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Abstract—A novel class of 3-phenyl-2-styryl-3H-quinazolin-4-one Hsp90 inhibitors with in vitro anti-tumor activity are identified by
structure-based virtual screening of a chemical database with docking simulations in the N-terminal ATP-binding site, in vitro ATP-
ase assay using yeast Hsp90, and cell-based Her2 degradation assay in a consecutive fashion. These results exemplify the usefulness
of the structure-based virtual screening with molecular docking in drug discovery. The structural features responsible for a tight
binding of the inhibitors in the active site of Hsp90 are discussed in detail.

© 2007 Elsevier Ltd. All rights reserved.

Hsp90 is one of the most abundant molecular chaper-
ones in eukaryotic cells, playing an important role in
folding, stabilization, activation, and assembly of meta-
stable ‘client’ proteins.! The Hsp90 client proteins
include many oncogenic signaling proteins such as Her2/
ErbB2, Akt, Raf-1, Hif-1o, hormone receptors, survivin,
mutant p53, and hTERT.?3 Inhibition of Hsp90 leads to
proteasome-mediated degradation of these oncogenic
client proteins, placing Hsp90 as a promising new target
for anti-cancer drug development.”*

The conformational change of Hsp90 derived by ATP
binding and hydrolysis in the N-terminal ATPase do-
main is essential for the chaperone function of Hsp90.
The majority of Hsp90 inhibitors developed so far inhi-
bit Hsp90 ATPase activity by docking to the N-terminal
ATP-binding pocket.® This class of Hsp90 inhibitors
includes natural products geldanamycin (GA) and
radicicol; GA derivatives such as 17-allylamino-17-
demethoxygeldanamycin (17-AAG)’ and 17-dimethylami-
noethylamino-17-demethoxygeldanamycin (17-DMAG)?;
purine-scaffold derivatives such as PU3, PU24FCl, and
PU-H58°; pyrazoles'?; and shepherdin, a peptidomimet-
ic inhibitor of the survivin—-Hsp90 complex.!! On the
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other hand, novobiocin and cisplatin have been shown
to inhibit Hsp90 by binding to a potential second
ATP-binding site in the C-terminus.!> Hsp90
derived from tumor cells has especially high ATPase
activity with higher binding affinity to Hsp90 inhibitors
than the latent form in normal cells, allowing specific
targeting of Hsp90 inhibitors to tumor cells with little
inhibition of Hsp90 function in normal cells.'*> The
anti-cancer activity of Hsp90 inhibitors was validated
in diverse in vitro and in vivo model systems, and
17-AAG has shown promising therapeutic outcomes in
clinical trials in various types of cancer.”? However, even
17-AAG has undesirable properties such as difficulty in
formulation, potential toxicity, and limited water solu-
bility, demanding for continuing development of
Hsp90 inhibitors with improved pharmacological prop-
erties and efficacy.

So far, most of the Hsp90 inhibitors reported in the lit-
erature have stemmed from either the generation of the
improved derivatives of pre-existing Hsp90 inhibitors or
the isolation of new scaffolds by high throughput screen-
ing. The structure-based virtual screening has also been
applied to the discovery of novel Hsp90 inhibitors,
which leads to the identification of 1-(2-phenol)-2-naph-
thol'* and 5-aminoimidazole-4-carboxamide-1-B-p-
ribofuranoside (AICAR)'> as new classes of Hsp90
inhibitors. In the present study, we identify a novel class
of 3-phenyl-2-styryl-3H-quinazolin-4-one inhibitors of
Hsp90 by means of a drug-design protocol involving a
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newly developed structure-based virtual screening tool,
in vitro ATPase assay using yeast Hsp90, and cell-based
Her2 degradation assay in a consecutive manner. The
characteristic features that discriminate our virtual
screening procedure from the others lie in the use of
an accurate solvation model for putative ligands and
the inclusion of crystallographic water molecules. It will
be shown that the docking simulation with the improved
binding free energy function can be a valuable tool for
elucidating the observed activity of the identified inhib-
itors, as well as for enriching the chemical library used in
screening assays with molecules that are likely to have
biological activities.

We used the AutoDock program'¢ in the structure-
based virtual screening of Hsp90 inhibitors because
the outperformance of its scoring function over those
of the others had been shown in several target pro-
teins.!” The 3D coordinates in the crystal structure of
Hsp90 in complex with a benzenesulfonamide inhibitor
(PDB code: 2BZ5)'* were selected as the receptor model
in the virtual screening with docking simulations. After
removing the ligand and solvent molecules, hydrogen
atoms were added to each protein atom. A special
attention was paid to assign the protonation states of
the ionizable Asp, Glu, His, and Lys residues. The side
chains of Asp and Glu residues were assumed to be
neutral if one of their carboxylate oxygens pointed
toward a hydrogen-bond accepting group including
the backbone aminocarbonyl oxygen at a distance with-
in 3.5 A, a generally accepted distance limit for a hydro-
gen bond with moderate strength.!® Similarly, the lysine
side chains were protonated unless the NZ atom was in
proximity of a hydrogen-bond donating group. The
same procedure was applied to determine the proton-
ation states of ND and NE atoms in His residues. Con-
sidering the significant role of the solvent-mediated
interaction in protein-ligand docking,'” the structural
water molecules found within 3.5 A from the ligand in
the original X-ray structure were also included in the
receptor model.

The docking library of about 85,000 compounds for
Hsp90 was constructed from the latest version of Inter-
BioScreen DB (InterBioScreen Database, Moscow,
http://www.ibscreen.com) containing approximately
30,000 natural and 290,000 synthetic compounds. This
selection was based on drug-like filters that adopt only
the compounds with physicochemical properties of
potential drug candidates®® and without reactive functional
group(s). All of the compounds included in the docking
library were then subjected to the Corina program to
generate their 3D coordinates, followed by the assign-
ment of Gasteiger—Marsilli atomic charges.?! Docking
simulations with AutoDock were then carried out in
the ATP-binding site of Hsp90 to score and rank the
compounds in docking library according to the binding
affinity for Hsp90.

In the actual docking simulation between a compound
in the docking library and Hsp90, we used the empirical
scoring function of the AutoDock program that has the
following form:
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Here, W aw,» Whoond> Welee» Wior, and W, are weighting
factors of van der Waals, hydrogen bond, electrostatic
interactions, torsional term, and desolvation energy of
inhibitors, respectively. r; represents the interatomic dis-
tance, and 4;, By, Cy, and Dj are related to the depths
of energy well and the equilibrium separations between
the two atoms. The hydrogen-bond term has an additional
weighting factor, E(t), representing the angle-dependent
directionality. With respect to the distant-dependent
dielectric constant, &(r;), a sigmoidal function proposed
by Mehler and Solmajer>? was used in computing the
interatomic electrostatic interactions between a receptor
protein and its ligands. In the entropic term, Ny, is the
number of sp> bonds in the ligand. In the desolvation
term, S; and V; are the solvation parameter and the frag-
mental volume of atom i,?® respectively, while O™
stands for the maximum atomic occupancy. In the
calculation of molecular solvation free energy term in
Eq. (1), we used the atomic parameters recently devel-
oped by Kang et al.* because those of the atoms other
than carbon were unavailable in the current version of
AutoDock. This modification of the solvation free
energy term is expected to increase the accuracy in vir-
tual screening, because the underestimation of ligand
solvation often leads to the overestimation of the bind-
ing affinity of a ligand with many polar atoms.?’

The actual docking simulations started with the calcula-
tion of the 3D grids of interaction energy for the entire
possible atom types present in chemical database. These
uniquely defined potential grids for the receptor protein
were then used in common for docking simulations of all
compounds in docking library. As the center of the com-
mon grids, we used the center of mass coordinates of the
ligand that had been removed from the ATP-binding
site. of Hsp90. These grid maps were of dimension
61 x 61 x 61 points with the spacing of 0.375 A, yielding
a receptor model that includes atoms within 22.9 A of
the grid center. For each compound in the library, 10
docking runs were performed with the initial population
of 50 individuals. Maximum number of generations and
energy evaluation were set to 27,000 and 2.5x 10°,
respectively. All energy terms in Eq. (1) were calculated
on the grid points with all-atom models of a protein
receptor and a ligand.

Shown in Figure 1 is the overall computational and
experimental strategy we have employed for the discov-
ery of novel Hsp90 inhibitors. Of the 85,000 compounds
subject to the virtual screening with docking simulation,
300 top-scored compounds were selected. Two hundred
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| 320,000 compounds |

‘ Drug-like filtering

| 85,000 compounds |

‘ Virtual screening

| 285 compounds |

‘ in vitro Hsp90 ATPase assay

| 41 compounds |

‘ Cell-based Her-2 degradation assay

| 5 Hsp9o inhibitors |

Figure 1. Integrated computational and experimental strategy for the
discovery of novel Hsp90 inhibitors.

and eighty-five of them were available from the com-
pound supplier and were tested for Hsp90 inhibitory
activity by in vitro ATPase assay using yeast Hsp90.
Saccharomyces cerevisiae Hsp90 protein was expressed
and purified in Escherichia coli as a C-terminal Hig-
tagged protein, and Hsp90 ATPase activity was deter-
mined in 96-well plates by colorimetric detection of the
released inorganic phosphate using malachite green
reagent.”® We identified 41 compounds that showed
more than 70% inhibition at 50 pM concentration. This
led to the discovery of several new inhibitor scaffolds
with structural diversity. The scaffold structures found
in more than two compounds are shown in Figure 2.
These structures include previously identified pyrazole
scaffold (5),'° which confirms the accuracy of the present
virtual screening protocol. To the best of our knowl-
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edge, however, the other seven inhibitor scaffolds have
not been reported so far in the literature at least. The
3H-quinazolin-4-one scaffold was identified in five inhib-
itors and three of them have a common 3-phenyl-2-sty-
ryl-3H-quinazolin-4-one structure (1).

The compounds isolated from the virtual screening were
tested for their effects on Her2 degradation in MCF-7
breast cancer cell line. In addition to examining the pro-
tein levels of Her2 that is one of the Hsp90 client pro-
teins, we tested for the induction of Hsp70 to evaluate
Hsp90 inhibitors. Since heat shock transcription factor
(Hsf1) is negatively regulated by Hsp90, most of the
Hsp90 inhibitors such as geldanamycin activate expres-
sion of Hsfl target genes including HSP70.2” MCF-7
cells were treated with 30 pM of each compound for
24 h, and the expression levels of Her2 and Hsp70 were
detected by Western blotting analysis. We identified five
compounds which conferred more than 50% reduction
in Her2 protein levels compared to the vehicle control
while inducing Hsp70 expression. Other compounds
might have a limited accessibility to Hsp90 in vivo.
Three out of the five isolated compounds share a com-
mon 3-phenyl-2-styryl-3H-quinazolin-4-one scaffold as
shown in Figure 3. All three compounds showed similar
potency toward Her2 degradation with reduced effi-
ciency compared to geldanamycin (Fig. 4). The newly
identified compounds inhibited Hsp90 ATPase activity
with 1Csq values from 20.0 to 31.8 uM. Geldanamycin
gave an ICsy of 2.3 uM in our assay system (Table 1).
The antiproliferation activities of the Hsp90 inhibitors
were measured by sulforhodamine B (SRB) assay?® after
4 day exposure of the compounds. The 3-phenyl-2-sty-
ryl-3H-quinazolin-4-one compounds effectively inhib-
ited growth of MCF-7 cells with Gls, of around 25.4—
35.6 uM, which are only 2.6- to 3.7-fold higher than
Gls, for geldanamycin (9.6 uM) (Table 1).

Figure 2. Chemical structures of the newly identified Hsp90 inhibitor scaffolds. The IUPAC names for the compounds are: (1) 3-phenyl-2-styryl-3H-
quinazolin-4-one, (2) 6-benzyl-2-benzylidene-thiazolo[3,2-b][1,2,4]triazine-3,7-dione, (3) 3-phenylamino-2-(4-phenylthiazol-2-yl)acrylonitrile, (4)
4-0x0-4-(3-phenyl-5-quinolin-3-yl-4,5-dihydropyrazol-1-yl)butyric acid, (5) 5-benzyloxy-2-(4-phenoxy-1H-pyrazol-3-yl)phenol, (6) 3,6-diamino-4-
(4-methoxyphenyl)-thieno[2,3-b]pyridine-5-carbonitrile, (7) 2-(3-morpholin-4-yl-propyl)-1-phenyl-1,2-dihydro-4-oxa-2-aza-cyclopenta[p]naphtha-
lene-3,9-dione, and (8) 2-(benzo[4,5]furo[3,2-d]pyrimidin-4-ylamino)-3-phenylpropionic acid.
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Figure 3. Chemical structures of the three 3-phenyl-2-styryl-3H-quinazolin-4-one inhibitors exhibiting Her2 degradation in cell-based assay. The
IUPAC names for la, 1b, and lc are 2-[2-(4-hydroxy-3-methoxyphenyl)ethenyl]-3-(2-hydroxyphenyl)-3H-quinazolin-4-one, 2-[2-(2-hydroxy-3-
methoxyphenyl)ethenyl]-3-(4-methoxyphenyl)-3H-quinazolin-4-one, and 4-{2-[2-(2-hydroxyphenyl)ethenyl]-4-oxo-4H-quinazolin-3-yl} benzoic acid,

respectively.
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Figure 4. Effects of Hsp90 inhibitors on Her2 degradation and Hsp70
induction. MCF-7 cells were treated for 24 h with indicated concen-
trations of geldanamycin (GA) or three 3-phenyl-2-styryl-3H-quinaz-
olin-4-one compounds dissolved in 0.4% DMSO or 0.4% DMSO (C)
for control. The expression levels of Her2 and Hsp70 were detected by
Western blotting analysis. Tubulin was used as a loading control.

We analyzed the interactions between Hsp90 inhibitors
and Hsp90 by molecular modeling. Table 2 lists the cal-
culated binding free energies of the three identified
Hsp90 inhibitors. Keeping it in mind that the binding
free energy of a protein-ligand complex in solution
(AGY") can be approximated as the difference between
that in the gas phase SAGﬁaS) and the solvation free energy
of the ligand (AG*'),>> we computed the two energy
components separately to estimate their relative contri-
butions to AG}”. We note that AGE becomes more
favorable with the introduction of the carboxyl group
at the side chain of the 3-phenyl-2-styryl-3H-quinazo-

Table 1. Inhibitory effects of 3-phenyl-2-styryl-3H-quinazolin-4-one
compounds on yeast Hsp90 ATPase and proliferation of MCF-7
human breast cancer cell line

Compound Geldanamycin la 1b 1c
ICsp (UM)? 2.3 31.8 20.0 22.0
Glso (UM)?* 9.6 25.4 27.5 35.6

1Csp, the concentration inhibiting Hsp90 ATPase activity by 50%.
GlIs, the concentration inhibiting cell growth by 50%.
#Values correspond to n = 2.

Table 2. Calculated binding free energy in the gas phase, solvation free
energy, and binding free energy in solution for the three Hsp90
inhibitors

Compound AGE® AG™ AG!

la —29.09 —6.51 —22.58
1b -29.12 —6.36 —22.76
1c —30.63 —8.01 —22.62

lin-4-one scaffold (1¢). Simultaneously, however, the sol-
vation free energy becomes more negative, which
indicates an increase in the desolvation cost for the com-
plexation of 1c¢ in the ATP-binding site of Hsp90. As a
result, no significant difference in AGY' was found
among the three identified Hsp90 inhibitors. These re-
sults indicate that the increased stabilization in solution
due to structural changes should be overcome by an
even stronger enzyme—inhibitor interaction in order to
enhance the inhibitory activity.

To obtain some energetic and structural insight into the
inhibitory mechanisms by the three identified inhibitors
for Hsp90, their binding modes in the ATP-binding site
of Hsp90 were calculated using AutoDock program with
the procedure described in the experimental section. The
calculated binding modes of the three inhibitors are
compared in Figure 5. It is noted that consistent with
the similarity in inhibitory activity, all of the three
Hsp90 inhibitors fit the binding pocket in a similar fash-
ion. In all three cases, the N-3 atom on the inhibitor qui-
nazolin ring forms a hydrogen bond with the side-chain
amide group of Asn51. The inhibitors can be further

Y139
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Figure 5. Comparative view of the calculated binding modes of three
inhibitors in the ATP-binding site of Hsp90. Carbon atoms of 1a, 1b,
and 1c are indicated in green, cyan, and pink, respectively. All
hydrogen atoms but those of the structural water molecules are
omitted for visual clarity. Each dotted line indicates a hydrogen bond.
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stabilized in the ATP-binding site by the establishment
of an additional hydrogen bond between the carbonyl
oxygen and one of the structural water molecules that
is in turn hydrogen bonded to the side-chain carboxylic
acid group of Asp93. This exemplifies the involvement
of a solvent-mediated hydrogen bond, which has been
considered as one of the significant binding forces in
protein-ligand interactions in aqueous solution,'® in
the stabilization of the inhibitors in the ATP-binding site
of Hsp90. Judging from the fact that the O-H---O
hydrogen bond is stronger than the N-H---N one,'?
such a solvent-mediated hydrogen bond is likely to play
an essential role in the inhibition of Hsp90 by the 3-phe-
nyl-2-styryl-3H-quinazolin-4-one inhibitors. This is believed
to serve as key information for future designing of new
potent Hsp90 inhibitors.

In conclusion, by virtue of the structure-based virtual
screening under consideration of the effects of ligand sol-
vation and structural water molecules, we have been able
to identify 41 novel Hsp90 inhibitors with low micromo-
lar Hsp90 ATPase inhibitory activity. The subsequent
cell-based Her2 degradation assay led to the identifica-
tion of three 3-phenyl-2-styryl-3H-quinazolin-4-one
inhibitors exhibiting antiproliferation activity against
MCEF-7 breast cancer cell line. Docking simulation of
these inhibitors in the ATP-binding site of Hsp90 showed
that a direct hydrogen bond with the side chain of Asn51
and a solvent-mediated hydrogen bond with the side
chain of Asp93 should be significant binding forces to sta-
bilize the enzyme-inhibitor complexes. These results
exemplify the importance of the role of structural water
molecules in Hsp90-ligand interactions. The present
study demonstrates the usefulness of the automated
AutoDock program with the improved scoring function
as a docking program for virtual screening as well as
for binding mode analysis to elucidate the activities of
identified inhibitors. The novel 3-phenyl-2-styryl-3H-
quinazolin-4-one inhibitors of Hsp90 identified in this
study are expected to find their ways as a new starting
point to develop more potent anti-cancer drugs.
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