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Structure-based virtual screening identified pyrimidine-2,4,6-trione and 4H-1,2,4-triazole-3-thiol as
novel scaffolds of Hsp90 ATPase inhibitors. Their binding modes in the ATP-binding pocket of Hsp90 were
analyzed using AutoDoc program combined with molecular dynamics (MD) simulations.
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Hsp90 is a ubiquitous and abundant molecular chaperone in-
volved in folding, stabilization, and activation of ‘client’ proteins.'*
The Hsp90 client proteins include many oncogenic proteins such as
Her2/ErbB2, Akt, Raf-1, Cdk4, Hif-1o, MET, hTERT, hormone recep-
tors, mutant p53, survivin, IP6K2, which are related to the develop-
ment and progression of cancer.>~® Inhibition of Hsp90 results in
simultaneous degradation of the multiple oncogenic client proteins
by ubiquitin-proteasome pathway. For this reason, Hsp90 has
emerged as a promising target for anti-cancer drug develop-
ment.>7-10

The Hsp90 chaperone machinery is a dynamic multi-chaperone
complex consisting of an Hsp90 homodimer and several co-chap-
erones.!? Binding and hydrolysis of ATP in the N-terminal ATPase
domain drives the conformational change of Hsp90, leading to the
progression of chaperone cycle.!"'? Most of the currently devel-
oped Hsp90 inhibitors, including the natural products geldanamy-
cin (GA) and radicicol, inhibit Hsp90 ATPase activity by docking to
the N-terminal ATP-binding pocket.>’~1°® Hsp90 in cancer cells
mainly exists as an active chaperone complex, reflecting a high de-
mand for Hsp90-dependent protein folding to maintain malig-
nancy.'® The active Hsp90 in cancer cells has higher affinity to
Hsp90 inhibitors than the latent form in normal cells, which en-
ables selective targeting of Hsp90 inhibitors to cancer cells.'> The
therapeutic potential of Hsp90 inhibitors has been verified by the
initial success of 17-allylamino-17-demethoxygeldanamycin (17-
AAG), one of the less toxic derivatives of GA, in several Phase I
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and Phase II clinical trials in cancers.'*"'® Other synthetic Hsp90
inhibitors such as purine-based drug BIIBO21 and isoxazole-based
drug NVP-AUY922/VER-52296 also have entered clinical trials,'-2°
accelerating the continuing effort to develop novel Hsp90 inhibi-
tors with reduced toxicity and enhanced efficacy.

In the previous study, we identified a novel class of 3-phenyl-2-
styryl-3H-quinazolin-4-one Hsp90 inhibitors by means of a drug-
design protocol involving a newly developed structure-based virtual
screening tool.?! We used the modified version of the AutoDoc pro-
gram to carry out docking simulations of test compounds in the ATP-
binding pocket of Hsp90.2'-2> The 3-D coordinates in the crystal
structure of human Hsp90a complexed with a benzenesulfonamide
inhibitor (PDB code: 2BZ5)** were selected for the virtual screening
with docking simulations. The reason for this selection lies in that
the crystal structure was determined at high resoltion (1.9 A) in
complex with the inhibitor with submicromolar activity that had
been identified with a computer-aided drug design method. After
removing the ligand and solvent molecules, hydrogen atoms were
added to each protein atom. Considering the significant role of the
solvent-mediated interaction in protein-ligand docking, the struc-
tural water molecules found within 3.5 A from the ligand in the ori-
ginal X-ray structure were also included in the receptor model. The
docking library of about 85,000 compounds for Hsp90 was con-
structed from the latest version of InterBioScreen DB (Interbioscreen
Database, Moscow, http://www.ibscreen.com) containing approxi-
mately 30,000 natural and 290,000 synthetic compounds. This selec-
tion was based on drug-like filters that adopt only the compounds
with physicochemical properties of potential drug candidates and
without reactive functional group(s). Docking simulations with
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AutoDoc 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.

After in vitro ATPase activity assay and Her2 degradation assay,
we were able to identify five Hsp90 inhibitors, among which three
compounds share a same scaffold of 3-phenyl-2-styryl-3H-quinaz-
olin-4-one.?! In this report, we further characterized two remain-
ing compounds which have different structures (Fig. 1, 1b and
2b). Inhibitory effect of each compound on Saccharomyces cerevisi-
ae Hsp90 ATPase activity was examined by ATPase assay using col-
orimetric detection of the released inorganic phosphate complexed
with malachite green reagent (Bioassay systems co.) in 96-well
plate format.2’*> Compounds 1b and 2b showed the ICs, values
of 24.6 UM and 15.4 pM, respectively, while geldanamycin showed
the ICso value of 2.3 uM (Table 1). The anti-proliferation activities
of 1b and 2b were measured by SRB (sulforhodamine B) assay with
MCF-7 breast cancer cell line.?® The Glsq values of 1b and 2b were
18.1 uM and 44.6 1M, respectively. The Glso of geldanamycin was
9.6 UM (Table 1). Although 1b was less effective than 2b in inhibi-
tion of Hsp90 ATPase activity, 1b was more effective in growth
inhibition of MCF-7 cells, which might be due to the differences
in cell permeability or stability of the compounds.

In an attempt to obtain some structural insights into the mech-
anisms of inhibition by the identified inhibitors for Hsp90, their
binding modes in the ATP-binding pocket of Hsp90 were calculated
using AutoDoc program with the procedure described previously.?!
An improved binding configuration of Hsp90-inhibitor complex
was then obtained with molecular dynamics (MD) simulations of
the complex in aqueous solution based on the structure of the pro-
tein-inhibitor complex obtained with the precedent docking simu-
lations. The most stable structures of Hsp90-inhibitor complexes
obtained from docking simulations were equilibrated in solution
through 1 ns MD simulation with the amBer program of version 7,
which had been successful in modeling the structures of proteins®’
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Table 1
Inhibitory effects of 1b and 2b on yeast Hsp90 ATPase and proliferation of MCF-7
human breast cancer cell line

Compound Geldanamycin 1b 2b
ICsp (UM)? 23 24.6 15.4
Glsp (LM)? 9.6 18.1 44.6

ICso, the concentration inhibiting Hsp90 ATPase activity by 50%.
Glso, the concentration inhibiting cell growth by 50%.
2 Values correspond to n = 2.

and nucleic acids?® in solution. We used the force field parameters
for proteins reported by Cornell and coworkers.?® Atomic partial
charges for ligand atoms were calculated through the RESP meth-
od>° to be consistent with the standard awmser force field. The equil-
ibration procedure started with the addition of sodium ions as the
six sodium ions to neutralize the total charge of the all-atom model
of Hsp90. The system was then immersed in a rectangular solvent
box containing about 8000 TIP3P water molecules. After 1000 cy-
cles of energy minimization to remove bad van der Waals contacts,
we equilibrated the system beginning with 20 ps equilibration
dynamics of the solvent molecules at 300 K. The next step involved
equilibration of the solute with a fixed configuration of the solvent
molecules for 10 ps at 10, 50, 100, 150, 200, 250, and 300 K. Then,
the equilibration dynamics of the entire system was performed at
300 K for 500 ps using the periodic boundary condition. The SHAKE
algorithm?! was applied to fix all bond lengths involving hydrogen
atom. We used a time step of 1.5 fs and a nonbond-interaction cut-
off radius of 12 A. The equilibrium of the system was monitored by
the convergent behavior of the root-mean-square deviation of the
backbone C, atoms from the starting structure.

Figure 2A shows the representative MD trajectory snapshot for
Hsp90-1b complex in aqueous solution. It should be noted that
due to the structural flexibility of Hsp90, the calculated binding
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Figure 1. Six compounds used in this study. Compounds 1a, 1b, and 1c have pyrimidine-2,4,6-trione scaffold, while 2a, 2b, and 2¢ have 4H-1,2,4-triazole-3-thiol scaffold.
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Figure 2. Representative MD trajectory snapshots of (A) 1b and (B) 2b binding to
ATP-binding pocket of Hsp90. Carbon atoms of the protein and the ligand are
indicated in green and cyan, respectively. Each dotted line indicates a hydrogen
bond.

mode should be dependent on the selected conformation of the
protein. This problem can be overcome by choosing the most prob-
able structure obtained from the molecular dynamics simulations
that involve the motions of protein atoms as well as the ligand.
We note that a stable hydrogen bond is established between one
of the carbonyl oxygens of 1b and the side chain of Lys112. The
inhibitors can be further stabilized in the ATP-binding site by the
establishment of an additional hydrogen bond between one of
the carbonyl oxygens and the structural water molecule that is in
turn hydrogen-bonded to the side chain aminocarbonyl group of
Asn51. This exemplifies the involvement of a solvent-mediated
hydrogen bond, which has been considered as one of the signifi-
cant binding forces in protein-ligand interactions in aqueous solu-
tion,3? in the stabilization of the inhibitors in the ATP-binding site
of Hsp90. The hydrophobic interactions between the nonpolar
groups of 1b and the side chains of Met30, Leu107, Val136, and
Phe138 seem to be also a significant binding force stabilizing 1b
in the ATP-binding site.

The representative MD trajectory snapshot for Hsp90-2b com-
plex is shown in Figure 2B. It is noted that one of the oxygen atoms
on the terminal dioxolane ring forms a hydrogen bond with the
side chain hydroxyl group of Thr115. It is a common feature in
binding modes of 2b and 1b that a solvent-mediated hydrogen
bond is involved in the stabilization of the inhibitor in the ATP-
binding site of Hsp90. The presence of such a solvent-mediated
hydrogen bond in the Hsp90-inhibitor complexes indicates that
the role of structural water molecules should be taken into account
for designing of new potent Hsp90 inhibitors. As in the Hsp90-1b
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Figure 3. Effects of Hsp90 inhibitors on Her2 degradation. MCF-7 cells were treated
with indicated concentrations of 17-AAG or each three of pyrimidine-2,4,6-trione
(1a, 1b, and 1c¢) and 4H-1,2,4-triazole-3-thiol (2a, 2b, and 2c) compounds. DMSO
was treated as a negative control (C). The protein levels of Her2 and Hsp70 were
detected by Western blotting. B-Tubulin was used as a loading control.

complex, hydrophobic interactions should also be a significant
binding force for stabilizing 2b in the ATP-binding site because
its nonpolar groups form van der Waals contacts with the side
chains of Ala55, Met98, Leu107, Val136, and Phe138.

In order to test the potential of these inhibitors as starting
points to develop novel Hsp90 inhibitors, we selected two com-
pounds (1a and 1c¢) sharing pyrimidine-2,4,6-trione scaffold with
1b, and two compounds (2a and 2c) sharing 4H-1,2,4-triazole-3-
thiol scaffold with 2b (Fig. 1), among the chemicals we obtained
from the original virtual screening and examined their effects to-
ward inhibition of Hsp90 by Her2 degradation assay. MCF-7 cells
were treated with each compound or 17-AAG for 24 h, and the lev-
els of Her2, an Hsp90 client protein, were detected by Western
blotting analysis. All compounds except 1a led to degradation of
Her2 to some extent, confirming their functions as Hsp90 inhibi-
tors (Fig. 3). Compound 1b showing the most potent effect on
Her2 degradation also induced expression of Hsp70, in agreement
with its effect on inhibition of Hsp90. Since heat shock transcrip-
tion factor (Hsf1) is inactivated by Hsp90, most of Hsp90 inhibitors
have been shown to induce expression of Hsf1 target genes includ-
ing HSP70.3® Other compounds did not show obvious effect on
Hsp70 induction, probably reflecting their relatively low efficacy.
Taken together, these results suggest the possibility that the two
newly identified scaffolds could contribute to developing novel
Hsp90 inhibitors with improved properties.

In conclusion, we have been able to identify Hsp90 inhibitors
with new scaffolds, pyrimidine-2,4,6-trione and 4H-1,2,4-tria-
zole-3-thiol, by utilizing the structure-based virtual screening,
empathizing the usefulness of virtual screening in the develop-
ment of Hsp90 inhibitors with novel structures. Their binding
modes in the ATP-binding pocket of Hsp90, which were obtained
using AutoDoc program combined with molecular dynamics
(MD) simulations of the complexes in aqueous solution, would
provied useful information to design various effective derivatives
based on these Hsp90 inhibitors.
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