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ABSTRACT: Inhibition of Hsp90 C-terminal function is an advantageous therapeutic
paradigm for the treatment of cancer. Currently, the majority of Hsp90 C-terminal inhibitors
are derived from novobiocin, a natural product traditionally used as an antibiotic. Assisted by
molecular docking studies, a scaffold containing a biphenyl moiety in lieu of the coumarin ring
system found in novobiocin was identified for development of new Hsp90 C-terminal inhibitors.

Initial structure—activity studies led to derivatives that manifest good antiproliferative activity
against two breast cancer cell lines through Hsp90 inhibition. This platform serves as a scaffold

upon which new Hsp90 C-terminal inhibitors can be readily assembled for further investigation. .
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he 90 kDa heat shock protein (Hsp90) is a highly conserved C-terminus makes the expansion of chemical space highly desirable
molecular chaperone that plays a pivotal role in the for the attainment of new structure—activity relationships.
maintenance of protein homeostasis and sustains cell viability

during cellular stress." Abnormal expression of Hsp90 has been

implicated in a variety of disease states. In cancer, elevated H
Hsp90 levels are critical for the stabilization and function of N
oncogenic proteins distributed amongst all six hallmarks of o 50
cancer.” Therefore, small molecules that inhibit the Hsp90 | o

folding machinery can simultaneously attack multiple signaling
pathways that are essential for cancer cell survival, adaptation,
and proliferation and provides a unique opportunity for
development of cancer therapeutics. In fact, 17 small molecules
that inhibit Hsp90 function have entered clinical trials for the

treatment of various cancers, demonstrating the viability of this N
paradigm.* Although current drug development efforts focus

on small molecules that target the Hsp90 N-terminus, the o 0 ©
concomitant heat shock response induced upon administration \Nﬁ

of such agents compromises their efficacy and allows cancer cell
survival, which may lead to resistance and metastasis.> Recent
studies have demonstrated the existence of a second nucleotide-
binding site at the Hsp90 C-terminus, and small molecules such
as novobiocin, chlorobiocin, and coumermycin Al were shown
to bind this region and induce a dose-dependent degradation of
Hsp90 client proteins in a manner similar to Hsp90 N-terminal
inhibitors.’ In contrast to N-terminal inhibitors, C-terminal
inhibitors do not induce the pro-survival heat shock response and
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therefore provide an alternative model for Hsp90 modulation.”™ Figure 1. Rationale for proposed coumarin replacement.
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Prior studies have shown that modification to the benzamide
side chain and sugar moiety result in a significant enhancement in
antiproliferative activity, and lead-like molecules such as 2 were
identified (Figure 1).'° However, modifications to the coumarin
core generated a relatively flat SAR trend and analogues
containing a naphthalene in lieu of the coumarin ring manifested
comparable antiproliferative activity,'® indicating the coumarin
may serve as a backbone for orientation in the binding pocket.
In addition, construction of the coumarin moiety is not trivial,
and modifications to this ring system are not readily achieved.
Biphenyl is a common scaffold found in biologically active
compounds, and compounds derived from this scaffold
manifest diverse activities, including anticancer activity."” 7' It
was proposed that replacement of the coumarin ring with a
biphenyl system may provide a new scaffold upon which Hsp90
C-terminal inhibitors could be developed (Figure 2). In contrast
to the coumarin system, the biphenyl group affords the ability to
adopt multiple conformations in the binding pocket, which may
provide additional interactions with the protein. Although there
is no cocrystal structure of a ligand bound to the Hsp90
C-terminus, several computational models have been developed
to assist the drug discovery process.””*' In combination with
prior SAR studies, the distance between the nitrogen atoms on
the piperidine ring and the amide were proposed to be important
for Hsp90 C-terminal inhibition.”* Using the computational
docking strategy outlined in previous SAR studies,”* compound
3b, which contains a para-meta substitution pattern on the
biphenyl moiety, appeared to overlay with lead molecule 2
(Figures 2 and 2SI, Supporting Information).

Figure 2. Molecular overlay of compounds 2 (red) and 3b (green) in the
putative Hsp90 C-terminal binding site.

Encouraged by these molecular modeling studies, compounds
3b and its biaryl counterpart, 3c (Scheme 2), were synthesized to
evaluate this hypothesis. As shown in Scheme 1, compound 3 and
its related derivatives were synthesized via an amide coupling
reaction between amine 4 and acid chloride S. The key inter-
mediate 4 was obtained through a Suzuki coupling reaction
between iodide 6 and phenylboronic acid, 7.

Synthesis of these compounds commenced by a Mitsunobu
etherification between 1-methyl-4-hydroxypiperidine (8) and
4-iodophenol (9) in the presence of triphenylphosphine and
diisopropyl azodicarboxylate in tetrahydrofuran, which
afforded iodide 6 in good yield. Subsequent Suzuki coupling
of iodide 6 with 3-aminophenylboronic acid (7) using [1,1'-
bis(diphenylphosphino) ferrocene]dichloropalladium(II) as a
catalyst gave biphenylamine 4, which underwent amide coupling
with biarylcarbonyl chloride or prenylated phenylcarbonyl
chloride to give compounds 3a and 3¢,"° respectively. Solvolysis
of 3a in a 10% solution of triethylamine in methanol gave phenol
3b in excellent yield.
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Scheme 1. Retrosynthetic Analysis of Biphenyl Derivatives
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Antiproliferative studies with compounds 3a—c were
performed against the SKBr3 (estrogen receptor negative,
HER? overexpressing breast cancer cells) and MCF-7 (estrogen
receptor positive breast cancer cells) breast cancer cell lines.
As shown in Table 1, all three compounds manifested low
micromolar activity against both breast cancer cell lines. These
activities are in close proximity to their coumarin counterparts,
suggesting the biphenyl moiety represents an attractive surro-
gate for the coumarin ring system. However, in contrast to
the novobiocin derivatives, which usually manifest better
antiproliferative activities against the SKBr3 cell line, these
biphenyl derivatives were more efficacious against the MCEF-7
cell line.

Table 1. Antiproliferative Activity of Biphenyl Derivatives

entry SKBr3 (ICso, #M) MCE-7 (ICs, uM)
~700
2 0.76 + 0.14" 1.09 + 0.08
3a 3.65 + 0.14 145 + 0.02
3b 294 £ 0.11 2.21 +0.06
3c 3.47 + 047 2.71 £ 0.40

“Values represent mean =+ standard deviation for at least two separate
experiments performed in triplicate.

Confirmation that these compounds manifested their
antiproliferative activity through Hsp90 inhibition was per-
formed by Western blot analyses of several Hsp90 client protein
levels in MCF-7 cell lysates. Actin, a protein that is not
dependent on Hsp90 for its function, was chosen as a control. As
shown in Figure 3, two Hsp90 client proteins, Her2 and Raf-1,
were degraded upon treatment with 3a or 3¢ at concentrations
that mirror their antiproliferative ICg, values. Concentration-
dependent analysis of MCF-7 cell lysates upon the admin-
istration of 3b showed the degradation of Her2, Raf-1, and p-Akt
(Figure 3, B). These high-low and gradient-concentration
Western blot analyses suggest that inhibition of the Hsp90 protein
folding machinery is responsible for the observed antiproliferative
activity, suggesting that the biphenyl moiety can serve as a
replacement for the coumarin system.

Structure—activity relationship interrogation suggested that
modifications to the benzamide side chain of novobiocin pro-
duced analogues that exhibit improved antiproliferative activities
against various cancer cell lines.>*® Therefore, initial SAR
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Scheme 2. Synthesis of Biphenyl Amides”
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Figure 3. Western blot analyses of Hsp90-dependent client proteins
from MCF-7 breast cancer cell lysate upon treatment with biphenyl
derivatives. Concentrations (in uM) were indicated above each line.
H represents a concentration equal to S-fold of the antiproliferative
activity. L represents a concentration equal to 0.5-fold of the
antiproliferative activity. Geldanamycin (GDA, 0.5 M) and dimethyl-
sulfoxide (DMSO, 100%) were employed as positive and negative
controls.

studies with these biphenyl derivatives began by modification to
this region of the molecule. Electron-donating, electron-
withdrawing, and sterically bulky substitutions were installed
onto the phenylamide side chain by a one-step amide coupling
between aniline 4 and substituted benzoyl chlorides (10a—10m),
in the presence of pyridine to give 1la—11m (Scheme 3).
Compound 11n and 110 were assembled in the similar manner.

Upon construction of this library, the corresponding biphenyl
derivatives were evaluated for antiproliferative activity against
SKBr3 and MCEF-7 breast cancer cell lines. As shown in Table 2,
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Table 2. Antiproliferative Activity of Biphenyl Derivatives
with Various Phenyl Substitutions

@n’*@

Entry SKBr3 (ICs, uM)  MCE-7 (ICsg, 4M)
11a H 18.86 £ 0.95 12.02 + 0.57
11b p-CH, $.27 + 029° 3924013
11c m-CHj 11.38 + 1.37 7.73 £ 1.90
11d p-t-butyl 1.51 +£0.31 3.45 £0.02
1le p-methoxy 10.1 + 0.93 5.52 +£0.01
11f m-methoxy 8.36 + 1.35 4.50 + 0.46
11g pCl 3.63 + 1.03 223 £ 0.05
11h m-Cl 429 £043 211 £042
11i 0-Cl 7.87 + 0.48 5.17 £ 049
11j p-Br 1.94 +0.11 0.88 + 0.07
11k 3,4-dichloro 2.24 +0.11 2.17 £ 037
111 2,4-dichloro 591 +£0.15 3.93 £ 047
11m 3,5-dichloro 4.23 + 0.09 3.72 £ 0.15
11n (2-naphthoyl) 2.09 + 0.34 1.66 + 0.27
11o (1-naphthoyl) 1.64 + 0.13 1.10 £ 0.17

“Values represent mean =+ standard deviation for at least two separate
experiments performed in triplicate.

these derivatives are efficacious against both MCF-7 and
SKBr3 cells. In general, all substitutions on the phenyl ring
were determined beneficial, consistent with the existence of a
hydrophobic pocket in this region of the Hsp90 C-terminal
binding site. However, electron-deficient groups were more
beneficial than their electron-rich counterparts (11g—h vs 11b—c
and 1le—f). Substitution at the para position resulted in
increased activity compared to substitutions at the meta position
(11b vs 11c), while substitution at the ortho position was
detrimental (11i vs 11g and 11h, and 111 vs 11k). It appears that
bulky substitutions (11d) at the para position can also produce
compounds that exhibit increased antiproliferative activity.
However, it was surprising that 1-naphthoyl derivative (110) is
more active than 2-naphthoxyl derivative (11n), considering
the relatively detrimental effect of ortho-substitution (11ivs 11h
and 11g).

dx.doi.org/10.1021/ml400404s | ACS Med. Chem. Lett. 2014, 5, 84—88



ACS Medicinal Chemistry Letters

Scheme 3. Synthesis of Biphenyl Derivatives with a Modified Phenylamide Side Chain

Yole “ INE -2 e

10a:R=H 10g: R = p-Cl 11a:R=H 11g: R = p-Cl
10b: R = p-CH; 10h: R = m-Cl 11b: R = p-CH3 11h: R =m-Cl
10c: R =m-CHs 10i: R=0-Cl 11c: R =m-CHs 11i: R=0-Cl
10d: R = p-t-butyl  10j: R=p-Br 11d: R =p-t-butyl  14j; R=p-Br
10e: R = p-methoxy 10k: R =3 4-dichloro  11e: R =p-methoxy {1k: R = 3,4-dichloro

10f: R = m-methoxy 10I:

R = 2,4-dichloro
10m: R = 3,5-dichloro

11f: R=m-methoxy 11]: R =2 4-dichloro
11m: R = 3,5-dichloro

cw’ SNSeR.. SN aa v

10n: 2-naphthoyl

100: 1-naphthoyl

11n: 2-naphthoyl
110: 1-naphthoyl

1.0 25 50 10 GDA DMSO
Hsp%0
e - - -
i -

Figure 4. Western blot analyses of Hsp90-dependent client proteins
from MCF-7 breast cancer cell lysate upon treatment with compound
11j. Concentrations (in M) were indicated above each line, and
geldanamycin (GDA, 0.5 M) and dimethylsulfoxide (DMSO) were
employed as positive and negative controls.

To confirm these compounds manifested their antiprolifer-
ative activity through Hsp90 inhibition, Western blot analyses of
several Hsp90 client protein levels were examined in MCEF-7 cell
lysates treated with the most active compound, 11j. As shown in
Figure 4, the Hsp90-dependent client proteins Her2, Raf-1, and
p-Akt, were degraded in a concentration-dependent manner,
while Actin levels remained constant. Hsp90 levels also remained
unchanged, a characteristic feature shared by Hsp90 C-terminal
inhibitors.>>**726

In conclusion, the biphenyl moiety was identified as a suitable
replacement for the coumarin ring system of novobiocin.
Molecular modeling and Western blot analyses suggest these
compounds manifest antiproliferative activity through Hsp90
inhibition. A library of small molecules containing the biphenyl
moiety was designed, synthesized, and evaluated against two
breast cancer cell lines. Initial structure—activity relationships for
the amide appendage were investigated, and compound 11j was
shown to exhibit lead-like activity as demonstrated by Western
blot analyses. The discovery of biphenyl as a coumarin surrogate
not only simplifies the synthesis, but also allows rapid access to
modifications that should enable succinct assembly of structure—
activity relationships. Investigations are currently underway to
further develop this scaffold and to unveil previously unobtain-
able structure—activity relationships, which will be reported in
due course.
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Experimental procedures for the synthesis and characterization
of new compounds ("H and *C NMR, HRMS). This material is
available free of charge via the Internet at http://pubs.acs.org.
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