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Heat shock protein 90 (Hsp90) is a molecular chaperone which regulates maturation and stabilization of
its substrate proteins, known as client proteins. Many client proteins of Hsp90 are involved in tumor pro-
gression and survival and therefore Hsp90 can be a good target for developing anticancer drugs. With the
aim of efficiently identifying a new class of orally available inhibitors of the ATP binding site of this pro-
tein, we conducted fragment screening and virtual screening in parallel against Hsp90. This approach
quickly identified 2-aminotriazine and 2-aminopyrimidine derivatives as specific ligands to Hsp90 with
high ligand efficiency. In silico evaluation of the 3D X-ray Hsp90 complex structures of the identified hits
allowed us to promptly design CH5015765, which showed high affinity for Hsp90 and antitumor activity
in a human cancer xenograft mouse model.

� 2011 Elsevier Ltd. All rights reserved.
The 90-kDa heat shock proteins (Hsp90) are ATP-dependent
molecular chaperones which are responsible for the stabilization
and maturation of their substrate proteins, known as client pro-
teins.1 The client proteins of Hsp90 include many oncology targets
such as p53 mutants, Raf1, Akt, and Bcr-Abl, which are important
for tumor generation and progression. Therefore, an inhibition of
Hsp90 could lead to an effective suppression of tumors by interfer-
ing with multiple oncogenic pathways simultaneously. Although
there once was concern about the adverse effect of a ubiquitous
expression of Hsp90 in both normal and tumor cells, it has since
been shown that a selective suppression of tumor cells was indeed
achievable with the discovery of selective Hsp90 inhibitors, gel-
danamycin and radicicol.2 When geldanamycin derivatives,
17AAG and 17DMAG, subsequently proceeded to clinical trials, it
stimulated the community to make significant efforts to discover
and develop a different class of Hsp90 inhibitors with better DMPK
profiles and antitumor activities.1,3

In this report, we describe our attempt to generate a new class
of orally available Hsp90 inhibitors by a combinatorial approach of
fragment screening, virtual screening and molecular modeling
with the assistance of X-ray structures of Hsp90–ligand complexes.
Several groups have reported the discovery of Hsp90 inhibitors by
virtual screening or fragment screening.4,5 Also, the combination of
fragment and virtual screening for Hsp90 inhibitor generation was
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recently reported.6 In this study, we adopted the parallel approach
of fragment and virtual screening and the information obtained
from the two approaches was utilized directly with the aim of gen-
erating inhibitors more efficiently and effectively. In fragment
screening, only a small set of fragments selected for targeting the
ATP binding site was screened, and the potentially limited chemi-
cal space when searching in the fragment screening was compen-
sated for by conducting virtual screening, which explored for wider
chemical space. The binding of small molecule ligands to Hsp90
can be characterized by two important interactions7,8: (1) the
hydrogen bonding network mediated by the carboxylic side chain
of Asp93 and crystal waters; (2) two hydrophobic pockets formed
by Leu107-Phe138 and Ile96. Notably, the hydrogen bonding net-
work involving Asp93 and associated crystal waters is conserved
for all ATP site binders (Fig. 1). Thus, our strategy was to first ex-
ploit the Asp93 site in the fragment and virtual screening to iden-
tify initial binders and then, with the help of the X-ray structures of
Hsp90-inhibitor complexes, to design new inhibitors based on the
identified hits to gain additional interaction with the protein.

In humans, two isoforms of Hsp90, namely, Hsp90 a and b, are
known. In this study, the N-terminal domain (9–237) of human
Hsp90a was used for all biophysical analysis. The domain was ex-
pressed in Escherichia coli, and purified to homogeneity by stan-
dard column chromatography. For ATPase assay, full-length
HSP90a expressed as N-terminally GST-tagged form in E. coli,
was employed. The issue with the ATPase assay was its inherent
low sensitivity caused by the weak Hsp90 ATPase activity.
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Figure 1. Schematic drawing of the interaction between Hsp90a and ADP (a) and geldanamycin (b).

Figure 2. Chemical structures of representative hits. (a) Fragment hits; (b) 2-aminopyrimidine and its analogues; (c) hit compounds from hit expansion of fragment hits; (d)
hit compound from virtual screening. Kd, LEI, and IC50 values are shown together with chemical structure when available. LEI was calculated using the equation, LEI = DG/(no.
of heavy atoms).12
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In fragment screening, surface Plasmon resonance (SPR)-based
binding assay was employed to screen 164 purchased fragments
which possess a donor–acceptor pattern complimentary to the
hydrogen bonding network of the Asp93 site. A highly active and
stable surface of Hsp90 was prepared by coupling minimally bio-
tinylated Hsp90 to the streptavidine-coated surface of a sensor
chip (type SA, GE healthcare) (Supplementary Fig. 1). Nineteen
compounds were classified as active, showing more than 50% occu-
pancy of the immobilized Hsp90 at the screening concentration of
250 lM. Reproducibility and dose dependence of the binding re-
sponse narrowed down these 19 initial hits to 13 compounds.
Then, these 13 fragments were subjected to two different types
of NMR experiments to verify that they bound to the ATP pocket
of Hsp90. The first were 1D 1H displacement experiments that
examined if the addition of geldanamycin suppressed the line-
broadening of proton signals of a test fragment induced by binding
to Hsp90 (Supplementary Fig. 2).9 The second were 2D 1H–15N-
HSQC chemical shift perturbation experiment in which determin-
ing the chemical shift difference experienced by the HN-group of
each amino acid allowed us to map the binding sites of the frag-
ment hits (Supplementary Fig. 3).10 The analysis indicated that
all 13 fragments did indeed bind to the designated active site of
the protein. Interestingly, 8 out of 13 validated fragment hits pos-
sess 2-aminopyrimidine and 2-aminotriazine as core motifs, as
shown in Figure 2a. This finding prompted us to determine the
affinities of 2-aminotriazine and its analogues for Hsp90 so as to
prioritize them as a core motif for hit expansion by substructure
search. The dissociation constants of the compounds were deter-
mined by recording a series of 2D NMR NH-correlation spectra at
various concentrations of the test fragment and by following the
size of chemical shift changes of NH crosspeaks (Fig. 2b). The result
indicated that 2-aminopyrimidine, 2-aminotriazine and indazole



Figure 3. X-ray structures of N-terminal Hsp90a in complex with identified compounds. Detailed binding mode of the active site and the overall structure are shown. The
overall structures are colored according to the secondary structure with a-helices in red and b-strands in cyan. The flexible loops consisting of residues 108–112, are colored
in yellow. (a and b) Fragment hit, 1; (c and d) fragment hit, 3; (e and f) a hit from virtual screening, 4.
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showed better affinity among those tested. Therefore, we collected
from our in-house library, 710 compounds possessing these moie-
ties as the core structures. These compounds were screened using
the ATPase assay with full-length Hsp90a11 instead of SPR because
of a higher throughput of the ATPase assay. Notably, 16 com-
pounds showed IC50 values less than 100 lM with the most potent
compounds, 2 and 3, having IC50 values of 24 and 9.6 lM, respec-
tively (Fig. 2c). Calculation of ligand efficiency index12 (LEI = �DG/
(the number of heavy atoms in the ligand)) for fragment hits and
active compounds from the hit expansion indicated that good li-
gand efficiency was maintained for the hits from the expansion,
although the highest LEI was found for a hit fragment, 1, with a
LEI of 0.54.

Our second approach for identifying Hsp90 inhibitors was vir-
tual screening using a docking tool, FlexX.13 From an in-house
source, 435,000 compounds were used to dock for the screening.
The program CORINA14 was employed to convert these compounds
in the docking library from 2D to 3D and the complex structure be-
tween Hsp90 and geldanamycin (PDB entry: 1YET) was used as a
template. The active site was defined as a sphere consisting of
the atoms within 10 Å from geldanamycin. In addition, three water
molecules around the carboxylic group of Asp93 were also in-
cluded as a part of the binding site, as these three water molecules
were consistently found in the X-ray structures of Hsp90 in com-
plex with small molecules binding to the ATP site. Following the
docking by FlexX, the 3000 highest-scoring compounds were se-
lected for further analysis and each compound was visually in-
spected on the graphics as to whether they bound to the Asp93
site as designated and/or were chemically tractable. After this fil-
tering process, 1460 compounds remained and were tested for
their inhibitory activity against Hsp90a by ATPase assay at
100 lM.11 Seventy-three compounds showed an inhibitory activity
larger than 30% and an outstanding activity was observed for com-
pound 4 with an IC50 value of 6.9 lM and LEI of 0.43 (Fig. 2d).

In order to obtain detailed structural information on the binding
mode of the compounds, crystallization was performed15 and the
X-ray crystal structures of the complex with Hsp90 were solved
for 1, 3, and 4.16 As expected, the 2-aminopyrimidine and triazine
moieties of these compounds are accommodated in the Asp93 site
in the same manner but also differences were found among these
structures in the conformation of residues Ile110-Gly114. This part
consists of a central portion of a long a-helix in the structure of 3,



Figure 4. Detailed analyses of compound 4. (a) The GRID analysis for compound 4. The location of DRY probe is shown in cyan. (b) SAR to evaluate the effect of the ortho-
substitution at the left phenyl ring. (c) Detailed binding mode of compound 6 to N-terminal-Hsp90a.
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while it shows the significant rearrangement in the structures of 1
and 4, resulting in ‘semi-open’ and ‘open’ conformations, respec-
tively (Fig. 3). Such a conformational flexibility of this part of the
molecule was reported previously.17 It would be possible to exploit
a hydrophobic pocket created by the formation of a-helix in the
structure of 3 to design more potent inhibitors, but we focused
on 1 and 4, as the shapes of the binding pocket of 1 and 4 are more
similar to each other and therefore it was expected to be more
straightforward to design new inhibitors by merging the structural
information on 1 and 4. In addition, the slower dissociation of 4
with 0.10/s when compared to 3 (>1/s), was preferred as an initial
hit (data not shown). A fast dissociation observed for 3 suggested
that the formation of a-helix in the residues Ile110-Gly114 would
not be a rate-limiting step, but that this portion would be in the
very rapid equilibrium between the different conformations.

In order to search for additional interaction points for increas-
ing potencies of 4, the binding site of the obtained X-ray structure,
was analyzed using the program GRID (Molecular Discovery,
http://moldiscovery.com).18,19 A regular grid was built over the
rectangular box defined by the size of compound 4 as found in
the complex structure of 4 and Hsp90. Then for each grid, the inter-
action energy of the DRY probe, which represents steric and hydro-
phobic interactions, was computed using the GRID force field. The
GRID descriptor thus calculated revealed the small hydrophobic
space formed by Leu107 and Phe138 close to the tricyclic group
of 4, which could be filled with methyl group or halogen atom
(Fig. 4a). In fact, model compounds 5–7, showed that an introduc-
tion of methyl group or chlorine atom at the ortho-position of the
phenyl ring led to a remarkable improvement of the affinity over
the non-substituted form, 5, with the Kd values 11 or seven times
smaller than that of 5, respectively (Fig. 4b). Concomitantly, LEI
was increased from 0.39 to 0.45 or 0.44. The X-ray structure of 7
confirmed that the introduced chloro atom occupies the small
hydrophobic pocket as expected (Fig. 4c).16
Combining all the information obtained together, we designed
and synthesized the ‘hybrid’ compound CH5015765 which has 2-
aminotriazine as a core and an S-methyl group at the C-4 posi-
tion and an ortho-Cl-tricyclic group at the C-6 position (Fig. 5a).
Remarkably, this compound showed significantly improved bind-
ing affinity over the hit compounds from fragment screening and
virtual screening, with a Kd value of 3.4 nM and LEI of as high as
0.50. No significant change was found for the inhibitory activity
of the ATPase assay, but this was due to an inherent low sensi-
tivity of the assay system. The binding mode of the compound
was not altered, as revealed by the X-ray structure analysis
(Fig. 5b).16 In addition, in vitro cell growth inhibition (CGI) assay
using HCT116 cells showed that this compound had CGI activi-
ties with an IC50 value of 0.46 lM. In order to confirm that the
observed CGI was due to the suppression of Hsp90 and not
due to the general toxic effect, the down-regulation of the
Hsp90 client proteins, Her2, Raf1 and pERK, was measured at
0.5, 5, and 50 lM of the compound (Fig. 5c). The analysis of
the HCT116 cells treated with the inhibitor demonstrated that
such down-regulation was indeed induced in a manner depen-
dent on the inhibitor concentrations. PK profile of this compound
indicated some oral bioavailability in mouse (4.5%), despite the
high plasma clearance of 19.5 mL/min/kg, which encouraged us
to measure in vivo antitumor activity of this compound
(Fig. 5d). Remarkably, when CH5015765 was administered orally
to mice, it exhibited 54% inhibition of tumor volume at a dose of
400 mg/kg in a human stomach cancer NCI-N87 xenograft mod-
el, without any loss of body weight (Fig. 5e.).

Noteworthy is that, when LEI of the inhibitors is plotted against
molecular weight, LEI is actually not only maintained, but rather
improved over the course of the modification (Fig. 6). This was
uncommon as, in general, LEI decreases or, at most, stays at a com-
parable value as the molecular weight of compounds increases
during compound optimization.20 This clearly demonstrates that

http://moldiscovery.com


Figure 5. Biological activities of CH5015765. (a) Chemical structure of CH5015765 and its in vitro activities. (b) Binding mode of CH5015765 in Hsp90. (c) Effects of
CH5015765 on expression of Her2, Raf1, pERK and ERK. Actin was used as a loading control. (d) PK profile of CH5015765 in mouse. (e) In vivo antitumor activity of
CH5015765 in human stomach cancer NCI-N87 xenograft mouse model.

Figure 6. A plot of LEI values to number of heavy atoms for the series of Hsp90
inhibitors in this study. Symbols corresponding to fragment hit 1 and virtual
screening hit 4 are colored in green; CH5015765 in red.
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our combined approach was extremely robust in efficiently gener-
ating a good lead compound.

In summary, we discovered a new class of orally available
Hsp90 inhibitor with in vivo antitumor activity, by combining
the information derived from the hits from the two types of screen-
ing and molecular modeling/X-ray analysis. The information from
the screenings was more directly used to design the new inhibitor
in our study. This combined and direct use of the information from
the different approaches was a key for success in quickly develop-
ing the potent inhibitor. Further modification of CH5015165 to im-
prove its physicochemical property and oral bioavailability, has
been carried out and the work will be reported elsewhere as a sep-
arate paper.
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