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Inhibitors of the Hsp90 molecular chaperone are showing considerable promise as potential molecular
therapeutic agents for the treatment of cancer. Here we describe the identification of novel small molec-
ular weight inhibitors of Hsp90 using a fragment based approach. Fragments were selected by docking,
tested in a biochemical assay and the confirmed hits were crystallized. Information gained from X-ray
structures of these fragments and other chemotypes was used to drive the fragment evolution process.
Optimization of these high pM binders resulted in 3-benzylindazole derivatives with significantly
improved affinity and anti-proliferative effects in different human cancer cell lines.

© 2012 Elsevier Ltd. All rights reserved.

Molecular chaperones are proteins, which play a key role in the
conformational maturation, stability and function of other client
protein substrates within the cell."?> Many of the client proteins of
Heat shock protein 90 (Hsp90),3~® which are involved in signal
transduction, cell cycle regulation and apoptosis, are well known
oncogenes and are often deregulated (over-expressed and mutated)
in tumor cells, and this dysregulation of pathways involving these
proteins are commonly associated with cancer pathology.” The
association of Hsp90 with these client proteins maintains their abil-
ity to function in the deregulated state. Therefore, Hsp90 inhibitors
target tumor growth by multiple parallel mechanisms. Hsp90 has
attracted considerable interest as a therapeutic target for
anticancer drugs since it was shown that both geldanamycin® and
radicicol® are able to inhibit Hsp90 function by binding to an ATP
binding pocket in the N-terminal domain of the protein. Based on
encouraging preclinical data several derivatives of these natural
product inhibitors like 17-AAG, 17-DMAG and the prodrug of
17-AAG, IPI-504 entered clinical studies.!® However, these
compounds have several potential limitations, including poor
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solubility, limited bioavailability and hepatotoxicity. These issues
have led to significant efforts to identify small-molecule inhibitors.
Indeed, several compounds of different chemical classes have been
disclosed so far, like ganetespib (STA-9090),'' NVP-AUY922,'2
AT-13387,'3 Debio-0932 (CUDC-305)'* or PU-H71'> which have
entered trials in different phases of clinical development (Fig. 1).
A comprehensive overview has been published recently.'®

Finding novel compounds as starting points for optimization is
a major challenge in drug discovery research. Fragment-based ap-
proaches have rapidly become a proven technique to identify such
starting points in a variety of research programs.!” Furthermore,
the optimization of fragment-like hits using structural information
from protein X-ray crystallography has been established as a valu-
able strategy in the search for new drug molecules of various tar-
gets including Hsp90.'"® Herein, we describe the identification of
low affinity indazoles and their optimization to potent inhibitors
of the N-terminal ATP binding site of Hsp90.

A subset of about 64,000 compounds was preselected from our
compound library by filtering with calculated fragment-like prop-
erties in adaption to the Astex ‘rule of three’ (e.g., MW <300).'°® This
subset was used for virtual screening by docking in the ATPase
binding site of Hsp90. The analysis of the X-ray structures of
Hsp90 in complex with reference compounds (phenole and purine
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Figure 1. Selected structures of Hsp90 inhibitors in clinical trials.

derivatives) published at the time, when our virtual screening
campaign was conducted, revealed crucial interactions within the
ATP-site.?>?! These interactions include hydrogen bonds of the
phenolic OH-group and purine N-atoms to Asp93 and an adjacent
conserved water-molecule (Fig. 2). The assigned hydrogen bond
network of the phenolic OH-group in the Hsp90-complex sug-
gested a donor contact to Asp93 and an acceptor interaction to
the interstitial water molecule. Similarly, the purine amino group
forms an H-bond donor contact to Asp93 and the N1-atom an
acceptor contact to the conserved water-molecule. A large induced
fit characterized by the transition of an open, ‘apo-like’ form as in
the geldanamycin complex to a helical form upon binding of purine
derivatives was observed in the rear ATP binding site of Hsp90.2223
This transition results in the presence of a large lipophilic pocket
formed by the side chains of Met98, Leu107, Phe138, Tyr139,
Val150 and Trp162 in the helical form. As demonstrated for purine
analogs, the optimization of hydrophobic interactions within this

Z

lipophilic pocket has resulted in Hsp90 inhibitors with significant
biochemical and cellular potency.?* Consequently, we used a rep-
resentative structure of the helical form (PDB code 1UYF) as rigid
protein model for docking in order to also identify fragments
potentially binding into this lipophilic pocket.

The composite inhibitor interactions served as pharmacophore
constraints (Fig. 2) for the subsequent docking of a preselected
subset of ~64,000 compounds from our corporate library using
the program FlexX.?> The pharmacophore contraints (see Supple-
mentary data) were used as filters to select only fragments with
suitable H-bonds to either Asp93 or the conserved water molecule
in addition to potential hydrophobic contacts within the lipophilic
pocket of the helical form which resulted in 3810 hits. These hits
were ranked by a combination of two alternative docking scores
(FlexX- and PLP-scoring functions), clustered by chemical sub-
structures and the docking poses of top scored hits from each clus-
ter were finally visually inspected. A subset of 96 fragments was
finally selected for testing in a Hsp90 binding assay?° revealing five
hits with an ICsp-value below 100 uM (5% hit rate). Three of the
hits were structurally similar, low molecular weight indazoles
and the remaining two hits contained an aminopyrimidine or qui-
nazoline moiety (Fig. 3a). The binding mode of all hits could be elu-
cidated by X-ray crystallography using the ATPase domain of
human Hsp90. A superimposition of the crystal structures re-
vealed, that fragments Il and V bind to the helical protein form
with their bulky hydrophobic substituents (cyclohexyl and p-chlo-
rophenyl respectively) oriented into the same lipophilic pocket as
the substituted phenyl ring of Hsp90-purine complexes (e.g., as
in PDB code 1UYF). In contrast, the three other fragments I, II
and VI bind to the open Hsp90 conformation as present in the gel-
danamycin complex (Fig. 3b). Interestingly, X-ray structures con-
firmed that the hydroxy-indazoles bind in two reversed
orientations in contact with Asp93 as predicted by our pharmaco-
phore docking protocol (Figs. 4 and 5). Fragment Il interacts via H-
bonds of both indazole N-atoms to Asp93 and the conserved water
molecule, while an identical interaction pattern is found for the
phenolic OH-group of fragment III. The reversed orientation might
be influenced by the substitution pattern of the hydroxindazole
core as the cyclohexyl ring of fragment Il is bound in the lipophilic

conserved
water molecule
A

Figure 2. H-bond interactions (dashed lines) of published Hsp90 inhibitors: purine-derivative in ‘helical form’ (PDB-code 1UYF, magenta) and resorcinol-derivative (PDB-
code 1YC1, orange) in ‘open form’ of Hsp90. Crucial contacts were used as pharmacophore filters (H-donor: blue, H-acceptor: red, lipophilic: golden) for virtual screening by

docking.
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Figure 3. (a) Chemical structures of identified fragment hits with calculated ligand efficiency (LE)*” and binding efficiency index (BEI).>® (b) Superimposition of Hsp90 X-ray
structures with all 5 fragment hits revealed the helical form for fragments IIl and V and the open conformation for fragments I, Il and IV.

pocket of the helical form. In contrast, this lipophilic pocket is not
adressed by fragment II, but its phenole substituent forms m-inter-
actions to Met98 towards the solvent entrance of the ATP-site. This
flip in orientation confirms the observation that subtle changes in
the chemistry of a fragment can induce a change in compound ori-
entation, which has been reported recently for similar indazole
fragments.'®

The indazole analogs designed to obtain structure-activity rela-
tionships were synthesized by following the synthetic sequences
summarized in Schemes 1 and 2. Thus, compounds 4a-z were ob-
tained from 2-hydroxy-4-fluoro-benzoic acid 1a, which was ester-
ified with methyl iodide in dimethylformamide and subsequently
Friedl-Crafts acylated at position 5 with phenylacetyl chloride at
0 °C to give 2a. Cyclization of 2a with hydrazine in dioxane affor-
ded the key intermediate 3a. After saponification of methyl ester
3a to the corresponding acid, the final indazole carboxamides
4a-z were assembled using either amide coupling chemistry or
activation via the acyl chloride.?”-*® Compounds with a substituent
at the benzyl moiety were not accessible via this protocol, because
the Friedl-Crafts acylation with substituted phenylacetyl chlorides
failed. Only compound 24 bearing a methoxy group at the 3-posi-
tion of the benzyl residue could be obtained through acylation with

3-nitrophenylacetyl chloride followed by the conversion of the ni-
tro group of 2b via a reduction/diazotization/substitution protocol
to gain compound 2c. Cyclization to 3b and subsequent formation
of the benzyl-methyl-amide 24 were performed as described for
compounds 4.

For all other 3-benzyl derivatives (12, 19-23, 25-28) and the 3-
phenethyl derivative 29 an alternative synthesis route was estab-
lished as depicted in Scheme 2. 2-Bromo-5-fluoro-anisole turned
out to be the reagent of choice, because its increased reactivity
for Friedl-Crafts acylations allowed the conversion to the corre-
sponding ketones 6 at low temperature (—50 °C) at which side
reactions of the acyl halide could be avoided. Only the synthesis
of ketone 7, precursor of the 3-phenethyl derivative 29, by acyla-
tion with 3-phenyl-propionyl chloride remained difficult due to
the preferred intramolecular cyclization to indane-1-one. Forma-
tion of the indazole core by cyclization of 6 and 7 with hydrazine
in dioxane afforded compounds 8 and 9. These compounds were
key intermediates for the preparation of the methoxy-substituted
derivative 12, the hydroxyl-indazoles 19-23 and 25-29, respec-
tively. Compound 12 was obtained from 8 via palladium-catalyzed
methoxy-carbonylation using Pd(dppf),Cl,-CH,Cl, as catalyst fol-
lowed by saponification of the ester 10 to the corresponding acid
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Figure 4. X-ray structure of fragment Il in complex with Hsp90 (magenta, PDB-code: 4EEH, PDB deposition number: RCSB071515, resolution 1.60 A, Ryorx/Riree 0.185/0.212)
in comparison with the best docking solution (green).

Tyr138

Figure 5. X-ray structure of fragment IIl in complex with Hsp90 (magenta, PDB-code: 4EFT, PDB deposition number: RCSB071563, resolution 2.12 A, Ryori/Rfree 0.206/0.230)
in comparison with the best docking solution (green).
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Scheme 1. Reagents and conditions: (a) KHCOs, CHsl, DMF, 40 °C, 3 h; (b) (i) R'-PhCH,COCI, AICls, CH,Cly, 0 °C—rt, over night; (ii) 1 N HCI, 0 °C; (c) (i) Hy/Raney-Ni, THF, rt,
3 h; (ii) nitrosonium tetrafluoroborate, ACN, 0 °C, 2.5 h; (iii) CFsCOOH, MeOH, 60 °C, 1 h; (d) (NH,),-H,0, dioxane, reflux, 1-3 h; (e) NaOH, dioxane, reflux, 1 h; (f) R?R>NH,
EDCI-HCI, HOBt-H,0, DIPEA, DMF, rt, over night; or (i) SOCl,, THF, rt; (i) R%R*NH, DIPEA, THF, rt, 1-3 h.
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15: X=CH; 17: X=CH;,
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16: X=H 18: X=H

12 n=1: 19-23, 25-28
n=2:29

Scheme 2. Reagents and conditions: (a) (i) R'-PhCH,COCI, AlCl3, CH,Cl,, —50——10 °C-rt, 1-16 h; (ii) 1 N HCI, 0 °C; (b) (i) Ph(CH,),COCl, AICl3, CH,Cl, —55——40 °C, 30 min;
(ii) 1 N HCl, 0 °C; (c) (NH,)2-H,0, dioxane, reflux, 1.5-3 h; (d) BBr3, CH,Cl,, rt, 16-60 h; (e) Pd(dppf),Cl,-CH,Cl,, 4 bar CO, Et;N, MeOH/toluene, 100 °C, over night; (f) NaOH,

dioxane, reflux, 1 h; (g) (i) SOCl,, THF, rt; (ii) RZR3NH, DIPEA, THF, rt, 1 h.

11 and formation of the final amide 12. Attempts to directly get
intermediates 16 from compounds 10 via cleavage of the ester
and methoxy group at once under acidic conditions failed. For this
reason, we established an alternative protocol for the preparation
of derivatives 19-23 and 25-29. Cleavage of the methylether of
compounds 8 and 9 with boron tribromide in dichloromethane
afforded the hydroxyl-indazols 13 and 14, which were further
derivatized using the established reaction sequence for compound
12.27,29

Information gained from X-ray structures of each of the inda-
zole fragments and other in-house Hsp90 inhibitors was used to
drive the fragment evolution process. Since both the NH as well
as the OH group forms hydrogen bonds to Asp93 and a network
of conserved water molecules, we expected them to be pivotal
for the binding mode and therefore these structural features were
retained. A ligand-induced lipophilic pocket was observed in the
helical form of Hsp90 upon binding of purine derivatives??> or
our in-house resorcinols, which bear substituted amides in the
ortho-position of one hydroxyl group.3® Based on the bioisosteric
relationship of indazoles and phenols, which has been exemplified
for other targets,>!33 we expected that substituted amides adja-
cent to the hydroxyl group would address this lipophilic pocket.
Thus, we focused on the modification at two positions of the inda-
zole core to gain SAR.

Comparison of the activities of the initial fragments and com-
pound 4a in the Hsp90 binding assay revealed that an amide resi-
due in ortho position of the hydroxy group is tolerated, in
principal. Furthermore, introduction of tertiary amides showed a
tractable enhancement of activity in the Hsp90 binding assay
(4b-4f, Table 1). Compounds 4b, 4c with n-alkyl chains have an
activity in the single-digit uM range, which is a 45-fold improve-
ment in potency compared to fragment IIl. We expected a furanyl
residue to further enhance potency by forming additional contacts
as observed for PU derivatives. Indeed, for compound 4f an IC5q of
610 nM was found, however this derivative was less potent in the
viability assay?® with A2780 cells than compound 4e bearing a

methyl-benzyl group at the amide nitrogen. Interestingly, the 3-
phenethyl derivative 29, which is a close analog of the initial frag-
ment III, is very potent in the Hsp90 binding assay (ICso = 230 nM).
However, this compound was also less potent (about fivefold) in the
viability assay. Thus, we kept the benzyl residue at the 3-position
and further investigated the amide SAR.

Our initial variation clearly revealed a methyl-benzyl group (4e)
as most favorable amide substituent. Thus, we kept this moiety
and explored its substitution pattern with a diverse set of substit-
uents in the ortho-, meta- and para position (Table 2). Although we
could improve the biochemical potency for some derivatives such
as 4s, 4v or 4x, the unsubstituted compound 4e remained the best
compound in the viability assay using A2780 cells with an ICsq va-
lue of about 1 pM. Based on these data we already surmised that
such indazole amides may bind in a reversed orientation compared
to the resorcinol-amides.3° Next, we explored the SAR of the benzyl
moiety at the 3-position of the indazole core. These efforts clearly
showed that small, lipophilic substituents in the meta-position are
favorable resulting in several compounds with improved activity in
the Hsp90 binding assay and more importantly cellular activity
(22a, IC50=0.41 uM; 23b, ICsp = 0.49 uM). For all other analogs
(19-21, 24-28) bearing various substituents at different positions
of the benzyl ring the binding affinity was more or less unaffected.
We also examined the influence of the second substituent at the
amide nitrogen. A methyl group (23b) represents the optimum at
this position, while a partial decrease in activity in the Hsp90 bind-
ing assay was observed for compound 23a (R®=H) and 23c
(R? = ethyl). We assumed that the methyl residue is required to
keep the amide in the right orientation and fits into a narrow
sub-pocket at this area of the ATP-site. Interestingly, a total loss
of activity still occurred when the hydroxyl group of the optimized
compound 23b was changed from a donor to an acceptor through
methylation (12).

A real breakthrough for further optimization work was the
elucidation of the X-ray structure of compound 23b, which was
solved at 2.0 A resolution (Fig. 6). This crystal structure revealed
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Table 1
Biological data of 6-hydroxy-1H-indazole-5-carboxylic acid amide derivatives 4a-4f and 29
3 2
R~ N R o
(¢]
N N
N/
HO H
4a-f, 29
Compound R! R? R3 Hsp90 binding assay ICso? (M) A2780 viability assay ICso* (M)
4a Bzl H H 61 nd
4b Bzl CHs n-CsH; 1.9 >10
4c Bzl CHs n-C4Hg 1.8 7.6
ad Bzl CHs (CH,),0CH; 4 nd
4e Bzl CHs5 Bzl 0.66 0.98
4f Bzl CHs 2-Furanyl 0.61 2.5
29 (CH,),Ph CHs Bzl 0.23 46

2 For assay conditions and determination of ICso values see Supplementary data.

Table 2

Summary of biological data of 3-benzyl-6-hydroxy-1H-indazole-5-carboxylic acid amide derivatives 4, 12 and 19-28

4,19-28

Compound R! R? R® Hsp90 binding assay ICso? (LM) A2780 viability assay ICse® (UM)
4e H CH3 H 0.66 0.98
4g H CH3 2-F 0.9 15
4h H CH3 2-Cl 1.1 11
4i H CH3 2-Br 0.61 1.2
4 H CH; 2-CH; 0.74 44
4k H CH3 2-0CH3 1.7 5.4
41 H CHs 3-F 0.57 5

4m H CH, 3-cl 15 53
4n H CH3 3-Br 13 7.1
40 H CHs 3-CH; 3.6 nd
ap H CHs 3-OCH; 0.98 3.8
4q H CH, 3-CF, 34 nd
4r H CHs 4-F 11 4.1
4s H CH;5 4-Cl 0.33 2.6
4t H CH3 4-Br 1.1 2.8
4u H CHs 4-CHs 0.63 6.9
4v H CHs5 4-CyHs 0.39 9.4
aw H CH; 4-0C,Hs 0.76 32
4x H CH3 2,3-OCH3 0.47 4.8
4y H CHs5 3-0CH3, 4-Cl 23 4.1
4z H CH; 3-F, 4-Cl 0.98 >10
12 3-CH3 CHs H >20 nd
19 2-Cl CH3 H 2.6 nd
20 2-CH, CH, H 24 nd
21 3-F CH3 H 13 1.7

22a 3-Cl CHs H 0.4 0.41

23a 3-CHs5 H H 1.5 >10

23b 3-CH3 CH3 H 0.25 0.49

23c 3-CH3 CyHs H 3.0 nd
24 3-0OCH3 CHs H 14 nd
25 3-C,Hs CH3 H 1.3 nd
26 4-Cl CH3 H 5.7 nd
27 4-CHs CH3 H 13 >10
28 4-C,Hs CH; H 25 >10

@ For assay conditions and determination of ICso values see Supplementary data.

that such indazole amides bind according to the orientation of
fragment III rather than fragment II. The 3-methylbenzyl substitu-
ent is deeply buried in the lipophilic pocket of the helical form
with vdW-contacts to Met98, Leul03, Phel38, Val150 and

Trp162. The aromatic face on one side of the second benzyl group verse residues.

of 23b is bent towards the indazole ring with an interplanar angle
of ~50° and in lipophilic contact with Leu107. The aromatic face
on the rear side is located at the surface of the 23b complex and
oriented towards the solvent, which allows the introduction of di-
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Figure 6. X-ray structure of compound 23b bound to ATP-site of Hsp90 (PDB-code 4EFU, PDB deposition number: RCSB071564, resolution 2.0 A, Ryork/Riree 0.204/0.223) with

hydrogen bonds shown as dashed lines.

Table 3

Summary of biological data of 3-benzyl-6-hydroxy-1H-indazole-5-carboxylic acid amide derivatives 22 and 23

Compound R R? Hsp90 binding assay ICso (LM)? A2780 viability assay ICso (LM)?
22a Cl H 0.4 0.41
22b Cl 2-Br 0.59 0.13
22c Cl 3-F 0.71 0.44
22d Cl 4-F 0.8 0.41
22e Cl 4-0CHj; 0.8 0.39
22f Cl 3,4-0CH; 0.73 24
22g Cl 3-NHSO,CH; 0.41 3.2
22h Cl 4-CH,NHSO,CH3 0.06 0.57
23b CH; H 0.25 0.49
23d CH; 2-Br 0.78 0.31
23e CH; 3-F 0.37 0.44
23f CH; 4-F 0.58 0.59
23g CH; 4-0CHj, 0.46 0.54
23h CH; 3-F, 4-Cl 0.17 0.93
23i CH; 3-0CHj3, 4-Cl 0.68 1.6
23j CH; 3,4-0CHs3 0.58 3.7
23k CH; 3,4-F 0.5 0.53
231 CH; 3-NHSO,CH3 0.2 4.0

23m CH; 4-NHSO,CH; 0.35 1.6
23n CH; 4-CH,NHSO,CH3 0.15 0.71

@ For assay conditions and determination of ICso values see Supplementary data.

The impact on activity of the substitution at this phenyl ring
was subject of the preparation of the next set of compounds. As
compounds with a methyl or chloro substituent at the meta-posi-
tion showed the best cellular activity, we adhered to these residues
at position R! and explored modifications at position R?. The bio-
logical data of these derivatives are reported in Table 3. In general,
the SAR for both subseries is fairly similar, but the compounds with
the chloro substituent in position R! are more potent in the viabil-
ity assay. Small residues like fluoro or methoxy in meta or para po-
sition are well tolerated (22c-e, 23e-g). Introduction of the

relatively bulky bromine atom in the ortho position (22b, 23d)
slightly improved the cellular activity. Interestingly, the X-ray
structure of compound 23b indicated the presence of a sulfate
ion from the crystallization buffer in the electron density map in
~4 A distance of the surface exposed benzyl group. This structural
information together with molecular modeling studies prompted
us to introduce sulfonamide substituents in the para-position of
the second benzyl group. The resulting 4-methylsulfonamide
derivative 22h (ICs¢ = 59 nM) is >1000-fold more potent than the
initial fragment and biochemically the most potent compound in
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Table 4
Antiproliferative activities and Hsp70 up-regulation for selected compounds

4403

Compound Viability assays ICso® (UM) Hsp70 up-regulation ICso* (M)
A2780 PC-3 MCE-7 Colo-205 A2780

22h 0.57 4.3 3.5 9.5 1

23n 0.71 >10 4.7 3.7 1.1

2 For assay conditions and determination of ICso values see Supplementary data.

this series. However, as already observed by other groups, this did
not translate accordingly to cellular activity.>4-36 Nevertheless, the
most potent compounds, 22h and 23n, showed reasonable antipro-
liferative activity in different cancer cell lines and caused the ex-
pected up-regulation of Hsp70 in A2780 cells (Table 4).

In conclusion, we have reported the identification of the inda-
zole scaffold for competitively inhibiting the ATP binding site of
Hsp90 by a fragment-based approach. Analysis of the X-ray struc-
tures of these fragments and other inhibitors bound to Hsp90 al-
lowed the design of compounds with significantly improved
potency. Compounds from this series displayed nM activities in
the Hsp90 binding assay, inhibited cell proliferation in different
human cancer cell lines and caused the expected up-regulation
of Hsp70 in A2780 cells. The promising data presented here have
prompted further evaluation of this scaffold and that work remains
ongoing.

Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.bmcl.2012.04.121.

These data include MOL files and InChiKeys of the most important
compounds described in this article.
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