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A Local Allosteric Network in Heat Shock Protein 70 (Hsp70) 
Links Inhibitor Binding to Enzyme Activity and Distal Protein-
Protein Interactions

Silvia Rinaldi[1],#, Victoria A. Assimon[2],#, Zapporah T. Young[2], Giulia Morra[1], Hao 
Shao[2], Isabelle R. Taylor[2], Jason E. Gestwicki[2],*, and Giorgio Colombo[1],[3],*

[1]Istituto di Chimica del Riconoscimento Molecolare, CNR Via Mario Bianco, 9 20131 Milano, Italy

[2]Department of Pharmaceutical Chemistry, University of California at San Francisco, San 
Francisco, CA 94158

[3]Department of Chemistry, University of Pavia, V.le Taramelli, 12 27100, Pavia, Italy

Abstract

Allosteric inhibitors can be more difficult to optimize without an understanding of how their 

binding influences the conformational motions of the target. Here, we used an integrated 

computational and experimental approach to probe the molecular mechanism of an allosteric 

inhibitor of heat shock protein 70 (Hsp70). The anticancer compound, MKT-077, is known to bind 

a conserved site in members of the Hsp70 family, which favors the ADP-bound state and interferes 

with a protein-protein interaction (PPI) at long-range. However, the binding site does not overlap 

with either the nucleotide-binding cleft or the PPI contact surface, so its mechanism is unclear. To 

this end, we modeled Hsp70’s internal dynamics and studied how MKT-077 alters local sampling 

of its allosteric states. The results pointed to a set of concerted motions between five loops in 

Hsp70’s nucleotide-binding domain (NBD), surrounding the MKT-077 binding site. To test this 

prediction, we mutated key residues and monitored chaperone activities in vitro. Together, the 

results indicate that MKT-077 interacts with loop 222 to favor a pseudo-ADP bound conformer of 

Hsp70’s NBD, even when ATP is present. We used this knowledge to synthesize an analog of 

MKT-077 that would better prevent motions of loop222 and confirmed that it had improved anti-

proliferative activity in breast cancer cells. These results provide an example of how to unlock and 

leverage the complex mechanisms of allosteric inhibitors.

Introduction

Allosteric inhibitors are often powerful probes for chemical biology because they “tune” 

function without directly competing with the active site. However, it can sometimes be more 

complicated to optimize them, because their potency depends on both affinity for the target 
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and their ability to shape its conformational preferences.1 MKT-077 is an example of such a 

chemical probe; it is an allosteric inhibitor of heat shock protein 70 (Hsp70) that advanced to 

Phase I clinical trials for the treatment of solid tumors.2–4 However, these trials were 

discontinued, in part because the molecule has relatively modest potency (EC50 ~ 5 µM). 

Recent efforts to optimize its drug-like properties5, 6 would benefit from a molecular 

understanding of how it interferes with Hsp70 function. One main hurdle to this goal is that 

the binding site of MKT-077 does not overlap with known functional regions, making it 

unclear how the molecule works or how its potency might be improved.

Hsp70 is a molecular chaperone that consists of two domains: a ~44 kDa N-terminal, 

nucleotide-binding domain (NBD) and a ~25 kDa substrate-binding domain (SBD).7 The 

NBD is further divided into two lobes (A and B) and four subdomains (IA, IIA, IB and IIB), 

with an ATP-binding cassette positioned between them (Figure 1A). Likewise, the SBD is 

divided into a β-sandwich region, which contains the shallow cleft important for interactions 

with unfolded proteins8, and an α-helical “lid” that regulates access to that cleft.9 Members 

of the Hsp70 family are widely used as models for the study of dynamic, multi-domain 

proteins because of the dramatic transitions that are known to accompany ATP cycling in the 

NBD10 and the large number of both intra- and inter-domain allosteric networks.11–14 For 

example, recent structures of the prokaryotic ortholog, DnaK, have revealed that the lid is 

nestled against the NBD in the ATP-bound state,15, 16 allowing access to the b-sandwich 

(Figure 1B). After ATP hydrolysis, dramatic conformational changes in the NBD release the 

lid, such that it now “closes” towards the β-sandwich and enhances protein-binding affinity.
17–19 In this way, Hsp70 oscillates between two major conformers, ATP- and ADP-bound, 

causing it to cycle between high- and low-affinity binding states.20 In addition to these intra-

molecular motions, protein-protein interactions (PPIs) with co-chaperones further tune 

Hsp70’s nucleotide cycling.21, 22 Specifically, the J-domain proteins (JDPs) bind to the 

region between the NBD and SBD to disrupt inter-domain contacts and promote ATP 

hydrolysis,23, 24 while nucleotide exchange factors (NEFs) “open” the lobes of the NBD to 

facilitate ADP release.25 Computational studies and evolutionary analyses have identified a 

number of important allosteric switches that control these major motions within the NBD, 

including a switch at Pro14726 and a handful of hinge residues (i.e. G229, R155) between 

the IIB and IIA subdomains.27, 28 Most of these previous efforts were directed at 

understanding how the conversion from the ATP- to ADP-bound state propagates 

conformational changes to the rest of the protein. However, with a few notable exceptions,
29, 30 less is known about how chemical inhibitors regulate these transitions or how they 

might interfere with the natural motions.

The binding site of MKT-077 was initially identified by nuclear magnetic resonance (NMR) 

to be located at the interface between lobes IA and IIA in the NBD.31 This binding site is 

adjacent to, but not overlapping with, the nucleotide-binding cleft (Figure 1C) and the 

interaction seems to involve two main pockets: one composed of K71, R72, P147 and F150 

that surrounds the benzothiazole and another framed by Y149 and a loop from H227 through 

T222 (loop222) that accepts the pyridinium. In the NMR titrations, MKT-077 only 

interacted with Hsp70 in its ADP-bound state and not its apo- or ATP-bound states,31 

suggesting that it somehow favors the ADP-bound conformer. Later, it was also shown that 

analogs of MKT-077 block the PPIs between Hsp70 and the BAG family of NEFs.32, 33 That 
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contact surface is ~18 to 20 Å away from the compound’s binding site, so it was not 

immediately clear why MKT-077 would disrupt the interaction; however, more recent work 

showed that the ADP-bound state of Hsp70’s NBD has weakened affinity for BAG family 

NEFs.34 Specifically, human BAG1 binds to Hsp72 (HSPA1A) with an affinity of ~ 8 nM in 

the apo-state and 14 nM in the ATP-bound state, but only 36 nM in the ADP-bound state. 

Thus, the key activity of MKT-077 seems to be its ability to trap the ADP conformer, which 

then has a weaker affinity for NEF PPIs. We reasoned that atomistic knowledge about how 

MKT-077 interferes with nucleotide-driven allostery might facilitate chemical optimization, 

as well as clarify how intrinsic control mechanisms regulate this chaperone.

Here, we used molecular dynamic (MD) simulations to model the ATP-to-ADP conformers 

of Hsp70’s NBD and used these trajectories to probe how MKT-077 alters conformational 

sampling. More specifically, we focused on interactions of MKT-077 with heat shock 

cognate 70 (Hsc70; HSPA8), the constitutively expressed form of the chaperone in 

mammals. This analysis provided a structural rational for why MKT-077 only binds to ADP-

bound state and suggested that a concise, coordinated pathway, composed of five loops 

(loop12, sub69, loop147, loop199 and loop222) links the MKT-077 binding site to the 

nucleotide-binding cassette. Most strikingly, MKT-077 was predicted to stabilize the ADP-

bound conformer by limiting motions of loop222, resisting the influence of ATP binding. To 

test this prediction, we mutated residues in loop222 and loop199 and found that, like 

MKT-077, they stabilized the ADP-bound state and blocked NEF-dependent chaperone 

function. Together, these results suggested that MKT-077 analogs could be improved by 

resisting nucleotide-driven motions in loop222, a hypothesis that we confirmed by 

synthesizing an analog of MKT-077, JG-237, with additional bulk pointed in that direction. 

More broadly, these findings might provide a framework for the optimization of other 

cryptic, allosteric inhibitors, using a structure-guided understanding of their molecular 

mechanisms.

Results and Discussion

Molecular dynamic (MD) simulations of nucleotide- and inhibitor-based local motions in 
the Hsc70 nucleotide-binding domain (NBD)

To unravel the atomistic mechanisms by which MKT-077 regulates Hsc70, we first 

performed MD simulations of the NBD (PDB 3C7N)35 in the presence or absence of the 

ligand and in different nucleotide states: (a) ADPonly (no MKT-077, with ADP), (b) 

ATPonly (no MKT-077, with ATP), (c) MKT-ADP (MKT-077 and ADP) and (d) MKT-ATP 
(MKT-077 and ATP). For each state, we examined multiple, independent MD simulations 

(see Methods), totaling more than 650 ns. For the protein backbone atoms of the ADPonly 
simulation, the time evolution of the average root-mean-square deviation (RMSD) from the 

initial 3C7N X-ray structure showed that it stably populates the “ADP-like” starting 

conformation (avg RMSD 2.7 Å) (Figure S1). Conversely, we found that the ATPonly 
chaperone undergoes the expected conformational changes, with RMSD values up to ~5 Å 

(Figure S1). Based on the most representative conformations obtained by cluster analysis, 

this RMSD deviation was largely caused by the ability of ATP to favor a “closing” motion in 

lobes I and II, which resulted in a 15° rotation between the two axes (Figure S2). Through 
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this motion, the NBD becomes more compact, consistent with recent crystal structures 36 

and previous MD simulations 37. Next, we explored the effects of MKT-077 on these 

conformational transitions. First, we found that MKT-077 stably occupies the known binding 

site between IA and IIA during the simulations. Moreover, we found that MKT-077 had little 

effect on the conformations of the ADP-bound state (MKT-ADP, avg. RMSD 2.5 Å), but 

that it seemed to “trap” the Hsp70-ATP complex in the initial ADP-like state (MKT-ATP, 

avg. RMSD 2.8 Å) (Figure S1). An analysis of the most representative conformations 

confirmed that MKT-077 prevented the “closing” motion in response to ATP (Figure S2). 

This conclusion was also evident in cluster analyses performed on a single meta-trajectory 

resulting from the concatenation of the ADPonly, ATPonly, MKT-ADP, and MKT-ATP 
simulations. Specifically, we found that the subsets corresponding to the ADPonly, MKT-
ADP and MKT-ATP conformational ensembles were all ADP-like, while ATPonly was the 

sole system whose conformations were distributed over multiple clusters (Figure S3). 

Together, these results provide a plausible molecular mechanism for how MKT-077 might 

favor an ADP-bound conformer.

What are the local conformational changes that allow MKT-077 to resist ATP-dependent 

transitions? To gain insight into this problem, we repeated the cluster analysis, with a focus 

on the backbone atoms of residues from the MKT-077 and nucleotide-binding sites. 

Specifically, these residues included those on loops 12–15, 147–152, 222–231, and the 

partial helix-loop substructure 69–87. For brevity, these regions will be referred to as 

loop12, loop147, loop222 and sub69 for the remainder of the manuscript. Examination of 

these two pockets suggested that they both undergo a series of conformational 

rearrangements during the ADP to ATP conversion (Figure 2). Most strikingly, loop222 

seemed to act as a nucleotide-dependent switch, moving toward the nucleotide in the ATP-

bound state in a way that is assisted by the concurrent motion of loop147 and sub69. 

Because loop222 also forms one side of the MKT-077 binding site, this motion was 

accompanied by “shrinking” of the compound-binding pocket; namely, the Solvent 

Accessible Surface Area (SASA) of this region was reduced from 2778 to 2699 Å2. This 

observation suggests a model in which MKT-077, by occupying this site, might resist the 

ATP-driven collapse of loop222 and thereby ‘trap’ the ADP-like conformer (see Figure 2).

Next, we set out to identify specific residues that might underlie the conformational signal. 

To this end, we calculate the local flexibility (LF) parameter for all of the simulations. This 

analysis estimates the relative, average deformation that is locally experienced by stretches 

of residues. Our LF analyses confirmed that the dynamics of loop12, sub69 and loop147 are 

affected by MKT-077 binding (Figure 3). Moreover, loop199 (residues 199–206) emerged as 

an important additional modulator because it faces loop12 with respect to the nucleotide and 

interacts directly with loop222 (see Figure 2). Specifically, ADP seemed to stabilize one 

network of persistent H-bonds amongst these loops; for example, the persistency of the H-

bond between T13 and ADP in ADPonly was calculated to be 49%, with additional bonds 

between T14-ADP 42% and Y15-ADP 15% (Figure S4A). The presence of ATP pushes the 

loops apart, with the H-bonds at T13 decreased to only 16% persistency. Rather, binding to 

ATP favors the interaction of loop12 with sub69 instead (Figure S4A). In turn, this re-

arrangement allows sub69 to interact with loop222, stabilizing two salt bridges (ATPonly, 

Arg72-Glu231 and Asp86-His227), and locking loop222 in the ‘closed conformation’ that is 
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ultimately unable to host MKT-077 (Figure S4B). Finally, these ATP-dependent 

conformational changes favor coordination between loop199 and the ATP-binding cavity, 

stabilized by a salt bridge between the ATP γ-PO4 and Asp199 that is mediated by a bound 

Mg cation (Figure S4C). Together, these observations suggest that ATP binding triggers the 

rearrangement of a locally compact region. The LF analysis also suggested that most of the 

loops, with the exception of loop12, move as a rigid, coordinated unit. Most importantly for 

this study, these motions seem to be silenced by MKT-077 binding (see Figures 2 and S4A-

C) largely because loop222 (as well as loop147 and sub69) cannot take part in the necessary 

structural rearrangements. Therefore, MKT-077 seems to behave as a “rigid stop” to the 

pivot motions, locking the salt bridges and other contacts in their ADP-like conformations.

MD simulations suggest a model for how MKT-077 partially disrupts a distant protein- 
protein interaction

The PPI interface between Hsp70 and the NEF’s BAG-domain involves a series of important 

electrostatic interactions.38, 39 For example, residues E212, Q245, D222 and R237 in the 

BAG domain of BAG1 make contact with R261, R262, D285 and E283 of Hsc70’s IIB 

subdomain and mutations of R261A or R262A ablate the interaction.40, 41 Also, it is known 

that the affinity of Hsp70 for BAG1 is strongest in the apo-state state (Kd ~8 nM), while it is 

weaker in the ADP- or ATP-bound states (12 and 36 nM, respectively).34 Because analogs of 

MKT-077 have been found to partially weaken the Hsp70-BAG3 interaction in vitro and in 

cells,6, 32 we wondered whether the MD simulations might provide insight into how 

MKT-077 impacts a PPI nearly 20 Å away.

We hypothesized that there might be allosteric coupling between the MKT-077 binding site, 

the nucleotide-binding cleft and the key residues of the BAG-binding surface. We focused 

this search on loop 12 (Figure 4A) because our work had identified it to be important in 

MKT-077 and nucleotide cycling, while Sondermann et al. had shown that packing of this 

region was important for BAG1 binding.38 Consistent with this hypothesis, we examined the 

MD simulations and found that nucleotide-dependent motions in loop 12 (residues 12, 13, 

14 and 15) seemed to be coupled to movement of both the MKT-077 binding site (residues 

72, 76, 82, 86, 149–150, 205–207, 222 and 224–226) and the helix involved in the BAG-

binding surface (residues 257–258, 263–278, 284 and 286–289) (Figure 4B). Next, we 

compared the position of key polar residues in the apo- (PDB 1HX1) state to their position 

in the ADPonly, ATPonly and MKT-ATP states. First, we confirmed that electrostatic 

interactions of E212 with R261, Q245 with R262 and R237 with E283 are observed in the 

apo-state (Figure 4C). Consistent with the weakened affinity of the complex in the ADP-

bound state,34 we found that the many of the predicted contacts, except possibly E212-R262 

and R237-E283, were disrupted upon ADP binding. Similarly, only a few contacts, such as 

E212-R262, remained in the intermediate, ATP-bound state. To understand how MKT-077 

might shift this complex, we compared these structures to the MKT-ATP state. We found 

that the MKT-ATP state resembled aspects of both the weak, ADP- and ATP-bound states, 

with only the R237-E263 contact predicted to remain. These results provide a possible 

mechanistic model for understanding how MKT-077 can partially disrupt a PPI at long 

distance, through regulating the motions of loop12. Specifically, the compound seems to 
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favor the ADP-bound state of Hsp70, which places loop 12 in a conformer that propagates a 

relatively weak-binding state to the IIB subdomain.

Mutations in key, predicted residues suggest that MKT-077 locks local motions in an 
allosteric site to favor the ADP-bound state.

The MD simulations suggested that MKT-077 acts as a “rigid stop” to nucleotide-dependent 

motions in Hsp70’s NBD. To test these predictions, we selected residues predicted to be 

involved in the nucleotide-dependent motions for mutagenesis. We focused on the prominent 

motions in residues T226 and D206, which collapse towards the MKT-077 binding pocket 

upon ATP binding (Figure 5A). We reasoned that alanine mutations (T226A or D206A) 

might partially disrupt side-chain packing in this locally compact region and limit the ability 

of ATP to activate its allosteric program. These residues were also selected, in part, because 

it was previously shown that they partly weaken affinity for MKT-077 analogs6 (Figure 

S5A). As a control, we also mutated a residue (T222A) at the far opposite end of loop222, 

because it did not dramatically change position during transition to the ATP-bound state (see 

Figure 5A). To test whether the purified point mutants of Hsp70, T226A, D206A and 

T222A, were properly folded, we performed malachite green (MG) ATP turnover assays, as 

previously described,42 and compared their activities to that of wild type, full length, human 

Hsc70. This experiment confirmed that each mutant had similar, albeit weak, enzymatic 

activity to WT (~2 pmol/µM Hsc70/min) (Figure 5B).

Based on the MD simulations, we predicted that mutations at T226A and D206A might 

interrupt the ability of ATP to trigger conformational transitions. To test this idea, we took 

advantage of partial proteolysis as a convenient way to discern between the ATP- and ADP-

like structural states in this system.43 Briefly, in an Hsp70 partial proteolysis experiment, the 

appearance of specific bands, including one corresponding to NBD at ~ 44 kDa and bands 1, 

2 and 3 located between 50 and 65 kDa, is diagnostic of the nucleotide status.10 Band 3 is 

particularly informative, as it has been shown to appear largely in the ATP-bound state.10 

Likewise, free NBD (~44 kDa) and band 2 are more prominent in the ADP-bound state, 

likely because the two domains become dissociated from one another in that conformation,18 

revealing a trypsin site.44 Thus, the relative changes in band intensity are often used to 

estimate whether Hsp70 is predominantly in the ATP-or ADP-like states.31, 44 In our 

experiments, we first we confirmed that limited treatment of human Hsc70 with trypsin in 

the ATP-bound state (1 mM) generates the expected set of three fragments (bands 1, 2 and 3) 

between 50 and 65 kDa (Figure 5C), while band 3 largely disappears in the presence of ADP 

(Figure 5C). As expected, the nucleotide-dependent change in band 3 intensity was retained 

in the control mutant, T222A. However, both D206A and T226A remained trapped in the 

ADP-like conformation, even if ATP was present (Figure 4C). This result is strikingly 

similar to previous observations, in which treatment with an analog of MKT-077 stabilizes 

an ADP-like state by partial proteolysis (also see below).31 Together, these results support 

the model in which MKT-077 communicates with the nucleotide-binding cleft through 

coordinated motions.

To understand the functional implications of trapping the ADP-like conformer, we measured 

the luciferase refolding activity of WT Hsc70 and its mutants. Briefly, Hsc70 is known to 
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require ATP, as well as JDPs, such as DnaJA2, and NEFs, such as BAG1, to restore 

denatured firefly luciferase in vitro.45 Moreover, analogs of MKT-077 are known to interrupt 

this activity, by blocking the required PPIs with BAG1.32 To see if the mutants might share 

this inhibitory activity, we first confirmed that both WT and T222A are able to work with 

BAG1 to refold luciferase (Figure 5D). In this assay, the Hsc70 and DnaJA2 concentrations 

are held constant, while the levels of BAG1 are increased, resulting in a characteristic curve 

shape with a maximum at ~0.4 µM of BAG1. Next, we tested whether D206A and T226A 

would be able to support chaperone activity, but found that they were both unable to catalyze 

the refolding of luciferase (Figure 5D). These results suggest that disruption of the local 

allosteric network in Hsc70, mirroring treatment with MKT-077 analogs, interrupts 

functional collaboration with NEFs.

Finally, we envisioned that this atomistic, mechanistic insight might enable rational design 

of MKT-077 analogs that better resisted the conformational changes associated with ATP 

binding. In that effort, we started with JG-98 (Figure 6A), an MKT-077 analog with 

improved metabolic stability.5 Guided by docking and observations from previous analogs 

(Figure S5B), we predicted that appending a bulky group to the ortho-position of the 

pendant phenyl ring, to create JG-237 (Figure 6A), might interfere with motions of loop222 

by encumbering residues such as T226 and D225 (Figure 6B). To test this idea, we also 

moved the substitution around the ring to the less optimal, meta- and para-positions (JG-115 

and JG-118, respectively). Finally, the negative control, JG-258, which cannot bind Hsc70, 

and the positive controls, JG-231 and JG-294, were prepared (Figure S5B)6 Consistent with 

the model, we found that JG-237 (16 µM; 1 equivalent) ‘trapped’ the ADP-like state, as 

measured by partial proteolysis (Figure 6C). Further, JG-231 was able to partially suppress 

binding of BAG3 to Hsp70 in MCF7 cell lysates, as measured by co-immunoprecipitation 

(Figure 6D). Moreover, we found that it was 2-fold better than JG-98 in suppressing 

proliferation of MCF7 (0.37 ± 0.22 µM) and MDA-MB-231 (0.14 ± 0.02 µM) breast cancer 

cells, as measured by MTT assays, while being ~10-fold less toxic to normal, healthy mouse 

embryonic fibroblasts (MEFs; Figure 6E). This potency was similar to that of optimized 

molecules, JG-231 and JG-294, which resulted from a recent property-guided, medicinal 

chemistry campaign.6 Moreover, consistent with the model, both JG-115 and JG-118 had 

activity that was similar to the parent molecule, JG-98 (EC50 ~ 0.6 µM in MCF7 cells; EC50 

0.4 to 1.2 µM in MDA-MB-231 cells). Finally, we wondered if the improved cell-based 

activity of JG-237 may be due to better binding to Hsp70. Because the molecules work 

through an allosteric mechanism, we considered two possibilities; specifically, JG-237 might 

bind tighter to Hsp70 than JG-98 or, alternatively, it may have a similar affinity but improved 

ability to resist motions in loop222. Using a direct binding assay,6 we found that JG-237 had 

a slightly improved affinity (1.5 ± 0.3 µM) for human Hsc70 when compared to JG-98, 

JG-115 or JG-118 (Kd ~ 4.5, 3.1 and 2.6 µM, respectively). The control molecule, JG-258, 

had unmeasurable affinity (Kd > 10 µM). Thus, JG-237 did seem to have slightly improved 

affinity. Together, these results suggest that accentuating the “rigid stop” ability of MKT-077 

analogs, by better binding the pocket and resisting motions of loop222, may be an effective 

way to drive their potency. More broadly, this knowledge seems especially important for 

allosteric molecules, where potency is a product of both affinity and conformational 

sampling.
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Conclusions

Together, our findings define a local allosteric network in Hsc70 that involves cross-talk 

between the nucleotide- and MKT-077 binding pockets. It is known that ATP normally 

stabilizes a relatively closed and rigid conformation of the NBD.37, 46 However, we found 

that MKT-077 limits conversion to this ATP-bound state by occupying a pocket adjacent the 

nucleotide-binding cleft and preventing residues, such as T226 and D206, from collapsing 

into this space. Thus, MKT-077 seems to be a ‘rigid-stop’ to the scissor motions of the 

NBD’s A and B lobes. It is also important to mention that MKT-077 might disrupt other, 

established allosteric pathways in Hsc70 at the same time. For example, the switch residue, 

Pro147, is known to communicate nucleotide-dependent conformations to the SBD.26 This 

residue is located on nearby loop147, so it is likely impacted by binding to MKT-077. 

Similarly, Tyr149, also located in loop147, was recently reported47–49 as a molecular switch 

that connects loop12 and loop199. Our work extends these previous observations by 

providing specific insight into how a chemical probe, MKT-077, might limit the coordinated 

motions in this system by placing itself at an allosteric “crossroads”. For example, a major 

hypothesis of this work is that better MKT-077 analogs might be assembled by counter-

acting the ATP-driven motions, a model that we tested with JG-237 (see Figure 6). In further 

support of this idea, a number of the most potent, previously reported MKT-077 analogs also 

have bulky substitutions near loop222 (see Figure S5A).6 Together, these findings suggest 

that atomistic knowledge of the allosteric mechanisms of MKT-077 can be leveraged to 

rationally guide the design of improved analogs. This concept may provide a broader 

framework for improving allosteric inhibitors of other targets, such as kinases.50

Another interesting aspect of MKT-077 function is that it perturbs the PPIs between Hsc70 

and the BAG family of NEFs.32, 41 This observation was initially puzzling because the 

contact surface of the Hsc70-NEF interaction is ~ 18 to 20 Å away from the compound’s 

binding site.25 Thus, MKT-077 seemed to be an example of a molecule that acts 

allosterically to break a distal PPI. A recent analysis of all reported PPI inhibitors suggested 

that molecules with an allosteric, rather than orthosteric, mechanism-of-action might be 

more suited to “difficult” PPIs51; such as those with large buried surface area (BSA) and/or 

weak affinity (Kd > 200 nM). In turn, this makes it important to establish ways of studying 

the mechanisms of such allosteric PPI inhibitors. Here, we found that MKT-077 acts on a 

local allosteric network, but one that links nucleotide status to broader conformational 

motions through the position of loop12 (see Figure 4). The reorientation of this loop is 

needed to stabilize the BAG-binding conformation,38 so we envision that, by locking loop12 

in its ADP-like state, MKT-077 may be able to shift the equilibrium of the accessible 

ensembles towards the weaker BAG-binding states. Thus, using a combination of 

computational and experimental approaches, these results suggest how a small molecule 

works on a topologically challenging PPI by enacting local and long-distance allosteric 

programs.
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Materials and Methods

Molecular dynamic simulations

MD simulations of Hsc70 NBD (PDB code: 3C7N)35 were performed using the AMBER 

12.0 package52 with the AMBER ff99SB.53 The PDB code 3C7N was used as the starting 

point for these studies because it is the structure initially used to map the binding site of 

MKT-077.31 Further, we found that the residues in this pocket are nearly identical in the 

other available NBD structures (RMSD of heavy atoms < 1 Å), so, at least in terms of the 

MKT-077 pocket, 3C7N was considered representative. The simulations were run in the 

presence or in the absence of the MKT-077 (bound at its NMR-determined binding site, see 

Figure 1C). The ATP-state was generated by building an ATP molecule from the ADP 

scaffold in the nucleotide-binding site of Hsp70. The parametrization of the ligands was 

obtained by means of a GAFF force field. In order to improve the description of the Mg2+ 

ion bound at the nucleotide cavity, the magnesium-cationic dummy atom model (MD6
2+) 

was employed.54 All the structures were solvated with TIP3P water molecules55, counter-

ions were randomly added to ensure overall charge neutrality. The system was first 

minimized using the steepest descendent scheme. Secondly a 0.4 ns simulation was run in a 

NVT (constant Number, Volume and Temperature) ensemble in which the positions of alpha 

carbons were weakly restrained (force constant 10 kcal mol−1 Å−2) and slowly increasing 

the temperature up to 300 K. Later a 0.2 ns simulation in a NPT (constant Number, Pressure 

and Temperature) ensemble maintaining the restraints on alpha carbons was performed. 

Finally, the whole system was simulated under NPT conditions for 100 ns at (300 K, 1 atm) 

with a 1 fs time-step. All the simulations were performed in periodic boundary condition 

(PBC). Short-range electrostatic and van der Waals interactions were calculated within a 10 

Å cutoff, whereas long-range electrostatic interactions were assessed using the particle 

Ewald method.56 Shake algorithm was used to treat all bonds involving hydrogen atoms.57 

All simulations were run in two replicates. A total sampling time of more than 650ns for 

each complex was analyzed. The docked co-structures in Figures 1C and5B were generated 

as previously described.6 Briefly, MKT-077 or JG-237 were docked to bovine HSPA8 NBD 

crystal structure (PDB accession code: 3HSC)58 using both InducedFit and Glide docking 

software (Software Suite 2017–3, Schrodinger Inc).

Cluster analysis.

Cluster analysis was carried out using g_cluster module of Gromacs to evaluate the 

structural effects on Hsc70 NBD driven by the nucleotides and/or MKT-077 binding. 

Clustering of the trajectories was obtained with gromos method fitting backbone atoms with 

a RMSD cutoff of 0.2 nm. Two different types of inspections were performed. The cluster 

analysis was performed fitting the 4 Å cavity of the MKT-077 to characterize the 

conformational rearrangement induced by the ligand on its binding pocket. To study the 

global motions instead the analysis was carried on fitting the whole protein.

Principal components analysis (PCA)

PCA of MD-trajectories was used to assess the effects of ligand-induced perturbations on 

the collective coordinates that best account for the proteins’ global structural fluctuations. 
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Gromacs module g_covar and g_anaeig were employed to calculate the covariance matrix on 

Cα atoms and performed the PCA analysis.

Local flexibility (LF)

Local flexibility was used to assess the intrinsic plasticity properties of the structural 

fluctuations. LF is obtained by calculating the time-dependent mean square fluctuation of 

the distance rij between Cα atoms of neighboring residues j comprised in the interval (i − 2, 

i + 2) along the sequence.14, 59

Hydrogen bond network

Hydrogen bonds analysis was performed by means of ptraj module of AMBER12. Each 

residue of the MKT-077 cavity that established a hydrogen bond for at least 15% of the 

whole simulation time was considered.

Protein expression and purification

Full-length human Hsc70 (HSPA8), BAG1, DnaJA2 and mutants were expressed in E. coli 
BL21 (DE3) cells and purified as described.34 Briefly, cultures of Terrific Broth were grown 

at 37 °C until an OD600 of 0.6, cooled to 25 °C and induced with isopropyl β-D-1-

thiogalactopyranoside (IPTG; final concentration of 500 μM) and then grown overnight at 

25 °C. After sonication and centrifugation, pellets were re-suspended in His-binding buffer 

(50 mM TRIS, 10 mM Imidazole, 500 mM NaCl, pH 8) supplemented with protease 

inhibitor cocktail. The supernatant was then applied to Ni-NTA His-Bind Resin (Novagen, 

Darmstadt, Germany) and washed twice. Finally, the proteins were eluted using a His-

elution buffer (50 mM TRIS, 300 mM Imidazole, 300 mM NaCl, pH 8). Eluted proteins 

were concentrated and stored in 50 mM TRIS, 300 mM NaCl, pH 7.4 buffer without 

removing the N-terminal His-tag.

Biochemical assays

The ATPase rate of Hsc70 and its mutants was measured using malachite green (MG) 

assays, as previously described.42 Background signal from non-specific ATP hydrolysis was 

subtracted. A phosphate standard curve of potassium dibasic phosphate was used to 

calculate pmol Pi/µM Hsc70/min. Stimulation curves were fit to a modified Michaelis-

Menten equation. All experiments were performed at least twice in triplicate. All 

experimental data were analyzed using GraphPad Prism 6 software. Luciferase refolding 

was performed according the method previously reported.34 Briefly, guanadinium 

hydrochloride-denatured firefly luciferase stocks were prepared and stored at −80 °C. In 96-

well plates, denatured luciferase (100 nM), Hsp70 (1 µM), DnaJA2 (0.1 µM) and BAG1 

were added to give a final volume of 25 µL in refolding buffer (23 mM HEPES, 120 mM 

KAc, 1.2 mM MgAc, 15 mM DTT, 60 mM creatine phosphate, 35 U/mL creatine kinase, 5 

ng/µL BSA, pH 7.4). The reaction was initiated by adding 10 μL of 2.5 mM ATP. Plates 

were incubated at 37 °C for 1 h and Steady-Glo reagent (Promega) was added (25 µL). 

Luminescence values were measured using a Molecular Devices Spectramax M5 plate 

reader (Sunnyvale, CA). Partial proteolysis experiments were performed using the procedure 

described.31 Briefly, samples of Hsc70 were prepared in a partial proteolysis buffer (40 mM 
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HEPES, 20 mM NaCl, 8 mM MgCl2, 20 mM KCl, 0.3 mM EDTA, pH 8.0) with either 1 

mM ATP or ADP. Samples were incubated at rt for 30 minutes prior to addition of trypsin 

(EC 3.4.21.4, Sigma) at a 1:4 molar ratio (trypsin:Hsc70). Proteolysis was carried out for 40 

minutes and quenched with 25 µL of SDS loading buffer (240 mM TRIS, 6% (w/v) SDS, 

30% (v/v) glycerol, 16% (v/v) β-mercaptoethanol, 0.6 mg/mL bromophenol blue, pH 6.8) 

and then heated at 95 °C for 3 minutes. Samples were separated by SDS-PAGE using 10% 

Mini-PROTEAN TGX Precast Gels (cat # =4561036, BioRad) and stained with Coomassie 

blue. Cells (MCF7, MDA-MB-231 and MEFs) were cultured and MTT assays were 

performed as described.6

Cell viability

MCF-7, MDA-MB-231 and MEF viabilities were calculated using an MTT cell viability kit 

from ATCC (ATCC number: 30–1010 K). IC50 values were derived from dose-response 

curves plotted and fitted using Prism v.6.0c (GraphPad).

Co-immunoprecipitations

MCF7 cell extracts were prepared in M-PER lysis buffer (Thermo Scientific) and adjusted to 

5 mg / mL of total protein. Then, equal 500 μL samples were incubated with either a rabbit 

polyclonal anti-Hsp70 or Goat IgG and treated with either DMSO or JG-237 (10 µM). After 

rotating samples overnight at 4 °C and a 4 hr incubation with protein A/G-Sepharose Beads 

(Santa Cruz), the samples were centrifuged (1000 xg), washed with PBS pH 7.4, and eluted 

with SDS-loading dye. After separation, the gels were transferred and membranes were 

blocked in nonfat milk (5% milk in TBS, 0.1% Tween) for 1 hr, incubated with primary 

antibodies for Hsp70 and BAG3 overnight at 4 °C. Imaging was performed using a 

horseradish peroxidase-conjugated secondary antibody (Anaspec). Finally, membranes were 

developed using chemiluminescence (Thermo Scientific, Supersignal® West Pico).6

Hsp70 binding assays

Hsc70 (25 µL) in buffer (25 mM HEPES, 5 mM MgCl2, 10 mM KCl, pH 7.5) were added to 

384-well black, low volume plates. Then, 1 µL of test compound in DMSO was added and 

the solution incubated for ~ 2 hours (rt). Fluorescence readings were measured (Excitation 

470 nM; Emission 580 nM) and quenching data fit using Prism v.6.0c (GraphPad).6

Synthesis and characterization

JG-98, JG-258, JG-237, JG-115 and JG-118 were synthesized using a previously reported 

procedure.6 All compounds were characterized for identity by 1H NMR and LC/MS-MS and 

for purity by HPLC (>95%).

2-((Z)-((E)-5-(6-chloro-3-methylbenzo[d]thiazol-2(3H)-ylidene)-3-ethyl-4-oxothiazolidin-2-

ylidene)methyl)-3-(2-(difluoromethoxy)benzyl)thiazol-3-ium chloride (JG-237). Anal. RP-

HPLC: tR 2.48 min, purity 97.0 %. 1H NMR (400 MHz, DMSO-d6) δ 8.11 (d, J = 4.0 Hz, 

1H), 8.07 (d, J = 2.4 Hz, 1H), 7.88 (d, J = 4.0 Hz, 1H), 7.69 (d, J = 8.8 Hz, 1H), 7.55 (dd, J = 

8.8 , 2.4 Hz, 1H), 7.49 (td, J = 8.0, 1.2 Hz, 1H), 7.42 (dd, J = 8.4, 1.6 Hz, 1H), 7.34 – 7.29 

(m, 2H), 7.26 (s, J = 73.2 Hz, 1 H), 6.49 (s, 1H), 5.77 (s, 2H), 4.10 (s, 3H), 4.05 (q, J = 7.2 
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Hz, 2H), 1.08 (t, J = 7.2 Hz, 3H). ESI-MS: calculated for C25H21ClF2N3OS3
+ 564.04; found 

564.0.

2-((Z)-((E)-5-(6-chloro-3-methylbenzo[d]thiazol-2(3H)-ylidene)-3-ethyl-4-oxothiazolidin-2-

ylidene)methyl)-3-(3-(trifluoromethyl)benzyl)thiazol-3-ium chloride (JG-115). Anal. RP-

HPLC: tR 2.55 min, purity 95.0 %. 1H NMR (400 MHz, DMSO-d6) δ 8.30 (d, J = 4.0 Hz, 

1H), 8.10 (s, 1H), 7.92 (s, 1H), 7.89 (s,1H), 7.78–7.63 (m, 3H), 7.56 (t, J = 8.8 Hz, 2H), 6.53 

(s, 1H), 5.86 (s, 2H), 4.17–4.03 (m, 5H), 0.94 (t, J = 7.2 Hz, 3H). ESI-MS: calculated for 

C25H20ClF3N3OS3
+ 566.04; found 566.0.

2-((Z)-((E)-5-(6-chloro-3-methylbenzo[d]thiazol-2(3H)-ylidene)-3-ethyl-4-oxothiazolidin-2-

ylidene)methyl)-3-(4-(trifluoromethyl)benzyl)thiazol-3-ium chloride (JG-118). Anal. RP-

HPLC: tR 2.56 min, purity 98.0 %. 1H NMR (400 MHz, DMSO-d6) δ 8.31 (d, J = 4.0 Hz, 

1H), 8.07 (d, J = 2.4 Hz, 1H), 7.94 (d, J = 4.0 Hz, 1H), 7.81 (d, J = 8.4 Hz, 2H), 7.69 (d, J = 

8.8 Hz, 1H), 7.58–7.52 (m, 3H), 6.49 (s, 1H), 5.93 (s, 2H), 4.09 (s, 3H), 4.08 (q, J = 7.2 Hz, 

2H), 0.91 (t, J = 7.2 Hz, 3H). ESI-MS: calculated for C25H20ClF3N3OS3
+ 566.04; found 

566.0.
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Figure 1. 
Inhibition of Hsp70 by the allosteric inhibitor, MKT-077. (A) Hsp70s, including Hsc70, are 

composed of an NBD and SBD, which are connected by a short linker and further divided 

into subdomains. The structure is of ADP-bound (PDB = 2KHO). (B) Hsp70s undergo 

dramatic conformational changes in response to ATP cycling, a process that is tuned by J-

domain proteins (JDPs) and nucleotide exchange factors (NEFs). (C) MKT-077 is an anti-

cancer compound that is known to bind a cryptic, conserved allosteric site in Hsp70s. This 

site does not overlap with the nucleotide-binding cassette or the NEF PPI. See text for 

details.
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Figure 2. 
MKT-077 partially prevents ATP-driven conformational transitions in Hsp70’s NBD. MD 

simulations were performed for Hsp70’s NBD (3C7N; see text). Nucleotide-dependent 

motions are shown. Binding to ATP favors collapse of the MKT-077 binding pocket, 

especially mediated by loop222 (yellow), loop199 (purple) and loop 147 (blue) and initiated 

by changes in loop 12 (red).
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Figure 3. 
Local flexibility analysis highlights the ability of MKT-077 to suppress ATP-dependent 

conformational transitions. Many of the ATP-driven deformations (black) were limited by 

MKT-077 (light blue), especially in the local binding environment. The circles use the same 

color scheme as figure 2.
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Figure 4. 
The binding site of MKT-077 is linked to the electrostatic interface with the BAG domain. 

(A) The structure of Hsc70 bound to the BAG domain of BAG1 (pdb 1HX1) is shown, 

highlighting the location of the subdomains, loops12 (red) and 222 (blue). A helix involved 

in electrostatic binding the BAG domain is nestled at the interface of loop12, nucleotide 

(ADP), MKT-077 and loop 222 (right). Similar coordination was found in the MKT-ATP 

state (no shown). The BAG domains of other NEFs bind similarly (not shown). (B) 

Coordinated motions link the position of loop12 to both the MKT-077 binding site (top) and 

the BAG-binding region (bottom). (C) Close-up of the BAG-binding interface, showing key 

residues from BAG1 (E212, D222, Q245, R237) and Hsc70 (R261, R262, D285, E283) in 

the apo-, ADPonly, ATPonly and MKT-ATP states. MKT-077 seems to partially disrupt 

polar contacts by re-positioning R261, R262, D285 and E283. VMD Licorice and CPK 
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representations pinpoint the main residues involved in the interaction for Hsp70 and BAG1 

respectively.
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Figure 5. 
Point mutations in loop222 and loop199 compromise ATP-dependent transitions. (A) 

Comparison of ATP- and ADP-bound states of Hsc70, highlighting specific residues that 

undergo major conformational transitions in the MKT-077 binding site. (B) Hsc70 mutants 

are functional in ATPase assays. (C) The allosteric mutants T226A and D206A are ‘trapped’ 

in the ADP-like state, as judged by partial proteolysis. Results are representative of 

experiments performed in duplicate. Bands 1, 2 and 3 are indicated by the red lines. (D) 

Mutants T226A and D206A are defective in BAG1-stimulated luciferase refolding. Results 

Rinaldi et al. Page 21

ACS Chem Biol. Author manuscript; available in PMC 2019 November 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



are the average of experiments performed in triplicate and error bars are standard error 

measurement (SEM).
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Figure 6. 
Development of an improved allosteric inhibitor of Hsc70. (A) Chemical structures of 

MKT-077 analogs. The bulky group addition in JG-237 is highlighted in yellow. (B) Docked 

structure of JG-237 bound to Hsc70’s NBD, with the position of loop222 shown. Appending 

a bulky group to the ortho-position of the phenyl group (yellow) is predicted to improve 

steric blockade of the loop222 movement. (C) Partial proteolysis confirms that JG-237 traps 

the ADP-like state, even when ATP is present. (D) MCF7 cell lysates were treated with 

JG-237 (10 µM), followed by co-immunoprecipitation with anti-Hsp70 and Western blotting 

for BAG3. Results are representative of duplicates. (E) JG-237 has improved anti-

proliferative activity, as measured by MTT assays. Results are the average of experiment 

performed in triplicate and the error bars represent SEM. For reference, the activity values 

for positive controls (labeled with an asterisk) from a medicinal chemistry campaign are 

shown. The affinity of analogs for purified Hsc70 were measured by monitoring a quench in 
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compound fluorescence upon binding. The results are average of two independent 

experiments performed in triplicate and error is SEM. Affinity values are typically weaker 

than apparent potency values for this series due to accumulation in the cancer cells. Also see 

Figure S5
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