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Benzbromarone interferes with the

interaction between Hsp90 and Aha1 by

interacting with both of them
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Aha1 is one of the well-known co-chaperones of Hsp90. However, the action mode of Aha1 has not
been fully elucidated yet, and the binding mode of Aha1’s C-terminal domain (Aha1-CTD) to Hsp90 is
still under discussion. Meanwhile, since both Hsp90 and Aha1l contribute to tumorigenesis through
controlling the homeostasis of onco-proteins, Hsp90-Aha1 system might serve as a target for anti-
tumor drug development. A few of active compounds towards Hsp90-Aha1 system have been
reported during the past years, but no compound binding pocket in Aha1 was pictured yet. Here in this
manuscript, by using the discovered dual-modulator Benzbromarone as the probe, the pocket in Aha1
responsible for compound recognition is defined. Interestingly, as shown by the cryo-EM structures of
Hsp90:Aha1 system, it is the same pocket that is involved in the in vitro interaction between Aha1-CTD
and Hsp90-MD. Besides, Benzbromarone’s binding to Hsp90-NTD also exhibits unique structural
features. Not surprisingly, due to the interference with the Hsp90 machinery, Benzbromarone could
down-regulate the ATPase activity of the chaperone. Finally, according to the cellular-based
experimental data, Benzbromarone has been shown to exhibit cytotoxicity against multiple cancer cell

types, at least in part, through its modulation of the Hsp90 system.

Molecular chaperones are a category of housekeeping proteins that assist in
the correct folding of proteins and prevent them from misfolding and/or
aggregation. Heat shock protein 90 (Hsp90) is one of the most important
molecular chaperones in living systems except archaeobacteria. And it plays
crucial roles in various physiological processes through helping with protein
folding, assembling and ligand binding etc. Proteins that undergo structural
activation with the assistance of Hsp90 are collectively referred to as “client
proteins” of the chaperones'™. Up to date, approximately 400 proteins
including kinases, transcription factors and hormone receptors etc. have
been identified as client proteins of Hsp90"**. As it has been known, quite a
number of Hsp90’s client proteins such as Src, AKT, CDK2 and CDK4 etc.
play important roles in the development of tumors. Mainly due to its
modulation of the cellular homeostasis of the onco-proteins, Hsp90 system
has become a target for anti-tumor drug development’™"".

Hsp90 exists as a homodimer in cells. Each Hsp90 protomer consists of
three highly conserved structural domains which include the N-terminal

ATP binding and hydrolysis domain (NTD), the middle domain (MD) for
client protein recognition, and the C-terminal domain (CTD) for Hsp90’s
dimerization in the resting state’™. Due to the fundamental role of Hsp90 in
cellular homeostasis of client proteins, the chaperoning cycle related to
Hsp90 is tightly modulated by multiple factors. The binding and hydrolysis
of ATP can induce a series of conformational changes in the chaperone,
which leads to the activation or assembly of its client proteins'~. In the
absence of ATP, Hsp90 primarily forms homodimer through its CTD and
adopts an open V-shape conformation. With the binding of ATP, the
remaining structural domains of Hsp90 (NTD and MD) are oriented
towards their corresponding partner domains in the protomers, and the
closed conformation with Hsp90’s N-terminal domain dimerized is finally
formed. Then, upon the hydrolysis of ATP and the release of ADP and free
phosphate (Pi), Hsp90 returns to its initial V-shape conformation. Apart
from ATP and ADP, the chaperoning cycle of human Hsp90 is also regu-
lated by over 20 co-chaperones"“*. Cdc37, p23, and Ahal etc. are all
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well-known co-chaperones for Hsp90. While different from the other co-
chaperones including Cdc37 and p23 etc., Ahal is the only co-chaperone
that could significantly stimulate the ATPase activity of Hsp90'**"****,

Ahal is composed of two structured domains (the N-terminal domain
and the C-terminal domain) which are linked together by a long unstructured
linker region™”. Currently, the physiological function of Ahal mediated by
its interaction with Hsp90 has not been fully understood yet, but according to
the published literatures, a multi-step molecular mechanism is indicated for
the binding of Ahal to Hsp90 which is in couple with the activation of
Hsp90’s ATPase activity”***. Initially, Ahal is recruited to Hsp90 through
the interaction between its N-terminal domain (Ahal-NTD) and the middle
domain of the chaperone (Hsp90-MD). It is worth noting that the conserved
R”KxK” motif in Ahal-NTD is demonstrated to interact with the catalytic
loop residing in Hsp90-MD (Supplementary Fig. S1)**”. As it has been
shown, the spatial rearrangement of Hsp90’s catalytic loop and its positioning
in proximity of the nucleotide are required for the full acceleration of the
ATPase activity of the chaperone™”. After the initial binding driven by
Ahal’s N-terminal domain, the C-terminal domain of the protein (Ahal-
CTD) has been proposed to interact with the N-terminal domain of Hsp90
(Hsp90-NTD) upon the presence of nucleotide and thus favor Hsp90-NTD’s
dimerization. Specifically, ['H, "N] HSQC titration data demonstrated that
the AMPPNP-bound form of Hsp90-NTD showed specific binding of Ahal-
CTD*. Besides, accumulated evidence has also revealed that Ahal-CTD can
interact with Hsp90-MD under certain conditions”". For example, upon the
phosphorylation of Tyr313 in Hsp90-MD, significant chemical shift pertur-
bations were observed for a large set of Ile signals from Hsp90-MD in
response to the addition of Ahal-CTD". Overall, it seems like that Ahal-
CTD binds to multiple Hsp90 domains in a dynamic fashion. Although the
binding modes of Ahal’s two structured domains to Hsp90 might have not
been fully pictured yet, both of them are required for the fully activation of
Hsp90’s ATPase activity. As it has been demonstrated, full-length Ahal could
stimulate the ATPase rate of Hsp90 15- to 30-fold'********. In the meanwhile,
Ahal-NTD alone could only enhance the ATPase activity of Hsp90 by 1.5- to
3-fold**”. Taking all aforementioned findings into account, chemical com-
pounds binding to either Ahal-NTD or Ahal-CTD might be capable of
interfering with Hsp90-Ahal interaction and modulating the functional
display of the chaperone.

In a preliminary study aiming to discover chemical inhibitors against
Hsp90, we found that Benzbromarone, which is an approved uricosuric drug
by targeting urate anion transporter 1 (URAT1), could bind to both Ahal-
CTD and Hsp90-NTD with the corresponding affinities at hundreds of
nanomolar and low micromolar range, respectively. After the confirmation of
Benzbromarone’s binding to Ahal-CTD and Hsp90-NTD, biophysical stu-
dies were carried out to reveal the binding modes between the compound and
the proteins. According to the NMR and X-ray crystallography data, Benz-
bromarone interacts with Hsp90-NTD by binding to the ATP recognition
pocket in the chaperone, while it forms complex with Ahal-CTD by binding
to the hydrophobic cavity composed of a3 (a-helix 3), p3-B4 loop and a2-f32
loop. Besides, since Ahal-CTD is involved in the interaction between Ahal
and Hsp90, we then performed NMR-based competitive binding assay to test
whether Benzbromarone’s presence is capable of interfering with Hsp90-
Ahal interaction. The obtained data verified that Benzbromarone could
inhibit the binding of Ahal-CTD to Hsp90-NTD in the presence of ATP
analogue AMPPNP. In the meanwhile, cellular-based experiments demon-
strated that Benzbromarone exhibits cytotoxicity against multiple cancer cell
lines, at least in part through its modulation of the Hsp90 system.

Results

Benzbromarone binds to both Hsp90-NTD and Aha1-CTD

In our previous work, we occasionally found that Benzbromarone could
potentially bind to both Hsp90-NTD and Ahal-CTD (Fig. 1A). To confirm
this finding, NMR techniques and ITC approach were applied to study the
interactions between Benzbromarone and Hsp90-NTD/Ahal-CTD. All the
obtained data demonstrates that Benzbromarone could specifically interact
with Hsp90-NTD and Ahal-CTD (Fig. 1B-D and Supplementary Fig. S2).

Upon the addition of either Hsp90-NTD or Ahal-CTD, significant line-
broadening was observed for the NMR resonances of Benzbromarone,
which indicating a specific interaction between Benzbromarone and Hsp90-
NTD/Ahal-CTD. Besides, the data derived from ['H, *N] HSQC titration
experiments and ITC further confirms the aforementioned conclusion. And
the binding affinities for Benzbromarone to Hsp90-NTD and Ahal-CTD
were determined to be 15.10+3.86uM (by NMR method) and
0.84 + 0.35 uM (by ITC approach), respectively.

Characterization of the interactions between Benzbromarone
and Hsp90-NTD/Aha1-CTD

To map the binding site of Benzbromarone on Hsp90-NTD, we conducted
['H, ®N] HSQC NMR titration experiments. Upon the addition of Benz-
bromarone, the NMR resonances for a number of residues in Hsp90-NTD,
which include 126, R46, S53, K58, 178, D86, G95, G97, D102, G132, F134,
G135, V136, F138, S140, L188, Q194, E199, H210 and E223, fully attenuated
(Fig. 2A-C). Meanwhile, the NMR resonances for amino acid residues
including Q28, L32, K41, 145, 149, S50, Y61, H77, V92, D93, T94, 196, A117,
M119, G125, W162 and K185 in Hsp90-NTD underwent significant che-
mical shift perturbations in response to the presence of the compound
(Fig. 24, B). Overall, most of the significantly perturbed residues localize to
the ATP/ADP binding pocket of Hsp90-NTD which is mainly composed of
the “lid” segment spanning A111 to G135 and its preceding loop-helix-loop
region D93-1110, part of the a-helical structure starting from K41 to E62, and
a few of residues from two B-strands ranging around T152 and T184.
Therefore, the ['H, "N] HSQC data suggests that Benzbromarone could
interact with Hsp90-NTD through occupying its ATP binding and hydrolysis
pocket. It should be noted that conformational exchange and line broadening
already occur in the ATP-binding pocket and its adjacent “lid” segment of
Hsp90 in the apo state. Therefore, the observed signal attenuations in
response to the presence of Benzbromarone for residues located in this
specific region may either indicate a direct contact with the compound or
reflect coupling to the modification of the pre-existing conformational
exchange. In line with the NMR data, the model structure for Hsp90-NTD
complexed with Benzbromarone deriving from molecular docking indicates
that Benzbromarone primarily binds to the hydrophobic pocket consisting of
N51, S52, A55, M98, L103, L107, T109, 1110, V136, Y139, V150 and V186 in
Hsp90-NTD (Fig. 2D). Notably, the n-m stacking interactions between the
benzofuran moiety of the compound and the aromatic rings of F138 and
W162 in Hsp90-NTD contribute significantly to the complex formation.
Additionally, hydrogen bonding interactions between Benzbromarone and
T184, as well as those formed through water molecules with D93 and G97,
are also crucial for the binding of the compound to Hsp90’s N-terminal
domain. Interestingly, although the scaffold of the benzofuran moiety in
Benzbromarone has a high similarity to that of the adenine group in
AMPPNP (a nonhydrolyzable analogue of ATP), the positions of them in
Hsp90-NTD are totally different to each other (Fig. 2D). This might be
caused by the significant polarity difference between the 3,5-dibrom-4-
hydroxyphenyl moiety of Benzbromarone and the phosphonoamidodipho-
sphoric group in AMPPNP.

After the characterization of Benzbromarone’s interaction with
Hsp90-NTD, ['H, "N] HSQC NMR titration experiments and X-ray
crystallography were jointly used to determine the binding mode of the
compound to Ahal-CTD (Fig. 2E-I and Supplementary Table S1). With the
addition of Benzbromarone, significant chemical shift changes were
observed for amino acid residues including F226, T227, F235, H237, A240,
V253,N256, 5258, R316, W319, Y322, G326, T330,and Y333 in Ahal-CTD
(Fig. 2E, F). Meanwhile, the NMR resonances for a few of residues such as
M252, V257, K277, S278, G318, and Q320 almost fully attenuated in
response to the exposure of Benzbromarone (Fig. 2E, F). Most of the
aforementioned residues localize to a3 (a-helix 3), f3-p4 loop, and a2-p2
loop regions of Ahal-CTD. As known, the interaction between protein and
ligand could lead to the local environment changes and thus the chemical
shift perturbations of the amino acid residues either being involved in the
direct contacts with ligand or undergoing conformational changes to
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facilitate ligand binding™ . Therefore, to definitively identify the specific
residues responsible for the binding of Benzbromarone to the Ahal-CTD,
the high-resolution crystal structure of the Ahal-CTD in complex with
Benzbromarone was determined (Fig. 2G). This structure aligns with the
findings from NMR analysis, revealing that a hydrophobic cavity formed by
residues F235, T236, V253, N256, V257, W274, F276, R314, Q317, W319,
Y322, and Y323, which are predominantly located in the a3 (a-helix 3), #3-
B4 loop, and a2-B2 loop regions of Ahal-CTD, is crucial for Benzbromarone
recognition (Fig. 2G-I). Compared with the crystal structure of Ahal-CTD
in free state, Q320, R321, and Y322 in a3 of the protein shift outside a bit for
a better accommodation of Benzbromarone’s benzofuran moiety (Figs. 2H,
I and Supplementary Fig. S3). Consistently, as shown by the pocket volume
analysis data, the size of the pocket to accommodate Benzbromarone
increases from 188 A®to 205 A® when the compound is present. Meanwhile,
asillustrated in Fig. 2G, the van der Waals contacts between Benzbromarone
and those amino acids in the hydrophobic pocket of Ahal-CTD serve as a
driving force for the binding of the compound to the protein.

Benzbromarone interferes with the Hsp90-NTD:Aha1-CTD

interaction and modulates the ATPase activity of Hsp90 system
After the elucidation of the binding modes between Benzbromarone and
Hsp90-NTD/ Ahal-CTD, ['H, N] HSQC-based competitive binding

A
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experiments were performed to test whether Benzbromarone could
interfere with the weak interaction between Hsp90-NTD and Ahal-CTD
in the presence of ATP analogue AMPPNP. A series of ['H, "N] HSQC
spectra for "N-labeled Ahal-CTD alone, “N-labeled Ahal-CTD:unla-
beled Hsp90-NTD (with AMPPNP) mixture sample, “N-labeled
Ahal-CTD:Benzbromarone mixture sample, and “N-labeled Ahal-
CTD:unlabeled Hsp90-NTD (with AMPPNP):Benzbromarone mixture
sample were recorded. As shown in Fig. 3A and Supplementary Fig. 4,
upon the presence of both Hsp90-NTD and Benzbromarone, the che-
mical shift perturbation patterns for representative residues of F226,
H237, $258, 1270, E313, and T330 in Ahal-CTD are very similar to the
observed resonance perturbation patterns of them with the addition of
only Benzbromarone. Therefore, the ['H, "N] HSQC-based competitive
binding data suggest that the presence of Benzbromarone disfavors the
weak interaction between Hsp90-NTD and Ahal-CTD. This conclusion
is further supported by the ['H, "N] HSQC-based competitive binding
experiments conducted by using '"N-labeled Hsp90-NTD with
AMPPNP, "N-labeled Hsp90-NTD with AMPPNP:unlabeled Ahal-
CTD mixture sample, and "*N-labeled Hsp90-NTD with AMPPNP:un-
labeled Ahal-CTD:Benzbromarone mixture sample (Supplementary
Fig. S5). It appears that the induced chemical shift perturbations for
representative residues of '"N-labeled Hsp90-NTD in response to the
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Fig. 1 | Benzbromarone interacts with both Hsp90-NTD and Ahal-CTD.

A Chemical structure of Benzbromarone. B Ligand-observed CPMG spectra indi-
cate that Benzbromarone could specifically bind to Hsp90-NTD and Ahal-CTD.
The CPMG spectra are colored in red for Benzbromarone alone, and colored in cyan
for Benzbromarone with the presence of either Hsp90-NTD or Ahal-CTD.
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thermodynamic parameters for the binding of Benzbromarone to Ahal-CTD. The
Kgvalue for Ahal-CTD:Benzbromarone system was calculated to be 0.84 + 0.35 uM.
D The dissociation constant for the binding of Benzbromarone to Hsp90-NTD was
determined by the global fitting analysis of normalized resonance intensity changes
(1-1/1,) revealed by ['H, *N] HSQC titration experiments. The K4 value for Hsp90-
NTD:Benzbromarone system was calculated to be 15.10 + 3.86 pM.
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Fig. 2 | Characterization of the interactions between Benzbromarone and Hsp90-
NTD/Ahal-CTD. A The binding sites of Benzbromarone in Hsp90-NTD were
characterized by carrying out ['H, "N] HSQC NMR titration experiments. Super-
position of ['H, "N] HSQC spectra of Hsp90-NTD without (red) and with the
presence of Benzbromarone (black, molar ratio of 1:1 for Hsp90-NTD to Benz-
bromarone) reveals spectral changes upon Benzbromarone’s binding. The residues
in Hsp90-NTD that might be involved in the recognition of Benzbromarone were
identified by performing chemical shift perturbation (CSP) analysis (B) and NMR
signal intensity change analysis C. The mean and mean + S.D. CSP values for amino
acid residues in Hsp90-NTD are represented by dashed line and solid line, respec-
tively. The mean relative intensity change value for amino acid residues in Hsp90-
NTD is represented by dashed line. Residues with chemical shift perturbations
greater than mean + S.D. are labeled. Proline residues and those residues with fully
attenuated resonances upon the addition of Benzbromarone are denoted by green
dots and red dots, respectively. D Expanded view of the possible binding mode for
Benzbromarone to Hsp90-NTD, which was revealed by molecular docking. Detailed
interactions between Benzbromarone and its surrounding residues in Hsp90-NTD
are shown, and intermolecular hydrogen bond details are highlighted. The PDB code
for Hsp90-NTD:AMPPNP complex structure is 3T1K. E The binding sites of
Benzbromarone in Ahal-CTD were characterized by ['H, *N] HSQC NMR titration
experiments. Superposition of ['H, "N] HSQC spectra of Ahal-CTD without (red)

and with the presence of Benzbromarone (black, molar ratio of 1:2 for Ahal-CTD to
Benzbromarone) reveals spectral changes upon Benzbromarone’s binding. F The
residues in Ahal-CTD that might be involved in the recognition of Benzbromarone
were identified by performing chemical shift perturbation (CSP) analysis. The mean
and mean + S.D. CSP values are represented by dashed line and solid line,
respectively. Residues with chemical shift perturbations greater than mean + S.D.
are labeled. Proline residues and those with significantly attenuated resonances upon
Benzbromarone’s addition are denoted by green dots and red dots, respectively.

G The crystal structure of Ahal-CTD complexed with Benzbromarone (PDB code:
8Z3]) reveals the binding mode of the compound to the protein. The expanded view
of Benzbromarone’s binding pose to Ahal-CTD is depicted in the left panel, illus-
trating detailed interactions between Benzbromarone and its surrounding residues
within Ahal-CTD, with intermolecular hydrogen bonds highlighted. For compar-
ison, the right panel shows a superposition of the crystal structure of Ahal-CTD
complexed with Benzbromarone (PDB code: 8Z3], in gray) and the solution NMR
structure of Ahal-CTD in its apo state (PDB code: 1X53, in light green). H The
ribbon and the surface presentation for the crystal structure of Ahal-CTD in free
state (PDB code: 8Z3H) are shown in the left and the right panel, respectively. I The
ribbon and the surface presentation for the crystal structure of Ahal-CTD com-
plexed with Benzbromarone (PDB code: 8Z3]) are shown in the left and the right
panel, respectively.

addition of unlabeled Ahal-CTD were abolished by the presence of
Benzbromarone (Supplementary Fig. S5C, S5D).

As demonstrated, Benzbromarone could bind to both Hsp90-NTD
and Ahal-CTD, which may consequentially disrupt the interaction between
two protein domains. However, given that the interaction between Ahal
and Hsp90 is primarily driven by the binding of Ahal-NTD (Ahal
N-terminal domain) to Hsp90-MD (Hsp90 middle domain), it is essential to

evaluate the potential modulatory effect of the compound on Ahal’s Hsp90
activation activity. Therefore, the in vitro NADH-coupled ATPase assay and
the ATP hydrolysis assay monitored by 1D *'P NMR spectra were carried
out. For the in vitro NADH-coupled ATPase assay, the ATPase activity of
full-length Hsp90p was measured by tracking the decrease of the absorbance
at 340 nm for NADH in the reaction system containing full-length Hsp90p,
ATP without or with Benzbromarone. For the *'P NMR approach, 1D *'P
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NMR spectra were acquired to detect the level changes of ATP, ADP, and
free phosphate Pi in the reaction system containing full-length Hsp90p,
ATP without or with Benzbromarone/NVP-AUY922 and in the reaction
system containing full-length Hsp90B, ATP, Ahal without or with Benz-
bromarone/NVP-AUY922. Compared to the reaction system without the
addition of Benzbromarone/NVP-AUY922, the addition of either one of
two compounds led to a decrease in the turnover rate or the ADP and Pi
concentrations in the reaction system, which indicating that Benzbromar-
one and NVP-AUY922 could inhibit the ATPase activity of Hsp90p in its

Green: Hsp90:Aha1:Benzbromarone

free state (Fig. 3B, C and Supplementary Fig. S6). Similarly, Benzbromarone
was also found to inhibit the activation effect of full-length Ahal on the
activity of Hsp90p (Fig. 3B, D).

Benzbromarone interacts with Hsp90 and Aha1 in cellular con-
text and causes cytotoxicity against multiple human cancer

cell lines

Hsp90 facilitates the structural folding and activation of about 400 client
proteins, which include onco-proteins such as AKT, cyclin-dependent
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Fig. 3 | Benzbromarone interferes with the interaction between Hsp90 and Ahal
which consequentially modulating the ATPase activity of Hsp90-Ahal system.
A The results for ['H, "N] HSQC-based competitive binding experiments are
shown. Zoomed view of the superimposed ['H, *N] HSQC spectra for *N-Ahal-
CTD alone (red), "N-Ahal-CTD with the presence of Hsp90-NTD (with AMPPNP,
blue, molar ratio of 1:5 for "'N-Ahal-CTD to Hsp90-NTD), *N-Ahal-CTD with the
presence of Hsp90-NTD and Benzbromarone (with AMPPNP, green, molar ratio of
1:5:8 for *N-Ahal-CTD to Hsp90-NTD to Benzbromarone), and *N-Ahal-CTD
with the presence of Benzbromarone (purple, molar ratio of 1:8 for "N-Ahal-CTD
to Benzbromarone). The directional changes in chemical shift perturbations
induced by Hsp90-NTD or Benzbromarone binding are indicated by black arrow
and red arrow, respectively. B The determined ATPase activity data of Hsp90p (solid
circle) and Hsp90pB:Ahal(solid triangle) upon the treatment of Benzbromarone are

shown. The ATPase rates obtained from the NADH-coupled ATPase experiments
were plotted, along with the mean + SD derived from three times of independent
repeats (n = 3; each repeat contains one experimental data extracted from technical
triplicates). Statistical significance was determined using unpaired ¢-test

(***p <0.001, ****p < 0.0001). C The ATP hydrolysis reaction catalyzed by Hsp90p
was monitored by collecting 1D *'P NMR spectra. Overlay of 1D *'P spectra of the
Hsp90B:ATP (4 uM:1 mM) reaction system without (red) and with the addition of
Benzbromarone (400 uM, green) acquired at the time points of 2 h and 4 h after the
initiation of reaction, are shown. D The ATP hydrolysis reaction catalyzed by
Hsp90p and Ahal was monitored by collecting 1D *'P spectra. Overlay of 1D *'P
spectra of the Hsp90B:Ahal:ATP (4 uM:20 uM:1 mM) reaction system without (red)
and with the addition of Benzbromarone (400 uM, green) are presented. The spectra
were acquired at the time points of 20 min and 1 h after the initiation of reaction.

kinases, and v-Src etc. Through regulating the cellular homeostasis of these
onco-proteins, Hsp90 contributes to the pathological process of multiple
types of tumors and serves as a target for anti-tumor drug development’™".
Meanwhile, Ahal’s contribution in cell proliferation and survival has not
been fully elucidated yet. However, published data suggests that the over-
expression of Ahal contributes to the metastatic advantage of colorectal
cancer and promotes the growth and metastasis of osteosarcoma™”.
Therefore, active compounds interfering with Hsp90-Ahal system might
exhibit therapeutic effects against cancer. Here in this study, cellular-based
assays were carried out to evaluate the biological effects of Benzbromarone
by mainly using colorectal cancer and osteosarcoma cell lines as model
systems.

As aforementioned, Hsp90 system plays an important role in the
pathogenesis of multiple types of cancers such as breast cancer, prostate
cancer, colorectal cancer, and osteosarcoma etc*’™*. Here in our study, the
potent Hsp90-NTD inhibitor NVP-AUY922 was utilized to experimentally
verify the dependency of selected cancer cell lines including human prostate
cancer cells (LNCaP), human osteosarcoma cells (MNNG/HOS Cl #5 and
MG-63), and human colorectal cancer cells (LS174T, HCT116 and HT-29)
to Hsp90 system (Supplementary Fig. S7). Based on the data obtained, NVP-
AUY922 demonstrates strong pharmacological potency against the afore-
mentioned cancer cell lines (Supplementary Fig. S7). Then, cellular thermal
shift assay was conducted to confirm the interaction between Benz-
bromarone and Hsp90/Ahal in the cellular context. In this assay, cell
extracts (MNNG/HOS Cl #5 and LS174T) were pre-incubated with Benz-
bromarone in an ice bath for 1 h. After pre-incubation, the mixtures were
divided into aliquots and subjected to incubation at different temperatures
ranging from 49 °Cto 67 °C for 5 min. The supernatants after centrifugation
were then analyzed by immunoblotting analysis. Compared with the DMSO
treatment, positive shifting of the thermal stability for both Hsp90 and Ahal
in MNNG/HOS CI #5 and LS174T cells was observed upon pre-incubation
with Benzbromarone (Fig. 4), indicating that Benzbromarone could interact
with Hsp90 and Ahal in tested cancer cells. In the following studies, cell
viability assay and colony formation assay were conducted to assess whether
the application of Benzbromarone would cause cytotoxicity in human
prostate cancer cells (LNCaP), human osteosarcoma cells (MNNG/HOS Cl
#5 and MG-63), and human colorectal cancer cells (LS174T, HCT116 and
HT-29). We then observed that the growth and proliferation of all tested six
cancer cell lines was inhibited in a dose-dependent manner upon the
application of Benzbromarone, and the corresponding ICs, values were
determined to be at tens of micromolar level (Fig. 4). Meanwhile, the results
of the colony formation experiments demonstrated that the administration
of Benzbromarone could significantly suppress the colony formation
capacities of six tested cancer cell lines (Fig. 4).

Benzbromarone suppresses the migration, invasion and
epithelial-mesenchymal transitions of colorectal cancer and
osteosarcoma cells

According to the published literatures, Hsp90 could enhance the migration
and invasion capabilities of cancer cells through facilitating the maturation

and activation of its client proteins, such as MMP-2 and Annexin 1"

Besides, Ahal has also been shown to promote the metastatic process of
colorectal cancer and the metastasis of osteosarcoma®*’. Therefore, the
active compound against Hsp90-Ahal system, such as Benzbromarone
could potentially interfere with the metastasis progress of cancer cells. Here
in this study, wound healing assay, transwell migration assay, and invasion
assay were performed to assess the modulation effects of Benzbromarone on
the migration and invasion capacities of human cancer cells including
HCT116 and MNNG/HOS CI #5. Upon the exposure of 20 uM Benz-
bromarone, the wound healing rates of HCT116 and MNNG/HOS Cl #5
cells were significantly down-regulated in comparison with those of vehicle
HCT116 and MNNG/HOS Cl #5 cell samples (Fig. 5A). Meanwhile, in line
with the results of the wound healing assay, the migration and invasion
capacities of HCT116 and MNNG/HOS CI #5 cells were also notably
suppressed in a dose-dependent manner to the treatment of Benzbromar-
one (Fig. 5B, C). Moreover, since the epithelial-mesenchymal transition
(EMT) plays a critical role in tumor metastasis and progression, the
expression levels of EMT-related protein markers such as N-Cadherin and
E-Cadherin were then checked by immunoblotting analysis to further
clarify the anti-metastasis effect of Benzbromarone towards cancer cells. As
shown in Fig. 5, after treating the HCT116 cells with Benzbromarone at
different concentrations (20 uM, 40 uM, 80 uM) for 48h, the dose-
dependent down-regulation tendency of N-Cadherin and significant up-
regulation of E-Cadherin were observed, and the obtained immunoblotting
analysis data indicates that Benzbromarone is capable of inhibiting the EMT
process of tested cancer cells. Overall, the aforementioned experimental
results demonstrate that Benzbromarone could down-regulate the migra-
tion and invasion process of HCT116 and MNNG/HOS Cl #5 cells.

Benzbromarone induces cell apoptosis and G2/M cell

cycle arrest

In the following studies, flow cytometry technique was subjected to test
whether Benzbromarone could induce apoptosis in colorectal cancer and
osteosarcoma cells. In response to the treatment of Benzbromarone, the
percentages of apoptotic MNNG/HOS Cl #5 and LS174T cells were sig-
nificantly up-regulated in a dose-dependent manner (Fig. 6). Moreover, to
further verify the flow cytometry analysis results, the cellular levels of cleaved
PARP and cleaved caspase-3 in MNNG/HOS Cl #5 and LS174T cells
without or with the administration of Benzbromarone were detected by
using immunoblotting method. Not surprisingly, after treating the cancer
cells with different concentrations of Benzbromarone (0, 20 uM, 40 pM and
60 uM Benzbromarone for MNNG/HOS Cl #5 cells; 0, 20 uM, 40 uM and
80 uM Benzbromarone for LS174T cells) for 48 hours, these two biomarkers
for apoptosis were up-regulated in tested cancer cells (Fig. 6). The obtained
data from both flow cytometry and immunoblotting analysis revealed that
Benzbromarone could inhibit cell proliferation by inducing cell apoptosis.
Furthermore, the cell cycle analysis by flow cytometry for MNNG/HOS Cl
#5 and LS174T cells in response to the application of Benzbromarone
indicates that the compound could enhance the cell population arrested at
G2/M cell cycle phases (Fig. 6).
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Benzbromarone destabilizes Hsp90’s client proteins

Hsp90 is a key component of molecular chaperone system. It is involved in
the quality control of hundreds of client proteins including kinases, tran-
scription factors, and hormone receptors etc"*. Due to its intimate rela-
tionship with the homeostasis control of multiple clients associated with cell
proliferation, cell survival, and cell metastasis, Hsp90 plays a crucial role in

the pathological process of malignant tumors”****. Chemical modulation
of the Hsp90 system’s chaperoning function by small molecules is expected
to modify cell fate. As illustrated, Benzbromarone specifically binds to
Hsp90-NTD and Ahal-CTD, which consequentially disrupting the inter-
action between these two proteins. Also, the compound was verified to
interact with Hsp90 and Ahal in cellular context. Therefore, the inhibition
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Fig. 4 | Benzbromarone interacts with Hsp90 and Ahal in cellular context and
causes cytotoxicity against multiple human cancer cell lines. A Cellular thermal
shift assay was applied to detect the binding of Benzbromarone to Hsp90 and Ahal
in cellular context. Upon the treatment of Benzbromarone, the cellular thermal
stabilities of Hsp90 and Ahal were up-regulated, and the positive shifting for the
temperature-dependent melting of both Hsp90 and Ahal was observed. The cellular
thermal shift experiments were all repeated for three times. Raw blot data from
multiple runs (n = 3) were processed by Image] and graphs were plotted with
GraphPad Prism 8. The quantitative analysis plots for Hsp90 and Ahal are shown in
the middle panel and the right panel, respectively. B Cell viability of LNCaP,
MNNG/HOS Cl #5, MG-63, LS174T, HCT116 and HT-29 cells were assessed after

their exposure to vehicle and different concentrations of Benzbromarone for 72 h.
Data were analyzed by GraphPad Prism 8 and is presented as means + standard
deviation (n = 3). The IC5, values of Benzbromarone against LNCaP, MNNG/HOS
Cl #5, MG-63, LS174T, HCT116 and HT-29 cells were determined to be
44.05+2.93 uM, 45.54 + 3.47 uM, 69.15 + 3.59 uM, 76.28 + 6.79 uM,

55.93 + 1.82 uM and 59.62 * 3.73 uM, respectively. (C) Colony formation experi-
ments were performed by using LNCaP, MNNG/HOS Cl #5, MG-63, LS174T,
HCT116 and HT-29 cells treated with different concentrations of Benzbromarone
(30 uM for LNCaP, LS174T, HCT116 and HT-29 cells, 20 pM for MNNG/HOS Cl #5
cells, 25 uM for MG-63 cells), and the quantitative results are presented in lower
panel (n =3, *p <0.05, **p < 0.01, ***p < 0.001, ¥****p < 0.0001, t-test).

effects of Benzbromarone on the growth and metastasis of selected cancer
cell lines might be at least partially attributed to its potentially interfering
with the cellular function of Hsp90 system. To testify this inference, the
cellular levels of representative clients of Hsp90 were detected in response to
the exposure of Benzbromarone. After the application of the compound at
indicated concentrations, the cellular levels of Hsp90’s client proteins
including AKT, CDK2, and CDK4 were downregulated in LNCaP, MNNG/
HOS CI #5, MG-63, LS174T, HCT116 and HT-29 cells (Fig. 7). Besides,
since Ahal helps Hsp90 in the proper folding of steroid hormone receptors
(SHRs)™, the level change of androgen receptor (AR) in prostate cancer cells
(LNCaP) was also checked upon the exposure to Benzbromarone.
According to the obtained data, the level of AR in LNCaP cells was also
significantly down-regulated (Fig. 7). Notably, the immunoblotting data
also demonstrate that Benzbromarone did not trigger up-regulation of
additional heat shock response-associated proteins, such as Hsp70/Hsc70
and HSF1 (Fig. 7).

Discussion
Due to the involvement in multiple biological activities through facilitating
the proper folding and activation of client proteins such as kinases, tran-
scription factors, and hormone receptors, etc., molecular chaperone Hsp90
has attracted extensive attention during the past several decades'™>*"*"*,
Specially, since it also serves as a target for anti-tumor drug development,
quite a number of active compounds and candidate drugs have been
developed towards Hsp90 system®'*'*"****°. Most of the obtained com-
pounds modulate the function of Hsp90 by binding to the ATP/ADP
recognition pocket in Hsp90-NTD. The remaining active compounds tar-
geting Hsp90 system function by either binding to the other two domains of
the chaperone (Hsp90-MD and Hsp90-CTD) or interacting with the co-
chaperones'***. As the only co-chaperone capable of significantly
enhancing Hsp90’s ATPase activity, a few of compounds have also been
developed towards either Ahal itself or the complex formed by Ahal and
Hsp90°*°'. However, up to date, no high resolution structure has been
reported for Ahal complexed with active compound. Here in this study, the
mechanisms of action for Benzbromarone, an active compound against
both Hsp90 and Ahal, were explored at both molecular and cellular level.
The data presented in this manuscript provides extra information for a
further understanding of Ahal’s interaction with Hsp90 by using Benz-
bromarone as a chemical probe. Besides, the active compound itself and the
solved high resolution complex structure shed a light on the development of
chemical modulators with high potency and high specificity against Ahal.
Benzbromarone, a benzofuran derivative, is an approved drug and
clinically used to treat primary hyperuricemia and gouty arthritis etc. As
reported, Benzbromarone’s anti-hyperuricemia effect could mainly be
attributed to the increasing of urate excretion in the kidney’s proximal
tubule through its inhibition on the urate transporter protein URAT1°*®.
Interestingly, we found that Benzbromarone could also bind to Hsp90-Ahal
system. In the following studies, one-dimensional CPMG NMR experi-
ments, isothermal titration calorimetry (ITC), two-dimensional ['H, **N]
HSQC titration analysis, molecular docking and X-ray crystallography were
jointly applied to verify and explore the interactions between Benz-
bromarone and Hsp90/Ahal (Figs. 1 and 2). As illustrated by the obtained

data, Benzbromarone could specifically bind to Hsp90-NTD and Ahal-
CTD with the corresponding dissociation constants at 15.10 + 3.86 uM and
0.84 + 0.35 uM, respectively. Moreover, although Hsp90-NTD recognizes
the compound by using its canonical ATP/ADP recognition cavity, the
binding pose of Benzbromarone in Hsp90-NTD exhibits unique features. At
least partially due to the huge difference in the polarity of the 3,5-dibrom-4-
hydroxyphenyl group in Benzbromarone and the phosphonoamidodi-
phosphoric group in AMPPNP, Benzbromarone’s benzofuran moiety,
which sharing a similar scaffold with AMPPNP’s adenine moiety, occupies
an induced sub-pocket and forms n- interactions with F138 and W162 in
Hsp90-NTD (Fig. 2). While the 3,5-dibrom-4-hydroxyphenyl group of the
compound is accommodated by the same sub-pocket for the recognition of
AMPPNP’s adenine moiety (Fig. 2). For Ahal-CTD:Benzbromarone
complex, the detailed interacting picture was revealed by the high resolution
structure of the formed complex determined using X-ray crystallography
(Fig. 2). Benzbromarone binds to the hydrophobic cavity composed of F235,
T236, V253, N256, V257, W274, F276, R314, Q317, W319, Y322 and Y323
in Ahal-CTD, and these residues mainly distribute in a3 (a-helix 3), f3-$4
loop and a2-P2 loop regions of the protein. Interestingly, the dynamics
behavior of the local regions responsible for the formation of the pocket and
the recognition of Benzbromarone is featured with slow motions on a time
scale of microseconds to milliseconds (Fig. 3D in reference 25), which
indicating that the amino acid residues residing at these regions potentially
undergo slow conformational exchange in solution®. The unique dynamics
feature of the aforementioned regions suggest that they are potentially
involved in protein-protein or protein-small molecule ligand interactions.
Consistently, the cryo-EM structures of Hsp90:Ahal complexes in different
states demonstrate that besides interacting with Hsp90-NTD, Ahal-CTD
could also bind to Hsp90-MD mainly through utilizing its residues crucial
for Benzbromarone recognition (Supplementary Fig. S8)”. Therefore, a
competitive binding for Benzbromarone and Hsp90-MD to Ahal’s
C-terminal domain is expected. Meanwhile, Ahal-CTD has also been
reported to interact with Hsp90-NTD in the presence of ATP analogue™.
We thus performed NMR-based competitive binding experiments and ATP
hydrolysis assay to verify whether Benzbromarone’s binding is capable of
interfering with the interactions between Ahal and Hsp90. Not surprisingly,
upon the presence of the compound, the interaction between Ahal-CTD
and Hsp90-NTD was inhibited (Fig. 3 and Supplementary Figs. S4 and S5).
Consistently, it appears that the application of Benzbromarone could down-
regulate the ATP hydrolysis rate of Hsp90-Ahal system (Fig. 3D).

After the elucidation of the binding modes of Benzbromarone to
Hsp90-NTD/Ahal-CTD, cellular-based experiments were carried out to
test whether the compound could interact with Hsp90-Ahal system in
cellular context and thus modulate the corresponding down-stream cellular
events. In line with the direct binding of Benzbromarone to Hsp90 and Ahal
indicated by the CESTA data (Fig. 4), Benzbromarone exhibited cytotoxicity
against multiple tested cancer cell lines (Fig. 4). Meanwhile, it suppressed the
migration and invasion capabilities as well as induced apoptosis and G2/M
cell cycle arrest of colorectal cancer cells and osteosarcoma cells
(Figs. 5 and 6). The following conducted immunoblotting analysis results
demonstrated that the cellular levels of Hsp90’s representative client pro-
teins including AKT, CDK2, CDK4 and AR were down-regulated upon the
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treatment of Benzbromarone (Fig. 7). Finally, to distinguish the cellular
effects of the drug acting through its interaction with Hsp90 from those
mediated by its binding to Ahal, we conducted drug combination
experiments. We tested whether a synergistic effect against colorectal
cancer could be achieved by combining the Hsp90-specific inhibitor
NVP-AUY922 with Benzbromarone. The results indicate that no
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synergistic benefits were observed with the combination of these two
drugs (Supplementary Fig. S9), suggesting that Benzbromarone primarily
causes cytotoxicity through its binding to Hsp90. Overall, the cellular
experiments revealed that Benzbromarone exhibits medium potency
anti-tumor activity, at least partially through its interference with the
Hsp90 system (Fig. 8).
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Fig. 5 | Benzbromarone suppresses the migration and invasion process of human
colorectal cancer and osteosarcoma cells. A The wound healing rates of HCT116
and MNNG/HOS Cl #5 cells were down-regulated by the application of Benz-
bromarone. Wound healing experiments were conducted on HCT116 and MNNG/
HOS Cl #5 cells treated with 20 uM Benzbromarone, and the quantitative results are
presented in the lower panel (n =3, *p <0.05, ¥*p < 0.01, ****p < 0.0001, t-test).

B Transwell migration experiments were conducted on HCT116 and MNNG/HOS Cl
#5 cells treated with Benzbromarone (10 M and 30 uM for HCT116, 20 uM and 40 uM
for MNNG/HOS Cl #5). The presence of Benzbromarone led to a significant decrease in
the number of migrating cells, and the quantitative results are presented in the lower

panel (n =3, *p <0.05, **p <0.01, ***p <0.001, t-test). C Transwell invasion experi-
ments were conducted on HCT116 and MNNG/HOS Cl #5 cells treated with either
20 uM or 40 uM Benzbromarone. The presence of Benzbromarone led to a significant
decrease in the number of invading cells, and the quantitative results are presented in
the lower panel (n =3, *p < 0.05, **p < 0.01, ***p < 0.001, t-test). D The application of
Benzbromarone could modulate the cellular levels of EMT-related proteins, including
N-cadherin and E-cadherin. After the treatment of HCT116 cells with 0, 20 pM, 40 uM,
and 80 uM Benzbromarone for 48 h, the level of E-cadherin was significantly up-
regulated. Statistical analysis was performed using Graphpad Prism 8 software (n =3,
*p <0.05 compared to control, #-test).
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Fig. 6 | Benzbromarone induces cell apoptosis and G2/M cell cycle arrest. A Cell
apoptosis was evaluated by flow cytometry analysis after the cells were treated with
Benzbromarone for 48 h. MNNG/HOS Cl #5 cells were treated with 0, 20 uM or
40 uM Benzbromarone, and LS174T cells were treated with 0, 60 uM or 80 uM
Benzbromarone. The cells were stained with PT and Annexin V-FITC and then
analyzed using flow cytometry. The recorded data were analyzed by using Flow]o.
The gating strategy for the flow cytometry (FACS) plots are shown in the first and
third panels. The quantitative results derived from the FACS plots are presented in
the upper-middle panels (n =3, *p <0.05, ¥***p < 0.001, -test). B Immunoblotting
analysis was used to detect the level changes of PARP, cleaved PARP, caspase-3, and
cleaved caspase-3 after the treatment with Benzbromarone lasting for 48 h. MNNG/
HOS CI #5 cells were treated with 0, 20 uM, 40 uM, or 60 uM Benzbromarone, and
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LS174T cells were treated with 0, 20 pM, 40 p,M or 80 pM Benzbromarone. Raw blot
data for cleaved PARP from multiple runs (n = 3) were processed by Image], and
graphs were plotted with GraphPad Prism 8 (n = 3, **p < 0.01 compared to control,
t-test). The unpaired two-tailed ¢-test comparing cleaved PARP levels between
untreated and 60 uM Benzbromarone-treated MNNG/HOS Cl #5 cells showed a p-
value of 0.094 (p =0.094). C Benzbromarone induces G2/M cell cycle arrest in
MNNG/HOS Cl #5 cells and LS174T cells. MNNG/HOS Cl #5 cells and LS174T cells
were treated with 40 uM Benzbromarone and 60 pM Benzbromarone, respectively.
The cells were stained with PI and analyzed by using flow cytometry. The recorded
data were analyzed to extract cell cycle distribution information by using Flow]Jo.
The quantitative results are presented in the right panel (n = 3).

Methods

Protein sample preparation

The genes encoding full-length Ahal, Hsp90-NTD (Hsp90°**), and Ahal-
CTD (Ahal™®**®) were cloned into the pET28a vector, and the gene
encoding full-length Hsp90p was cloned into the pET23a vector. Then, His-
tagged Hsp90B, Ahal, Hsp90-NTD and Ahal-CTD were expressed in BL21
(DE3) cells. The cells were transfected with expression plasmid and cultured
in Luria-Bertani medium at 37 °C. Once the OD value at 600 nm reached

0.6-0.8, protein expression was triggered by adding 0.3 mM IPTG (iso-
propyl B-D-thiogalactoside) to the medium. Following an 18-hour incu-
bation at 16 °C, the cells were harvested by centrifugation, re-suspended in
lysis buffer (for Hsp90p and Hsp90-NTD preparation: 300 mM NaCl,
100 mM Tris-HCl, 5% (v/v) glycerol, 5 mM B-mercaptoethanol (3-ME), pH
7.5; for Ahal and Ahal-CTD preparation: 200 mM KCl, 20 mM Tris-HC],
5mM B-ME, 20 mM imidazole, pH 7.5) and then stored in —80 °C freezer
for future use. To produce 100% '“N-labeled Hsp90-NTD and Ahal-CTD,
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Fig. 7 | The immunoblotting data indicates that Benzbromarone destabilizes
Hsp90’s client proteins. A, B Dose-dependent decreasing of the level for AR in
LNCaP cells and dose-dependent decreasing of the levels for AKT, CDK2, and
CDK4 in LNCaP, MNNG/HOS Cl #5, MG-63, LS174T, HCT116, and HT-29 cells
were observed upon the application of increased amounts of Benzbromarone.
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Additionally, treatment with Benzbromarone did not significantly up-regulate the
levels of Hsp70/Hsc70 and HSF1. Each experiment was repeated for three times, and
the results for one of the experiments are shown here. Statistical analysis was per-
formed using Graphpad Prism 8 software (*p < 0.05; **p < 0.01; ***p < 0.001
compared to control, ¢-test).

cells were cultured in M9 media with '°N-labeled ammonium chloride as the
only nitrogen source. Protein expression was triggered by adding 0.5 mM
IPTG when the OD600 value reached 0.4-0.6. The cells were then incubated
at 16 °C for 24 h before being harvested.

When needed, the cell pellets were lysed using a homogenized
instrument (AH-Nano, ATS Engineering Inc., Brampton, ON, Canada), the
insoluble materials were removed by centrifugation, and the supernatants
were loaded onto the Ni-NTA column (GE Healthcare, Boston, MA, USA).
The target proteins were eluted with elution buffer (for Hsp90p purification:

50 mM KCl, 30 mM Tris-HCl, 6 mM B-ME, 250 mM imidazole, pH 8.0; for
Hsp90-NTD purification: 300 mM NaCl, 100 mM Tris-HCI, 5% (v/v) gly-
cerol, 5mM B-ME, 300 mM imidazole, pH 7.5; for Ahal and Ahal-CTD
purification: 200 mM KCl, 20 mM Tris-HCl, 5 mM B-ME, 300 mM imi-
dazole, pH 7.5). The Hisq-tag of Ahal was then removed by ulpl protease,
and the His,-tag of Ahal-CTD was removed by thrombin protease. Hsp90-
NTD, Ahal and Ahal-CTD were further purified by size-exclusion chro-
matography on a HiLoad 16/600 Superdex 200 column (GE Healthcare,
Boston, MA, USA) equilibrated with size-exclusion chromatography buffer
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Fig. 8 | Working model for Benzbromarone-induced cancer cell death. Benz-

bromarone suppresses tumor cell growth and metastasis through dual mechanisms:

Tumor growth & metastasis
competitively inhibiting Hsp90 ATPase activity and interfering with Hsp90-Ahal
interactions.

(for Hsp90-NTD purification: 75 mM NaCl, 20 mM Tris-HCL, 1 mM B-ME,
pH 7.4; for Ahal and Ahal-CTD purification: 150 mM KCI, 20 mM Tris-
HCI, 0.5 mM ethylene diamine tetraacetic acid (EDTA), 5mM B-ME, pH
7.5). Hsp90p was further purified by anion-exchange chromatography (GE
Healthcare, Boston, MA, USA) using an elution buffer with KCl linearly
increasing from 50 mM to 1000 mM. The fractions containing Hsp90f were
subsequently concentrated using centrifugal filter tube (Millipore, Bur-
lington, MA, USA) and purified by size-exclusion chromatography on a
HiLoad 16/600 Superdex 200 column using the buffer containing 20 mM
KCl, 30 mM Tris-HCl, and 1 mM DTT. Produced Hsp90p was then con-
centrated, supplemented with 10% (v/v) glycerol, flash-frozen in the liquid
nitrogen and stored at —80 °C for future use. Purified proteins were ana-
lyzed by SDS/PAGE (10% or 15% gel), and the protein concentrations were
determined by using the instrument of Nanodrop (Thermo Scientific,
Waltham, Massachusetts).

Isothermal titration calorimetry measurements

ITC experiments were performed on a MicroCal ITC200 instrument
(Malvern Panalytical, Malvern, UK) at 25°C. Ahal-CTD and Benz-
bromarone were dissolved in the ITC buffer (150 mM KCl, 20 mM Tris-
HCI, 2% DMSO, pH 7.5). Ahal-CTD (20 pM) was added to the cell of the
instrument, titrated with 200 uM Benzbromarone contained in the instru-
ment injection syringe. The ITC titrations were performed using an initial
injection of 0.4 pL followed by 19 identical injections of 2 puL of Benz-
bromarone into the cell. The interval time between each injection was 160 s.
Data were analyzed by using the Origin software package.

NMR spectroscopy
1D Carr-Purcell-Meiboom-Gill (CPMG) NMR experiments were per-
formed on Bruker 600 MHz NMR spectrometers with a cryogenically
cooled probe (Bruker, Billercia, MA, USA) at 25 °C. Samples containing
200 uM Benzbromarone, as well as 200 uM Benzbromarone in the presence
of 5uM Hsp90-NTD/Ahal-CTD, were dissolved in phosphate buffer
(20 mM NaH,PO,, 20 mM Na,HPO,, 100 mM NaCl, pH 7.4, 2% DMSO).
Data analysis was carried out using MestReNova software.

['H, "*N] HSQC NMR experiments were performed on either Bruker
600 MHz or Bruker 800 MHz NMR spectrometer equipped with cryo-
genically cooled probe (Bruker, Billercia, MA, USA) at 25 °C. NMR samples
of 100 uM "N-labeled Hsp90-NTD and Benzbromarone at different con-
centrations (0 uM, 25uM, 50 uM, 100 uM, 200 uM and 400 uM) were
dissolved in the buffer containing 75 mM NaCl, 20 mM Tris-HCl, 1 mM f-

ME, 2% DMSO and 10% D,O at pH7.4. NMR samples of 100 uM
“N-labeled Ahal-CTD and Benzbromarone at different concentrations
(0 uM, 50 uM, 100 uM, 200 uM and 400 uM) were dissolved in the buffer
containing 150 mM KCl, 20 mM Tris-HCl, 0.5 mM EDTA, 5 mM -ME 2%
DMSO and 10% D,O at pH 7.5. As for the ['H, *N] HSQC-based com-
petitive binding experiments, NMR samples of 50 uM "*N-labeled Ahal-
CTD without or with the addition of Hsp90-NTD (250 uM, with 2.5 mM
AMPPNP and 5mM MgCl,) or Benzbromarone (400 uM) or both of
Hsp90 (250 uM, with 2.5 mM AMPPNP and 5mM MgCl,) and Benz-
bromarone (400 uM) were dissolved in the buffer containing 150 mM KCl,
20 mM Tris-HCL, 0.5 mM EDTA, 5 mM -ME, 2% DMSO and 10% D,O at
pH 7.5. For another set of ['H, "N] HSQC-based competitive binding
experiments, NMR samples of 50 uM "“N-labeled Hsp90-NTD (with
0.5 mM AMPPNP and 5 mM MgCl,) without or with the addition of Ahal-
CTD (250 uM), or Benzbromarone (400 uM) or both of Ahal-CTD
(250 pM) and Benzbromarone (400 uM) were dissolved in the buffer con-
taining 150 mM KCl, 20 mM Tris-HCI, 0.5 mM EDTA, 5mM B-ME, 2%
DMSO and 10% D,O at pH 7.5. The NMR spectra were processed by using
NMRPipe” and analyzed by using Sparky®*””. The chemical shift pertur-
bation (CSP) values for "N and 'H nuclei were calculated according to

Eq. (1):
CSP = <(A?V) + A(SHZ) /2 1)

in which A8y represents the chemical shift change of the amide nitrogen and
Ady represents the chemical shift change of the amide proton.

The Ky for Benzbromarone:Hsp90-NTD interacting system was
derived from a global fitting to the intensity decay curves of selected residues
(residues A24, M30, K41, 145, S50, 159, Y61, N83,191,196, A101, S129, 144,
Al145,T152, E158, G168, R173, M180, G181, Y197 and T214) according to
Eq. (2) derived from the published literature®*:

I (P0+x+Kd)—\/(P0+x+Kd)2—4P0x
1— =1, @)
I, 2P,

in which I represents the intensity value of selected residues along the
titration, I, represents the intensity value of selected residues in free state, P,
represents the concentration of Hsp90-NTD, I, is a constant, Ky repre-
sents the dissociation constant and x represents the concentration of
Benzbromarone along the titration. The theoretical basis for Eq. (2) is
provided as follows.

The observed intensity of NMR signals upon the binding of Benz-
bromarone is the weighted average of the intensities in the free and bound
states, that is,

Lyps = xplp + xplp (3)

here, xg and xg represent the fractions of Hsp90-NTD that are bound to
Benzbromarone and free in solution, respectively. Given that,

Xg+xp =1 (4)

we can express the fraction of the ligand as:
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(L}t = [L] + [PL] @)
[P}t = [P] + [PL] ®)

where [L]; and [P]; are the total concentrations of the ligand and protein,
which are the sums of their free and bound forms. Therefore, Ky can be
expressed as:

_ ([Pt — Xg[PlO([L} — Xg[P})
Ka= Xp[Plt ©

Then,

gy D+ Kg) = V ([IE]t] (L + Kg)* —4PRILE ()
2[P);

ops — I (Pl [l + Kg) — o/ (Pl +[L + Kg)? — 4[PRIL

Ig—Ip 2[P}

(11)

mwM+M)¢MwM+QYqMﬂ

IObS - IF = (IB - IF) |: Z[P]t

(12)

a%Hm+Q)¢@wmwKJmmﬂ
2[P}¢

Algpg = Al [
(13)

Where Al represents the change in observed intensity compared to the
free state, and Al,,.x is the maximum intensity change upon saturation
(typically determined through the fitting procedure, as it is often not directly
measurable experimentally). This equation enables the determination of Ky
by fitting the measured residue intensity changes across different protein
and ligand concentrations.

All of the source data related to the aforementioned chemical shift
perturbation analysis are summarized in Supplementary Data 1.

ATP hydrolysis assay

The ATP hydrolysis process catalyzed by full-length Hsp90p was monitored
through the recording of 1D *'P NMR spectra using a Bruker 500 MHz
NMR spectrometer equipped with a cryogenically cooled probe (Bruker,
Billercia, MA, USA). NMR samples of Hsp90B:ATP (4 uM:1 mM) reaction
system without and with the addition of either 400 uM Benzbromarone or
400 uM NVP-AUY922 were transferred into NMR tubes and incubated in
the NMR spectrometer at 37 °C. The *'P NMR spectra were acquired at
intervals of 20 min for a total duration of 4 h. Additionally, NMR samples of
Hsp90B:Ahal:ATP (4 uM:20 uM:1 mM) reaction system without or with
the addition of either 400 uM Benzbromarone or 400 uM NVP-AUY922
were acquired at intervals of 20 min for a total duration of 1 h. The reaction
buffer for all NMR samples contained 50 mM NaCl, 6 mM MgCl,, 25 mM
HEPES, 2% DMSO, and 10% D,O at pH 7.2. Data analysis was carried out
using MestReNova software.

NADH-coupled ATPase assay

The ATPase activity of full-length Hsp90p was measured by tracking the
decrease in the absorbance at 340 nm for 90 min at an interval of 60 s using a
regenerating enzyme-coupled assay. The reaction was carried out in the
384-well plate with a 50 uL volume and the reaction buffer contained
25mM HEPES at pH 7.2, 50 mM NaCl, 1 mM phosphoenol pyruvate
(Sigma-Aldrich), 0.6mM NADH, 2pL of pyruvate kinase/lactate

dehydrogenase enzymes (Sigma-Aldrich), 6 mM MgCl,, 1mM DTT,
500 uM ATP, and 2% DMSO. The measurement was initiated by the
addition of 4 uM full-length Hsp90p alone or Hsp90p-Ahal complex
(0.5 uM:2.5 uM) at 37 °C on SpectraMax M5, and the final concentration of
Benzbromarone was 400 uM. The raw data were analyzed as previously
described in ref. 69. The ATPase rates calculated were expressed as per M of
Hsp90 (1/min). All assays were done in triplicate.

Molecular docking

The crystal structure of HSP90 N-terminal domain (Hsp90-NTD) in
complex with pochoxime B (PDB code: 3INX) was used as the receptor
model for molecular docking in the Schrodinger 2017 suite. The receptor
model was preprocessed using the Protein Preparation Wizard”’, which
included adding hydrogen atoms and the missing side chains of residues,
retaining the water molecules forming more than three hydrogen bonds,
optimizing the orientations of polar hydrogens and the protonated states,
and refining the overall structure using the OPLS3 force field”". The three-
dimensional structure of Benzbromarone was generated and optimized
using the LigPrep tool. The docking grid was centered on the centroid of
Benzbromarone using the Receptor Grid Generation tool. The molecular
docking was performed using the Ligand Docking tool”” in the standard
precision mode, and the top-scoring conformation of docked Benz-
bromarone was finally selected for presentation and further analysis.

Protein pocket volume analysis

The crystal structures of Ahal-CTD in the apo and complex states (PDB
codes: 8Z3H and 8Z3]) were used to analyze the pocket volume. The water
molecules and/or ligand in the two crystal structures were firstly removed.
The volume and geometric information of the largest pockets in both
conformations of Ahal-CTD were then calculated using the PyVOL
1.7.6 software” in largest mode. The results showed that the largest pockets
in both states (apo state: 188 A%, complex state: 205 A”) were located at the
same region (the Benzbromarone-binding pocket in the complex state).
This indicates that Benzbromarone binding led to an increase in the pocket
volume of this pocket.

Crystallization and data collection

Mixtures of Ahal-CTD and Benzbromarone were incubated in an ice bath
for ~7-8 h before being used for crystallization. The final concentration of
Ahal-CTD was 15 mg/mL, with a 1:2 molar ratio of Ahal-CTD to Benz-
bromarone. Crystals of Ahal-CTD complexed with Benzbromarone were
obtained by using the sitting drop vapor diffusion method in a solution
containing 100 mM MMT buffer and 20% (w/v) polyethylene glycol 1500 at
pH6.5and 18 °C. Crystals of Ahal-CTD in apo state were obtained by using
the sitting drop vapor diffusion method in a solution containing 100 mM
MIB, pH 7.0, 25% polyethylene glycol 1500 at 18 °C. Crystals were cryo-
protected with 25% ethylene glycol and flash frozen by liquid nitrogen.
Reflection data were collected at Shanghai Synchrotron Radiation Facility
Beamline 18U1 and Beamline 02U1. Data were processed by XDS or xia2 at
the facility. PDB code 1X53 was used as a starting search model, and
structures were finally refined by Refmac in CCP4 suite’™’. The structures
have been deposited into PDB with accession codes of 8Z3H and 8Z3].

Cellular thermal shift assay

The MNNG/HOS Cl #5 and LS174T cells were collected using a phosphate-
buffered saline (PBS) solution that contained PMSEF. Cells were then lysed
directly by three freezing-thawing cycles in liquid nitrogen. Subsequently,
the cell lysates were subjected to centrifugation at 20,000 x g for 20 min to
eliminate cellular debris. Following centrifugation, the supernatants were
combined and incubated in an ice bath with 200 uM Benzbromarone for
1 h. Additionally, supernatants containing 1% DMSO were used as the
control. After the pre-incubation, the mixtures were divided into aliquots
and incubated at various temperatures ranging from 49 °C to 67 °C for
5 min. Finally, the precipitated denatured proteins were removed through
centrifugation, and the supernatants were analyzed using immunoblotting.
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Cell viability and colony formation assays

Cell proliferation was evaluated using the sulforhodamine B (SRB) assay.
Cells were seeded into 96-well plates (8000 cells per well for LNCaP and
HCT116, 6000 cells per well for MNNG/HOS Cl #5 and MG-63, 12000 cells
per well for LS174T, 10000 cells per well for HT-29) and allowed to adhere
overnight. Subsequently, cells were treated with either 0.1% (v/v) DMSO or
Benzbromarone/NVP-AUY922 at indicated concentrations. Following
another 72-h incubation, cells were fixed with 10% (w/v) trichloroacetic acid
for 1 h, washed with water, and stained with 4 mg/mL SRB (Sigma, St. Louis,
MO, USA) for 30 min in the dark. Excess dye was removed using 1% (v/v)
acetic acid. Protein-bound dye was dissolved in 10 mM Tris solution at pH
10.5 and measured at 510 nm using a SpectraMax M5 spectrophotometer
after shaking. Data analysis was carried out using GraphPad Prism
8 software.

As for colony formation assay, cells were seeded in 6-well plates (500
cells per well for MNNG/HOS Cl #5, MG-63, LNCaP, HCT116, and HT-29,
1000 cells per well for LS174T) and incubated at 37 °C overnight. Single cells
were allowed to grow and form colonies over 7-15 days until visible mac-
roscopic colonies showed up. The cells were gently washed with PBS buffer,
fixed with methanol, and stained with 0.1% crystal violet for 15 min. After
rinsing and air drying, the colonies were imaged and counted. Data analysis
was carried out using GraphPad Prism 8 software.

LNCaP, MNNG/HOS Cl #5 and MG-63 cells were purchased from
the Cell Bank affiliated with the Shanghai Institute of Biochemistry and
Cell Biology (SIBCB, Shanghai, China). LS174T and HCT116 cells, which
were initially obtained from the American Type Culture Collection, were
generously provided by Dr. Qiang Yu (Shanghai Institute of Materia
Medica, Chinese Academy of Sciences). HT-29 cells, which were initially
obtained from the Cell Bank affiliated with the Shanghai Institute of
Biochemistry and Cell Biology (SIBCB, Shanghai, China), were gener-
ously provided by Dr. Hu Zhou (Shanghai Institute of Materia Medica,
Chinese Academy of Sciences).

Wound healing assay, transwell migration and invasion assay
For wound healing assay, cells were seeded in 6-well plates and incubated at
37 °C overnight until reaching confluence. After making scratches by using
sterile tips, the culture medium was changed from 10% FBS to FBS at lower
concentrations (1% FBS for MNNG/HOS CI #5 and 2% FBS for HCT116).
After the treatment with either Benzbromarone or NVP-AUY922 at indi-
cated concentrations, images were captured at different time points of 0 h,
12h, 24h (MNNG/HOS CI #5) or 0h, 24 h, 48 h (HCT116). The wound
areas were analyzed using Image] software to assess cell migration
capabilities.

Transwell migration and invasion experiments were performed using a
24-well transwell chamber (3464, Corning, NY, USA). Cells (1.5 x 10° cells
per well for MNNG/HOS CI #5 and 2.0 x 10° cells per well for HCT116)
were seeded into the upper chambers in basal medium containing 0.2% BSA
and Benzbromarone at indicated concentrations, and enriched complete
medium containing 10% FBS was added into the lower chambers. The plates
were then incubated at 37 °C for either 24 h (HCT116) or 48 h (MNNG/
HOS Cl #5). After incubation, the chambers were washed with PBS, fixed
with methanol, and stained with 0.1% crystal violet. Images were captured
after removing non-migrated cells with cotton swabs. For invasion assay, the
Matrigel matrix (356234, Corning, NY, USA) was diluted at a ratio of one to
eight with cooled basal medium and added into the upper chambers in
advance. The subsequent steps for the invasion assay were similar to that for
the transwell migration assay.

Apoptosis assay and cell cycle distribution analysis by flow
cytometry

Cells were seeded into 6-well plates (2 x 10 cells per well for MNNG/HOS
Cl#5and 8 x 10° cells per well for LS174T) and allowed to adhere overnight.
Then cells were treated with 0.1% (v/v) DMSO or Benzbromarone at
indicated concentrations for 48 h. For apoptosis assay, after incubation, the
cells were collected, washed with cold PBS, and resuspended in 1x binding

buffer at a concentration of 2.5 x 10> cells/100 L. 100 pL of the cell sus-
pension was added into a tube, mixed with 10 uL of PIand 5 uL of Annexin
V-FITC (40302ES50, Yeasen, Shanghai, China). Then, the mixture was
incubated for 15 min at room temperature in the dark, and the fluorescence
signal was immediately assessed using a flow cytometer (BD LSRFortessa,
BD Biosciences, San Jose, CA, USA). The acquired data was subsequently
analyzed using Flow]Jo software.

In terms of cell cycle distribution analysis, after washing the collected
cells with cold PBS buffer, cells were fixed with 70% ethanol at 4 °C over-
night. The fixed cells were then centrifuged, washed with PBS buffer, and re-
suspended in PI/RNase staining buffer (C1052, Beyotime, Shanghai, China).
The fluorescence signal was assessed using a flow cytometer for 24 h, and the
acquired data were subsequently analyzed using FlowJo software. The figure
exemplifying the gating strategy for aforementioned cell cycle distribution
analysis is defined as Supplementary Fig. S10 and included in the supporting
information file.

Immunoblotting analysis

Following the treatment with either 0.1% (v/v) DMSO or Benzbromar-
one or NVP-AUY922 at indicated concentrations for 48 hours, MNNG/
HOS Cl #5, MG-63, LNCaP, L174T, HCT116, and HT-29 cells were lysed
using cell lysis buffer for western and IP analysis (Beyotime, Shanghai,
China) containing 1 mM PMSF. The supernatant was obtained through
centrifugation at 12,000 rpm for 30 min, and the protein concentration of
the samples was determined using the BCA method prior to western blot
analysis. Equal amounts of total protein were loaded onto a 10% poly-
acrylamide gel for SDS-PAGE electrophoresis to separate the proteins.
The protein samples in the gel were then transferred onto a 0.22 pm
polyvinylidene fluoride (PVDF) membrane. The PVDF membranes were
pre-blocked with 5% non-fat milk in Tris-buffered saline with Tween 20
(TBST) buffer before being incubated overnight at 4 °C with primary
antibodies (Hsp70, HSF1, AKT, Hsp90, Ahal, CDK2, CDK4, AR, E-
Cadherin, N-Cadherin, PARP, caspase-3, o/f tubulin, Vinculin, and
GAPDH). After subsequent incubation with either horseradish perox-
idase (HRP)-conjugated anti-mouse or HRP-conjugated anti-rabbit
secondary antibodies, the proteins on the membrane were visualized by
adding a chemiluminescent HRP substrate. The uncropped images for
the immunoblotting analysis data presented in Figs. 4A, 5D, 6B, 7 are
included and shown in Supplementary Fig. S11.

The following antibodies were purchased from Cell Signaling Tech-
nology (Danvers, MA, USA): anti-Hsp70 (#4872S), anti-HSF1 (#4356T),
anti-AKT (#9272S), anti-CDK4 (#12790S), anti-AR (#5153S), anti-PARP
(#95325), anti-caspase-3 (#9662S), anti-GAPDH (#8884S), anti-a/f tubulin
(#2148S), anti-Vinculin (#13901T) and anti-mouse (#7076S). The following
antibodies were purchased from AbCam (Cambridge, SC, USA): anti-
CDK2 (ab 32147), anti-E-cadherin (ab40772), and anti-N-cadherin
(ab76011). Anti-Hsp90 (341320) was purchased from R&D Systems
(Minneapolis, MN, USA). Anti-Ahal (14725-1-AP) and Anti-a tubulin
(66031-1-Ig) were purchased from Proteintech (Wuhan, China). Anti-
rabbit (abs 20002) was purchased from Absin Bioscience Inc. (Shang-
hai, China).

Statistics and reproducibility

Data were analyzed using GraphPad Prism 8 software and are presented as
means + standard deviation. Unpaired two-tailed t-tests were used to assess
the significance of NADH-coupled ATPase experiments at a 95% con-
fidence level, while unpaired two-tailed ¢-tests were applied for the statistical
analysis of all other experiments at a 95% confidence level. Significant values
and the number of replicates are indicated in the respective figure legends. In
addition, all source data (the individual data points) used in the statistical
analysis are compiled in Supplementary Data 1.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.
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Data availability

The crystal structures for Ahal-CTD in apo state and in Benzbromarone-
bound state have been deposited into PDB with accession codes of 8Z3H
and 8Z3]. All other data presented in the manuscript are available from the
corresponding author upon reasonable request.
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