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Abstract

The heat shock protein 90 (HSP90) 
protein family consists of cytosolic HSP90-al-
pha, HSP90-beta and mitochondrial TRAP1. 
As HSP90 facilitates the activation and stabi-
lization of many oncogenic proteins in cancer 
cells, it emerged as a potential therapeutic tar-
get in cancer treatment. Although many HSP90 
inhibitors are under various phases of clinical 
trials, the efficacy of these inhibitors on each 
isoform is largely unknown. This study aims 
to determine the sensitivity profiles of HSP90 
isoforms towards various natural and synthetic 
HSP90 inhibitors. Molecular docking analysis 
was performed for HSP90 inhibitors along with 
ATP and ADP over three isoforms HSP90-al-
pha, HSP90-beta and TRAP1. Our results 
indicate variable isoform-specific sensitivity 
towards HSP90 inhibitors. The predicted sensi-
tivity profiles are in line with the limited available 
experimental data indicating the utility of mo-
lecular docking approach. In addition, potential 
interactions between the inhibitors and residues 
within the HSP90 isoforms were identified. The 
data generated in the current study may provide 
valuable insights for the design of isoform-spe-
cific HSP90 inhibitors with improved efficacy 
and specificity towards the HSP90 isoforms. 
Further, our study revealed critical residues in 
each of these isoforms for specific targeting by 
novel inhibitors.
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Introduction

HSP90 is an important molecular chaper-
one that assists in the folding, maturation and 
activation of a large number of client proteins, 
which are critical for cellular homeostasis and 
various biological processes such as signal 
transduction, cell cycle regulation, and stress 
responses (1,2). HSP90 stabilizes several onco-
genic proteins that promote tumor development 
and survival, thus offering an important cellu-
lar target for cancer treatment (3,4,5). HSP90 
has multiple isoforms such as HSP90-alpha, 
HSP90-beta and TRAP1, each located in differ-
ent cellular compartments and performing spe-
cific functions. HSP90-alpha and HSP90-be-
ta are mainly cytoplasmic with HSP90-alpha 
being expressed in response to stress while 
HSP90-beta is constitutively expressed (6,7). 
TRAP1 is localized in the mitochondria and is 
involved in protecting cells from apoptotic stress 
(8). Although these isoforms share function-
al similarities, they have structural differences 
that may affect their interactions with inhibitors. 
This structural diversity offers a possibility for 
designing selective inhibitors that target specif-
ic HSP90 isoforms, potentially reducing off-tar-
get effects and enhancing therapeutic efficacy 
(9,10). Until now, many inhibitors have been 
developed that target the ATP-binding domain 
at the N-terminus of HSP90 to interfere with its 
chaperone activity and induce the degradation 
of its clients. However, the effects of these inhib-
itors on different HSP90 isoforms are not fully 
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understood. Molecular docking methods offer a 
valuable approach to study the binding affinities 
and specificities of HSP90 inhibitors for differ-
ent isoforms, which can help in the development 
of more selective drugs (11,12). The aim of the 
current study is to perform molecular docking 
analysis to determine the sensitivities of HSP90 
isoforms towards various natural and synthetic 
HSP90 inhibitors.

Material and Methods

HSP90-alpha (PDB: 1YES) (13), 
HSP90-beta (5UC4) (14) and TRAP1 (4Z1F) 
(15) isoforms were analysed for their sensitiv-
ities towards HSP90 inhibitors. Using Schro-
dinger Glide XP (extra precision) docking meth-
od (16), these structures were docked with 
adenosine triphosphate (ATP), adenosine di-
phosphate (ADP) and twenty HSP90 inhibitors 
collected from the PubChem (17): alvespimycin 
(17-DMAG), BIIB021, derrubone, gambogic 
acid, ganetespib, gedunin, geldanamycin, her-
bimycin, hypericin, IPI504 (retaspimycin hydro-
chloride), luminespib, macbecin, monocillin, 
onalespib, pochonin A, pochonin D, PU-H71 
(Zelavespib), radicicol, sansalvamide A and 
tanespimycin (17-AAG) (18). The binding affinity 
of each receptor-ligand was measured as an XP 
score and the sensitivity profile of each HSP90 
isoform towards the inhibitors was estimat-
ed. Additionally, multiple sequence alignment 
among HSP90-alpha, HSP90-beta and TRAP1 
was carried out using Clustal Omega (19), and 
the interactions between the ligands and the 
HSP90 isoforms were collected and analysed. 
Interactions of each isoform with inhibitors that 
showed higher binding affinity were compared 
with the available experimentally determined 
co-crystal structures: HSP90-alpha with gan-
etespib (PDBs: 3TUH, 6LSZ and 8W8K) (20), 
TRAP1 with BIIB021 (PDB: 4Z1G) (15), and 
TRAP1 with PU-H71 (PDB: 4Z1F) (15).

Results and  Discussion

A total of 66 molecular dockings were 
carried out using 20 HSP90 inhibitors, ATP and 
ADP against HSP90-alpha, HSP90-beta and 

TRAP1. Both ADP and ATP showed the high-
est binding affinities towards TRAP1 when 
compared to HSP90-alpha and HSP90-beta 
(Figure 1). Importantly, seven inhibitors (alves-
pimycin, derrubone, geldanamycin, hypericin, 
IPI-504, luminespib and monocillin) showed 
higher binding affinity towards HSP90-beta than 
HSP90-alpha and TRAP1 (Figure 1). Interest-
ingly, BIIB021, gedunin and PU-H71 showed 
significantly higher binding affinity towards 
TRAP1 than HSP90-alpha and HSP90-be-
ta; gambogic acid, macbecin and pochonin D 
showed slightly higher binding affinity towards 
TRAP1 when compared to HSP90-alpha and 
HSP90-beta (Figure 1). The greater sensitivity 
of TRAP1 towards PU-H71 further corroborates 
with the available experimental data when PU-
H71 availability in mitochondria was increased 
(15). Ganetespib showed slightly higher binding 
affinity towards HSP90-alpha when compared 
to HSP90-beta and TRAP1 (Figure 1). Herbi-
mycin showed similar binding affinities towards 
all three isoforms while onalespib, pochonin 
A, radicicol, sansalvamide A and tanespimycin 
showed higher binding affinities towards both 
HSP90-beta and TRAP1 when compared to 
HSP90-alpha (Figure 1).

	 All the interactions between HSP90 
isoforms and the inhibitors were summarized in 
Figure 2 and the residues that interact with the 
ligands were highlighted in Figure 3. Analysis 
of the ligand-isoform complexes revealed that 
amino acid stretches ELI (HSP90-alpha: 47-49; 
HSP90-beta: 42-44; TRAP1: 115-117), GIG-
MT (HSP90-alpha: 95-99; HSP90-beta: 90-94; 
TRAP1: 160-164), GVGFY (HSP90-alpha: 135-
139; HSP90-beta: 130-134; TRAP1: 202-206) 
and GTK (HSP90-alpha: 183-185; HSP90-be-
ta: 178-180; TRAP1: 250-252) were interacting 
with at least one ligand in each isoform and are 
conserved among the isoforms (Figure 3). In-
terestingly, residues N51, M98, N106 and F138 
(HSP90-alpha numbering) were shown to inter-
act with all ligands in all three HSP90 isoforms 
(Figure 3). For individual isoforms, all the ligands 
showed interactions with (i) N51, A55, K58, I96, 
G97, M98, N106, L107 and F138 of HSP90-al-
pha; (ii) N46, A50, M93, N101, L102, F133 and 
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T179 of HSP90-beta; (iii) N119, M163, N171, 
G202, V203, F205, T251 and I253 of TRAP1 
(Figures 2 and 3). Among these, A55, I96, M98 
and L107 of HSP90-alpha, A50, M93 and L102 

Figure 1. Predicted drug sensitivity profiles of HSP90 isoforms towards HSP90 inhibitors. Binding 
affinities of ADP, ATP and twenty inhibitors with each HSP90 isoform were measured in terms of XP 
scores and graphs were plotted. α: alpha; β: beta; T: TRAP1.

of HSP90-beta, and M163, V203 and I253 of 
TRAP1 formed Vander Waal interactions with 
all the ligands (Supplementary Figures 1-11).
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Figure 2. Receptor-ligand interactions between HSP90 isoforms, and ADP, ATP and twenty HSP90 
inhibitors. Amino acids in HSP90-alpha (A), HSP90-beta (B) and TRAP1 (C) that are interacting 
with each ligand were shaded.
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Figure 3. Schematic representation of HSP90 residues interacting with inhibitors. Multiple sequence 
alignment was performed for the HSP90 isoforms. All the residues that were interacting with at least 
one ligand in each isoform were highlighted in yellow. Residues in each isoform that were interact-
ing with all the 22 ligands were coloured in red.

	 Comparison of co-crystal structures 
(3TUH, 6LSZ and 8W8K) of HSP90-alpha and 
ganetespib complexes with the molecular dock-
ing analysis revealed many common interac-
tions: hydrogen bonds with K58 and G97, and 
non-bonded interactions with L48, S52, A55, 
D93, I96, M98, L107, F138 and V186 (Supple-
mentary Figure 4). All the interactions observed 
in the experimental co-crystals except G108 
and T109 were present in the HSP90-alpha 
and ganetespib complex (Supplementary Fig-
ure 4). Further, the common interactions be-
tween co-crystal structure (4Z1G) and TRAP1-
BIIB021 complex (Supplementary Figure 2) 
include hydrogen bonds with D158 and T251, 
and non-bonded interactions with N119, A123, 
I161, G162, M163, L168, G202 and F205. Sim-

ilarly, common interactions between co-crystal 
structure (4Z1F) and TRAP1-PU-H71 complex 
(Supplementary Figure 10) include hydrogen 
bonding with D158, non-bonded interactions 
with N119, A123, I161, G162, M163, E167, 
N171, G202, F205, W231 and T251. All the in-
teractions present in the co-crystals of TRAP1 
with BIIB021 (4Z1G) and PU-H71 (4Z1F) were 
observed in the complexes obtained through 
molecular docking indicating the usefulness of 
computational approach in predicting the drug 
sensitivities of HSP90 isoforms. 

Conclusion

	 The current study established the sen-
sitivity profiles of HSP90 isoforms towards var-
ious natural and synthetic inhibitors. Among 
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the HSP90 isoforms, TRAP1 was observed to 
be more sensitive towards PU-H71, which is in 
line with the previously reported experimental 
data. Additionally, the interactions observed in 
the available experimental co-crystal structures 
were largely present in the complexes obtained 
from our molecular docking analyses indicating 
the effectiveness of this approach in predicting 
drug sensitivities of HSP90 isoforms.

Availability of data 

All the data are included in the supplementary 
files.
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