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Heat shock protein 90 (HSP90) is a molecular chaperone to fold and maintain the proper conformation of
many signaling proteins, especially some oncogenic proteins and mutated unstable proteins. Inhibition of
HSP90 was recognized as an effective approach to simultaneously suppress several aberrant signaling
pathways, and therefore it was considered as a novel target for cancer therapy. Here, by integrating sev-
eral techniques including the fragment-based drug discovery method, fragment merging, computer aided
inhibitor optimization, and structure-based drug design, we were able to identify a series of HSP90 inhib-
itors. Among them, inhibitors 13, 32, 36 and 40 can inhibit HSP90 with IC50 about 20–40 nM, which is at
least 200-fold more potent than initial fragments in the protein binding assay. These new HSP90 inhib-
itors not only explore interactions with an under-studied subpocket, also offer new chemotypes for the
development of novel HSP90 inhibitors as anticancer drugs.

� 2014 Elsevier Ltd. All rights reserved.
Heat shock protein 90 (HSP90) belongs to a large family of heat
shock proteins with molecular weight around 90 kDa, and func-
tions as a molecular chaperone to fold and maintain proper confor-
mations of many ‘client’ proteins.1–3 HSP90 is upregulated by heat
and other stressors to protect cells against these damaging effects,
and it consists of two isoforms: HSP90a is an inducible form over-
expressed in many cancer cells, while HSP90b is the constitutive
form.4,5 As one of the most abundant member of heat shock pro-
teins, HSP90 has been extensively studied and reported to have
at least 280 client proteins.6 Among them, 48 are involved in cell
growth and various signaling cascades. Some of its clients are noto-
rious oncogenes, including several validated cancer drug targets
such as HER-2, Bcr-Abl, VEGFR, EGFR. Besides, the more sensitive
clients are usually those mutated unstable proteins involved in
aberrant signaling transduction in tumor cells. Since inhibition of
HSP90 can lead to the degradation of a large collection of
oncogenic proteins, it has been considered as a promising target
for cancer therapy.7,8 The most attractive strength of HSP90 inhib-
itors is that they can not only simultaneously affect several aber-
rant signaling pathways essential for cancer development, may
also reduce the possibility of acquiring resistance in tumor cells
induced by some targeting drugs treatment.9

Currently, many HSP90 inhibitors have been discovered and
more than 10 drugs are now in clinical trials. Figure 1 lists several
diversified HSP90 inhibitors,10,11 and they are all bound to the
ATP site of the HSP90 N-terminal ATPase domain to impede the
chaperone function of HSP90. As the prototype of several syn-
thetic inhibitors, radicicol (2) contains a core fragment, dihy-
droxyphenyl group which forms extensive hydrogen bonding
interactions with the ATP binding site of N-terminus of HSP90.
Beside of these inhibitors inspired by natural products, frag-
ment-based drug discovery (FBDD) is also a popular strategy in
the HSP90 inhibitor development, which was adopted to discover
AT13387(4) in Astex pharmaceutical12 and SNX-5422(5) in Sere-
nex.13 Here we report an application of FBDD approach to identify
new series of dihydroxyphenyl-based HSP90 inhibitors, which ini-
tially designed by merging two bioactive fragments identified
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Figure 1. HSP90 inhibitors.
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from crystallography-based fragment screening, and followed
with the optimization guided by structure-based drug design
methods.

To apply the FBDD approach, we firstly analyzed crystal struc-
tures of complexes of HSP90 and its inhibitors deposited in PDB
database. Through this, it was found that all inhibitors have an
essential chemical moiety forming two hydrogen bonds with the
residue ASP93 of HSP90. Based on this critical interaction pattern,
we screened the ChemDiv commercial available database with this
pharmacophore, and scrutinized its novelty and synthesis accessi-
bility of fragment hits. After that, we purchased and synthesized
about twenty promising fragments as our small HSP90 focused
library. By utilizing the co-crystallization and screening with X-
ray crystallography method,14 we were able to identify several
fragments bound in the ATP site of HSP90 in solved crystal struc-
tures, and two of them were illustrated in Figure 2. To our surprise,
fragment 6 binds to HSP90 in an unexpected way. Before obtained
the co-crystal structure of 6 with HSP90, we speculated that it
would bind to the position similar to the isoxazole ring of
AUY922; while as illustrated in Figure 2A, in the complex crystal
A B

D  E 
Figure 2. Co-crystal structures of HSP90 with compounds 6, 7 and 9. The HSP90 was show
structure of HSP90 with 6 (PDB ID: 4L91). (B) The co-crystal structure of HS90 with 7 (PD
co-crystal structures of 6 and 7. (E) Co-crystal structure of HSP90 with 9 (PDB ID: 4L8Z
structure it rotates around the phenol ring and enables the
[12,4]triazolo[4,3-a]pyridine group situating at a small subpocket
that usually accommodates the isopropyl group in compounds
AUY922 and AT-13387. Besides, it was found the triazolopyridine
ring forms a p–p stacking interaction with residue PHE-138 and
one of the nitrogen atoms in triazole ring form two hydrogen
bonds with residue ASN-51 through a structural water molecule.
By overlapping two complex structures of fragments 6 and 7
(Fig. 2D), we can identify the phenol rings match very well. Conse-
quently, we designed compounds 8 and 9 by merging these two
fragments, and expected it to have improved binding affinity to
HSP90. As listed in Table 1, from the fluorescence polarization
(FP) assay, compound 8 and its analog 9 surprisingly showed lower
activities against HSP90 than the fragments.

To gain an understanding why the binding affinity is consider-
ably low, we crystallized and successfully solved the co-structure
of HSP90 with compound 9 (Fig. 2E). As shown, the compound 9
binds to the N-terminal of HSP90 as expected, with the triazolo-
pyridine ring situated at the same position of fragment 6. Based
on this crystal structure, we use the computational chemistry
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). (F) The 2D diagram of interactions between HSP90 and compound 9.



Table 1
The fluorescence polarization assay of the identified active fragments and compounds
from initial optimization

OH

HO

O

R2

R1

6-15

Compd R1 R2 FP IC50
a (lM)

8 N
N
N Br N

N

8.8 ± 2.1%@5 lMb

9 N
N
N Br N 18.7 ± 5.1%@5 lMb

10
N

N
N

0.63 ± 0.08

11
N

N 0.13 ± 0.01

12
N

N

S

0.33 ± 0.02

13
N N 0.038 ± 0.006

14
N

N

N 0.13 ± 0.01

15
N

N

N 0.25 ± 0.03

a All the inhibition ratios or IC50 values were obtained from triple measurements.
The compounds Geldanamycin and NVP-AUY922 were used as control, with IC50

values 74.0 ± 7 nM and 8.0 ± 0.2 nM, respectively.
b The inhibition ratio measured with FP assay method at ligand concentration

5 lM.
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methods to quantify two important components of the protein–
ligand binding free energy, namely the binding interaction energy
and solvation free energy, of ligand 9 with or without the triazolo-
pyridine group. The Glide docking program15 in Schrödinger soft-
ware package was used to calculate the protein–ligand binding
energy. Since we solved the crystal structure of ligand 9 bound
to the N-terminal of HSP90, the SCORE-ONLY mode was used to
obtain the binding interaction energy. From the calculation, it
was found that the non-covalent interaction energy between com-
pound 9 and the N-terminal of HSP90 is �68.78 kcal/mol, and the
large contribution stems from van der Waals interactions
(�56.83 kcal/mol). While for the virtual compound by deleting
the triazolopyridine group (see chemical structure 9v in Support-
ing materials) from ligand 9, its interaction energy is
�48.77 kcal/mol. The large difference of non-covalent interactions
between two compounds is rooted from the difference of their van
der Waals interactions (ligand 9 is �20.25 kcal/mol lower), while
the coulomb electrostatic interactions are almost the same (ligand
9: �11.95 kcal/mol; the virtual compound without the triazolo-
pyridine group: �12.18 kcal/mol). From these docking energy
calculations, it was shown that the binding of triazolopyridine at
the ATP site of HSP90 is enthalpy favorable and the electrostatic
interaction between triazolopyridine group and HSP90 is less
important than the van der Waals interactions. As pointed by
numerous analyses that the enthalpy and entropy compensation
is a common phenomenon in protein–ligand interactions16 that
says favorable enthalpy interactions such as hydrogen bonding,
p–p stacking can countpoise by the reduction in entropy contribu-
tion due to restriction of the flexibility of the receptor. Therefore,
the actually improvement in binding free energy of compound 9
may be low than the enthalpy contribution since the triazolopyri-
dine group clearly hinders the mobility of its surrounding residues
of HSP90. Nevertheless, we thought the binding interaction of
triazolopyridine group is not the destructive factor accounting for
the low activity of compound 9.

Then we performed the solvation free energy calculations on
compound 9. By utilizing the density functional M06-2X at 6-
31+G(d) level combined with the SMD solvation model17 imple-
mented in Gaussian program, we found that compound 9 has a
low solvation free energy about �26.66 kcal/mol, which indicated
that when binding to the HSP90, the compound needs to overcome
a large desolvation effect to transfer from aqueous solution to the
protein binding site. The solvation free energy of the virtual com-
pound without the triazolopyridine group is �19.72 kcal/mol. Tak-
ing together, it means that adding the triazolopyridine group needs
to supply about 7 kcal/mol desolvation free energy. Therefore, in
the next round of optimization, we focused on the issue of the
hydrophilicity of the compounds, and tried to reduce the ligand
solvation free energy to improve the binding affinity to HSP90.

Based on the previous SAR of HSP90 inhibitors,18 the tetrahy-
droisoquinoline in compound 9 is not the optimal for binding.
Therefore, together with above mentioned rationale, several het-
ero-aromatic rings were used to substitute the [12,4]triazolo[4,3-
a]pyridine group, and produced compounds 10–15. Comparison
of compounds 10 to 8 or 11 to 9, the only difference occurs at
the triazolopyridine ring substituted with the indole group; the
binding activities from FP assay are dramatically improved. This
is consistent with the calculation that the solvation free energy
of compound 11 is �13.98 kcal/mol, much less than the value of
compound 9 (�26.66 kcal/mol). Similar trend can be deduced from
the inhibition activities of 13–15. Compounds 14 and 15 are about
3 and 7-fold less active than ligand 13 respectively, which rein-
forces the hydrophobic property of the fused bicyclic ring is critical
for the binding. From compounds 10–13 in Table 1, it was found
that compound 13 with isoindoline group at R2 is the most potent
inhibitor, consistent with the data reported in the previous struc-
ture–activity relationship about R2 group.12 Consequently, we
selected compound 13 to carry out the further optimization by
attaching various functional groups to the indole moiety.

The synthesis route of compounds in Table 2 is outlined in
Scheme 1 (see the Supporting material for details). Generally, the
synthesized compound 16 was hydrolyzed with lithium hydroxide
to give compound 17. Compound 18 was prepared by coupling the
key intermediate 17 with isoindoline using standard EDC/HOBt
coupling conditions. After coupling of 18 with different substituted
indoles,19 followed by de-protection of the benzyl protecting
groups, the final product 28–36 were obtained.

Inspecting the co-crystal structure, it was thought that the sub-
pocket accommodating the indole ring cannot permit a large sub-
stituent on the indole, especially at 6-, 7-position of indole ring.
Based on the in silico modeling, we prepared 9 compounds with
various substituents at three positions of indole. As listed in
Table 2, modification of the R1-position of indole with linear polar
groups (compounds 28–30) decreases the binding affinity consid-
erably, at least 30-fold less active than the parent compound 13,
especially the compound with acidic group (30). Due to the limited



Table 2
The fluorescence polarization binding assay of compounds 28–36l

OH

HO
N

O

N

R1
R2 R3

1

2

3
4

5

6

7

Compd R1 R2 R3 FP IC50
a (lM)

28 NH2 H OMe 1.5 ± 0.33

29 N
H

O

H OMe 56.9% ± 6.3%@1 lMb

30
OH

O
H H 14.1% ± 7.7%@1 lMb

31 H Br H 0.07 ± 0.01
32 H NO2 H 0.039 ± 0.0005

33 H
O

O
H 0.13 ± 0.01

34 H

H
N

O
H 0.62 ± 0.09

35 H H Br 0.078 ± 0.005
36 H H Me 0.038 ± 0.003

a All the inhibition ratios or IC50 values were obtained from triple measurements.
b The inhibition ratio measured with FP assay method at ligand concentration

1 lM.
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volume of the subpocket accommodating the indole ring, as indi-
cated in Table 2, the inhibitory activity is very sensitive to the sub-
stitution at R2- or R3-position of indole. The bromine atom at these
positions of the indole ring is tolerable, both with IC50 value about
70 nM (31 and 35). The 4-nitro indole can maintain the equipoten-
cy against HSP90 in FP assay, but the activities of compounds 33
and 34 with a slightly large group at R2-position of indole is lower
than compound 13, decrease about 4- and 20-fold, respectively. 36
with methyl group at R3-position of indole is also tolerable with
similar IC50 value (38 nM).

From the co-crystal structure of HSP90 bound with compound
9, the p–p stacking involving the residue PHE138 is important
for van der Waals interactions. Due to the ligand stacking part is
largely at the six-membered ring of indole, therefore, the ring-
opening approach was taken to further modify the indole ring by
OBn

BnO
Br

O

OH

O

BnO
B

OBn

BnO

O

O

Br

O

BnO
N

R1

OH

HO
N

O

N

R1
R2 R3

16 17

28-36

3a 3b

3d,3e or 3f

Scheme 1. Synthesis of compounds 28–36 and 40–42. Reagents and conditions: (3a) Li
indoles, K3PO4, CuI, (+/�)-trans-1,2-Diaminocyclohexane or (1R,2R)-N,N0-Dimethyl-1,2-c
BCl3, DCM, 0 �C, 19–42%; (3f) BBr3, DCM, �78 �C, 13%; (3g) aniline, Pd2(dba)3, t-Bu3P or
changed it to phenyl-amino group. With this effort, compounds
40–42 were prepared via palladium catalyzed Buchwald–Hartwig
amination20,21 from the intermediate 18, and followed by
deprotection.

As shown in Table 3, the compound (40) bearing aniline moiety
is the most potent inhibitor against HSP90 in current study, with
the IC50 about 21 nM in the FP assay. Compound 41 with methyl
group substituted at R1 position shows moderate inhibition
(IC50 = 71 nM), while the compound (42) with di-chlorine substi-
tuted phenylamino group decreases the potency about 6-fold
(IC50 = 190 nM). Although we only synthesized few compounds,
to the best of our knowledge, this modification is interesting as it
provided new ideas for HSP90 inhibitor development, which may
also enable other researchers to design substituted phenylamino
groups or novel heterocycles at this position.

We investigated the druglikeness of these series by selecting 8
potent compounds to check their metabolic stability properties—
the clearance ratio in human and mouse liver microsomes as well
as the inhibitions against five cytochrome P450 isoenzymes. In
Table 4, all tested molecules demonstrated low clearance ratio in
human or rat liver microsomes. Although all compounds showed
no more than 50% inhibition at concentration 10 lM against the
abundant CYP isoenzymes 3A4 and 2D6, they did process unfavor-
able inhibitions towards other three isoenzymes 2C9, 1A2, and
2C19. We also checked the time-dependent inhibition (TDI) of
these compounds, and found that only compound 32 has TDI inhi-
bition to 2C19. Taking together, we selected compounds 13, 31, 36
and 42 for further cellular activity test, as these compounds dem-
onstrate slightly better stability profiles than others.

From Table 5, it was found that the selected four compounds
have similar inhibitory activities, with GI50 around 10 lM against
four cancer cell lines. By comparing to the potent cellular prolifer-
ation activities of the HSP90 inhibitors in clinical trials,11 we spec-
ulate these compounds may have poor cell permeability issues as
there is a large gap between cellular activity and protein binding
activity. Further membrane permeability assay will verify this
hypothesis, and may shed the light on the direction of
optimization.

In summary, by employing the fragment-based drug discovery
approach, we were able to identify two binding fragments.
Scrutinizing the co-crystal structures of these two fragments with
N-terminal ATPase domain of HSP90, it was found that two frag-
ments situated at different subpocket in ATP binding site, and their
common pharmacophore-phenol ring fitted very well. Apparently
merging two fragments to form compound 9 were proved not to
Bn

r

O

N

Bn O

N

R2 R3

OH

HO
NH

O

N

R1

R2

18

19-27

3c

3g

OBn

BnO
NH

O

N

R1

R2

37-39

40-42

3d or 3e

OH, MeOH,H2O, reflux, 99%; (3b) isoindoline, EDCI, HOBt, DIPEA, DCM, rt, 70%; (3c)
yclohexane-diamine, toluene, reflux, 40–85%; (3d) H2, Pd/C, MeOH, rt, 35–85%; (3e)
X-phos, NaOBu-t, dioxane, 120 �C, 36–75%.



Table 4
The in vitro metabolic stability study of the selected compounds

Compd
(10 lM)

HLMa

Stability
Clint(ul/min/
mg protein)

RLMb

Stability
Clint(ul/min/
mg protein)

Direct inhibition
mean (inhibition ratio)

Time-
dependent
inhibition

3A4 2D6 2C9 1A2 2C19

13 13 25 37%/
17%

14% 73% 52% 60% No inhibition

31 0 49 33%/
22%

19% 54% 34% 70% No inhibition

32 22 6 35%/
8%

50% 74% 47% 89% 2C19

35 18 16 15%/
13%

32% 78% 48% 71% No inhibition

36 0 42 26%/
4%

7% 68% 28% 63% No inhibition

40 2 12 19%/
29%

22% 68% 72% 52% No inhibition

41 0 0 40%/
38%

7% 75% 61% 58% No inhibition

42 0 16 39%/
33%

5% 73% 40% 23% No inhibition

a HLM is human liver microsome.
b RLM is rat liver microsome.

Table 3
The fluorescence polarization binding assay of compounds 40–42

OH

HO
NH

O

N

R1

R2

Compd R1 R2 FP IC50
a (lM)

40 H H 0.021 ± 0.005
41 Me H 0.071 ± 0.003
42 Cl Cl 0.19 ± 0.04

a All the inhibition ratios or IC50 values were obtained from triple measurements.

Table 5
The cellular antiproliferative activity of compounds 13, 31, 36 and 42a

Compd GI50 (lM)

HCT116 NCI-H3122 A549 BT-474

13 10.08 ± 0.17 7.53 ± 0.82 14.31 ± 1.57 7.25 ± 0.37
31 12.26 ± 2.15 9.67 ± 0.01 21.01 ± 2.02 8.52 ± 0.52
36 8.6 ± 1.69 7.53 ± 1.19 11.1 ± 1.69 7.07 ± 3.48
42 10.63 ± 0.3 10.12 ± 0.03 24.17 ± 1.69 6.31 ± 1.22

a Values represent mean ± standard deviation are calculated from experiments
performed in triplicate.
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be successful as the compound 9 is surprisingly less active than its
parent fragment. To gain the knowledge about the reason of this
phenomenon, computational modeling was adopted to calculate
two important components in binding free energy: the binding
interaction energy and ligand solvation free energy. Through the
calculations, it was found that the destructive factor may be rooted
from ligand solvation free energy. Therefore, in the next rounds of
optimization, we focused on reducing the hydrophilic tendency of
ligands, and successfully obtained several compounds were at least
200-fold more active than the initial fragments. These new series
of HSP90 inhibitors are interesting as the ligands extend to a less
explored subpocket, which may provide several potential chemo-
types for HSP90 inhibitor development.
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