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Protein–protein interactions (PPIs) are an important cate-
gory of putative drug targets. Improvements in high-throughput
screening (HTS) have significantly accelerated the discovery of
inhibitors for some categories of PPIs. However, methods suit-
able for screening multiprotein complexes (e.g. those composed
of three or more different components) have been slower to
emerge. Here, we explored an approach that uses reconstituted
multiprotein complexes (RMPCs). As a model system, we chose
heat shock protein 70 (Hsp70), which is an ATP-dependent
molecular chaperone that interacts with co-chaperones, includ-
ing DnaJA2 and BAG2. The PPIs between Hsp70 and its co-
chaperones stimulate nucleotide cycling. Thus, to re-create this
ternary protein system, we combined purified human Hsp70
with DnaJA2 and BAG2 and then screened 100,000 diverse
compounds for those that inhibited co-chaperone–stimulated
ATPase activity. This HTS campaign yielded two compounds
with promising inhibitory activity. Interestingly, one inhibited
the PPI between Hsp70 and DnaJA2, whereas the other seemed
to inhibit the Hsp70 –BAG2 complex. Using secondary assays,
we found that both compounds inhibited the PPIs through bind-
ing to allosteric sites on Hsp70, but neither affected Hsp70’s
intrinsic ATPase activity. Our RMPC approach expands the
toolbox of biochemical HTS methods available for studying
difficult-to-target PPIs in multiprotein complexes. The results
may also provide a starting point for new chemical probes of the
Hsp70 system.

Protein–protein interactions (PPIs)2 are emerging as targets
for both drug discovery and chemical biology (1). Indeed, 20%

of the total number of PPI inhibitors have been reported in the
last 5 years alone (2). This accelerated rate of discovery has been
fueled, in part, by improvements in the design of chemical
libraries (e.g. fragment-based collections and macrocycles) and
the development of specialized HTS methodologies that are
suitable for studying PPIs (e.g. Alpha-Lisa and split-GFP). How-
ever, not all PPIs are proving amenable to these solutions. PPIs
vary dramatically in their relative affinity (KD), polarity, and
buried surface area (BSA) (3). Based on retrospective analyses
of reported successes and failures, it seems that the subset of
“difficult” PPIs are ones that (a) are of weak affinity and/or (b)
occur over large, shallow interfaces (4). Protein contacts with
these features seem to be relatively difficult to inhibit because
they lack good binding sites for drug-like (e.g. less than 500 Da)
small molecules. In addition, difficult PPIs are commonly found
within multiprotein complexes, which are composed of three or
more components. This feature adds to the complexity of the
system because, even if one can identify an inhibitor of one
difficult PPI, it is often unclear how that event might influence
binding to other partners. Thus, it is becoming clear that next-
generation HTS approaches are needed to tackle these issues.

To explore these questions, we focused on the molecular
chaperone, heat shock protein 70 (Hsp70), as a model system.
Hsp70 is composed of an N-terminal nucleotide-binding
domain (NBD) and a C-terminal substrate-binding domain
(SBD). The hydrolysis of ATP in the NBD causes a dramatic
conformational change that powers the chaperone cycle (5).
This process is tightly regulated by binding of Hsp70 to its co-
chaperones (6). The major classes of Hsp70 co-chaperones are
the J-domain proteins (also called Hsp40s or DNAJs), which
stimulate the hydrolysis step, and the nucleotide exchange fac-
tors (NEFs), which bind a distinct region of Hsp70 and promote
ADP release. Together, these two co-chaperones have been
observed to increase Hsp70’s steady-state ATP hydrolysis by
nearly 200-fold (7). For these reasons, the Hsp70 system is a
well-studied multiprotein machine, and we reasoned that it
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would also be a good one for studying difficult PPIs. Specifically,
the interaction of Hsp70 with J proteins is known to be weak
(micromolar) and to involve a large BSA that is highly polar (8).
Similarly, the interaction of Hsp70 with the BAG family of NEFs
is relatively tight (mid-nanomolar), but the contact area is large
and occurs over multiple subdomains of Hsp70’s NBD (9).
Thus, this ternary system is emblematic of modern, multipro-
tein drug targets and includes multiple categories of difficult
PPIs.

We envisioned a strategy in which measuring the ATP
cycling of this three-protein system might provide a readout for
each of the PPIs. The intrinsic hydrolysis activity of Hsp70 in
the absence of its co-chaperones is slow (5 � 10�4 s�1) (6, 7),
such that most of the measured signal would be expected to
emerge as a direct result of co-chaperone interactions. In sup-
port of this idea, screens performed against a combination of
the prokaryotic Hsp70 (DnaK) and one of its co-chaperones
(DnaJ) had previously identified PPI inhibitors (10). However, it
is not clear that a binary combination replicates the full confor-
mational cycling of this complicated system. For example,
Hsp70 –NEF activity contributes to the kinetics of substrate
binding and release, but it is only rate-limiting in the presence
of J protein activity (11). Put another way, it would be expected
that only a full complement of co-chaperones would sample the
full range of conformational states that normally occur under
physiological conditions.

Here, we report an HTS campaign using the human Hsp70
system: Hsp72 (HSPA1A), BAG2, and DnaJA2. There are �13
hsp70 genes, �45 J proteins, and 6 BAG-domain– containing
NEFs in humans. From these possibilities, we chose Hsp72,
DnaJA2, and BAG2 because they have been shown to be impor-
tant in cancer (12–15) and because their biochemistry has been
fully characterized (16). Leveraging this existing knowledge, we
generated a reconstituted multiprotein complex (RMPC) of
purified Hsp72, DnaJA2, and BAG2 at a carefully chosen ratio
of 5:1:2.5. Then, we screened 100,000 diverse compounds for
inhibitors of steady-state nucleotide turnover in a 384-well for-
mat. To our knowledge, this is the largest HTS campaign tar-
geting Hsp70 that has been reported. From this screen, we iden-
tified multiple compounds that inhibit ATPase activity, and
we focused on two promising chemical series. Pilot medici-
nal chemistry campaigns, combined with secondary assays,
showed that one compound targeted the Hsp70 –DnaJA2 com-
plex, and the other inhibited Hsp70 –BAG2. These findings
suggest that RMPCs present a tractable, biochemical approach
for the discovery of inhibitors of even difficult PPIs within mul-
tiprotein systems, thus adding to the “toolbox” of methods for
chemical biology.

Results

High-throughput ATPase screen identifies inhibitors of
Hsp72–DnaJA2–BAG2

Our search for inhibitors of PPIs within the Hsp72–DnaJA2–
BAG2 system was guided by three major design ideas as follows:
(a) to avoid discovery of nucleotide-competitive molecules, we
saturated the cleft using high concentrations of ATP (1 mM) in
the screening buffer; (b) DnaJA2 and BAG2 were added at con-

centrations that produced half-maximal stimulation of ATP hy-
drolysis to improve the sensitivity of the assay to potential
inhibitors and activators (17); and (c) we combined all three
proteins (Hsp72, DnaJA2, and BAG2) into the same wells to
re-create native cycling conditions. Using these principles, we
then chose inorganic phosphate release as the measure of
steady-state ATPase activity. Specifically, we used a modifica-
tion of the malachite green (MG) assay, in which MG is
replaced by quinaldine red (QR), and the measurements are
made in opaque white 384-well plates. This approach has been
shown to enhance sensitivity more than 8-fold in 384-well for-
mat (10). Finally, for the chemical library, we selected a 100,000
diversity set from ChemDiv that is composed of lead-like
molecules.

Recombinant human Hsp72, DnaJA2, and BAG2 were each
purified from Escherichia coli (�95% purity, SDS-PAGE). To
estimate the quality of the Hsp72 sample, we measured its
intrinsic ATPase activity (�4 – 6 pmol/min/�g Hsp72) and
found that it compared favorably to literature values (16).
DnaJA2 and BAG2 solutions were similarly characterized by
titrating them into Hsp72 and measuring their ability to stim-
ulate hydrolysis (Fig. 1A). From this characterization, we pre-
pared a master mix that would yield final concentrations of 0.5
�M Hsp72, 0.1 �M DnaJA2, and 0.25 �M BAG2. In 384-well
plates, individual test compounds from the 100,000 ChemDiv
collection were dispensed to the master mix at a final concen-
tration of �20 – 40 �M. After a short incubation, an ATP solu-
tion (1 mM final) was added to start the reaction. After 2 h, the
reaction was quenched, and the QR signal was converted to a
hydrolysisratebycomparisonwithaninorganicphosphatestan-
dard. Each screening plate included a negative control (a sam-
ple lacking Hsp72) and a positive control containing 40 �M

myricetin (19). The overall Z-factor was calculated to be 0.65,
and the co-efficient of variance was 9%. Finally, it is important
to note that the screen was carried out in the presence of 0.01%
Triton X-100 to minimize aggregator artifacts.

The screen revealed 1,312 molecules that appeared to inhibit
the hydrolysis of ATP and 470 molecules that increased it by at
least �1 S.D. This list was further filtered to only include those
compounds that showed effects at least �3 S.D. from the con-
trol, leaving 973 inhibitors and 74 activators (Fig. 1, B and C).
Although it was not the focus of this study, we were potentially
interested in pursuing both inhibitors and activators. However,
we were also concerned that apparent activators might be fluo-
rescence artifacts. Accordingly, both sets of active compounds
were cherry-picked and tested for intrinsic fluorescence (in the
absence of protein) that might interfere with the QR assay
(excitation 430 nm/emission 530 nm). At the same time, we
removed any compounds that were annotated as common pan-
assay hits (e.g. PAINS) and those flagged as containing reactive
functionalities. Together, these triage steps reduced the num-
ber of potential inhibitors to 471 (0.5%) and removed all of the
activators. The potential inhibitors were then subject to valida-
tion in eight-point dose-response curves (DRCs). Molecules
with EC50 values �50 �M were then considered to be confirmed
actives, resulting in 74 inhibitors (0.1% hit rate).

Inhibitors of the Hsp70 –NEF complex
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Compound R and compound F inhibit distinct binary
combinations

Next, the top 18 inhibitors were re-purchased from Chem-
Div or ChemBridge and tested in secondary DRCs. In these
assays, we used both the human Hsp72–DnaJA2–BAG2 system
and the highly conserved prokaryotic orthologs DnaK–DnaJ–
GrpE. We included the prokaryotic system in the secondary
screening because of its faster rate of ATP turnover (20), which
tends to produce more robust EC50 values. Of the 18 re-pur-
chased compounds, five had EC50 values less than 50 �M (com-
pounds F, C, I, N, and R) in the DnaK–DnaJ–GrpE system.
Interestingly, these active molecules appeared to visually “bin”
into two distinct groups, based on the shape of their inhibition
curves (Fig. 2A). The first set (compounds I and R) inhibited
�20% of the overall activity at a saturating concentration,
whereas the other molecules (compounds C, F, and N) inhib-
ited ATP turnover to a maximum of 80%. These two categories
were immediately intriguing because our pre-screening charac-
terization studies (see Fig. 1A) had shown that �24% (�6
pmol/�M Hsp72/min) of the overall ATPase activity was
due to stimulation by BAG2, whereas 80% (�20 pmol/�M

Hsp72/min) is produced by DnaJA2’s contribution. Thus, it was
compelling to imagine that the two categories of inhibitors
might be targeting the Hsp70 –NEF or Hsp70 –J protein pairs.
Qualitatively similar results were obtained with the human sys-
tem (Fig. 2A).

To explore this idea, we selected two representative com-
pounds for further mechanistic studies. From the available

compounds, F and R were particularly intriguing because they
are both 2-aminothiazoles, yet they had very different activity
profiles. Specifically, compound R inhibited 21% of the total
activity of DnaK–DnaJ–GrpE, with an EC50 of 35 �M, whereas
compound F inhibited 73% of the total ATP turnover, with an
EC50 of 10 �M. To understand whether these molecules might
target distinct binary combinations, we tested them against
mixtures of either DnaK–DnaJ or DnaK–GrpE alone. Consist-
ent with the speculation, we found that compound F inhibited
the combination of DnaK and DnaJ but that it had no activity
against the DnaK–GrpE system (Fig. 2B). Conversely, com-
pound R had no activity against the DnaK–DnaJ pair but had
modest activity against DnaK–GrpE (Fig. 2C). Thus, screening
against the ternary complex seemed to yield at least one inhib-
itor of each difficult PPI.

A side product of compound F is the active molecule and it
inhibits the Hsp70 –DnaJA2 interaction

To further probe the mechanism of compound F, we first
re-synthesized the molecule (now termed IT2-21a) using a
known synthetic route (Fig. 3A). We were initially frustrated by
the lack of activity of IT2-21a in ATPase assays, so we decided
to re-evaluate the chemical identity of the authentic molecule
from the screening collection. By LC-MS, we found trace
amounts of a side-product featuring two catechols (IT2-21c) in
the original samples (Fig. S1). We reasoned that such a side-
product might be expected from the undesired nucleophilic
attack of the pyrazole secondary amine onto the � carbon of the

Figure 1. High-throughput ATPase screen identifies inhibitors and activators of the Hsp72/DnaJA2/BAG2 system. A, schematic of the Hsp72 ATPase
cycle, highlighting the role of the DnaJA2 and BAG2 co-chaperones. Hsp72 (0.5 �M) has a slow hydrolysis rate in the absence of DnaJA2 (0.1 �M) or BAG2 (0.25
�M). Results are the average of triplicates, and the error bars represent standard error of the mean (S.E.). B, overview of the HTS campaign. A total of 100,000
molecules were screened against the Hsp72/DnaJA2/BAG2 combination. Approximately 1.8% of the molecules had inhibitor or activator activity at �1 S.D.,
and 1.1% were inhibitors or activators at �3 S.D. After triage for fluorescent artifacts and dose-response curves (EC50 �50 �M), 74 molecules were predicted to
be inhibitors. See the text and under “Materials and methods” for details. C, overview of the compounds with activity at �1 S.D. and �3 S.D. from the controls,
highlighting the distribution of the top active molecules.
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acetophenone starting material, so we separated the two prod-
ucts from the crude reaction mixture by HPLC. Pure (�95%)
samples of both compounds were then tested in the ATPase
assay. Indeed, we found that IT2-21c was the potent inhibitor,
whereas the molecule that is annotated in the commercial
library, IT2-21a, was inactive (Fig. 3B).

With the active molecule now clear, we turned to examina-
tion of structure–activity relationships (SAR). Our initial focus
was to try to eliminate the catechols, because these groups can
sometimes form covalent bonds with protein nucleophiles.
Briefly, it is known that catechols can be oxidized to ortho-

benzoquinones, creating strong Michael acceptors (Fig. 3C).
Accordingly, we synthesized IT2-44a and IT2-44b, in which the
catechols of IT2-21a and IT2-21c were replaced with less reac-
tive, para-hydroxy substitutions (Fig. 3D). We found that both
IT2-44a and IT2-44b were inactive in the ATPase assay (Fig.
3E), consistent with a possible covalent mechanism. It is known
that long-term storage in DMSO can exacerbate oxidation of
the catechol, so we next tested “aged” DMSO stocks of IT2-21a
and IT2-21c that were incubated overnight at room tempera-
ture. Consistent with the model, both samples gained activity in
the ATPase assay (see Fig. 3E).

Figure 2. Confirmation of active molecules reveals that they are either inhibitors of J protein or NEF co-chaperones. A, top 18 active molecules were
re-purchased and subject to DRCs in the prokaryotic and human Hsp70 systems. Compounds not shown were inactive or not sufficiently soluble for testing. B,
compound F inhibits DnaJ-mediated stimulation but has little effect on GrpE-mediated stimulation in ATPase assay. Absorbance is measured at 620 nm. C,
compound R has no activity against DnaK–DnaJ but modestly inhibits DnaK–GrpE. Results in B and C are the average of at least three experiments performed
in triplicate each, and the error bars represent S.E. D, compound F inhibits a combination of DnaK and DnaJ dose-dependently at low micromolar concentra-
tions (****, p � 0.0001). E, compound R showed significant inhibition of a combination of DnaK, DnaJ, and GrpE at low micromolar concentrations (**, p �
0.005). Results are the average of triplicate values and error bars represent S.E.
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Given this information, we would expect that IT2-21c might
covalently modify the target (21, 22). Indeed, IT2-21c still had
an inhibitory effect on DnaK after the compound-treated pro-
tein was dialyzed for 24 h (Fig. 3F). To understand where this
compound might bind, we titrated IT2-21c into 15N-labeled
DnaK NBD and performed 2D NMR, HSQC experiments (Fig.
S2). Plotting the chemical shift perturbations (CSPs) onto the
structure of DnaK’s NBD (2KHO) showed that IT2-21c seemed
to bind a conserved region that is located between the IB and
IIB subdomains (Fig. 3G). It is not yet clear which residue(s) is
the target for covalent modification, but there are a number of
possible nucleophiles, particularly lysines, in this vicinity. Inter-
estingly, this region was previously identified as the binding
site for myricetin, the positive control from our screen (19).
Together, we concluded that IT2-21c was acting by a covalent

mechanism and therefore not likely to be a suitable scaffold for
further study. However, it binds an interesting location on the
NBD, which might be exploited with structure-based drug
design in the future.

Compound R analogs inhibit the Hsp70 –NEF interaction

Unlike compound F, we found that compound R bound
reversibly and that it lacked the chemical features to make it a
potential covalent inhibitor. Thus, our exploration of com-
pound R focused on generating analogs to better understand
the pharmacophore. A total of 30 analogs were created using a
previously described synthetic route that features a Hantzsch
thiazole condensation (Fig. 4A) (23). These analogs largely
focused on modifications of the “right” side of the molecule, as
there were many commercially available anilines from which to

Figure 3. Side product of compound F synthesis is an irreversible inhibitor of Hsp70 systems. A, synthesis of IT2-21a and IT2-21c by Hantzsch thiazole
condensation. Compounds IT2-21c and IT2-21a were separated by HPLC. B, IT2-21c, not IT2-21a, is an inhibitor of DnaK/DnaJ/GrpE ATPase activity. Results are
the average of triplicates, and error bars represent S.E. C, known oxidation of catechol rings to yield reactive benzoquinones. D, synthesis of IT2-44a and IT2-44b.
Compounds were separated by HPLC. E, neither of the para-phenolic analogs were active in the ATPase assay using DnaK/DnaJ/GrpE. Results are the average
of triplicates, and error bars represent S.E. “Aging” DMSO stocks of IT2-21a and IT2-21c by overnight incubation at room temperature improved their activity,
consistent with an oxidative mechanism. F, IT2-21c (100 �M) was incubated with DnaK (2.5 �M) and then subjected to dialysis. Samples were removed from
dialysis after 6 and 24 h, and the ATPase assay was performed with added DnaJ. Even 24 h of dialysis was not able to reverse compound activity. G, a potential
binding site of IT2-21c was revealed by HSQC experiments with 15N-labeled DnaK NBD. CSPs (�0.01 ppm in 1H and/or �0.1 ppm in 15N) in the presence of
IT2-21c were localized to the IB and IIB subdomains (red). See under “Materials and methods” for details. Peaks shifting for select residues are highlighted with
NBD 	 2% DMSO in gray and NBD 	 200 �M IT2-21c in red.
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diversify the substituted thiourea. Each of the compounds was
tested for the ability to inhibit the ATPase activity of the DnaK–
DnaJ–GrpE complex (Fig. S3). Then, the active molecules (�25
�M) were additionally tested against the Hsp72–DnaJA2–
BAG2 combination. We did not discover any molecules that
were selective for the prokaryotic or eukaryotic system, which is
not surprising given the remarkably high sequence and struc-
ture conservation between these systems. From this effort, it
seemed that 2,5 di-substitutions were required for activity (Fig.
4B). The importance of the 2,5 di-substitution is best exempli-
fied by comparing IT2-144 with its regio-isomers, IT2-158,
IT2-159, and IT2-160; the 2,3, 2,4, and 2,6 di-fluoro derivatives,
respectively. All three of these derivatives were inactive (EC50
�25 �M), whereas the 2,5 di-fluoro regio-isomer, IT2-144, had
an EC50 value of 6.9 �M. The best compound in the ATPase
assay, IT2-179, replaced the fluorines for bromines, and it
had an EC50 value of �3.6 �M against Hsp72–DnaJA2–BAG2,
an approximate 3-fold improvement on compound R. Finally,
removing the ring entirely (compound IT3-70a) or extending
the linker to the ring in the form of a benzyl derivative (IT2-171)
abolished activity, suggesting that the positioning of this ring is
a key part of the pharmacophore.

To understand possible membrane permeability, we tested
the analogs in anti-proliferative MTT assays using the breast

cancer cell line, MDA-MB-231. This cell line was chosen
because it is known to require Hsp70 complexes for growth
(13). Encouragingly, compounds active in the ATPase assays
had the expected anti-proliferative activity. For example, IT2-
144 had an EC50 of 2.7 �M in suppressing growth of MDA-MB-
231 cells, whereas the negative control, IT3-70a, was inactive
(EC50 �50 �M). As an initial test of potential selectivity for
cancer cells, we also tested the analogs for effects on growth of
normal mouse embryonic fibroblasts (MEFs). Multiple groups
have suggested that Hsp70 is selectively required in cancer cells,
creating an “addiction” to this chaperone (24). Although com-
pound R was not selective (selectivity index �0.9), the more
potent analogs were significantly less toxic to MEFs. For exam-
ple, IT2-144 and IT2-179 had EC50 values �50 �M in these
normal cells (Fig. 4B). Together, these studies suggest that com-
pound R analogs are at least partially membrane-permeable,
and they might be good starting points for Hsp70 inhibitors. It
is important to note that their molecular selectivity has not
been established and will require additional efforts.

Next, we wanted to understand whether compound R ana-
logs might act on other NEFs besides BAG2. This question is
important because there are six members of the BAG family in
mammals, and more broadly, there are at least two other struc-
turally distinct classes of NEFs. To explore this idea, we tested

Figure 4. Synthesis and activity of compound R derivatives. A, synthesis of compound R analogs. Structures of IT2-171 and IT3-70a are shown here. B,
activity of analogs in ATPase assays (Hsp72, DnaJA2, and BAG2 at 0.5, 0.1, and 0.25 �M, respectively). Results are the average of three independent experiments,
each performed in triplicate � S.D. In addition, compounds were tested for membrane permeability using cell growth assays in MDA-MB-231 breast cancer
cells and normal MEFs. EC50 values in cell experiments are the result of two independent experiments, each in triplicate � S.D. The selectivity index is the EC50
in MDA-MB-231 cells divided by the EC50 in MEF cells.
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the activity of IT2-144 against a combination of Hsp70 (or
DnaK) and five different, purified NEFs: human BAG1, BAG2,
BAG3, Hsp105, and E. coli GrpE. The BAG family of NEFs bind
to Hsp70’s NBD through a conserved motif, termed the BAG
domain (9). Thus, in addition to testing the three full-length
BAG proteins (BAG1–3), we also measured activity against a
truncated protein composed of only the BAG domain of BAG1.
Hsp105 is a member of the Hsp110 class of NEFs, which share
similar domain architecture with Hsp70 and bind in a “face-on”
orientation (25). Finally, the prokaryotic GrpE makes contacts
with DnaK in the IB and IIB subdomains, similar to the BAG
proteins, but also the IA subdomain, and even parts of the SBD
(26). Thus, this collection of NEFs includes members that bind
Hsp70 in different locations.

Because Hsp105 has intrinsic ATPase activity that is hard to
resolve from Hsp70’s in hydrolysis assays, we instead turned to
a luciferase-refolding assay to estimate inhibition of the panel of
NEFs. Luciferase refolding is commonly used to measure NEF
activity, because the co-chaperone yields a characteristic con-
centration profile in which activity is first stimulated and then
inhibited (16, 27). Briefly, in this experiment chemically dena-
tured firefly luciferase is refolded into active enzyme by the
action of Hsp70 complexes, and luminescence is used to track
this process (28). In control experiments, we found that IT2-
144 did not inhibit native luciferase (Fig. S4), allowing us to use
this molecule in refolding assays without interference. Remark-
ably, we found that IT2-144 suppressed the refolding activity of
Hsp70 with any of its NEFs at low micromolar concentrations
(Fig. 5A).

Interestingly, recent work has shown that benzothiazole-
rhodacyanines, such as MKT-077 and JG-48, bind to an allos-
teric site on Hsp70 and interrupt binding to NEFs (29). Like
IT2-144, these compounds are known to inhibit multiple cate-
gories of NEFs (27). Therefore, we wondered whether IT2-144
might bind to the same site on Hsp70. This result would be
important because MKT-077 and JG-48 have strong activity in
multiple disease models, but they have significant liabilities (i.e.
photoreactivity, poor solubility) that limit their use. In other
words, the benzothiazole-rhodacyanines are good proof-of-
concept compounds, but a new scaffold might expand the util-
ity of Hsp70 inhibitors.

To test this idea, we first performed extra precision (XP)
induced-fit docking experiments focused on the known binding
site for MKT-077 (Fig. S5) (30). In these studies, we used the
ADP-bound structure of the Hsc70 NBD (PDB 3HSC). Consist-
ent with the biochemical studies, we found that analogs with 2,5
substitutions, such as IT2-144, had the best XP scores, whereas
the 2,4 di-fluoro derivative (IT2-159) and the negative control
(IT3-70a) had significantly worse XP scores (Fig. 5B). The dock-
ing pose of IT2-144 suggested that the imidazo[1,2-a]pyridine
was located within a deep, narrow pocket composed of Pro-176,
Val-369, Glu-175, Asp-199, Ile-197, and Val-337. Interestingly,
this group approached the magnesium that is required to che-
late nucleotide. The central 2-aminothiazole then seemed to
position the pendant benzyl ring to make favorable contacts
with a second pocket composed of Tyr-149, Gly-224, Thr-226,
Ala-223, and Thr-222. The striking, overall feature of the inter-
action was the excellent “fit” of the molecule in a narrow chan-

nel, perhaps best exemplified by a surface rendering (Fig. 5B).
This docked pose also helped explain the observed SAR from
the ATPase assays. Specifically, we noted that the fluorines at
the 2- and 5-positions of IT2-144 were predicted to make favor-
able contacts in the second pocket. Specifically, the 2-fluorine
was positioned to engage in fluorine bonding (31) with the
backbone of Asp-206, and the 5-fluorine was positioned near
Tyr-149. In this pose, placement of a fluorine at the 3-position
(as in IT2-158) would not be expected to make favorable con-
tacts, and the 4-position (as in IT2-159) would point into sol-
vent. Together, these docking studies supported the biochem-
ical results and suggested possible ways of improving the
molecule.

To further explore the SAR, we turned to a binding assay.
Specifically, we took advantage of the intrinsic fluorescence of
the 2-aminothiazoles (Fig. 5C) to directly measure an interac-
tion. In this format, purified human Hsc70 was added to test
compounds, and the binding-induced quenching of compound
fluorescence was measured at the �max. Consistent with the
model, only IT2-144 had a measurable affinity for purified
human Hsc70 (Fig. 5D), whereas compounds IT2-158, IT2-159,
and IT2-160, as well as the negative control, IT3-70a, did not
bind (Kapp �10 �M). Furthermore, the apparent affinity of
IT2-144 was consistent with the functional and cellular assays
(Kapp �1 �M).

Another prediction of the docking study is that IT2-144
should not directly compete with ADP for binding. To test this
idea, we measured the affinity of IT2-144 for human Hsc70 in
the apo- and ADP-bound states. If IT2-144 was competitive for
nucleotide, rather than allosteric, we would anticipate that ADP
would significantly reduce the apparent affinity. However, we
found that addition of ADP did not inhibit binding and, in fact,
might have a modestly enhanced affinity (Kapp 0.79 versus 1.3
�M). In further support, we found that IT2-144 did not compete
for binding of DnaK to a fluorophore-labeled ATP analog (Fig.
S6). Finally, we measured binding of IT2-144 to Hsc70 variants
that have mutations in Thr-222, a residue that docking pre-
dicted to be a potential gatekeeper to the binding site (Fig. 5E).
In the ADP-bound state, we found that mutation to a small
amino acid (T222A) had no effect on affinity (WT Kapp �790
nM; T222A Kapp �870 nM), whereas mutation to methionine
(T222M) mildly reduced affinity (Kapp �1.3 �M) (Fig. 5E).
Attempts to mutate other residues in the putative binding site
affected activity or folding, so we were not able to conclusively
determine their role in binding. Although further work needs to
be done, these results suggest that IT2-144 might have a mech-
anism-of-action that is similar to the benzothiazole-rhodacya-
nines, such as JG-48. Thus, IT2-144 could become an impor-
tant starting point for the development of chemical probes of
the Hsp70 system.

Discussion

Multiprotein complexes, especially those involving difficult
PPIs, present a challenge for HTS campaigns. Cell-based
approaches can sometimes recreate the dynamics of these sys-
tems, yet it is often challenging to identify which protein is the
target. As an alternative, we pursued a biochemical approach
that is intended to borrow some strengths of a physiological
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milieu, such as multiple binding partners, with the precision of
a well-defined, purified system. Specifically, we explored an
HTS approach in which the enzymatic activity of the “core”
protein (i.e. Hsp70) is measured, and the effects of binding part-
ners (i.e. DnaJA2 and BAG2) on turnover is used as a surrogate
for their respective PPIs. We used the Hsp70 system as a model,
but many other biological examples have conceptually similar
architecture (e.g. Rho-Gap-GEF, Hsp90-p23-Aha1, RNA poly-
merase II). A key feature in these systems, including Hsp70, is
that the enzyme is often weak. This allows discrimination of the
effects of binding partners, such as co-chaperones, from the

intrinsic activity. Indeed, a fascinating observation from our
Hsp70 screen is that the potential mechanism of an inhibitor
starts to become clear, even in the primary assay results. For
example, compound F inhibited the Hsp72–DnaJA2 pair and
blocked �80% of the steady-state turnover. Thus, this RMPC
approach may have significant advantages for a subset of tar-
gets, specifically those with slow enzymes.

HTS campaigns, including the one described here, often
result in initial inhibitors with modest efficacy values (in the
range of low- to mid-micromolar). Then, the active series must
be advanced through a hit-to-lead medicinal chemistry cam-

Figure 5. IT2-144 inhibits NEF-mediated activity and potentially binds in the MKT-077 binding pocket. A, IT2-144 inhibits a wide range of Hsp70 –NEF
combinations in luciferase refolding assays. Hsp72 (1 �M) was used with all of the NEFs except for GrpE, which used DnaK (1 �M). Likewise, DnaJA2 (0.5 �M) was
used for all of the NEFs except for GrpE, which used DnaJ (0.5 �M). Denatured luciferase (0.1 �M) and potassium phosphate (10 mM) were also added. Results are
the average of triplicate values, and the error bars represent S.E. B, IT2-144 docked to the MKT-077-binding site of Hsc70 (3HSC). Top view of the binding pocket
(residues within 5 Å of IT2-144) highlights IT2-144 as well as ADP and magnesium in the adjacent nucleotide-binding cassette. C, scanning fluorescence spectra
for all di-fluoro derivatives and the negative compound IT3-70a, with excitation wavelength set at 310 nm. D, change in fluorescence intensity with increasing
Hsc70 concentration. Compounds were held at 50 �M, and fluorescence emission was read at optimal wavelengths, determined in spectral scans (see C). E,
full-length Hsc70 was incubated with or without ADP and then tested for ability to bind IT2-144 (excitation 310 nm and emission 430 nm). EC50 was determined
from two independent experiments in triplicate. Full-length Hsc70 with mutations at position Thr-222 was also tested for ability to bind IT2-144. Thr-222 is
highlighted in the structure of IT2-144 docked to Hsc70.
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paign to achieve high selectivity and potency. Historically,
inhibitors of PPIs seem to disproportionately fail to progress
through this process, likely because many PPIs have physical
features, such as large BSA, which make it relatively challenging
to develop competitive inhibitors. Indeed, a 2015 review of the
literature found that most reported inhibitors of difficult PPIs
have allosteric, not orthosteric, mechanisms (2). These allos-
teric inhibitors often take advantage of binding sites that are
located far from the PPI contact, where the features of the
pocket can be more favorable for tight binding. Thus, although
there is no guarantee that PPI inhibitors from RMPC screens
will progress through hit-to-lead campaigns, there is some rea-
son to think that those with allosteric mechanisms, such as
compound R, should be prioritized over orthosteric ones.

Hsp70 is an emerging drug target for a number of diseases
(32). Accordingly, this work might have implications beyond
HTS technology development. For example, whereas com-
pound F itself is not a suitable starting point for probe develop-
ment, its binding site might serve as a guide for future frag-
ment-based tethering screens (33). Perhaps more interesting is
the possibility that compound R and its analogs might directly
serve as a starting point for the development of Hsp70 –NEF
inhibitors. Hsp70 and its NEFs have been shown to play impor-
tant roles in cancer (34), and this PPI seems to be a particularly
attractive one for controlling chaperone function (27). Thus,
further medicinal chemistry campaigns and mechanistic stud-
ies on IT2-144 seem warranted. Perhaps more broadly, this
RMPC approach seems to be particularly well suited to the
Hsp70 system, and it is intriguing to consider primary screens
that add more partners, such as “client” proteins.

Materials and methods

Compound library

The HTS campaign was carried out using the commercial
ChemDiv 100K diversity set library, which is composed of
“lead-like” molecules (e.g. molecular weight, logP, polar surface
area, number of rotatable bonds, and the presence/absence of
reactive or toxic structural motifs). Active compounds were
confirmed with re-purchased samples from either ChemDiv or
ChemBridge. Compound identity was confirmed using LC-MS
and 1H NMR.

Protein purification

Human Hsp72 (HSPA1A) was purified as described previ-
ously (35) using an N-terminal His6 tag and Ni-NTA column,
followed by overnight TEV protease cleavage of the His tag and
finally an ATP-agarose affinity column. Human DnaJA2 and
E. coli DnaJ were purified as described previously (16) using an
N-terminal His6 tag and Ni-NTA column, TEV protease cleav-
age of the His tag, a secondary Ni-NTA column to remove un-
cleaved contaminants, and finally size-exclusion chromatogra-
phy on a 15-ml Superdex 200 gel-filtration column (GE
Healthcare). Human BAG domain, BAG1, and BAG2 were
purified based on previous reports (16). Briefly, the N-terminal
His6 BAG2 was subjected to a Ni-NTA column and overnight
TEV protease cleavage of the His6. The NEFs were then dia-
lyzed overnight into Buffer A (25 mM HEPES, 10 mM NaCl, 15
mM �-mercaptoethanol, 0.1 mM EDTA, pH 7.6) and separated

via ion-exchange chromatography on a Mono Q HR 16/10 col-
umn (GE Healthcare). Finally, the proteins were subjected to
size-exclusion chromatography on a 15-ml Superdex 200 gel-
filtration column (GE Healthcare). The BAG proteins were
concentrated and exchanged into BAG buffer (25 mM HEPES, 5
mM MgCl2, 150 mM KCl, pH 7.5). Hsp105 was purified on a
Ni-NTA column, subjected to overnight TEV cleavage as
described above, and then subjected to a second Ni-NTA col-
umn purification, followed by buffer exchange into BAG buffer.
The prokaryotic chaperone proteins, DnaK, DnaJ, and GrpE,
were purified following previously reported protocols (36).
15N-Labeled DnaK NBD(1–388) was expressed in M9 medium
with [15N]ammonium chloride (Sigma) and purified on an
ATP-agarose affinity column.

High-throughput ATPase screen with quinaldine red

The HTS method was adapted from previously reported pro-
cedures (10). A master mix of purified Hsp72, DnaJA2, and
BAG2 was prepared, such that the final concentrations would
be 0.5, 0.1, and 0.25 �M, respectively. Solutions were added to
384-well plates using a Multidrop dispenser (Thermo Fisher
Scientific, Inc.), with the exception of compound and DMSO
solutions, which were added using a Biomek HDR (Beckman).
QR solution was freshly prepared each day as a 2:1:1:2 ratio of
0.05% w/v quinaldine red, 2% w/v polyvinyl alcohol, 6% w/v
ammonium molybdate tetrahydrate in 6 M HCl, and water. To
each well of a 384-well white, low-volume, polystyrene plate
(Greiner Bio-One, Monroe, NC) was added 5 �l of a master
chaperone mix. The assay buffer (100 mM Tris, 20 mM KCl, 6
mM MgCl2, pH 7.4), was supplemented with 0.01% Triton
X-100 to avoid identifying aggregators as false hits. The com-
pounds, or DMSO alone, were added as 200 nl of a 1.5 mM stock
to give a final screening concentration of 43 �M, followed by 2
�l of 3.5 mM ATP to initiate the reaction. The plates were then
centrifuged briefly, and subsequently incubated at 37 °C for 2 h.
After incubation, 15 �l of QR solution was added, followed by 2
�l sodium citrate (32% w/v) to quench the reaction. After
another 15-min incubation period at 37 °C, fluorescence (exci-
tation 430 nm, emission 530 nm) was read in a PHERAstar plate
reader.

General synthesis

Preparation of substituted thioureas—Thioureas were pre-
pared from substituted amines according to previously
described methods (23). Briefly, 1.1 molar equivalents of ben-
zoyl isothiocyanate were added dropwise to the commercial
anilines, with stirring in acetone at room temperature. The
solution was then heated to reflux for 1–3 h until completion, as
monitored by thin layer chromatography (TLC). Once com-
plete, the reaction was cooled and then poured into water/ice to
precipitate the benzoyl thiourea intermediate. The intermedi-
ate was isolated by vacuum filtration and dried prior to being
re-dissolved in a mixture of 20 ml of methanol and 5 ml of
aqueous 1 M NaOH. The hydrolysis reaction was carried out at
80 °C for 1 h, or until complete, as judged by TLC. The reaction
was then cooled, added to water/ice, and neutralized by the
addition of 1 M HCl. The thiourea product typically crashed out
of solution upon removal of MeOH by rotary evaporation. In
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the cases where product did not precipitate at this stage, the
product was isolated by extracting three times with 20 ml of
ethyl acetate, combining the organic fractions, and removing
solvent by rotary evaporation. The purified thioureas were
deemed at least 95% pure by LC-MS, and carried forward to
make the 2-aminothiazoles.

General preparation of 2-aminothiazoles—Thioureas were
mixed with bromo- or chloro-acetophenones dissolved in 4 ml
of ethanol and refluxed with stirring for �3 h. Over the course
of the reaction, the desired product formed as an insoluble solid
on the edge of the flask. After 3 h, the reaction was cooled to
room temperature and then placed on ice for �30 min. Con-
tinued precipitation was observed, and this solid was collected
by vacuum filtration. The product was further washed with
hexanes and then vacuum-dried. Compound identity was
determined by 1H NMR, and purity was determined by LC-MS.

Compound characterization—For IT2-144, 1H NMR (400
MHz, DMSO) � 10.63 (s, 1H), 9.08 (d, J � 8.0 Hz, 1H), 8.34 –
8.29 (m, 1H), 7.97–7.88 (m, 2H), 7.54 (s, 1H), 7.47 (t, J � 12 Hz,
1H), 7.37–7.31 (m, 1H), 6.84 (t, J � 16 Hz, 1H), 2.63 (s, 3H).
ESI-MS was calculated for C17H12F2N4S 342.08 and found
343.13.

For IT2-151, 1H NMR (400 MHz, DMSO) � 10.63 (s, 1H),
9.19 (d, J � 8.0 Hz, 1H), 8.76 (d, J � 12 Hz, 1H), 7.98 –7.90 (m,
2H), 7.55 (s, 1H), 7.50 (t, J � 16 Hz, 1H), 7.33–7.28 (m, 1H),
7.23–7.19 (m, 1H), 2.66 (s, 3H). ESI-MS was calculated for
C17H12BrFN4S 403.99 and found 404.99.

For IT2-159, 1H NMR (400 MHz, DMSO) � 10.30 (s, 1H),
9.08 (d, J � 8 Hz, 1H), 8.27– 8.20 (q, J � 8 Hz, 1H), 7.95–7.89 (m,
2H), 7.45 (s, 1H), 7.41 (t, J � 16 Hz, 1H), 7.10 (t, J � 16 Hz, 1H),
2.62 (s, 3H).

For IT2-179, 1H NMR (400 MHz, DMSO) � 10.06 (s, 1H),
9.19 (d, J � 8 Hz, 1H), 8.59 (s, 1H), 7.98 –7.91 (m, 2H), 7.63 (d,
J � 8 Hz, 1H), 7.55 (s, 1H), 7.51 (t, J � 16 Hz, 1H), 7.21 (d, J � 8
Hz, 1H), 2.65 (s, 3H). ESI-MS was calculated for C17H12Br2N4S
463.91 and found 464.94.

ATPase assays with malachite green

Active compounds from the primary screen were confirmed
by subsequent ATPase assays using MG, as described previ-
ously (36). Briefly, in a clear 96-well plate, compounds were
incubated with Hsp72 and co-chaperones at specified concen-
trations in 25-�l total volume with a final DMSO concentration
of 4%. All malachite green assays were performed in an assay
buffer composed of 100 mM Tris, 20 mM KCl, 6 mM MgCl2,
0.01% Triton X-100, pH 7.4. The reaction was initiated by the
addition of ATP at a final concentration of 1 mM and incubated
at 37 °C for 1 h. After incubation, 80 �l of MG reagent was
added, followed by 10 �l of saturated sodium citrate to quench
the reaction, and absorbance of 620 nm was measured on a
SpectraMax M5 plate reader (Molecular Devices). ATP hydro-
lysis rates were calculated by comparison to a phosphate
standard.

Luciferase refolding

Luciferase refolding assays followed a previously described
procedure (37). All compounds were first tested by incubation
with native luciferase to determine whether they interfered

with the assay (Fig. S4). Compounds that reduced activity by
�10% were excluded from further analysis in this platform.
Briefly, native firefly luciferase (Promega) was denatured in 6 M

guanidine hydrochloride for 1 h at room temperature and then
diluted into assay buffer (28 mM HEPES, pH 7.6, 120 mM potas-
sium acetate, 12 mM magnesium acetate, 2.2 mM dithiothreitol,
8.8 mM creatine phosphate, and 35 units/ml creatine kinase).
Solutions were prepared of test compounds, chaperones,
denatured luciferase (at 0.1 �M), 10 mM phosphate (for NEF-
stimulation assays), and 1 mM ATP. Total volume was 25 �l
(4% DMSO) in white 96-well plates (Corning Glass), and
incubation time was 1 h at 37 °C. Steady Glo reagent was
prepared fresh and added to the plate immediately prior to
reading luminescence.

Cell culture and viability assays

MDA-MB-231 and MEF cells were purchased from ATCC
and maintained at 37 °C and 5% CO2 in appropriate growth
media (Dulbecco’s modified Eagle’s medium, 5% penicillin/
streptomycin, 10% FBS for MDA-MB-231, and 15% FBS for
MEF, respectively). Cell proliferation assays were carried out as
described previously (34) using the MTT kit (ATCC number:
30-1010 K) with some modifications. Briefly, cells were plated
in tissue culture-treated 96-well plates (5,000 cells per well for
MDA-MB-231 and 2,000 cells per well for MEF) with com-
pounds (1% DMSO) in 200 �l of growth medium for 72 h. Cells
were washed three times with PBS, and the medium was
replaced with fresh medium plus 10% MTT reagent, then sub-
sequently incubated at 37 °C, 5% CO2 for 4 h. The medium was
then removed and replaced with DMSO and then read at an
absorbance of 540 nm.

HSQC with 15N-labeled DnaK NBD

2D HSQC experiments were carried out to measure bind-
ing of IT2-21c to 15N-labeled DnaK NBD(1–388). Experi-
ments were performed on a Bruker 800 MHz NMR at 27 °C
in NMR buffer (25 mM Tris, 10 mM KCl, 5 mM MgCl2, 10 mM

sodium phosphate, 5 mM ADP, 0.015% NaN3, 5% D2O, pH
7.2). For determining a binding site of IT2-21c, DnaK NBD
concentration was held at 100 �M, and compound was
titrated in at ratios of 1:1 and 1:2 (NBD/compound) at 2%
DMSO. The spectra were processed with NMRPipe (38) and
displayed with Sparky (39). The chemical shift assignments
used were from the triple resonance data obtained by Bertel-
sen et al. (18). Compound-induced shifts that are larger than
0.01 ppm in 1H and/or larger than 0.1 ppm in 15N were
deemed significant and were displayed on the DnaK NBD
structure (2KHO).

Docking to MKT-077-binding site

Compound R derivatives were docked to a bovine Hsc70
crystal structure (PDB code 3HSC) using both InducedFit and
Glide docking software (Software Suite 2017-3, Schroedinger,
LLC). The nucleotide-binding domain of Hsc70 is 100% identi-
cal between bovine and human. Prior to docking, we optimized
the protein structure using Protein Preparation Wizard. During
this step, water molecules, sodium, and an inorganic phosphate
ion from the crystal structure were removed. Only ADP and a
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magnesium ion were retained in the nucleotide-binding pocket.
Hydrogen atoms were added to the structure; protonation
states of titratable residues were adjusted, and overall structure
was energy-minimized such that heavy atoms were not
allowed to move beyond 0.5 Å from their starting positions.
The allosteric binding site was partially closed in the crystal
structure. Therefore, we docked the allosteric inhibitor IT2-
144 using an InducedFit docking algorithm. The allosteric
binding pocket was defined using residues Thr-13, Lys-71,
Tyr-149, Glu-175, Asp-199, Thr-204, and ADP. InducedFit
docking program treats both protein and ligand flexibly dur-
ing docking. The lowest energy docking pose predicted by
the InducedFit docking program is shown in Fig. 5B. The
methyl substituted imidazopyridine ring is deeply buried in
the hydrophobic binding pocket and the hydrogen atom of
the secondary amine makes a hydrogen bonding interaction
with the backbone carbonyl oxygen of Val-207. The 2,5 di-
fluoro phenyl ring stacks up between the �-sheet and Tyr-
149 residue.

With the allosteric binding pocket optimized, the IT2-144
inhibitor-bound model was used in subsequent rigid-recep-
tor flexible-ligand docking calculations. IT2-144 analogs
were docked to the allosteric site using Glide docking with
XP-docking scoring function. All inhibitors were built using
the Edit/Build panel of Maestro (Schroedinger, LLC). They
were subsequently energy minimized using LigPrep software
(v4.3016, Schroedinger, LLC). Inhibitor structure and docking
scores are reported in Fig. 5B, and their binding poses are
shown in Fig. S5. The 2,5 di-substituted derivatives all have
similar docking scores, whereas the 2,4 di-substituted com-
pound (IT2-159) and the truncated negative compound (IT3-
70a) have poorer scores. Docking poses also show a similar
binding mode for all but IT2-159 and IT3-70a.

IT2-144 binding by fluorescence quenching

All di-fluoro compound R derivatives, as well as IT3-70a,
were subjected to spectral characterization by determining a
full scanning fluorescence spectrum at an excitation wave-
length of 310 nm. These spectra were used to determine the
optimal emission wavelength for each compound (IT2-144, 430
nm; IT2-158, 420 nm; IT2-159, 450 nm; IT2-160, 440 nm; IT3-
70a, 460 nm). It is important to note that compound R did not
show any fluorescence in this range and did not have an artifac-
tual effect in the original QR assay. Only the di-fluoro deriva-
tives appeared to give a strong enough fluorescence signature
with this excitation/emission profile. Hsc70 was incubated at
the indicated concentrations with nucleotide (ADP or ATP) for
30 min in a low-volume black 384-well plate (Corning Glass) at
room temperature (Buffer: 200 mM Tris, 40 mM KCl, 12 mM

MgCl2, 0.01% Triton X-100, pH 7.4). Following incubation with
nucleotide, compounds were added to the wells at a constant
concentration of 50 �M and 5% DMSO. The protein/nucleo-
tide/compound mixture was allowed to incubate at room
temperature, in the dark, for 30 min, prior to reading fluo-
rescence at excitation 310 nm and the appropriate emission
wavelength, determined from the spectral characterization
of each compound.
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