mass difference of 31.9721 Da, consistent with cleavage of the DSSO 

crosslinker, each fragment of the pair was separately isolated, fragmented with HCD and an 

MS3 scan collected in the ion trap.

The mass spectrometry data were analyzed in Proteome Discoverer 2.4 (Thermo). Proteins 

were searched against E. coli proteins from the UniProt database using SequestHT. The 

search was limited to tryptic peptides, with maximally two missed cleavages allowed. 

Cysteine carbamidomethylation was set as a fixed modification, and methionine oxidation 

set as a variable modification. The precursor mass tolerance was 10 ppm, and the fragment 

mass tolerance was 0.6 Da. Identification of DSSO crosslinked peptides was performed 

using the XLinkx node with the following settings: precursor mass tolerance: 10 p.p.m.; 

MS2 Orbitrap fragment mass tolerance: 20 p.p.m.; MS3 ion trap ion mass tolerance: 0.5 

Da; static modification: cysteine carbamidomethylation; dynamic modification: methionine 

oxidation; maximum missed cleavages: 2. The Percolator node was used to score and rank 

peptide matches using a 1% false discovery rate. Spectra of crosslinked peptides were 

manually inspected.

Western Blotting

Following TMEA crosslinking and SDS-PAGE, proteins were transferred to nitrocellulose 

membranes, stained with Ponceau S followed by immunodetection using rabbit CbpA 

antiserum. Membranes were imaged on a ChemiDoc MP imager.
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Pull-down assay

DnaJ, CbpA and Ydj1 were biotin labeled as previously described [27]. DnaK D45C was 

biotin labeled as previously described [10]. Biotin-labeled DnaJ or CbpA (2 μM) was 

incubated for 5 min at 23 °C in reaction mixtures (50 μL) containing 20 mM Tris-HCl, pH 

7.5, 75 mM KCl, 10 mM MgCl2, 0.01% Triton X-100 (vol/vol) with Hsp90Ec wild-type 

or mutant, L2, and ATP as indicated. For DnaK D45C-biotin pull-down of Hsp90Ec, 2 μM 

biotin-labeled DnaK D45C, 2 μM L2, and 6 μM Hsp90Ec were used with 0.03% Triton 

X-100 (vol/vol) in the reaction buffer. For Hsp90Ec MD and NTD pull-downs with L2 

present, 2 μM biotin-labeled CbpA, 2 μM L2, and 4 μM Hsp90Ec were used with 0.05% 

Triton X-100 (vol/vol) in the reaction buffer. Hsp90Ec CTD pull-downs with L2 present 

were performed as described for the Hsp90Ec MD and NTD pull-downs, but with 0.01% 

Triton X-100 instead. Biotin-labeled Ydj1 (1.8 μM) was incubated for 5 min at 23 °C in 

50 μL reaction mixtures containing 20 mM Tris-HCl, pH 7.5, 25 mM KCl, 5% glycerol (vol/

vol), 0.01% Triton X-100 (vol/vol), 2 mM DTT, 10 mM MgCl2 with Hsp82 wild-type or 

mutant, L2, and ATP as indicated. Streptavidin beads (20 μL 1:1 slurry) (Thermo, Invitrogen 

65602) were then added and incubated 5 min at 25 °C with mixing for E. coli proteins or 

incubated 5 min at 30 °C with mixing for yeast proteins. The reaction mixtures were subject 

to magnetic separation for 2 min and washed twice with 0.4 mL of reaction buffer. Bound 

proteins were eluted with NuPAGE LDS Sample Buffer (Invitrogen NP0007) and heated at 

85 °C for 5 min. DTT (50 mM) was added and the samples were analyzed by SDS-PAGE 

followed by Coomassie blue staining. Protein band intensities from replicate gels were 

quantified using ImageJ (http://imagej.nih.gov/ij) or BioRad Image Lab version 6.1.0. Any 

non-specific protein binding observed with the streptavidin beads alone was subtracted and 

for each lane the biotinylated protein was used for normalization. Statistical analysis was 

carried out in Prism 9 for Mac (GraphPad Software version 9.4.1) using one-way Anova 

followed by Dunnett’s multiple comparisons analysis or two-way ANOVA followed by 

Bonferroni’s multiple comparisons analysis.

BioLayer Interferometry (BLI)

BLI was used to monitor the interaction between E. coli and yeast Hsp90 and Hsp40 

proteins using a Sartorius Octet N1 instrument and streptavidin biosensors at 23 °C. Ydj1-

biotin (0.18 μM) was loaded on the biosensors and then the sensors were blocked with 10 

μg/mL biocytin (Sigma B4261). The association of Hsp82 (1.4 – 22 μM) with Ydj1 was 

monitored over time followed by dissociation in the absence of Hsp82. All Ydj1, Hsp82 

BLI steps were performed in 20 mM Tris pH 7.5, 50 mM KCl, 10 mM MgCl2, 0.01% 

Triton X-100 (vol/vol), 0.02% Tween-20 (vol/vol) and 1 mg/mL BSA. The interaction of 

CbpA-biotin (0.23 μM) and DnaJ-biotin (0.15 μM) with Hsp90Ec (2.3 – 144 μM) was 

measured in 25 mM sodium phosphate pH 7.5, 50 mM KCl and 0.02 % Tween-20 (vol/

vol) as described above for Ydj1 and Hsp82. For each experiment, nonspecific binding 

was monitored using a reference biosensor subjected to each of the above steps in the 

absence of the biotinylated protein, and the nonspecific binding signal was subtracted from 

the corresponding experiment. For steady-state analysis of kinetic association data, the 

association phase from three replicates at each Hsp90 concentration was fit using a single 

exponential equation in Prism 9 for Mac (GraphPad Software version 9.4.1), and the plateau 

value determined from the fit was plotted versus the concentration of Hsp90. The resulting 
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binding curve was analyzed using a one-site specific binding model in Prism to determine 

the Kd (equilibrium binding constant) and Bmax (maximum specific binding) values.

GFP reactivation

GFP reactivation was performed as previously described [27]. Heat denatured GFP was 

added to reactions (100 μl) containing 25 mM Hepes, pH 7.5, 50 mM KCl, 0.1 mM EDTA, 

2 mM DTT, 10 mM MgCl2, 50 μg/ml bovine serum albumin (BSA), 4 mM ATP, an ATP 

regenerating system (10 mM creatine phosphate, 3 μg creatine kinase), 2 μM DnaK, 1 μM 

CbpA and 0.5 μM Hsp90Ec wild-type or mutant. Reactivation was monitored over time at 25 

°C using a Tecan Infinite M200Pro plate reader. Excitation and emission wavelengths were 

395 nm and 510 nm, respectively.

Luciferase reactivation

Luciferase (8 μM) was chemically denatured in 5M guanidine hydrochloride, 25 mM Hepes 

pH 7.5, 50 mM KCl, 0.1mM EDTA, 4 mM DTT for 10 min at 23 °C. For reactivation, 

denatured luciferase was diluted 100-fold into 25 mM Hepes pH 7.5, 0.1 M KOAc, 5 mM 

DTT, 10 mM Mg(OAc)2, 100 μg/ml BSA, 2 mM ATP, an ATP regenerating system (10 

mM creatine phosphate, 3 μg creatine kinase), 2 μM DnaK, 0.3 μM CbpA wild-type or 

mutant, 0.05 μM GrpE and 0.5 μM Hsp90Ec wild-type or mutant. Aliquots were removed 

at the indicated times and light output was measured using a Tecan Infinite M200Pro in 

luminescence mode with an integration time of 1000 ms following the injection of luciferin 

(50 μg/ml). Reactivation was determined compared to a non-denatured luciferase control. 

To test the activity of CbpA mutants in the absence of Hsp90Ec, luciferase reactivation was 

carried our as described above using 1 μM DnaK, 0.1 μM CbpA wild-type or mutant and 

0.05 μM GrpE.

ATPase activity

Steady-state ATP hydrolysis was measured at 37 °C in 20 mM Tris pH 7.5, 50 mM KCl, 2 

mM DTT, 0.005 % (vol/vol) Triton X-100, 5 mM MgCl2, and 2 mM ATP using a pyruvate 

kinase/lactate dehydrogenase enzyme-coupled assay as described [18] and 1 μM Hsp90Ec 

wild-type or mutant, 1.5 μM ribosomal L2 and 30 μg/ml geldanamycin as indicated. For 

Hsp90Ec CTD ATPase assays, 2 μM ribosomal L2 was used.

Molecular docking

Structure preparation—The crystal structure of apo Hsp90Ec was obtained from the 

protein databank as PDB ID 2IOQ [39]. The crystal structure of DnaK was obtained for 

the ADP configuration (PDB ID 2KHO [38]) and the NBD was used (residues 1–390). The 

crystal structure of the CbpA J-domain (residues 1–72) was obtained from PDB ID 2KQX 

[40]. The structures were prepared with the CHARMM36 force field using CHARMM-GUI 

[52–54] and any missing atoms and residues were built. The dimeric Hsp90Ec structure 

was generated by aligning two prepared monomers with each protomer of the biological 

assembly of PDB ID 2IOQ in PyMOL [55]. Docking was carried out with a single protomer 

of Hsp90Ec and the dimeric structures were only used for visualization of the docking 

results.
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Molecular docking—The structures of Hsp90Ec, DnaK and CbpA were prepared for 

modeling as described above. Docking was carried out using HADDOCK 2.4–2022.08 [56, 

57]. Binary complexes were generated using ambiguous restraints from defined regions 

important for the interaction, as determined experimentally (Table S1). Passive residues 

were defined as residues within 6.5 Å of active residues that also had at least 15% 

relative solvent accessibility. This method was validated for the Hsp90Ec-DnaK complex 

and reproduced the docked model reported previously [12]. Ternary complexes were created 

using ambiguous restraints from defined regions in addition to unambiguous distance 

restraints informed by the crosslinking experiments (Table S1). Given the trifunctional 

cross-linker arm distance of 10.3 Å and application of the distance restraints at the alpha 

carbons, a slightly larger restraint distance of 12 Å was allowed. Center of mass restraints 

were implemented in docking for ternary complexes to ensure all molecules are in contact. 

The random removal of ambiguous interaction restraints option was selected for docking in 

both binary and ternary complexes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• E. coli Hsp90, Hsp70 and J-domain protein collaborate in protein remodeling

• E. coli Hsp90, Hsp70 (DnaK) and J-domain protein (CbpA) interact directly

• Hsp90’s middle domain contacts the DnaK J-domain binding site and the 

CbpA J-domain

• The J-domain of CbpA is sufficient for complex formation with Hsp90 and 

Hsp70

• E. coli and yeast Hsp90s form binary complexes with J-domain proteins
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Figure 1. Models depicting overlapping sites of Hsp90Ec and JDP interaction on DnaK.
(a) Docked model of apo Hsp90Ec dimer (green and grey surface model) in complex with 

ADP-bound conformation of DnaK (gold cartoon) [12]. Hsp90Ec residues that interact with 

DnaK are shown in red [10] and DnaK residues that interact with Hsp90Ec are shown in blue 

spheres [12]. (b) DnaK cartoon model (gold) depicting the DnaK residues that interact with 

Hsp90Ec (blue spheres) [12]. (c) DnaK cartoon model (gold) depicting the DnaK residues 

that interact with JDP (green spheres) [29–31].
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Figure 2. Formation of a novel ternary complex.
(a) AlphaFold model of Hsp90Ec dimer in the apo form showing residues in the MD 

discussed in this paper. One protomer is gray and the other is colored as follows: NTD 

is green, the MD is tan and the CTD is lavender. (b) AlphaFold model of CbpA dimer 

showing residues discussed in this paper. One protomer is gray and the other is colored 

as follows: J-domain is lavender, CTD I is green, CTD II is tan, and the dimerization 

domain is light blue. Modeling details for Hsp90Ec and CbpA can be found in Materials 

and Methods. (c) Crosslinking between Hsp90Ec N347C, CbpA E51C, and DnaK D211C in 
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the presence of ATP. Cysteine mutant proteins were incubated with TMEA individually, in 

pairs and all three together as indicated and as described in Materials and Methods. In lanes 

8–10, each cysteine mutant was substituted with the respective WT protein as indicated. 

Red, green, black and cyan asterisks indicate position of the potential Hsp90Ec-DnaK-CbpA 

complex, DnaK-CbpA complex, Hsp90Ec-CbpA complex, and Hsp90Ec-DnaK complex, 

respectively. The red box indicates slowly migrating crosslinked products. A representative 

gel is shown, n=3. (d) TMEA crosslinking between Hsp90Ec N347C, CbpA E51C, and 

DnaK D211C with no nucleotide or with ATP, AMP-PNP or ADP present. (e) TMEA 

crosslinking between Hsp90Ec N347C/D80N, CbpA E51C, and DnaK D211C with and 

without ATP in the crosslinking reaction. (f) TMEA crosslinking, as described in Materials 

and Methods, between DnaK D211C/K70A, CbpA E51C, and Hsp90Ec N347C with and 

without ATP in the crosslinking reaction. In (d-f), a representative gel is shown (n=3) and 

the red box indicates the potential Hsp90Ec-DnaK-CbpA complex.
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Figure 3. The ternary complex is comprised of Hsp90Ec, DnaK, and CbpA.
(a) 3–8% Tris-acetate gel of TMEA crosslinked products for mass spectrometry (MS) 

analysis. Red boxes indicate region of gel excised for MS analysis. (b) Mass spectrometry 

results indicating the protein composition of the species outlined in the red boxes from 

samples A-D in (a). PSMs, peptide spectral matches.
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Figure 4. The sites of interaction in Hsp90Ec, DnaK and CbpA involved in ternary complex 
formation.
(a) TMEA crosslinking with CbpA E51C, DnaK D211C, and Hsp90Ec MD mutants. L493C 

is an Hsp90Ec CTD mutant. (b) TMEA crosslinking with Hsp90Ec N347C, DnaK D211C 

and various CbpA mutants. CbpA S295C is a mutant in the dimerization domain. In (a-b) 

the red box indicates the expected position of the Hsp90Ec-DnaK-CbpA complex and the 

asterisk points out the ternary complex. (c) TMEA crosslinking with CbpA A44C J-domain 

fragment, DnaK D211C, and Hsp90Ec N347C. Magenta, green, black, and cyan asterisks 

point out the Hsp90Ec-DnaK-CbpA J-domain fragment complex, DnaK-CbpA J-domain 

complex, Hsp90Ec-CbpA J-domain complex, and Hsp90Ec-DnaK-CbpA full length complex, 

respectively. (d) TMEA crosslinking of CbpA J-domain fragment, DnaK, and Hsp90Ec 

followed by Western blot analysis using CbpA antiserum. Asterisks denote complexes 

mentioned in (c). Top panel is the CbpA immunoblot and bottom panel is CbpA immunoblot 

overlay with Ponceau S staining. In (a-d), TMEA crosslinking was carried out as described 

in Materials and Methods. Representitive gels of three replicates are shown.
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Figure 5. Interaction between Hsp90Ec and CbpA.
In vitro interaction between CbpA-biotin (2 μM) and Hsp90Ec (3–12 μM) in the presence 

and absence of (a) ATP (2 mM) or (c) L2 (2 μM) was monitored using a pull-down 

assay. The results were analyzed by SDS-PAGE followed by Coomassie blue staining. 

Densitometry analysis is shown in (b) and (d). In (b) and (d), results are shown as the 

means ± SD for three or more replicates. For statistical analysis, densitometry data from 

experiments with ATP or L2 were compared to data without ATP or L2 at each Hsp90Ec 

concentration using two-way Anova, n = 3, ** 0.001 < P < 0.01, *** 0.0001 < P < 0.001, 

****P<0.0001. (e) Relative quantification of the Hsp90Ec-CbpA interaction. Means ± SD 

are shown. The amount of Hsp90Ec that associated with CbpA when no nucleotide or client 

are present is compared to Hsp90Ec-CbpA association when ADP, AMP-PNP, ATP, or L2 

are present. The individual pull-downs and densitometry analysis when ADP and AMP-PNP 

are present are shown in Fig. S5. Statistical analysis was done using one-way Anova, n 

= 3, * 0.01 < P < 0.05, ** 0.001 < P < 0.01, *** 0.0001 < P < 0.001, ****P < 0.0001. 
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(f) Hsp90Ec-CbpA interaction was assessed using BioLayer Interferometry as described in 

Materials and Methods.
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Figure 6. Interaction between Hsp90Ec and DnaJ.
In vitro interaction between DnaJ-biotin (2 μM) and Hsp90Ec (3–12 μM) in the presence and 

absence of (a) ATP (2 mM) or (c) L2 (2 μM) was monitored using a pull-down assay. The 

results were analyzed by SDS-PAGE followed by Coomassie blue staining. Densitometry 

analysis is shown in (b) and (d). In (b) and (d), results are shown as the means ± SD 

for three or more replicates. For statistical analysis, densitometry data from experiments 

with ATP or L2 were compared to data without ATP or L2 at each Hsp90Ec concentration 

using two-way Anova, n = 3, ** 0.001 < P < 0.01, *** 0.0001 < P < 0.001. (e) Relative 

quantification of the Hsp90Ec-DnaJ interaction. Means ± SD are shown. The amount of 

Hsp90Ec that associated with DnaJ when no nucleotide or client are present is compared to 

Hsp90Ec-DnaJ association when ADP, AMP-PNP, ATP, or L2 are present. The individual 

pull-downs and densitometry analysis when ADP and AMP-PNP are present are shown 

in Fig. S6. Statistical analysis was done using one-way Anova, n = 3, ** 0.001 < P < 
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0.01, *** 0.0001 < P < 0.001. (f) Hsp90Ec-DnaJ interaction was assessed using BioLayer 

Interferometry as described in Materials and Methods.
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Figure 7. The Hsp90-J-domain protein interaction is conserved in yeast.
In vitro interaction between Ydj1-biotin (1.8 μM) and Hsp82 (2–8 μM) in the presence 

and absence of (a) ATP (2 mM) or (c) L2 (2 μM) was monitored using a pull-down assay. 

The results were analyzed by SDS-PAGE followed by Coomassie blue staining. For (a) and 

(c) a representative gel from three replicates is shown. Densitometry analysis is shown in 

(b) and (d) as means ± SD of three replicates. Pull-down assays and statistical analysis of 

densitometry data were performed as described in Fig. 4 and Fig. 5. * 0.01 < P < 0.05, ** 

0.001 < P < 0.01, ****P<0.0001. (e) Relative quantification of the Hsp82-Ydj1 interaction. 

Means ± SD are shown. The amount of Hsp82 that associated with Ydj1 when no nucleotide 
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or client are present is compared to Hsp82-Ydj1 association when ADP, AMP-PNP, ATP, or 

L2 are present. The individual pull-downs and densitometry analysis when ADP and AMP-

PNP are present are shown in Fig. S6. Statistical analysis was done using one-way Anova, 

n = 3, * 0.01 < P < 0.05, ** 0.001 < P < 0.01, *** 0.0001 < P < 0.001, ****P < 0.0001. 

(f) BioLayer Interferometry was used to assess the Kd for the Hsp82-Ydj1 interaction as 

described in Materials and Methods.
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Figure 8. The sites of interaction between Hsp90Ec and CbpA.
(a) Schematic depicting sites of interaction between Hsp90Ec and CbpA identified by 

DSSO crosslinking followed by tandem mass spectrometry, n = 2. Identified intermolecular 

crosslinks are denoted using black lines with crosslinked lysine residues numbered in blue. 

Solid lines indicate crosslinks observed in both replicates, dashed lines indicate crosslinks 

seen twice in one replicate, and dotted lines indicate crosslinks observed once in either 

replicate. (b) Molecular model of an Hsp90Ec dimer showing positions of crosslinked 

residues identified in (a). One protomer is gray. In the other, the Hsp90Ec NTD is green, 

MD is tan and CTD is lavender. Hsp90Ec NTD residues are blue, MD residues are red 

and CTD residues are green. (c) Molecular model of a CbpA dimer showing positions of 

crosslinked residues identified in (a). One protomer is gray. In the other, the CbpA J-domain 

is lavender, CTD I is green, CTD II is tan and the dimerization domain is light blue. CbpA 

J-domain residues are magenta, the CTD I residue is purple and the CTD II residue is 

red. (d) BMOE crosslinking between CbpA and Hsp90Ec was carried out as described in 

Materials and Methods. Hsp90Ec-CbpA crosslinked species are outlined with a red box. (e) 

DTME crosslinking of CbpA with Hsp90Ec MD mutants to assess the composition of the 

crosslinked species outlined by the red box in (d) was carried out as described in Materials 

and Methods. Crosslinked species were separated by SDS-PAGE, extracted and cleaved with 

DTT. The gel shows DTME crosslinked products before (lanes 1 and 3 (red boxes)), and 

after (lanes 2 and 4) extraction and cleavage with DTT. For (d-e), a representative of three 

replicates is shown.
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Figure 9. Interaction between J-domain protein and Hsp90 middle domain.
(a) The interaction between biotinylated CbpA and Hsp90Ec MD mutants in the presence 

of L2 was monitored using a pull-down assay. The results were analyzed by SDS-PAGE 

followed by Coomassie blue staining. (b) Quantification of Hsp90Ec associated with CbpA-

biotin in the pull-downs shown in (a). Each Hsp90Ec MD mutant was compared to wild-type 

using one-way Anova, n = 5, ****P < 0.0001. (c) Molecular model of Hsp82 dimer showing 

locations of residues discussed in (d, e). One protomer is in lavender and the other is in gray. 

(d) The interaction between biotinylated Ydj1 and Hsp82 MD mutants was monitored using 

a pull-down assay. The results were analyzed by SDS-PAGE followed by Coomassie blue 

staining. (e) Quantification of Hsp82 associated with Ydj1-biotin in pull-downs shown in 

(d). Each Hsp90Ec MD mutant was compared to wild-type using one-way Anova, n = 4, ** 

0.001 < P < 0.01, *** 0.0001 < P < 0.001. Pull-down assays were carried out as described 

in Materials and Methods and a representative gel of four or more replicates are shown in (a) 

and (d). In (b) and (e) results are shown as means ± SD.
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Figure 10. The role of the CbpA J-domain in CbpA-Hsp90Ec complex formation.
(a) BMOE crosslinking between Hsp90Ec N347C and CbpA J-domain mutants. CbpA 

S295C is a mutant in the dimerization domain. (b) BMOE crosslinking with CbpA A44C 

J-domain fragment and Hsp90Ec N347C, N350C, R355C, or L493C. Red boxes indicate 

Hsp90Ec-CbpA or Hsp90Ec-CbpA J-domain complexes. Representative gels are shown 

(n=3).

Wickramaratne et al. Page 35

J Mol Biol. Author manuscript; available in PMC 2024 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 11. Interaction between the CbpA J-domain and Hsp90Ec NTD.
(a) BMOE crosslinking between CbpA and various Hsp90Ec NTD mutants. (b) BMOE 

crosslinking between CbpA E51C and Hsp90Ec N347C in the presence of increasing CbpA 

J-domain fragment or CbpA wild-type as described in Materials and Methods. In (a-b) 

Hsp90Ec-CbpA crosslinked species are outlined with red boxes. Representative gels are 

shown of three replicates. (c) Quantification of CbpA-Hsp90Ec crosslinked species shown in 

(b). Means ±SD are shown. Crosslinking with CbpA J-domain or CbpA wild-type present is 

compared to control lane without CbpA J-domain or CbpA wild-type using one-way Anova, 

n = 3, *** 0.0001 < P < 0.001, ****P < 0.0001.
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Figure 12. Docked models of the ternary Hsp90Ec-DnaK-CbpA complex and binary Hsp90Ec-
CbpA complex.
(a) Top ranked docked model (cluster 1) of the Hsp90Ec-DnaK-CbpA complex. Modeling 

was performed using the structures of the CbpA J-domain, the DnaK NBD in the ADP 

bound conformation and the apo form of one Hsp90Ec protomer, as described in Materials 

and Methods. The model was aligned with dimeric Hsp90Ec. In the top ranked model 

Hsp90Ec is shown in surface representation with one protomer in white and the other 

protomer in grey. DnaK is shown in cartoon representation with the NBD in dark blue. 

The CbpA J-domain is shown in cartoon representation in red. The predicted interaction 
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interfaces are enlarged in the inset figure. Residues identified to participate in the interaction 

by crosslinking experiments are indicated with residue number. (b) Alignment of the full-

length ADP-bound DnaK structure (PDB ID 2KHO), shown in cyan, with the DnaK NBD, 

shown in dark blue, in the Hsp90Ec-DnaK-CbpA docked model in (a). (c) Comparison 

of full-length ADP-bound DnaK, in cyan, in the ternary Hsp90Ec-DnaK-CbpA complex 

shown in (b) with DnaK from the binary Hsp90Ec-DnaK docked model, in purple, that 

was generated previously [12]. Hsp90Ec molecules from the two models were aligned for 

the comparison. The CbpA J-domain from the ternary complex is omitted for clarity. (d) 

Comparison of the J-domain orientation relative to DnaK in the Hsp90Ec-DnaK-CbpA 

ternary docked complex (showing the J-domain in red and DnaK NBD in dark blue) with 

the position of the J-domain in the DnaK-DnaJ J-domain co-crystal structure from PDB 

ID 5NRO [32] (showing J-domain in gold and DnaK in grey). Hsp90Ec from the ternary 

docked complex is omitted for clarity. The NBDs of DnaK were aligned for the comparison. 

(e) Docked model of the Hsp90Ec MD-CbpA J-domain complex generated as described 

in Materials and Methods. The J-domain is shown in black. Hsp90Ec interacting residues 

identified experimentally or by XL-MS are indicated by residue number. (f) Comparison of 

the J-domain interaction with the Hsp90Ec MD in the binary docked model shown in (e) 

(showing the J-domain in black) with the J-domain interaction with Hsp90Ec in the ternary 

docked model shown in (a) (showing the J-domain in red). Hsp90Ec molecules from the two 

models were aligned for the comparison. Protein structures were rendered in PyMOL.

Wickramaratne et al. Page 38

J Mol Biol. Author manuscript; available in PMC 2024 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 13. Working model for protein reactivation.
It is likely that DnaK binds the inactive client protein in a reaction stimulated by CbpA and 

promotes partial refolding of the client by repeated ATP-dependent cycles of client binding 

and release (1). DnaK and CbpA may interact transiently with the MD of Hsp90Ec, forming 

an Hsp90Ec-DnaK-CbpA complex with the client (2). Then the client is possibly transferred 

from DnaK to Hsp90Ec as DnaK and CbpA dissociate (3). Lastly, Hsp90Ec releases the 

client, which refolds in its active conformation (4). Many aspects of the working model are 

speculative and further investigation is required.
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