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Abstract—A series of dihydroxyphenylpyrazole compounds were identified as a unique class of reversible Hsp90 inhibitors. The
crystal structures for two of the identified compounds complexed with the N-terminal ATP binding domain of human Hsp90a were
determined. The dihydroxyphenyl ring of the compounds fits deeply into the adenine binding pocket with the C2 hydroxyl group
forming a direct hydrogen bond with the side chain of Asp93. The pyrazole ring forms hydrogen bonds to the backbone carbonyl of
Gly97, the hydroxyl group of Thr184 and to a water molecule, which is present in all of the published HSP90 structures. One of the
identified compounds (G3130) demonstrated cellular activities (in Her-2 degradation and activation of Hsp70 promoter) consistent

with the inhibition of cellular Hsp90 functions.
© 2005 Elsevier Ltd. All rights reserved.

Heat-shock protein 90 (Hsp90) is an ATP-dependent
molecular chaperone required for the stability and func-
tion of a number of ‘client’ proteins, some of them, such
as Akt, Her2, and HIF-1alpha, play important roles in
promoting cancer cells growth and/or survival.!™ Sev-
eral Hsp90 inhibitors including the natural products
geldanamycin, radicicol and their derivatives (e.g., 17-
desmethoxy-17-N,N-dimethylaminoethylamino-geldana-
mycin (17-DMAG) and 17-allylamino-17-demethoxy-
geldanamycin (17-AAG)), as well as purine-> pyrazole-,%’
and imidazopyrazine-based® small molecule synthetic
compounds have been identified. The crystal structures
for geldanamycin, radicicol, and purine derivatives
complexed with the N-terminal ATP-binding domain
of Hsp90 have been reported revealing a critical Asp res-
idue at the bottom of the pocket for ligand binding.>'4
Treatment of tumor cells with Hsp90 inhibitors causes
selective degradation of Hsp90 client proteins and cell
growth arrest and/or apoptosis in a number of cancer
cell lines. It has been reported that the binding affinities
of 17-AAG and a purine derivative, PU24FCL are much
higher for tumor-derived HSP90 than for HSP90
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derived from normal cells. And this selective inhibition
of tumor HSP90 by geldanamycin and PU24FCL has
been proposed to be the underlying mechanism of tumor
selectivity of these compounds.'>!® Currently, 17AAG
is being tested in clinical trials against various cancers.
However, 17-AAG has very limited solubility and is very
difficult to formulate. Moreover, the presence of the qui-
none moiety in 17-AAG may contribute to its toxicity
for normal tissues.

In order to increase the diversity of potential HSP90
inhibitors, we have developed a high throughput TR-
FRET-based assay and used this assay to screen a di-
verse library of 1 million compounds.!” Identified hits
were confirmed in a [’H]-AAG binding assay and fur-
ther characterized by a surface plasmon resonance
(SPR) assay.!” Several Hsp90 inhibitor scaffolds were
identified. One class of compounds, the dihydro-
xyphenylpyrazoles (Fig. 1), are very similar to the
compounds recently reported.®’ In the SPR assay, these
compounds show reversible binding to the N-terminal
ATP-binding domain of Hsp90a with dissociation con-
stants in the high nanomolar range (680 nM for com-
pound G3129, and 280 nM for compound G3130)
(Fig. 2).

High resolution crystal structures of the human HSP90o
N-terminal domain (residues 9-236) in complex
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Figure 1. Structures of the identified dihydroxyphenylpyrazole
compounds.
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Figure 2. Reversible interaction of dihydroxyphenylpyrazole com-
pounds with Hsp90 in the SPR assay. S000RU of Hsp90ON(M''€) was
immobilized on a BIAcore biosensor chip and compounds were
injected at increasing concentrations (49, 98, 195, 390, 780 nM, 1.56,
3.13, 6.25, 12.5, 25 uM). Interaction kinetics was monitored and
equilibrium binding signals (R.q) plotted against compound concen-
trations. Dissociation constants Ky were obtained by fitting a simple
1:1 binding model to the titration curves. (a) Kinetics of G3129-Hsp90
interaction. (b) Titration of G3129-Hsp90N interaction, K4 = 680 nM.
(c) Kinetics of G3130-Hsp90 interaction. (d) Titration of G3130-Hsp90
interaction, K4 =280 nM.

with two of the dihydroxyphenylpyrazole compounds
(G3129 and G3130) were solved by molecular replace-
ment using the co-crystal structure of HSP90 with 17-
DMAG!? as the initial model. All complexes described
here showed excellent positive difference Fourier density
for the compounds in the HSP90 binding pocket. In
addition to the previously reported space groups P2;
and 1222 for co-crystal structures of the human HSP90
N-domain,>!%13 we observed a new crystal form,
C222,. The most significant conformational difference
between various crystal forms concerns residues 108—
114, the most flexible region in the N-terminal domain
of HSP90. In the P2, crystal form, this loop region
adopts an ‘open’ ADP binding site conformation as op-
posed to the ‘closed’ conformation found in Apo HSP90
structures.” The €222, form shows a slightly perturbed
‘open’ conformation, most likely due to crystal packing
interactions (Fig. 3). After excluding the flexible loop re-
gion 106-130, a superposition of the C222; form onto
the P2; form results in a root mean square deviation
of only 0.4 A for all remaining common C, atoms (184
atoms).

Figure 3. (a) Stereoview of the superimposed C, backbones from Apo-
HSP90 (blue), ADP-HSP90 (green), and the C222; crystal form of
HSP90-G3129 (red). ADP is shown in green and the Mg"™ ion is
depicted as green sphere. Compound G3129 is shown in red and binds
at the ADP-binding site. N- and C-termini are labeled. The loop region
between residues 108 and 114 displays a high degree of flexibility,
ranging from a ‘closed’ conformation in Apo-HSP90 to an ‘open’
conformation in the ADP-HSP90 and HSP90-G3129 co-crystal
structures. (b) Stereofigure of the superposition of the compound
binding in all three co-crystal structures. The protein is depicted as a
ribbon diagram (gray), compound G3129 in space group P2, in green,
compound G3129 in space group €222, in blue, and compound G3130
in space group €222, in red. Figures 3 and 5 have been generated with
SETOR."

Our compounds mimic the binding of ATP/ADP to
HSP90 (Fig. 3) and maintain through their C2 hydroxyl
a hydrogen bond to the side chain of Asp93, a residue,
which has been previously identified to be critical for
ATP binding!! (Fig. 4). Additional interactions between
the adenine ring of ATP and protein residues of the
binding pocket are bridged by several water molecules.'!
Three of those water molecules are also present in our
structures. Two of the three water molecules interact di-
rectly with the hydroxyl groups of our compounds. The
C2 hydroxyl interacts through one of the conserved
water molecules with the amide of Gly97. The C4 hydr-
oxyl interacts via a network of two integral water mole-
cules with the main chain carbonyls of Leu48, Ile91,
and Thr184 as well as with the side chains from Ser52
and Asp93, respectively (Figs. 4 and 5). The dihydroxy-
phenyl ring of G3129/G3130 fits deep into the adenine
binding pocket. The ethyl group of the dihydroxyphenyl
ring protrudes into a hydrophobic pocket created by
residues Phel38, Leul07, Vall50, Met98, Vall86, and
Leul03 (Figs. 4 and 5). The size of the hydrophobic
pocket is large enough to accommodate a bulkier
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Figure 4. Schematic drawing of the interactions between the com-
pounds and Hsp90. Integral water molecules conserved in Hsp90
structures are in bold. Hydrogen bonds are drawn as dotted lines with
distances in Angstrom. (a) Interactions of G3129 and Hsp90 in space
group P2,. The close proximity of the oxol oxygen to the side chain of
Asn51 is depicted by an arrow. This particular interaction is absent in
the €222 crystal form due to a 180° flip of the benzodioxole ring. (b)
Interactions of G3130 with Hsp90.

substitution at the C5 position of the dihydroxyphenyl
ring (Fig. 5). This was recently confirmed by Dymock
et al. where a phenyl ring of one of their purine-based

compounds can be accommodated by this lipophilic
pocket.!?

In our compounds, the pyrazole NH-1 forms a hydro-
gen bond to the backbone carbonyl of Gly97 while N-
2 forms a hydrogen bond to the hydroxyl group of
Thr184. Both pyrazole nitrogen atoms are also in close
contact to one of the integral water molecules mentioned
above (Figs. 4 and 5). This particular water molecule is
in hydrogen-bonding distance to the carboxylate group
of Asp93, the hydroxyl group of Thr184, and the back-
bone amide of Gly97 and is not only conserved in our
crystal structures, but is also present in the apo-
HSP90, the ADP-bound structures and in all reported
inhibitor co-crystal structures.” 4

The carboxyl group at CS5 of the pyrazole ring in G3129
forms a salt bridge to Lys58 as well as hydrogen bonds
to two nearby water molecules. The imidazole ring in
compound G3130 does not interact directly with
HSP90, however, its imidazole NH-1 forms a polar
interaction with a water molecule, which in turn forms
hydrogen bonds to the side chains of Asn51 and
Asp54, respectively (Fig. 5).

The benzodioxole ring in G3129 exists in two different
conformations depending on the space groups we ob-
served (Fig. 3). However, neither conformation results
in direct interactions with the protein. In space group
P2, a benzodioxole oxygen is only 2.8 A away from
Asn51-O; (Fig. 4). A flip of the side chain of Asn51
could lead to a favorable interaction between the amide
and the benzodioxole moiety. In order to test this
hypothesis, we flipped the side chain of Asn51, and after
a least-squares refinement in combination with a B-fac-
tor refinement, it became clear that the resulting B-fac-
tor difference between the carbonyl and the amide of
the side chain of Asn51 strongly supported the originally
assigned conformation. It should be noted that the car-
bonyl oxygen of Asn51 is one of the ligands for the
Mg"™" ion in the ADP-bound HSP90 structure while
the amide group forms a polar interaction with the
a-phosphate group of ADP and interacts via a water
molecule with N7 of the adenine ring of ADP.!-14

Figure 5. Stereoview of the interactions between HSP90 and compound G3130 (green). Water molecules are shown as orange spheres, hydrogen

bond interactions are shown as dotted lines.
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Figure 6. Cellular activities of the dihydroxyphenylpyrazole com-
pounds. (a) Degradation of Her-2 induced by dihydroxylphenylpyraz-
oles in SKBR-3 cells. (b) Activation of the Hsp70 promoter-driven
luciferase in 293T cells.

Relative Luciferase Activities

We expected that the presence of a salt bridge between
Lys58 and the C5 carboxylate in G3129 should contri-
bute to a stronger binding of G3129 over G3130, consid-
ering that all other interactions between HSP90 and the
two compounds are essentially identical. However, the
K4 value for G3130 is 0.28 uM while G3129 has a K4
value of 0.68 uM, indicating that the water mediated
polar interaction between the imidazole NH-1 of
G3130 and Asn51/Asp54 might be one of the important
determinants for inhibition of HSP90 as has been
observed for geldanamycin.'®

To measure the activities of these compounds against
Hsp90 in cells, we tested the effect of these compounds
in causing Her-2 degradation and in inducing Hsp70
gene expression. Her-2 is one of the Hsp90 client pro-
teins, which are most sensitive to the inhibition of
Hsp90 function. All of the known Hsp90 inhibitors
identified so far cause Her-2 degradation. Hsp70 induc-
tion is another hall mark of Hsp90 inhibition. As shown
in Figure 6a, compound G3130 causes Her-2 degrada-
tion in SKBR-3 cells at 30 pM. In the same experiment,
geldanamycin cause Her-2 degradation at 5 puM. Com-
pound G3130 also causes the induction of Hsp70 pro-
moter driven luciferase in 293T cells (Fig. 6b). In
contrast, compound G3129 showed no significant cellu-
lar activity even at 100 uM. The presence of a carboxyl-
ate group in compound G3129 may prevent the
compounds from getting into the cells.

In conclusion, we have identified several dihydroxy-
phenylpyrazole compounds as reversible HSP90 inhibi-

tors. The crystal structures of these inhibitors
complexed with HSP90 provide structural insights,
which could be used in the design of more potent
HSP90 inhibitors.
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