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Abstract Modulation of protein fate decision and protein homeostasis plays a significant role in

altering the protein level, which acts as an orientation to develop drugs with new mechanisms. The mo-

lecular chaperones exert significant biological functions on modulation of protein fate decision and pro-

tein homeostasis under constantly changing environmental conditions through extensive proteineprotein

interactions (PPIs) with their client proteins. With the help of molecular chaperone machinery, the pro-

cesses of protein folding, trafficking, quality control and degradation of client proteins could be arranged

properly. The core members of molecular chaperones, including heat shock proteins (HSPs) family and

their co-chaperones, are emerging as potential drug targets since they are involved in numerous disease

conditions. Development of small molecule modulators targeting not only chaperones themselves but also

the PPIs among chaperones, co-chaperones and clients is attracting more and more attention. These mod-

ulators are widely used as chemical tools to study chaperone networks as well as potential drug candi-

dates for a broader set of diseases. Here, we reviewed the key checkpoints of molecular chaperone

machinery HSPs as well as their co-chaperones to discuss the small molecules targeting on them for mod-

ulation of protein fate decision.
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1. Introduction

Targeting protein fate decision is a rational way to design drugs by
modulating protein levels in various diseases. Molecular chaper-
ones are one kind of significant proteins to regulate diverse
downstream effectors. Abnormal expression of molecular chap-
erones could be regarded as potential biomarkers of multiple
diseases. Molecular chaperones are obbligato for organisms to
maintain homeostasis under stressed or changing environmental
conditions1. In the human genome, approximately 150 genes are
involved in molecular chaperones, such as heat shock proteins
(HSPs) family and their associated proteins (co-chaperones), T-
complex polypeptide 1 (TCP-1) ring complex, protein-disulfide
isomerases, peptidyl-prolyl cisetrans isomerases, calnexin/calre-
ticulin, etc.2,3 In fact, the molecular chaperone family is encoded
by w170 genes to constitute a large number of proteins. Among
them, HSPs are regarded as majority members of molecular
chaperone which are categorized by their molecular weight,
including HSP110, HSP90, HSP70, HSP60/40 and small HSPs
(sHSPs). To date, HSP90 is the most studied molecular chaperone
which is widely expressed in all cells and conserved in all eu-
karyotes, including HSP90a/b in cytosol, glucose-regulated pro-
tein 94 (GRP94) and tumor necrosis factor receptor-associated
protein 1 (TRAP1) in the endoplasmic reticulum and mitochondria
respectively. All these chaperones synergistically serve to achieve
the balance of proteostasis, leading client proteins to avoid mis-
folded and/or aggregated4. The most essential function of mo-
lecular chaperones is to ensure the client proteins to achieve
proteostasis under the diverse changes that affect proteins (such as
a sudden increase of temperature, “heat shock”), thus leading to
cellular homeostasis5. Molecular chaperones interact with other
proteins (also known as client proteins or clients) to help them
acquiring correctly folded forms, and only dissociate until the final
active structures are accomplished (Fig. 1)6. Most chaperones
n process, main function of molec
work with the help of different co-chaperones to achieve different
functions. They are directly related to important physical func-
tions including anti-aggregation, intracellular trafficking, main-
taining in metastable state and degradation. Based on the
fundamental functions of molecular chaperones, which mainly
include assisting and folding of enzymes with an inter connection
of molecular chaperones and co-chaperones, disorders of molec-
ular chaperone can be found in diverse diseases. Currently,
directly inhibition of molecular chaperone and disruption of PPIs
between chaperone and co-chaperones by small molecules have
been identified as efficacious ways to modulate protein fate de-
cision. Here, we discussed the major molecular chaperones, HSPs
and their co-chaperones, which were discovered for their specific
and elevated expression under the heat shock response. In this
review, we briefly introduced the biological functions of HSPs and
PPIs with co-chaperones to emphasize the development of small
molecules targeting them.

2. Targeting HSPs family and small molecule inhibitors

2.1. Large HSPs

Large HSPs are mainly composed of HSP110 (or HSP105, which
is induced by heat shock response) and GRP170 (retained in ER,
which is induced by glucose deprivation)7. The major function of
HSP110 is to recognize the denatured proteins and turn them to
soluble and stable states. Although this function could be achieved
by HSP70, HSP110 exhibits a more efficient pattern by interacting
with other HSPs including HSP70 and HSP27. Considering a
possible relationship of large HSPs (HSP110 and GRP170) to
cancer, which concludes their immunostimulatory potency to
target protein antigens for enhancement of antigen-based cancer
vaccines, they appeal to be interesting targets. GRP170 shows
similar structure and function of HSP110. The structure of
ular chaperone machinery and inhibition strategies by small molecule
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HSP110 reveals comparability to Escherichia coli DnaK, which
contains an N-terminal domain (ATPase domain, domain A), a
peptide binding domain (domain B) and a C-terminal domain
(domain H). A long acidic loop (domain L) exists for linking the
peptide-binding domain and the C-terminal domain. In various
cancers, HSP110 is overexpressed with diverse functions,
providing therapeutic potentials in non-Hodgkin, lymphoma,
melanoma and colorectal cancer. Currently, although there is no
small molecule reported to regulate HSP110 or GRP170,
considering their high chaperoning and immunological activity,
large HSPs have been applicated to prepare vaccines for cancer
therapy7e12.

2.2. HSP90

HSP90 family is one of the most widely studied molecular
chaperones in HSPs family, which comprises HSP90a and
HSP90b in cytosol, glucose regulated protein 94 (GRP94) in
endoplasmic reticulum and TNF receptor-associated protein 1
(TRAP1) in mitochondrion (Fig. 2A)13. HSP90 works through a
homodimer and its dimerization process is important for its
function in vivo14. One HSP90 monomer is constituted by an N-
terminal domain (NTD) functioning as an ATP binding site, a
middle domain (MD) for client binding and a C-terminal domain
(CTD) for its dimerization15. Specifically, CTD involves a Met-
Glu-Glu-Val-Asp (MEEVD) motif for interaction with tetra-
tricopeptide repeat domain (TPR) containing co-chaperones16.
NTD of HSP90 remains an open state in the absence of ATP and
turns to a closed-state when ATP is hydrolyzed via binding clients
and intermediate steps17. The client proteins of HSP90 are
expanding rapidly and are consisted of conformationally labile
Figure 2 Structure and biological function of HSP90. (A) Crystal struct

4IPE). (B) Co-chaperones (including TPR proteins and non-TPR proteins
signaling transducers which involve growth control, cell survival
and development processes18. As a typical molecular chaperone,
HSP90 helps diverse proteins for folding, maturation and degra-
dation19. One representative client of HSP90 is the signaling of
steroid hormone receptors (SHRs), which belongs to eukaryotic
transcription factors. SHRs form large protein complexes which
include the major components of HSP90 and its co-chaperones20.
Another large class of HSP90 clients are protein kinases,
including notorious oncogenes (RAF-1, CDK4/6, AKT, Src, c-
Met, BCR-ABL, VEGF, HER2, etc.) HSP90 is essential for the
stability and function of a number of oncogenic proteins, such as
signaling kinases, steroid hormone receptors, telomerase, and
many others that directly contribute to the hallmarks of cancer,
making HSP90 as an attracting anti-cancer target over the past
decade21,22. In addition, HSF-1 pathway could be activated by
HSP90 inhibition, which was regarded as an inducer of anti-
inflammatory and immunosuppressive genes, so blockade of
HSP90 might provide a potential molecular target for autoimmune
diseases23. Given the essential roles played by HSP90, inhibiting
HSP90 by small molecules is therefore an attractive therapeutic
strategy and several clinical trials are ongoing.

2.2.1. Functions and chaperone cycles of HSP90
HSP90 is important to maintain the protein homeostasis by
regulating the active conformations of client proteins that widely
take part in many biological processes, such as cell cycle, signal
transduction, immune response, viral infections, and cancer
development (Fig. 2B)24. HSP90-mediated protein folding cycle
operates with the help of ATP and a number of co-chaperones24.
Over 20 co-chaperones are known to form the multiprotein
complexes with HSP90 to make the cycle proceed smoothly24.
ures of HSP90 (PDB:2CG9), GRP94 (PDB:5ULS) and TRAP1 (PDB:

), client proteins and processors in HSP90 chaperone cycle.
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Initially, the complex of HSP70/HSP40/ADP is in charge for
identifying nascent polypeptides, which could be stabilized by
HSP70-interacting protein (HIP). Subsequently, as an adaptor
protein, HOP/Sti1 (HSP90eHSP70 organizing protein) delivers
the complex of HSP70/HSP40/ADP/client to HSP90. CDC37
(cell-division-cycle 37 homologue) is responsible for the fate of
protein kinases. With the help of Cdc37 and Hop, client kinases
are loaded onto HSP90. Next, various co-chaperones such as
immunophilins (FKBP51, FKBP52) and partner proteins are
recruited to complexes to form an activated HSP90 homodimer
following concomitant release of HSP70, HIP, and HOP. With the
binding of ATP at HSP90 N-terminal pocket, an “open” HSP90
complex changed into a “closed” conformation briefly. Co-
chaperone P23 and AHA 1 (activator of HSP90 ATPase homo-
logue 1) are recruited to the MD of HSP90 monomer, resulting in
the hydrolysis of ATP and promoting the folding and maturation
of clients24. The chaperone cycle is a complex process that re-
quires the co-operation of different co-chaperones and co-
activators that work with HSP90 to control the fate of client
proteins. Small molecule inhibitors targeting HSP90 can interfere
the different stage of the chaperone cycle, which prevents the
normal work of HSP90, and ultimately, leads to the degradation of
diverse clients via the ubiquitineproteasome pathway.
2.2.2. HSP90 inhibitors
2.2.2.1. Pan-HSP90 N-terminal inhibitors. Pan-HSP90 N-ter-
minal inhibitors competitively occupy the ATP pocket to block
ATP hydrolysis of HSP90 and subsequently impair the maturation
of client proteins. The inhibitors with similar affinity to all four
isoforms (HSP90a, HSP90b, GRP94 and TRAP1) are named pan-
HSP90 N-terminal inhibitors25. So far, more than 20 distinct N-
terminal HSP90 inhibitors have entered into clinical trials and
more compounds have been authorized to preclinical studies26.
Briefly, these inhibitors can be divided into four classes according
to their chemical scaffolds including ansamycin-based, resorcinol-
based, purine-based and benzamide-based inhibitors27. Among
them, geldanamycin (GDA), which was isolated from Strepto-
myces hygroscopicus, was identified as the first prominent HSP90
inhibitor that exhibited potent antitumor activity28. Analogues of
GDA such as IPI-504 was the first-generation of HSP90 inhib-
itors29e31. To improve the drug-like properties of geldanamycin
analogues, the second-generation of synthetic small molecule in-
hibitors are developed, such as purine derivatives (PU-H71),
resorcinol derivatives (AT13387) and benzamide derivatives
(SNX-2112)32�34. Among them, NVP-AUY922 (Luminespib, in
phase II clinical trial), CUDC-305 (Debio 0932, in phase I clinical
trial) and STA-9090 (Ganetespib, in phase II clinical trial) are
currently important and representative HSP90 inhibitors with
diverse researches on going in clinical trials, including multi-types
of cancer35e37. In 2016, our group38 also discovered a promising
and safe HSP90 inhibitor, DDO-5543 (compound 73), with potent
antitumor effect in an HCT116 xenograft model. The current state
of these inhibitors was comprehensively reviewed as previous
reported25e27,39.

2.2.2.2. HSP90 C-terminal inhibitors. Based on the unique
structure of HSP90, the function of C-terminal domain and the
inhibition strategies targeting on it are raising more and more
attention. Some natural products and their derivatives were re-
ported to exhibit promising antitumor effect through targeting
HSP90 C-terminal domain40. Novobiocin was reported as the first
HSP90 C-terminal inhibitor with moderate antitumor activity. A
comprehensive structureeactivity relationship (SAR) study was
conducted to improve the activity by Blagg group41 and many
potent derivatives were reported to exhibit potent anti-proliferative
activities against various cancer cell lines, such as KU-135 and
KU675. A novobiocin based rapid overlay of chemical structures
(ROCS) model was performed by our group42 and a new scaffold
containing aminoquinoline was identified as HSP90 C-terminal
inhibitor with potent tumor growth inhibition and anti-metastasis
effect, leading DDO-5713 as a potent antitumor agent. Most
importantly, unlike the N-terminal inhibitors, these C-terminal
inhibitors did not induce heat shock response. Thus, C-terminal
inhibitors provide new options to control the client protein with
more efficacy and safety.

2.2.2.3. HSP90a/b selective inhibitors and HSP90b selective
inhibitors. The pan-HSP90 inhibitors cannot induce the
extended a-helix conformation, so they exhibit similar activity
against HSP90, GRP94 and TRAP143. While, based on the
sequential difference of HSP90a/b, structural insights for the
design of inhibitors with improved HSP90a/b selectivity have
been provided44. TAS-116, an HSP90a/b selective inhibitor which
was developed through fragment-based drug design by Taiho
Pharmaceutical Co., Ltd., has been entered into clinical trials.
TAS-116 possessed excellent HSP90a/b selective inhibition ac-
tivity with Ki values of 34.7, 21.3, >50 and > 50 mmol/L for
HSP90a, HSP90b, GRP94, and TRAP1, respectively45. HSP90b
is considered to be constitutively expressed in the cytoplasm,
while HSP90a is an inducible form that is overexpressed during
cellular stress43. HSP90a and HSP90b sharew95% identity in the
ATP binding pockets and the subtle difference is that only two
amino acids differ between the a and b isoforms, making it
difficult to develop of HSP90a- or HSP90b-selective inhibitors. In
the co-crystal structure of HSP90b with radicicol, Ala52 and
Leu91 make a sub-pocket that could tolerate a reasonable sub-
stituent at the 3-position of resorcinol, while there is an unfa-
vorable steric effect at the same site of HSP90a. Thus, SAR at the
3-position of resorcinol was studied, leading to a benzoisoxazole
scaffold (KUNB31) that could selectively inhibit the HSP90b
isoform with >50-fold selectivity. Unlike pan-HSP90 N-terminal
inhibitors, selective inhibition of HSP90b does not influence other
isoforms of HSP90, suggesting an alternative and promising
mechanism for the therapy of some tumor driven by HSP90b-
dependent client proteins46.

2.2.2.4. GRP94 inhibitors. Glucose-regulated protein 94
(GRP94), also known as gp96, is a molecular chaperone in the
lumen of the endoplasmic reticulum (ER), which belongs to the
HSP90 family. GRP94 is one of the key downstream chaperones
of the ER unfolded protein response (UPR), which is an essential
adaptive intracellular signaling pathway to restore protein ho-
meostasis when cells are subjected to the burden of unfolded
proteins in the ER47. GRP94 has emerged as a potential thera-
peutic target for a host of diseases, including cancer, primary
open-angle glaucoma and autoimmune diseases51e53. GRP94
controls the maturation and secretion of a variety of cancer-
associated proteins, including TLR receptors, integrins, LDL re-
ceptor related protein 6 (LRP6), glycoprotein A repetitions pre-
dominant (GARP), glycoprotein IbeIXeIV, HER2 and insulin-
like growth factors (IGFs)54. Like other HSP90 isoforms,
GRP94 exists as obligatory homodimers with each monomer
consisting of the following three major functional domains: NTD,
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MD, and CTD. The GRP94 N-terminal ATP-binding pocket
shares 85% identity to other HSP90 isoforms. The helix 1-4-5 of
GRP94 subdomain contains a five-amino acids (QEDGE) inser-
tion, resulting in a conformational change within the N-terminal
ATP-binding pocket that exposes two different hydrophobic clefts
adjacent to the adenine binding region of the N-terminal ATP-
binding pocket, termed sites two and three pockets, respec-
tively55. Currently, design of GRP94-selective inhibitors is based
on the identification and exploitation of these two cavities. At
present, the reported GRP94 inhibitors can be chemically classi-
fied into three classes: resorcinol derivatives, purine derivatives
and benzamide derivatives47. In 2018, our group48 indicated that
the “Phe199 shift” effect induced by the ligand is the structural
basis for the selective inhibition of GRP94. By analyzing the
binding modes of three classes of scaffolds, we found that the
benzamide-scaffold is suitable to design new GRP94-selective
inhibitors since the 3-position of the carbamoyl group points to
Phe199. On the basis of these observations, we further introduced
a rigid and hydrophobic phenyl ring at the 3-position of the car-
bamoyl group, which ultimately led to the discovery of DDO-5813
(compound 54). In a label-free biolayer interferometry (BLI)
assay, DDO-5813 bound to GRP94 with a Kd value of 19.6 nmol/L
and to HSP90a with a Kd value of 20.6 mmol/L In a DSS-induced
mouse model of ulcerative colitis (UC), treatment with DDO-5813
could ameliorate the inflammatory symptoms and reduce the
expression of inflammatory cytokines in the colon and serum.
GRP94 isoform-selective inhibitors only regulate the GRP94-
specific clients, endowing them with more favorable safety pro-
files and clinical potentials48.

2.2.2.5. TRAP1 inhibitors. As the mitochondrial paralog of
HSP90, TNF receptor-associated protein 1 (TRAP1) was firstly
identified by screening for proteins that bind to the intracellular
domain of the type one receptor for tumor necrosis factor (TNFR-
1IC) in the yeast based on two hybrid technologies56. With an
improved understanding of the organelle architecture in mito-
chondria, the global role of TRAP1 in mitochondrial physiology,
mitochondrial respiration and aerobic glycolysis, organelle-
compartmentalized protein folding, and oxidative stress became
increasingly clear57,58. Dysfunction of TRAP1 has been noticed in
cancer and neurodegenerative diseases58,59. TRAP1 is induced in
the different types of cancer and is involved in the regulation of
metabolic switch in the mitochondria of tumor cells through the
regulation of maturation and secretion of selective proteins, such
as cyclophilin D, mitochondrial c-Src and sorcin60e63. Targeting
the TRAP1 system definitely influences mitochondrial physiology,
impacts both glycolysis and oxidative stress, and could provide a
novel anticancer approach for humans59. In 2009, the first TRAP1
inhibitor gamitrinibs (G-G1�G-G4) was reported by Byoung
Heon Kang and coworkers49. Gamitrinibs are a series of combi-
natorial molecules, containing a backbone of pan-HSP90 inhibitor
17-AAG, a linker, and a mitochondrial-targeted moiety, either
provided by oneefour tandem repeats of cyclic guanidinium
(Gamitrinib-G1eG4) or triphenylphosphonium (Gami-
trinibeTPPeOH). Gamitrinibs could accumulate in the mito-
chondria of human tumor cell lines and inhibit HSP90 ATPase
activity49. SMTIN-P01, a conjugate of PU-H71 and TPP, was
another mitochondria-accumulating HSP90 inhibitor, showing an
improved cytotoxicity to cancer cells. The active site of lid
structure (Leu172-Phe201) in TRAP1 was disordered and its
conserved residues Asn171 and Gly202 showed different config-
urations. Thus, it is important to generate the interactions with the
disordered TRAP1 active site lid to improve the TRAP1 selec-
tivity57. DN401 was the first TRAP1 inhibitor without using the
mitochondrial delivery vehicle, discovered by comparison of
crystal structures of TRAP1 and HSP90 complexed with HSP90
inhibitor BIIB02150. TRAP1 selective inhibitors may overcome
the heat shock response effect of pan-HSP90 inhibitors. Devel-
opment of TRAP1 selective inhibitor could control and regulate
the fate of subcellular client proteins and subsequently generate a
potent anti-tumor activity with a novel mode of action. All the
representative HSP90 inhibitors were summarized in Table 126e50.

2.3. HSP70

2.3.1. Functions and chaperone cycle of HSP70
Besides HSP90, HSPs family contains another widely expressed
and well-studied chaperone, HSP70, which is consisted of multi-
ple homologous chaperone proteins. In normal cells, HSP70
mainly resides in the cytoplasm64. Other specific HSP70 proteins
are localized in different organelle whereas GRP78 (also called as
BIP or HSP70-5) is found in endoplasmic reticulum (ER) and
HSP70-9 (also called as mtHSP70, mortalin or GRP75) is found in
mitochondria65. Other known members including HSP70-1a,
HSP70-1b, HSP70-2 and heat shock cognate protein 70
(HSC70) are mainly located in the cytosol and nucleus66. HSP70
is highly conserved and shares a similar domain architecture,
which contains an N-terminal nucleotide binding domain (NBD)
connected with a C-terminal substrate-binding domain (SBD).
The NBD is further divided into two subdomains I and II, which
works as an ATP binding domain through a nucleotide-binding
cassette67,68. The SBD is composed of a w10 kDa a-helix and
a w15 kDa b-sandwich structure (Fig. 3A)69. Proteineprotein
interactions including J domain with NBD of HSP70 enhance
ATP turnover and distinct cochaperones as well as the nucleotide
exchange factors (NEFs) contribute to the completion of ATPase
cycle, which all are important regulatory factors and obbligato for
diverse chaperone functions of HSP7070,71. Interestingly, similar
with the MEEVD sequence on HSP90, the C-terminus of HSP70
shares an EEVD sequence for the binding of tetratricopeptide
repeat (TPR)-containing co-chaperones72. In normal cells, HSP70
remains at low levels but its expression could be rapidly increased
by the induction of transcription factor heat shock factor 1 (HSF-
1) under cellular stress (including the stress of oncogenesis). The
main clients of HSP70 are linear peptides, including newly syn-
thesized proteins or unfolded intermediates (such as clathrin,
transcriptional activation complex, nuclear hormone receptors,
etc.)73,74. During normal cell growth, HSP70 also exhibits multi-
ple functions including (1) folding the unfolded proteins75,76, (2)
transporting proteins and vesicles in the subcellular fraction77, (3)
forming complex with other chaperones78, and (4) degradation of
mis-folded proteins (Fig. 3B)79. Due to the important activities of
HSP70, a wide range of diseases have been implicated by genetic
and biochemical studies, including cancer and apoptosis, protein
misfolding and neurodegenerative disease and infectious disease
and immunity (Fig. 3C)80e82.

2.3.2. HSP70 inhibitors
Unlike HSP90 (weak ATPase), which has abundant ATPase in-
hibitors with multiple chemical types, the discovery of HSP70
ATPase inhibitors meets strong resistance. Although many reviews
and researches have demonstrated HSP70 as a promising target for
cancer therapy, there is no drug-like compound that has been
identified yet83. This difficulty may be caused by the high affinity



Table 1 Representative HSP90 inhibitors with different mechanisms.

Name Year Structure Mechanism Activity Ref.

Radicicol 1998 Pan-HSP90 N-terminal

ATP inhibitors

HSP90 all isoforms:

IC50 Z 0.019 mmol/L (FP)

26,27

GDA 1997 Pan-HSP90 N-terminal

ATP inhibitors

HSP90 all isoforms:

IC50 Z 0.005 mmol/L (FP)

28

IPI-504 2017 Pan-HSP90 N-terminal

ATP inhibitors

HSP90 all isoforms:

IC50 Z 0.064 mmol/L (FP)

29e31

AT13387 (onalespib) 2010 Pan-HSP90 N-terminal

ATP inhibitors

HSP90 all isoforms:

IC50 Z 0.7 nmol/L (FP)

32

PU-H71 2005 Pan-HSP90 N-terminal

ATP inhibitors

HSP90 all isoforms:

IC50 Z 0.009 mmol/L (FP)

33

SNX-2112 2009 Pan-HSP90 N-terminal

ATP inhibitors

HSP90 all isoforms:

IC50 Z 0.003 mmol/L (FP)

34

NVP-AUY922 (luminespib) 2008 Pan-HSP90-N-terninal

ATP inhibitors

HSP90a, IC50 Z 0.008 mmol/L

HSP90b, IC50 Z 0.021 mmol/L

GRP94, IC50 Z 0.535 mmol/L

TRAP1, IC50 Z 0.085 mmol/L

35

CUDC-305 (debio 0932) 2009 Pan-HSP90 N-terminal

ATP inhibitors

HSP90a, IC50 Z 0.01 mmol/L

HSP90b, IC50 Z 0.01 mmol/L

36

STA-9090 (ganetespib) 2011 Pan-HSP90 N-terminal

ATP inhibitors

HSP90 all isoforms:

IC50＜0.01 mmol/L

37

DDO-5543 (73) 2016 Pan-HSP90 N-terminal

ATP inhibitors

HSP90 all isoforms:

IC50 Z 0.032 mmol/L (FP)

38,39

Novobiocin 2000 HSP90 C-terminal ATP

inhibitors

Cellular activity:

IC50 Z 256 mmol/L

40,41

DDO-5713 (69) 2017 HSP90 C-terminal ATP

inhibitors

Cell activity:

IC50 Z 1.19 mmol/L

42

(continued on next page)
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Table 1 (continued )

Name Year Structure Mechanism Activity Ref.

SNX0723 2014 HSP90a/b selective

inhibitor

HSP90a, Ki Z 0.003 mmol/L

HSP90b, Ki Z 0.004 mmol/L

GRP94, Ki Z 0.375 mmol/L

TRAP1, Ki Z 1.195 mmol/L

43,44

TAS-116 2015 HSP90a/b selective

inhibitor

HSP90a, Ki Z 0.035 mmol/L

HSP90b, Ki Z 0.021 mmol/L

GRP94 Ki > 50 mmol/L

Trap1 Ki > 50 mmol/L

45

KUNB31 2018 HSP90b selective

inhibitor

HSP90a, Kd Z 9.55 mmol/L

HSP90b, Kd Z 0.18 mmol/L

GRP94, Kd Z 8.48 mmol/L

46

PU-W13 2015 GRP94 selective inhibitor GRP94: IC50 Z 0.22 mmol/L

HSP90a: IC50 Z 2.73 mmol/L

47

KUNG29 2017 GRP94 selective inhibitor GRP94: IC50 Z 0.20 mmol/L

HSP90a: IC50 Z 8.10 mmol/L

47

KUNG94 2017 GRP94 selective inhibitor GRP94: IC50 Z 0.008 mmol/L

HSP90a: IC50 Z 0.077 mmol/L

47

ACO1 2017 GRP94 selective inhibitor GRP94: IC50 Z 0.44 mmol/L

HSP90a: no inhibition

47

SMTIN-P01 2015 TRAP1 selective inhibitor Cell activity: better than PU-H71

(data unavailable)

47

DDO-5813 (54) 2018 GRP94 selective inhibitor GRP94: IC50 Z 0.002 mmol/L

HSP90a: no inhibition

48

Gamitrinibs 2009 TRAP1 one selective

inhibitor

Cell activity:

IC50 Z 4.0 mmol/L (A431)

49

DN401 2017 TRAP1 selective inhibitor TRAP1: IC50 Z 0.079 mmol/L

HSP90a: IC50 Z 0.698 mmol/L

50

1910 Lei Wang et al.



Figure 3 Structure, functional cycle and cancer-related pathway of HSP70. (A) The crystal structure of HSP70 containing NBD, SBD and TPR

binding domain. (B) Functional cycles of HSP70. With the help of HSP40, unfolded polypeptide substrate firstly binding to HSP70 with an ATP

bound state (this process exhibits a low affinity for polypeptide). After ATP hydrolyzed, substrates exhibit high affinity with an ADP bound state,

before NEF induced ADP release. During this process, substrates are fully folded and released. (C) Roles and functions of HSP70 in cancer-

related pathways as a potential therapeutic strategy, including inhibition of apoptosis, control of oncogene-induced cell senescence, stabiliza-

tion of lysosome function and regulation of autophagy by HSP70, and regulation of HSP90 client proteins as a co-chaperone.
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and abundance of its endogenous nucleotide substrates. Currently,
small molecules are only used as chemical probes to investigate
modulation mechanism by targeting HSP70 including directly
blocking its ATPases activity, targeting with an allosteric modu-
lation mechanism and disrupting the PPIs of HSP70 and its co-
chaperones84.

2.3.2.1. ATPase inhibitors. In 2011, Massey et al.85,86

discovered VER-155008 as a potent HSP70 ATPase inhibitor
based on co-crystal structures through structure-based drug design
and optimization, which confirmed that VER-155008 could
compete nucleotide for binding HSP70 and exhibited anti-
proliferative activity in HCT116 cells. Of the HSP70 inhibitors
so far described, VER-155008 was the only one to exhibit clearly
binding modes and SARs as an ATP mimetic. Notably, VER-
155008 exhibited therapeutic potentials in treatment of can-
cer87e89, viral diseases90 and Alzheimer’s disease91. Considering
the clear binding modes of VER-155008, it has also been designed
as an irreversible inhibitor by covalently binding to Lys56 of
HSP70, exhibiting as another effective strategy92. Another typical
HSP70 ATPase inhibitor, apoptozole, was discovered in 2015 by
immobilized pull down assay93. Apoptozole specifically binds to
HSP70 but no other types of heat shock proteins, resulting in
apoptotic phenotypes in cancer cells through directly inhibiting
HSP70 ATPase. Interestingly, apoptozole acts as an ATPase in-
hibitor without an ATP mimetic structure (Table 2)85e93.

2.3.2.2. Allosteric and PPI inhibitors. Targeting the network
of HSP70 PPIs is another way to achieve HSP70 inhibition.
Dihydropyrimidines scaffold compounds, represented by MAL3-
101, were identified as the first evidence to bind the interface
between HSP70 and JDPs, leading to down-regulation of the
HSP70 biomarkers (Table 2)94e96. Although the potency of such
series compounds remained moderate (EC50 values remain
micromolar level), given the important biological function of JDPs
to HSP70, these compounds were valuable for further optimiza-
tion97. Despite HSP70eJDPs, HSP70eBAG PPIs are important
for controlling the release of clients from the complex, which
include NEFs as one of the major categories98. A compound
scaffold of rhodacyanine-benzothiazoles (such as JG-231)
exhibited the potency to block NEF binding to HSP70, which
was expected to increase the binding of clients in the chaperone
complex, leading to a favorable degradation process in specific
cases99. These compounds were firstly discovered by Wadhwa



Table 2 Structures, mechanisms and activities of HSP70 inhibitors.

Name Year Structure Mechanism In vitro assay In vivo efficacy Ref.

VER-155008 2011 ATPase inhibition Kd Z 0.08 mmol/L Yesa 85e92

Apoptozole 2015 ATPase inhibition Low mmol/L Yes 93

MAL3-101 2004 Disrupt HSP70eHSP40 (allosteric) Mid to high mmol/L Yes 94e97

JG-231 2000 Disrupt HSP70eBAG (allosteric) EC50 Z 0.03 mmol/L Yes 98,99

YK5 2014 Allosteric on NBD Low to Mid mmol/L NAb 100

HS-72 2014 Allosteric on SBD Mid mmol/L Yes 101

PES 2009 Allosteric on SBD Not reported Yes 102

Novolactone 2015 Covalently and allosteric on SBD IC50 Z 0.25 mmol/L NA 103

aEffective in vivo.
bNo activity.
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et al.47 through phenotypic anticancer screens and their targets
were identified as HSP70 by pull down assay. Using these struc-
tures, further NMR studies revealed a novel allosteric pocket on
HSP70 for blocking its interaction with BAG proteins, which was
caused by a conformational change104,105. For the significant role
of HSP70eBAG PPIs, JG-231 was used as a small molecule probe
in diverse diseases including tau homeostasis106, dengue viral
replication107, castration-resistant prostate cancer108 and breast
cancer109. Other allosteric inhibitors include compound YK-5 and
its analogs, which bind to a distinct allosteric site on NBD of
HSP70100. In addition, diverse and different allosteric HSP70 in-
hibitors were identified for binding at SBD of HSP70 through
phenotypic screens and assays of structural biology. Among them,
HS-72 was discovered in a screen for nucleotide-binding mole-
cules and was confirmed as a potential HSP70 inhibitor by pull-
down assays101. 2-Phenylethynesulfonamide (PES) was discov-
ered in phenotypic screens and identified as a HSP70 inhibitor
through binding to an allosteric site on SBD, which was confirmed
by mutagenesis102. Novolactone was also an allosteric HSP70
inhibitor, bound to SBD of HSP70 through a highly conserved
covalent interaction103. Interestingly, all these inhibitors held
different binding sites on HSP70 to exhibit diverse mechanisms of
action which were expected for further investigation110.

2.4. HSP60

2.4.1. Structures, chaperone cycles and inhibitors of HSP60
HSP60 (also known as chaperonin 60 or Cpn60, named GroEL in
E. coli; CCT in mammals; thermosome in archaea) is located in
cytoplasm and mitochondria under a normal physiological con-
dition, which mainly functions as an oligomer to bind unfolding
client proteins for further interacting with the large ATP-
controlled HSPs111,112. According to its canonical structure,
HSP60 is consisted of three domains including apical domain,
intermediates and equatorial domain (Fig. 4A and B). HSP60
exhibits its function through a ring structure containing seven
subunits and functional PPIs for lid-shaped cochaperones (GroES
in bacteria, HSP10 in mitochondria, and Cpn10/Cpn20 in chlo-
roplasts)113. The reaction cycle is indicated in Fig. 4C. Under
normal conditions, HSP60 could associate with diverse proteins,



Figure 4 Structure and functional cycle of HSP60. (A) The crystal structure of HSP60 oligomer (PDB: 1SS8). The client binding site is

indicated as red dots. (B) One subunit of HSP60, including apical domain, intermediate domain and equatorial domain. (C) HSP60eHSP10

reaction cycle. Unfolded intermediates firstly bound to HSP60 ring of the asymmetrical HSP60eHSP10 complex. Subsequently, binding of seven

ATP to each of HSP60 subunit and HSP10 in the cis complex resulted in a conformational change in the apical domain to release the HSP10 from

the trans ring. The newly encapsulated complex hydrolyzed seven ATP molecules and the binding of HSP10 to the trans ring led the bound-state

HSP10 to dissociate from the cis ring and release the folded proteins.
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such as Y-box-binding protein one and fibrous structural protein
Keratin 23,114,115. HSP60 exhibits induced expression by cancer
cells and participates in transformation, promotion of angiogen-
esis and metastasis116,117. HSP60 can enhance anti-apoptotic ef-
fects and antagonize cellular stress induced by chemotherapeutic
agents, through binding to and modulating the intracellular protein
clusterin as well as interacting with cyclophilin D in the mito-
chondrial permeability transition pore112,118. Direct inhibition of
HSP60 results in cyclophilin D-dependent mitochondrial perme-
ability transition, caspase-dependent apoptosis, and suppression of
tumor growth119. Numerous cancer factors are correlated with
HSP60, such as insulinlike growth factor binding protein 7
(IGFBP7) in colorectal cancer cells and IkB kinase (IKK) in
human cervical cancer HeLa cells120,121. Through the interaction
with b-catenin, HSP60 promotes tumor metastasis and over-
expresses in many cancer cells122. In addition, HSP60 has been
found up-regulated in multiple human cancers, which make it a
potential target for the diagnosis and prognosis of cancer123.

Currently, HSP60 inhibitors, including BF844124, phenox-
yacetanilide125, KHS-101126, suvanine127, epolactaene128 and
myrtucommulone129, were discovered by phenotypic screens and
identified through pull-down assays, leading to an unclear binding
mechanism of these compounds (Table 3)124e129. Although these
compounds exhibited limited selectivity in cells, HSP60 could be
regarded as an identified target for them. To date, no small
molecule targeting HSP60 has been discovered as specific in-
hibitors and no evidence of medicinal chemistry work has been
performed for further study of HSP60 inhibition. Given the sig-
nificance of HSP60 in mitochondrial protein quality control, more
investments are needed to identify the chemical probes of specific
HSP60 inhibitors for study this system130.

2.5. sHSPs

Different with HSP90, HSP70 and HSP60, although sHSPs are
less studied, their functions reveal diversity131,132. sHSPs are
usually defined as those HSPs with subunit molecular masses of
12e43 kDa and all of them are ATP-independent. They are con-
sisted of a less conserved NTD and a CTE with a highly conserved
region of 80e100 amino acids (also known as “a-crystallin
domain” (ACD))133e135.

2.5.1. Chaperone cycles and inhibitors of HSP40
HSP40 (DNAJ family) proteins are defined as homologs of bac-
terial DnaJ HSPs, which contains a “J” domain for interacting
with HSP70, leading to be known as HSP70 co-chaperones as
well136. The main function of HSP40 lies in stimulating the
ATPase activity of HSP70 to regulate the protein folding, trans-
lation, translocation and degradation. Although HSP40 is not as
well-known as HSP90 and HSP70, the major family of HSP40
reveals the largest number of 49 coded by human genome. As
shown in Fig. 5A, HSP40 could be divided into three DNAJ
classes including DNAJA (Type I), DNAJB (Type II), and DNAJC
(Type III)137. Due to the diverse constructions and precise func-
tions of HSP40, it exhibits a high correlation to cancer develop-
ment. Interestingly, HSP40 family proteins exhibit dual characters
for playing a role as both anticancer and pro-cancer processes. For
example, DNAJA3 (also known as Tid1) binds to HSP70 to



Figure 5 The structure and small molecule inhibitors of HSP40. (A) The classification of the functional domains of HSP40 (DNAJ). HSP40

could be divided into three subclasses (DNAJA, DNAJB and DNAJC). Each of them is partly consisted of J domain, glycine/phenylalanine-rich

region (G/F), cysteine-repeat motif (Cys-rich) and a fully characterized C-terminal domain. (B) Chemical structures of small molecules involving

the function of HSP40 inhibition.

Table 3 Chemical structures, regulation mechanisms and in vitro/in vivo activities of potential HSP60 inhibitors.

Name Year Structure Mechanism In vitro assay In vivo efficacy Ref.

BF844 2016 Unknown e NDa 124

Phenoxyacetanilide 2010 Directly binding to HSP60 IC50 Z 0.74 mmol/L NDa 125

KHS-101 2018 Unknown e NDa 126

Suvanine 2012 Directly binding to HSP60 IC50 Z 0.6 mmol/L NDa 127

Epolactaene 2005 Covalently binding to HSP60 Cys442 Low mmol/L NDa 128

Myrtucommulone 2017 Directly binding to HSP60 Micromolar level NDa 129

aNot determined.

eNot applicable.
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directly interact with P53, leading to mitochondrial translocation
of the complex and the induction of intrinsic apoptosis in breast
cancer MCF-7 cells as a regulator of P53-mediated apoptosis138.
DNAJB4 (also known as HLJ1) also works as a tumor suppressor
to inhibit the proliferation, cell growth and invasion of lung cancer
cells. High DNAJB4 level result in decelerating of cell-cycle
progression of lung cancer through the STAT1/P21
pathway139,140. On the contrary, there was evidence that DNAJC6
increased the progression of hepatocellular carcinoma by
enhancing EMT and DNAJB8 promoted the expression of cancer
stem-like cells for elevation of tumor-initiating ability of renal
cancer cells141,142. Overexpression of HSP40 family proteins has
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been found in gastric, colorectal, cervical, and lung cancers and
involved in the therapeutic effects of chemical agents12,143,144.

Currently, there is no specific HSP40 inhibitor to be reported to
achieve a direct HSP40 binding mechanism for regulation of
HSP70eHSP40 chaperone cycle. While, HSP40 proteins are re-
ported to be involved in multiple effects of chemotherapeutic
agents. Few small molecule inhibitors have been identified to
mediate the biological effects with HSP40 involved (Fig. 5B).
KNK437 exhibits antitumor effects through a HSP27, HSP40,
HSP72 and HSP110 inhibition manner in human colon cancer
cells145. BMS-690514 is identified as a potent inhibitor targeting
EGFR, HER and VEGFR, which also exerts its anti-tumor effect
through inhibiting the expression level of HSP40 and other HSPs
in non-small cell lung cancer (NSCLC) cells146. R115777 (tipi-
famib) is a farnesyltransferase inhibitor with biological effects
including anti-tumor growth, survival inhibition and angiogenesis
pathway in human breast cancer cells by inhibiting the multiple
significant factors (including HDJ-2)147. Thus, development of
small molecules targeting HSP40 remains an uncovered gold mine
to be further explored.

2.5.2. Other sHSPs
Some members of the sHSPs, including HSP27, aA- and aB-
crystallin, can form large oligomeric species. For their genome
diversity, only HSP27 was discussed in this review. HSP27 can be
regulated by phosphorylation at Ser15, Ser78, and Ser82 when
induced in response to stress148. Current evidence indicated that
HSP27 could interact with b-catenin, histone deacetylases 6
(HDAC6), signal transducer and activator of transcription 2
(STAT2) and procaspase-3 for development of various diseases
including neurodegenerative diseases, ischemia, atherosclerosis,
and cancer149e151. In addition, HSP27 is found up-regulated in a
variety of cancers and could be regarded as a biomarker in cancer
diagnosis and prognosis12. Currently, only OGX-427 (apatorsen),
an antisense oligonucleotide in phase II clinical trials, was re-
ported to inhibit HSP27. OGX-427 exhibited the potential thera-
peutic effects to reduce tumor metastasis in a murine model of
prostate cancer and showed efficiency in patients with metastatic
prostate cancer for decreasing the number of circulation tumor
cells in a phase I trial152.

3. HSP90 and its co-chaperones

3.1. Targeting HSP90eCDC37 PPI

3.1.1. The structure of HSP90eCDC37 PPI and its regulation
mechanisms for protein kinases
CDC37 (also referred to P50) is a typical molecular chaperone to
physically stabilize the catalytic domains of protein kinases,
leading to a wide spectrum regulation of phosphorylation of
protein kinases153. In normal cells, CDC37 recognizes the newly
synthesized protein kinases and interacts with specific kinase
binding domains to promote their maturation and recruitment to
HSP90. Due to the specificity to protein kinases, CDC37 has been
regarded as a “kinases guard” and accelerates cell proliferation
observed in many types of cancer through promoting the activities
of a wide-spectrum of protein kinases, but including one exception
of the androgen receptor (AR) as a rare non-kinase CDC37 cli-
ent154e157. Early studies have identified the structure of CDC37,
including an N-terminal domain for kinase interacting (including a
large number of protein kinases to be dysregulated in cancer, such
as RAF-1, AKT, EGFR, FGFR, CDK4, etc.), a middle domain for
HSP90 binding and a C-terminal domain with unknow proper-
ties158. CDC37 acts as a linker and accelerator between HSP90
and its protein kinase clients. Currently, CDC37 is well-defined as
a co-chaperone to mediate the maturation and stabilization of
protein kinases by forming complex with HSP90, although there is
evidence showing that CDC37 could achieve its function without
HSP90 (Fig. 6A)159. Structural evidence identified the mechanism
of HSP90eCDC37 binding process and its functions for trapping
and stabilizing unfolded kinases (Fig. 6B)160. Due to its significant
roles in maturation of protein kinases, elevated level of CDC37
has been found in diverse clinical cancers, including prostate
carcinoma, anaplastic large cell lymphoma, acute myelocytic
leukemia, hepatocellular carcinoma and multiple myeloma161e163.
Considering most normal tissues can tolerate the absence of
CDC37 while similar abundance of HSP90 exist in both normal
tissues and malignant cells, a potential therapeutic window is
available for targeting HSP90eCDC37 complex or CDC37 itself
as therapeutic targets (Fig. 6C)164,165.
3.1.2. Small molecule inhibitors targeting HSP90eCDC37 PPI
Disrupting HSP90eCDC37 PPI could selectively downregulate
the kinase clients of HSP90, which provides a specific horizon for
cancer therapy22. Considering the complexity and dynamic pro-
cess of HSP90eCDC37 PPI, as well as large binding surface,
rational design of inhibitors targeting HSP90eCDC37 PPI exit
numerous obstacles. During the past few years, several kinds of
inhibitors with the potency to disrupt HSP90eCDC37 PPI have
been reported successively166, as shown in Table 4167�179. Until
2019, there was no specific HSP90eCDC37 PPI inhibitor with
clear binding mode and SAR has been discovered to confirm the
accurate binding sites for small molecule inhibitors. Recently, our
group discovered DDO-5936 as a first identified small molecule
inhibitor of HSP90eCDC37 PPI through directly binding to a
novel binding site on HSP90, resulting in selective downregulation
of HSP90 kinase clients in HCT116 cells. This evidence not only
provided a novel binding site on HSP90 and a specific
HSP90eCDC37 PPI small molecule inhibitor, but also established
a feasible way for the rational design of HSP90eCDC37
inhibitors.

Here, based on their binding mechanisms, all of the modulators
with potency to disrupt HSP90eCDC37 PPI were divided into
covalent inhibitors targeting HSP90 or CDC37 and allosteric in-
hibitors targeting HSP90 N-terminus.

3.1.2.1. Covalent inhibitors targeting HSP90 or CDC37. Ce-
lastrol is one of the well-studied natural products with potential
anti-tumor efficiency167. Its ability to downregulate the multiple
signaling factors, especially kinase proteins, of HSP90 leads to
make HSP90 and its co-chaperone CDC37 as one of feasible
targets168. It is worthy note that celastrol could be regarded as the
first evidence to disrupt HSP90eCDC37 PPI in cells by a small
molecule inhibitor, although celastrol exhibit multiple targets and
this consequence might be a result of diverse biological func-
tions169. Currently, celastrol has been measured to bind to HSP90
N-terminus and C-terminus by molecular docking and finger-
printing assay, separately170,171. While, more convincing evidence
showed a mechanism that celastrol covalently bounds to CDC37
through 1He15N HSQC spectrum, thus leading to a disruption of
HSP90eCDC37 PPI168. This also explained the result that
celastrol inhibits HSP90 pathway through a HSP90eCDC37 PPI



Figure 6 Structure and regulation mechanism of HSP90eCDC37 PPI. (A) The solution NMR structure of HSP90 N-terminal and CDC37-M

domain (PDB:2K5B). (B) The co-crystal structure of HSP90eCDC37eCDK4 complex (PDB:5FWL). (C) The regulation mechanisms of

HSP90eCDC37 PPI for controlling protein kinases from the unfolded to folded ones.
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inhibition manner instead of binding to ATP pocket like traditional
HSP90 inhibitors, leading to its potent anti-cancer effect. Based on
the chemical structure of celastrol, our group also performed a
SAR study, leading to CEL20 with improved activity and drug-
like property172. Withaferin A (WA), is also a bioactive com-
pound to show anti-proliferative activity by blocking HSP90
chaperone machine with a non-ATP inhibition manner. Subse-
quent assays discovered that WA covalently bound to HSP90 C-
terminus to inhibit HSP90eCDC37 PPI through inducing the
conformational change of HSP90173. In addition, another natural
product Kongensin A (KA) was identified as a non-canonical
HSP90 inhibitor by covalently binding to an uncharacterized
cysteine 420 in the HSP90 MD, which exhibited the potency to
disrupt HSP90eCDC37 PPI174. This was also the first evidence to
inhibit HSP90eCDC37 PPI by covalently binding to HSP90 MD.
Although these natural inhibitors could not be regarded as specific
small molecule inhibitors targeting HSP90eCDC37 PPI, they
provided valuable evidence to study novel mechanisms through
modulating the PPIs of HSP90 and its co-chaperones instead of
directly inhibiting HSP90 ATPase activity.

3.1.2.2. Allosteric inhibitors targeting HSP90 N-termi-
nus. FW-04-804 was discovered by a chemoproteomics method
to identify clinical candidates targeting HSP90. FW-04-804 dis-
rupted HSP90eCDC37 PPI in cells and inhibited the proliferation
of cancer cells by decreasing the levels of HSP90 kinase clients
without ATPase inhibition. Molecular docking predicted HSP90
N-terminus as the potential binding site of FW-04-804,175. Besides
randomly discovered natural products, with the development of
synthetic small molecules of HSP90 ATPase inhibitors, DCZ3112
(a derivative of triazine scaffold compounds targeting HSP90 N-
terminus) was found to inhibit HSP90eCDC37 PPI through
directly binding to HSP90 N-terminus. Interestingly, DCZ3112
exhibited no HSP90 ATPase inhibition ability but predominantly
inhibited the proliferation of HER2 positive cell lines176.
Currently, VS-8 was discovered by our group through a structure-
based virtual screening to simulate the key binding pattern be-
tween HSP90eCDC37177. Based on the predicted binding modes
of CDC37-derived peptides, potential significant pharmacophores
were established to in silico screen compound libraries, resulting
in VS-8 with moderate binding affinity to HSP90 N-terminus and
the ability of HSP90eCDC37 PPI inhibition in vitro (Table 4)178.
Notably, a recently reported small molecule inhibitor, DDO-5936,
which was also discovered by our group, showed a clear binding
mode with specificity targeting HSP90eCDC37 PPI. DDO-5936
was identified to bind HSP90 with micromolar affinity in vitro
and disrupt the interaction of HSP90eCDC37 through binding to
Glu47 of HSP90, which was one binding determinants of
HSP90eCDC37 PPI. DDO-5936 could be regarded as a first ev-
idence to achieve therapeutic potency in colorectal cancer through



Table 4 Small molecules inhibitors targeting HSP90eCDC37 PPI.

Name Year Structure Mechanism In vitro assay In vivo efficacy Ref.

Celastrol 2008 Covalently binding to

CDC37

Low Yesa 167e172

Withaferin A (WA) 2011 Covalently binding to

HSP90 C-terminus

Low Yes 173,174

Kongensin A (KA) 2016 Covalently binding to

HSP90-M domain

Low NDb 175

FW-04-804 2014 Binding to HSP90

N-terminus

Low Yes 176

DCZ3112 2018 Binding to HSP90

N-terminus

Kd Z 4.98 mmol/L Yes 177

VS-8 2017 Binding to HSP90

N-terminus

Kd Z 40.4 mmol/L ND 178

DDO-5936 2019 Binding to HSP90

N-terminus

Kd Z 3.86 mmol/L Yes 179

aEffective in vivo.
bNot determined.
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a specific inhibition manner of HSP90eCDC37 PPI179. Currently,
the small molecule inhibitors targeting HSP90eCDC37 PPI
exhibit a feasible strategy to achieve specific modulation of kinase
clients and show a promising direction for drug design based on
regulation of chaperone cycles, although the binding affinity is
moderate and SAR targeting on the binding interface of
HSP90eCDC37 remains unclear.

3.2. Targeting the HSP90eHOPeHSP70 PPIs

3.2.1. Structures and regulation mechanisms of
HSP90eHOPeHSP70 PPIs
HSP90-organizing protein (HOP, also known as Stil in yeast), is
one of the best-characterized co-chaperones containing TPR
domain (consisting a repeat of a 34-residue TPR motif), which
simultaneously binds to HSP90 and HSP70, and functions as an
adaptor to transfer client proteins from HSP70 to HSP90180,181.
This transfer process is regulated by phosphorylation, which also
inhibits the interaction between HSP70 and HOP182. HOP acts as
a non-competitive inhibitor of HSP90 to inhibit its ATPase activity
which maintains HSP90 in an open status183. Structurally, HOP
contains three TPR domains and two AspePro (DP)-rich domains
with the following order: TPR1-DP1-TPR2A-TPR2B-DP2.
Among them, it is sufficient to bind HSP90 and HSP70, as well as
inhibiting the ATPase activity of HSP90, with only TPR2A-
TPR2B module184. In addition, there is evidence to show that
HOP selectively binds to the ADP-bound state of HSP70 by TRP1
and TPR2B, and TPR2A preferably binds to HSP90185�187. HOP
promotes the conformational changes of HSP90 through binding
to its MD-CTD region, leading to a stabilized and open confor-
mation of HSP90 for subsequent client loading by HSP70 and N-
terminus dimerization for ATP hydrolysis188. Thus, HOP acts as a
bridge between HSP90 and HSP70 to achieve function of pro-
moting clients folding, which has been found especially for
recruiting the steroid hormone receptor clients (Fig. 7C)189. Dis-
rupting the PPIs between HSP70eHOP or HSP90eHOP might
achieve a specific modulation mechanism instead of ATPase
inhibition.

3.2.2. Inhibitors targeting HSP70eHOP PPI
Currently, two compounds (C1 and SY8) have been reported to
directly targeting HSP70eHOP interaction (Fig. 7D). Through a
rational design using the crystal structure of HOP’s TRP1 domain,
C1 and SY8 are expected to regulate the interaction between
HSP70 and HOP based on the sequence of the interacting inter-
face. HOP’s TRP1 domain is consisted of 7 a-helix and three of
them are interacting with the C-terminus of HSP70 (helix 1A, 2A
and 3A)190. Interestingly, C1 and SY8 exhibit a totally different
regulation mechanism although they are all designed from the
critical residues on the interacting helix. C1 is designed from the
helix 3A, which functions to stabilize the binding between HSP70
and HOP, and acts as an effective modulator by trapping the
HSP70 to HOP as complex, finally leading to disruption of the
protein folding system. On the contrary, SY8 acts as a typical
peptide inhibitor to directly disrupt the interaction between HSP70
and HOP. This is mainly because of the longer size of SY8,



Figure 7 The structure, regulation mechanism and small molecules targeting HSP70eHOPeHSP90 chaperone. (A) Structures of different

parts of HOP. TRP1 (tetratricopeptide repeat domain 1, PDB:3ESK), DP1 (aspartate-proline motif domain, PDB:2LLV), TPR2AB (tetra-

tricopeptide repeat domains 2A and B, PDB:3UQ3), DP2 (aspartate-proline motif domain, PDB:2LLW). (B) HOP domain structures of different

model organisms. No. 1 indicated the N-terminus and total number of amino acids in the proteins were indicated at the C-terminus. (C) Regulation

mechanism of HSP90eHOPeHSP70 chaperone complex. HOP’s TPR1 domain binds to SBD of HSP70 and TPR2AB domain binds to CTD-MD

of HSP90. Three helices are involved in the interaction of binding mode, which contains 1A, 2A and 3A. (D) Chemical structures of modulators

(C1 and SY8) targeting HSP70eHOP.
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compared to C1, which make the binding process of SY8
extending outside the region of C1191. Although the current
modulators have not been comprehensively evaluated in vitro and
in vivo for their potential therapeutic applications, this novel
modulation mechanism between HSP70 and HOP established a
new insight for the dynamic system of HSP90 chaperone machine.

3.3. HSP90eAHA1

3.3.1. AHA1 accelerates the ATPase activity of HSP90
It is known that HSP90 itself is an ATPase with low enzymatic
activity, indicating a weak binding affinity between ATP and
HSP9015,192. To facilitate the ATPase activity of HSP90, its co-
chaperone AHA1 (also known as activator of HSP90 ATPase)
acts as the most potent stimulator of the low ATPase activity of
HSP90193,194. In mammalian cells, AHA1 helps HSP90 to activate
kinases and fold membrane proteins195. Structurally, AHA1 is
consisted of two major domains including a N-terminus domain
with 156 residues and a C-terminus domain with similar size,
connecting by a loose structured linker (Fig. 8B). It has been
certified that N-terminus domain of AHA1 interacts with the MD
of HSP90 and leads to a conformation rearrangement in the NBD
of HSP90196. The C-terminus domain of AHA1 interacts with the
NBD dimerized region of HSP90 dimer197. Both two domains are
important for ATPase stimulation of HSP90 and one AHA1
molecule per HSP90 dimer is sufficient to complete the whole
process of ATPase of HSP90 (Fig. 8A). However, the detailed
working mechanism of HSP90eAHA1 is currently not fully un-
derstood. For the importance of AHA1 in the HSP90 chaperone
cycle, it is involved in the interaction of HSP90 with specific client
proteins including protein kinases and steroid hormone re-
ceptors193,198. In addition, HSP90eAHA1 complex plays signifi-
cant roles in the cystic fibrosis transmembrane conductance
regulator (CFTR), especially for the quality control process of
CFTR mutants. Considering the significant role of Aha1, it has
been regarded as an attractively therapeutic strategy by specif-
ically targeting HSP90eAHA1 interaction196,199,200.
3.3.2. Inhibitors targeting HSP90-AHA1 chaperone complex
Interestingly, in 2017, several small molecule inhibitors were re-
ported to inhibit the HSP90eAHA1 chaperone complex (Fig. 8C).
HAM-1 was discovered by a FRET-based assay to obtain a desired
compound targeting HSP90eAHA1 chaperone complex. Although
NMR spectroscopy revealed a HSP90 Neterminal binding



Figure 8 The regulation mechanisms, structures and small molecule inhibitors of HSP90eAHA1 chaperone complex. (A) The biological

function of HSP90eAHA1 relies on accelerating the ATPase activity of HSP90. (B) Co-crystal structure of HSP90eAHA1 chaperone complex

(PDB:1USU). (C) Small molecule inhibitors with the potency to modulate HSP90eAHA1 chaperone complex.

Strategies and small molecules targeting molecular chaperone 1919
mechanism, instead of a direct PPI inhibiting manner, HAM-1
could affect the activation and processing of HSP90eAHA1-
based client proteins in vivo201. By screening 14,440 druglike
compounds, another chemical scaffold was found to disrupt
HSP90eAHA1 complex using an amplified luminescence prox-
imity homogeneous assay. Compounds A12 and A16 were identi-
fied with promising HSP90eAHA1 inhibitory effect to restore
chloride channel activity in CFTRDF508 mutant cells to be lead
compounds with further development for cystic fibrosis patients202.
In addition, it has been identified that a quercetin derivative, TL-2-8,
induced significant cell death and immature mitophagy in breast
cancer cells in vitro and in vivo by dose-dependently inhibiting the
expression of AHA1203. All the above evidence revealed a feasible
targeting strategy to inhibit HSP90eAHA1 chaperone complex for
potential therapeutic effects.

3.4. HSP90eP23

P23/SBA1 is an important co-chaperone of HSP90, which stabi-
lizes the closed conformation of HSP90 by binding to a dimerized
region on NTDs of HSP90, playing a role in the late stage of the
chaperone cycle204. P23/SBA1 is consisted of a folded Chord and
SGT1 (CS) domain for binding to HSP90 NTD and an unstruc-
tured tail for its chaperone activity205e208. The crystal structure of
a full-length and closed state of HSP90eP23eATP complex
provided an insight into the structural information of HSP90 and
the rearrangement process of NTD dimerization204. Functionally,
P23/SBA1 is responsible for reducing the ATPase activity of
HSP90 to regulate the progression of the reaction cycle209,210. The
involvement of chaperone functions of HSP90eP23 interaction is
important for a broad range of processes, including chromatin
remodelling and ribosome biogenesis, which modulates the
genome-wide proteineDNA binding dynamics211e213. Currently,
no specific small molecule inhibitor was identified and discovered
to selectively regulate HSP90eP23 chaperone complex. While,
several natural products were found to impair the association of
HSP90eP23 chaperone complex by directly binding to the
different regions of HSP90 with various mechanisms, including
EGCG, geldanamycin, celastrol and gedunin171,214e216. Silencing
P23 in yeast results in improved sensitivity of structurally dis-
similar natural inhibitors including geldanamycin and radicicol,
while the overexpression of P23 is found in cancer to protect cells
from these inhibitors217,218. Considering the difficulty of targeting
HSP90eP23 PPI, it might be challenging to design small mole-
cules to specifically regulate HSP90eP23 chaperone complex219.

3.5. PP5

The serine/threonine protein phosphatase 5 (PP5/Ppt1) regulates
diverse cellular network in signaling pathway and functions as a
TRP-containing co-chaperone to regulate HSP90 conformational
cycle through a dephosphorylation mechanism220. It is known that
phosphorylation of HSP90 influences on its conformational dy-
namics and plays significant roles in the maturation of clients221.
PP5 modulates the dephosphorylation process of HSP90 as well as
its co-chaperone CDC37, leading to autoinhibition of itself when
forming a complex with HSP90222. Modulating the function of
PP5 also affect the process of chaperone cycle.
4. Future directions and conclusions

For the past 30 years, much of the work on molecular chaperone
has been performed to study the process of protein folding and
stabilization. HSPs family and their co-chaperones attracted at-
tentions due to the fundamental role for maintain homeostasis
under stressed or changing environmental conditions. Targeting
molecular chaperone machinery is becoming a feasible way to



1920 Lei Wang et al.
modulate the content of diverse proteins in different signaling
pathways. Among them, HSP90 could be regarded as the most
functional chaperone which yielded more than 20 inhibitors to
enter the clinical trials. Although directly inhibiting ATPase of
HSP90 could exhibit therapeutic potential against multiple cancer
cells, the clinical data of recent 10 years of HSP90 inhibitor
showed this is not the case, leading to no HSP90 inhibitor
approved to market. For one hand, HSP90 is ubiquitously
expressed (about 1%e3% of total cellular proteins) in both normal
and cancer cells, which breaks a principle that ideal drug targets
exhibit high correlation with malignant cells and be of low
expression in normal cell and tissues, providing a possible ther-
apeutic window for small molecule drugs223. For another hand,
directly inhibiting HSP90 ATPase totally disrupts ATP hydrolysis,
leading to a non-selective degradation of all the clients of HSP90,
which might contribute to the toxicity of current HSP90 inhibitors.

Targeting HSP90 ATPase could be regarded as a direct way to
totally inhibit the function of HSP90, thus to result in client
degradation for potential therapeutic utilities. However, due to the
non-selective degradation of diverse kinds of client proteins,
HSP90 ATPase inhibition revealing toxicity with heat shock
response in high doses and inefficacy in low doses, indicating a
non-ideal therapeutic window and a tough issue in clinical trials.
Recently, development of HSP90 inhibitors turns its emphasis
from ATPase inhibition to other HSPs, HSP90 isoforms and
proteineprotein interactions between co-chaperones. All these
strategies aim at improving the specificity by different regulation
mechanisms to achieve therapeutic potentials with low toxicity.
Currently, there are abundant data demonstrating that not only
HSP90 itself, but also its different isoforms (including HSP90a,
HSP90b, GRP94 and TRAP1), other components of HSPs family
(including HSP70, HSP60, HSP40 and sHSPs) and the in-
teractions between various co-chaperones play significant roles in
cancer cells. As we reviewed, each of the strategies targeting
different checkpoint of molecule chaperone might achieve specific
therapeutic applications. Except directly inhibition of HSP90
ATPase, which results in the downregulation of all the client
proteins, selective modulation of the specific molecular chaperone
or disruption of the PPIs between co-chaperones achieves a more
specific way to regulate certain client proteins. Based on current
foundation, development of small molecules targeting molecular
chaperone machinery by different mechanisms could be regarded
as advantageous ways to modulate protein fate decision.
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