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1,4-Benzodiazepine-2,5-diones as small molecule antagonists of the
HDM2—pS3 interaction: discovery and SAR
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Abstract—A library of 1,4-benzodiazepine-2,5-diones was screened for binding to the p53-binding domain of HDM2 using
Thermofluor®, a miniaturized thermal denaturation assay. The hits obtained were shown to bind to HDM2 in the p53-binding
pocket using a fluorescence polarization (FP) peptide displacement assay. The potency of the series was optimized, leading to

sub-micromolar antagonists of the pS3—-HDM2 interaction.
© 2004 Elsevier Ltd. All rights reserved.

The p53 tumor suppressor protein plays a central role in
the coordination of the cellular response to stress
through the initiation of growth arrest and/or the induc-
tion of apoptosis.! The p53 gene has been the subject of
intense study since it was discovered that more than 50%
of human cancers have mutations in this gene, and that
abnormalities in this gene are among the most common
molecular events correlated with neoplasia.> There are
also instances of human cancers in which wild type
p53 is present, but is inactivated through alternate
means such as overexpression®* or amplification® of
hdm?2.

The hdm?2 oncogene product (HDM2) suppresses the
transcriptional activity of p53 in three ways: by direct
binding to the N-terminal transactivation domain of
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p53, exporting p53 from the nucleus into the cytoplasm
and promoting its proteosomal degradation via ubiqui-
tination through HDM2’s E3 ligase activity.®

The disruption of the protein—protein interaction be-
tween p53 and HDM2 is an attractive approach for
cancer therapy, because it offers the possibility to
up-regulate the p53 response.’

Within the last few years there have been several reports
of small molecule HDM2 antagonists, most of which are
not very potent.®!! Two recent reports describe more
potent molecules.!?!* Herein we report the discovery
and optimization of a series of 1,4-benzodiazepine-2,5-
diones (BDPs) that act as potent antagonists of the
HDM?2-p53 interaction.

A library of BDPs was designed using Directed Diver-
sity®,'41¢ a suite of computational tools that can be
used to analyze compound properties as part of the li-
brary design process. The library was synthesized utiliz-
ing the highly efficient and versatile Ugi four-component
condensation reaction (Scheme 1).!” An anthranilic acid,
an amine, an aldehyde, and 1-isocyanocyclohexene were
combined, followed by acid-catalyzed cyclization, pro-
ducing the desired BDPs in good yield and purity.'1°

BDPs (22,000) produced in this way were screened
with our proprietary ThermoFluor® screening
technology.2’ The ThermoFluor® screening method is
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Scheme 1. Ugi condensation reaction followed by cyclization.

a high-throughput, direct binding assay that measures
the affinity of compounds toward a protein target
(e.g., HDM2 (residues 17-125)). Hits are identified by
a shift in T}, greater than three times the standard devi-
ation (~0.2°C), at a standard concentration. By measur-
ing the compound-dependent difference in protein
melting temperature (7,,) at a series of compound con-
centrations, the dissociation constant (Ky) of that com-
pound can be calculated.

A fluorescence polarization (FP) assay was used to char-
acterize confirmed Thermofluor® screening hits. The
polarization of a fluorescein-labeled p53 peptide analog
was measured by excitation at 485nm and emission at
530nm. The change in polarization upon displacement
of the peptide from HDM2 (residues 17-125) by an
antagonist was expressed as a percent with respect to
the fluoresceinated peptide control.?!

Most of the confirmed screening hits initially identified
by Thermofluor® belonged to a subset of the BDP
library produced from o-amino esters as the amine
component. A representative member is shown in
Figure 1. Although the esters were consistent hits, their
low solubility precluded screening in the FP assay,
thus they were saponified to the acid yielding more
soluble compounds.

Since the BDP acids derived from amino esters pos-
sessed two chiral centers, they were obtained as mixtures
of diastereomers. Chromatographic separation typically
afforded two compounds with dramatically different
potencies (e.g., 1 and 2 in Table 1). The identity of the
diastereomers was investigated using the parent BDP es-
ter derived from the enantiomerically pure (S)-phenyl-
glycine methyl ester. A series of NMR experiments in
conjunction with molecular modeling established the
active diastereomer as having the (S,S) configuration.??

It was discovered that hydrolysis of the methyl esters
resulted in epimerization of both chiral centers. The
reported activities of the BDP acids therefore represent
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Figure 1. A representative BDP ester screening hit.
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Table 1. SAR of 1,4-benzodiazepine-2,5-dione carboxylic acids: Opti-
mization at position C-3

O CO,H
)

HN >
o | X

R
Compd R FP ICso (uM)
1? 4-CF; 31+2
2 4-CF; 22+0.3
3 H 38+2
4 4-CH; 13.3£0.6
5 4-CH,CHj3; 7.5%£0.4
6 4-CH(CHs;), 18+ 1
7 4-Cl 25+04
8 4-OCF; 1.32 £ 0.05
9 2-CF; >125
10 3-CF; 45+3

(R,S), (S,R) Racemic mixture.

the potency of the racemic mixture ((S,S) and (R,R))
of the most potent diastereomer. For example, the
ICso value reported for 1 corresponds to the potency
of the (R,S) and (S,R) mixture, and the ICs, value re-
ported for 2 corresponds to the potency of the (R,R)
and (S,S) mixture.

The optimal substituent on the phenyl ring at C-3 was
investigated (Table 1). The absence of a substituent re-
sulted in a dramatic loss of potency as exemplified by
3. Gradually increasing the alkyl substituent size in the
para-position shows that an ethyl group is optimal for
these substituents (4-6). Replacement with a chloro re-
sults in a compound equipotent to the CF3 analog (7)
while an OCF3 group is slightly more potent (8). Substi-
tution at either the ortho- or meta-positions results in a
sharp loss in activity (9 and 10).

While maintaining the group at position C-3, substitu-
tion at the acid sidechain was explored. Commercially
available a-amino esters were used directly, or the corre-
sponding amino acids were converted to the methyl ester
using HCl in methanol generated in situ by the careful
addition of thionyl chloride to a methanol suspension
of the amino acid.

When the a-amino acid was not commercially available,
the o-amino ester hydrochloride was synthesized
through a modified Strecker reaction.?® The intermedi-
ate o-amino nitrile intermediate was converted directly
to the o-amino ester by refluxing in HCl/methanol.
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Table 2. SAR around the acid sidechain substituent

0 coH
NTTRy
HN\@
© X
Compd X R, TF K4 (uM) FP ICso (uM) Compd X R, TF Ky (uM) FP ICso (uM)
7 cl ©/ _ 25404 18 cl /©/ — 0.67 £ 0.04
CF3
11 cl O/ - 64+5 19 Cl /©/ 143 16.5+0.8
HO
12 A~ _ 1441 20 cl /©/ 0.067 0.42 +0.02
cl
a a W - 120403 21 cl /©/ 0.083 0.62 +0.04
Br
14 cl @A — 12+1 2 CF; /©/ — 0.62 +0.03
cl
15 cl /©/ 0.167 1.59 +0.09 23 OCF, /©/ 0.083 0.76 +0.09
cl
cl
16 cl 0.083 1.55 +0.08 24 cl \©/ — 27+0.1
iPr
17 cl /©/ — 227 +0.09 25 cl ©j — 20+ 1
tBu Cl

The free base of the amino ester was formed prior to the
Ugi condensation.

Some representative results are shown in Table 2.
Replacement of the phenyl ring with a cyclohexyl group
resulted in a dramatic loss of potency (11). This may be
due to the greater steric bulk of the saturated ring or,
more likely, a conformational effect that limits access
to the conformation required for binding.

The acyclic derivatives 12 and 13 show that saturated
groups are tolerated; however, they are not as good as
a phenyl ring. The extra methyl group of 13 does not
significantly enhance potency.

Insertion of a methylene between the alpha-carbon and
the aryl ring leads to a >4-fold decrease in potency (14
vs 7). If the methyl is appended to the para-position how-
ever, a slight increase in potency is observed (15). Increas-
ing the size to an isopropyl (16) does not significantly
improve the potency and a -butyl reverses the trend (17).

Incorporation of a CF;- increases activity by nearly 4-
fold (18) when compared to 7. This suggests that the
hydrophobicity of the 4-substituent is important, which
is corroborated by the activity of 19 with a polar hydr-
oxy group in the 4-position. Another factor that affects
the binding may be the shape of the para-substituent.
Methyl and trifluoromethyl groups are essentially spher-
ical while the isopropyl group is obviously not. Other
spherically symmetrical substituents are the halogens:

chloro- and bromo- (19 and 20) and show the greatest
binding affinity, with the smaller chloro-group being
slightly better.

Compounds 18, 20, and 21 represent the first com-
pounds of the BDP series to achieve sub-micromolar
activity. Other compounds that also showed nanomolar
activity include those in which the 4-CIPh ring at posi-
tion C-3 was replaced by a 4-CF;Ph or 4-CF;OPh group
(22 and 23, respectively).

Substitution at the meta-position (24) does not drasti-
cally affect potency (cf. 23 and 7), whereas ortho-substi-
tution is not tolerated (25).

In an attempt to lower the molecular weight of the com-
pounds, replacements for the iodo-group were investi-
gated (Table 3). The removal of the iodine resulted in
a dramatic loss of potency (26). Replacement with an
ethyl group (27) regained most of the activity while
increasing the branching from isopropyl (28) to ¢-butyl
(29) had minimal effect.

Replacing the iodo with chloro (30) resulted in a 3.6-fold
loss of potency whereas the bromo analog (31) gave only
a 2-fold decrease. Placing a chloro in the adjacent 8-
position (32) showed an improvement relative to hydro-
gen, but this was not as good as chloro in the 7-position
(30). Adding a chloro to the 8-position while retaining
the 7-iodo-substituent (33) did not increase the potency
additively.
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Table 3. SAR around positions-7 and -8

— N
/\©\0|

Compd R TF K4 (uM) FP IC5o (uM)
20 7-1 0.067 0.42 £ 0.02
26 7-H 7.69 148 £0.5
27 7-CH,CH; — 1.5%£0.2
28 7-CH(CH3), — 1.02 £0.03
29 7-C(CHz)3 — 2.27 £0.09
30 7-Cl 0.83 1.53£0.08
31 7-Br 0.83 0.97 £0.11
32 8-Cl 1.67 63+04
33 7-1,8-Cl 0.167 0.70 £ 0.04
34 7-CH,OH — 33+0.3
35 7-CH,CH,OH — 24+03
36 7-NHAc — >125

37 7-CN 10.0 148+04
38 7-C=CH 0.25 0.87 £0.05

Incorporation of polar groups (34-37) in place of the
iodo did not contribute to an increase in potency and
in fact destroyed all activity in the case of the acetamido
derivative (36).

Although the cyano group did not provide an increase in
activity, the analogous acetylene moiety (38) did give a
sub-micromolar compound. This was surprising consid-
ering the difference in size and bulk between an iodo and
acetylenyl group. Comparison of the two structures sug-
gested that although the acetylene is smaller in volume,
the vector of the -C=CH group allows it to fill a similar
region of space as the iodo.

In order to explain the available SAR, the HDM2-p53
co-crystal structure was examined (PDB ID: 1YCR).?*
Evident from the crystal structure are three relatively
hydrophobic pockets occupied by Phe-19, Trp-23, and
Leu-26 of the p53 peptide. From the SAR it was appar-
ent that all three of the BDP positions investigated were
important for potency and that hydrophobic substitu-
ents were preferred over polar groups. Thus it was
hypothesized that these substituents occupied the three
hydrophobic pockets of the p53-binding site of
HDM2. The minimized structure of the (S,S)-enantio-
mer of 20 was manually docked into the HDM2-p53
structure, providing a model for BDP binding to the
protein (Fig. 2).

According to the model the chloro-substituents of the
phenyl rings make good van der Waals contacts with
the protein surface. The iodo projects down into the
pocket filling most of the space occupied by Phe-19,
but also some additional volume inaccessible to the
Phe phenyl group.

In an attempt to modify the solubility and permeability
of the series, heterocycles were introduced into the BDP
core (Table 4). The ClogP of 20 was calculated to be

Figure 2. Predicted HDM2 binding model of (S,S)-20. The three
critical sidechains of the bound p53 peptide’* are shown in dark
yellow, the BDP in purple. The solvent-accessible surface of the protein
is displayed in traditional color-by-atom (C = green; O =red;
N = blue; S = yellow).

5.41, while incorporation of one pyridyl ring reduced
the Clog P by one log unit to 4.41.%> When the pyridyl
compounds (40 and 41) were tested in the FP assay their
activity was reduced by 3.5- to nearly 18-fold, respec-
tively, when compared to 20. The greater loss for 41 is
likely due to the hydrophobic nature of the pocket that
the pyridine occupies on the HDM?2 surface, whereas the
pyridyl ring of 40 can be partially solvent exposed.

In an attempt to mimic the hydrogen bond observed be-
tween p53 Trp-23 and the backbone carbonyl of HDM2
Leu-54, the 2- and 3-indolyl regioisomers (42 and 43)
were synthesized and tested in the FP assay. The BDP
binding model predicted that 42 would be a poor antag-
onist since the bulk of the indole ring would clash with
the wall of the binding pocket and the -NH would not
have the correct angle to interact with the target amide
carbonyl. This was in agreement with the FP result
(Table 4).

Table 4. Incorporation of heterocycles
|

O Cco.H
N
\ i
HNTH\ R
o
Compd R X FP 1Csy (uM)
40 /©/ N 1.47 £0.21
cl
X
41 | CH 7.4+0.9
cI” N
02 ©E€ CH 5542
N
H
A\
43 N CH 7.9+0.9
H
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Scheme 2. Reduction of the BDP ring.

The indole NH of 43 may have the correct trajectory
and N-O distance for hydrogen bonding, but according
to the model, the indole is thrust deeper into the pocket
than Trp-23. This may result in a potential clash with
the pocket floor. The observed potency suggests that this
substituent is indeed too large for the binding site (Table
4).

Since the chiral centers of the BDP epimerized under the
basic conditions used to saponify the esters, the reduc-
tion of the adjacent amide carbonyl was performed
(Scheme 2). The ester of 20 was treated with borane—
methyl sulfide in THF resulting in reduction of the
mono-substituted amide as the major product; however,
over-reduction was also observed. Separation of the
products followed by hydrolysis gave 44 and 45. The
activity of 44 and 45 in the FP assay were 0.49%0.02
and >125uM, respectively, thus 44 is essentially equi-
potent with 20 while 45 is inactive. This result is consis-
tent with conformational analyses that suggest that the
active BDP conformation remains reasonably accessible
with removal of one of the amide groups, whereas re-
moval of both yields a highly flexible molecule for which
the required conformation is relatively inaccessible.?

In conclusion, the use of Thermofluor® screening tech-
nology in combination with a secondary FP assay led
to the discovery and rapid optimization of potent 1,4-
benzodiazepine-2,5-dione antagonists of the p53—
HDM2 interaction. The most potent antagonists pos-
sessed chlorophenyl substituents that occupy two of
the three hydrophobic pockets and an iodo group filling
the third, as exemplified by 20 and 44. A binding model
was predicted on the basis of conformational analysis
and the published structure of a peptide complex. This
model was later confirmed by a BDP-HDM2 co-crystal
structure.?® Cell-based activity and structural informa-
tion of the BDP-HDM2 complex are reported else-
where.”® Analogs of this series are being further
developed and evaluated utilizing in vivo models.
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