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The discovery of a lead compound is an essential process in
early drug discovery, hopefully eventually resulting in a
clinical candidate and a drug for the treatment of a disease.
Besides affinity and selectivity for the target, however, other
target-unrelated compound properties are equally important
for the fate of a drug candidate, for example, water solubility,
lipophilicity, and molecular weight since they determine
important aspects such as oral bioavailability, dosing sched-
ule, and side effects. The parallel discovery and early
development of several leads is therefore now pursued
whenever possible, an approach that takes into account the
high attrition rate of early drug discovery projects. Currently,
hits as starting points for medicinal chemistry optimizations
are mostly found by high-throughput screening (HTS)
campaigns and to a much lesser extent by structure-based
approaches including fragment-based and computational
drug discovery. For certain target classes, however, HTS
often yields very low numbers of hits."! For example, protein—
protein interactions (PPIs) are notoriously difficult to hit with
druglike small molecules.’! This has been assigned to the
unusual structure, topology, and flexibility of protein—protein
interfaces.””! The fact that several drugs targeting PPIs have
recently entered the clinical development clearly shows that
certain PPIs, for example, between Bcl-x and XIAP, can be
efficiently targeted by small molecules.”!! Herein, we describe
a complementary process that led to the parallel discovery of
several compounds belonging to seven different scaffold
classes, amenable to synthesis by efficient multicomponent
reaction (MCR) chemistry in just one step, which antagonize
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the PPI between the transcription factor p53 and its negative
regulator Hdm?2.

Protein—protein interactions are often mediated by only a
few key amino acid side chains and the terms “hot spot” and
“anchor” have been introduced for such locally constrained
areas and amino acids on the surface of interacting pro-
teins.>>® In a first approximation, the depth into which a
specific amino acid side chain of the donor protein is buried in
the acceptor protein is indicative of its energetic importance.
We reasoned that this “anchor” amino acid side chain might
serve as a reasonable starting point for the design of
(ant)agonists of a PPI. Thus, we use this particular amino
acid side chain as an initial anchor in virtual libraries of low-
molecular-weight scaffolds. Virtual compounds containing
anchor side chains are selected for synthesis and screening
based on their docking into the PPI interface. The starting
point for the docking/energy minimization procedure is
chosen in such a way that an overlap between the anchor
and the template amino acid side chain is ensured. In order to
rapidly test these ideas, we chose an efficient and fast but
versatile synthetic approach, MCR (Figure 1).' MCR allows
for the assembly of many diverse and complex scaffolds in a
one-step/one-pot manner, thus saving time and resources, and
potentially increasing the success rate of lead discovery.

The PPI interface of p53/Hdm?2 has been characterized in
molecular detail by X-ray structure analysis.["! It relies on the
steric complementarity between the Hdm2 cleft and the
hydrophobic face of the p53 a-helix and, in particular, on a
triad of p53 amino acids Phel9, Trp23, and Leu26, which
insert deep into the Hdm?2 cleft (Figure 1A in the Supporting
Information). We chose the indole side chain of Trp23 as the
anchor residue for three reasons: 1) it is the central amino
acid of the triad, thus facilitating addressing by the antago-
nists the crucial Phe19 and Leu26 binding sites; 2) it is deeply
buried in Hdm2; and 3)it also features, in addition to
extensive van der Waals contacts, a hydrogen bond to the
Leu54 backbone carbonyl oxygen of Hdm2. In fact, calcu-
lation of the solvent-accessible surface areas of all amino
acids in the p53/Hdm?2 interaction ranks Trp23 the highest
(Trp23 > Phe19 > Leu26).”®! Next, from our in-house database
of several hundred MCR scaffolds, we selected forty MCR
scaffolds to create virtual compound libraries.”! By design,
each of the compounds incorporated the anchor. We used
indole and bioistosteric 4-chlorophenyl derivatives® sup-
plied with the corresponding functional groups as anchors to
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Figure 1. Graphical representation of the workflow for the rapid generation of low-molecular-weight (ant)agonists of PPls. The process relies on
high-resolution structural data of the target (1), the presence and identification of a highly buried amino acid (2), a fragmentation/anchor
generation step (3), virtual chemistry employing the anchor and based on multicomponent reactions (4), constrained docking forcing the anchor
fragment into the binding site (5), and synthesis and screening (6). (FG = functional group.)

act as starting materials for the MCRs (Supporting Informa-
tion, Figure 1B); for example, we used unsubstituted indole
and oxindole to perform a Friedel-Crafts-type alkylation and
an Ugi four-component condensation, respectively (Support-
ing Information, Table 1).

The virtual library of compounds comprising all possible
stereoisomers was generated using REACTOR software.”!
Different aliphatic and aromatic starting materials to repre-
sent different shapes and electrostatic features were chosen.
The virtual libraries incorporating the anchor side chain were
docked into a rigid model of the p53 binding site in the Hdm?2
receptor (PDB identifier: 1YCR) using the modeling/docking
software package Moloc.!” Assuming that the anchor
residue predefines the binding site of the molecules and in
order to avoid nonproductive docking geometries, we forced
the anchor part (indole or 4-chlorophenyl) of the compounds
to overlap with the respective Trp23 anchor as a starting point
for energy minimization. As an encouraging evidence for the
anchor approach we solved the crystal structure of the MCR
compound PB12 bound to Hdm2 (Figure 2).' This structure
shows an almost perfect alignment of the Trp23 indole anchor
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Figure 2. Alignment of the anchor p53 residues Phe19, Trp23, and
Leu26 (cyan sticks) bound to Hdm2 (dark pink cartoon, PDB ID:
1YCR) with a van Leusen imidazole PB12 based antagonist (pink
sticks) bound to Hdm2 (light pink cartoon, PDB ID: 3LBK) and the
corresponding predicted docking geometry of PB12 (grey sticks).
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Scheme 1. Predicted and found p53/Hdm2 antagonists based on
multiple MCR scaffolds (the anchor moiety is marked gray, PB=
Pittsburgh).

with the indole moiety of PB12 (see Scheme 1) with an
RMSD (indole) of 0.34 A.

From the highest-ranking docked compounds, which
addressed all three binding sites of p53 (Phel9, Trp23, and
Leu26), we chose several compounds for synthesis and
screening based on several features (Scheme 1). First, the
compounds were chosen so as to belong to different types of
scaffolds to ensure variation in backbones and chemistry.
Second, we chose reactions for which the starting materials
were commercially available or readily accessible by syn-
thesis. As a third criterion, we preferentially chose MCRs we
had used before.l®” Products were synthesized according to
two different Ugi MCR variations (PB3, PB5),!? the van
Leusen three-component reaction (PB1, PB12),[* the Orru
three-component reaction (PB2) followed by an amidation
step (PB11)," the Passerini three-component reaction
(PB9),™ the Betti three-component reaction (PB8),'® the
Staudinger three-component reaction (PB6),!"”l an MCR that
formed an amidinosulfone amide (PB7),"! the Gewald three-
component reaction to an aminothiophene (PB10),!! and an
a-amidoalkylation (PB4).*"! Among the eleven different
MCR series prepared, seven scaffolds showed binding
activities less than 60 um (Table 1).

Representative docking geometries of the predicted p53/
Hdm?2 antagonist compounds are shown in Figure 3 and in
Figure 2 of the Supporting Information. Next, these com-
pounds were screened for their ability to bind to Hdm?2 and to
antagonize the p53/Hdm2 PPI. We chose NMR spectroscopy
for this test as it provides a wealth of information that
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Table 1: NMR spectroscopically determined activities of predicted,
synthesized, and tested compounds and known optimized compounds
(fluorescent polarization (FP) assay).?

Compound Ky [uMm] Compound Ky [uM]

PB1 40+15%  pB7 > 1000

syn-PB2 3410 PB8 60+ 201

anti-PB2 40+10"  PB9 60 = 30"

PB2a 2419 PB10 54219 (11+£0.5)

PB3 204709 PB11 0.8 £ 0.4

PB4 30+100  PBI12 1.1 (0.7 £0.04)

PB5 304+109  nutlin-31 0.0940.03" (0.04+0.01)

PB6 precipitation MI-631 0.01£0.01" (0.003 +0.002)

[a] Errors for the FP values are determined by fit confidence. The
experimental error of K; measured by NMR was assumed to be ca. 30%.
The techniques used for [b] and [c] gave the same values within the error
boundaries. [b] Binary titration of the ligand with apo-">"N-Hdm?2 using
N-HSQC.”4 [c] AIDA experiment.” [d] Nutlin-3 and MI-63 are de-
scribed in Ref. [24] and Ref. [11,25], respectively; the Ky values are our
measurements, in agreement with Ref. [11,24,25,26].
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Figure 3. Binding models of four p53/Hdm2 antagonists by constrained
docking into PDB 1YCR: 5-indoloimidazole PB1; imidazoline PB2; thiohy-
dantoinimide PB3; and 2-aminothienyl-3-acetamide PB10. Several rim key
amino acids of Hdm2 are shown as sticks and green surface and
numbered. The docking models are in accordance with the observed
Hdm2 HSQC NMR shifts obtained from titrations. All geometries show
the receptor in the same orientation as in Figure 2.

otherwise cannot be assessed in high-throughput assays.
Importantly, use of NMR-based screening allowed for
determination of both compound affinity to Hdm2 and the
ability of a compound to dissociate the preformed p53/Hdm?2
complex. Other important questions about the compound
properties can also be answered with an NMR-based
approach. These include: Is the compound sufficiently water
soluble ? Does the compound bind to Hdm2 or to p53? Does
the compound cause precipitation of any of the proteins?
Does the compound lead to major conformational changes in
the binding protein? What is the binding site of the compound
on the protein surface?

All of this information is instrumental in order to optimize
a compound series not only for potency and selectivity but
also for, for example, water solubility and protein binding.

Angew. Chem. Int. Ed. 2010, 49, 53525356
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Moreover the usage of screening techniques based on
independent physical methods prevents from discovering
PAIN compounds (PAIN: Pan Assay Interference) and
covalent binders.”!! The different compounds were tested
for binding to Hdm?2 by performing a series of NMR titrations
with isotopically enriched "N-Hdm2.”? Strong binding of a
compound to its target is indicated by signal splitting in a
heteronuclear single quantum coherence (HSQC) spectrum,
whereas a signal shift indicates weaker binding. Figure 4 A-C
shows NMR data of Hdm?2 titrated with PB12 as an example
of slow chemical exchange and Figure 3 of the Supporting
Information shows similar spectra with PB2 diastereomers as
an example of fast chemical exchange. Additionally we used
our recently introduced antagonist-induced dissociation assay
(AIDA), a fast one-dimensional NMR method to determine
K; values (Figure4C and Supporting Information,
Figure 4),%! which are in agreement with the fluorescence
polarization data shown in Figure 4D.

From the HSQC spectra we calculated the K,/ ™R values
for syn-PB2 and anti-PB2 to be (3+1) um and ca. 40 pmM,
respectively. Table 1 shows a selection of other Hdm?2 binding
compounds with their K, values, ranging from 60 pm down to
less than 1 pm. Due to the inherent requirements of the Hdm?2
binding pocket, the PB compounds are highly hydrophobic
and most of the active PB compounds show a low total polar
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Figure 4. Screening of the activity of PB12. A) 'H-""N HSQC spectra of
Hdm2 (1-125) titrated with increasing amounts of PB12. Red spec-
trum: apo-Hdm2; green spectrum: approximately 40 % saturation of
Hdm2 with PB12 (the spectrum shows slow chemical exchange that is
typical for strong interactions with submicromolar K values); blue
spectrum: Hdm2 fully saturated with PB12. B) Perturbation plot of
PB12. C) AIDA experiment: the concentration of p53 released from the
p53/Hdm2 complex by the antagonist is proportional to the height of
the HN indole peak of W23 (p53). Bottom: downfield-shifted NMR
signals of the p53/Hdm2 complex (20 um); middle: approximately
70% of dissociation of the complex upon addition of PB12 to the
complex in a 1:1 molar ratio; top: signals of free p53. D) Study of
PB12 by the fluorescence polarization assay."" !
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surface area (TPSA, Supporting Information, Table 2), most
probably resulting in low water solubility, an unfavorable
quality of compounds designed to become drugs. According
to our binding model of PB2, the methyl ester group is not
involved in binding, but rather remains exposed to the solvent
(Figure 3). Therefore, we reasoned that derivatization of the
ester bond by amidation could potentially improve water
solubility and binding affinity. Indeed, conversion of PB2
derivative PB2a to amide PB11 (Scheme 2) improved the
potency of the imidazoline scaffold as well as its water
solubility, as judged by the NMR experiments and the TPSA
(Table 1 and Supporting Information, Table 2 and Figure 6).

CH,Cl,

{2

TBD, solventless

I ) (Lj i
m mQ PB11

Scheme 2. One-pot synthesis of imidazoline PB2a by an Orru-3CR and
optimization by amidation yielding derivative PB11 with improved
affinity and water solubility (TBD=1,5,7-triazabicyclo[4.4.0]dec-5-ene).

We have introduced a new process for predicting and
producing antagonists of the cancer-relevant p53/Hdm?2
protein—protein interaction. This approach differs substan-
tially from currently used techniques, including high-through-
put screening, fragment-based approaches, structure-based
design or computational screening of compound libraries.
Classical fragment-based drug discovery approaches, for
example, are strong in detecting weakly, however efficiently
binding small molecular units which serve as starting points to
assemble more-potent druglike compounds, however with no
straightforward synthetic pathway.””’ Herein, MCR chemistry
was used to synthesize more-potent leads starting from a
fragment (=anchor). Thus a seamless pathway for the
optimization of affinity and other important drug properties
is predefined. Nutlin-3, for example, is synthesized in a
sequential synthesis of more than eight steps whereas PB11 is
accessible in only two steps from commercially available
starting materials.”®! The compounds collected in Scheme 1
are druglike and can be optimized regarding potency and
physicochemical properties (Supporting Information,
Figure 6). Certainly, this new approach, successful for one
target example, demands further validation with different
types of PPIs. Extensive optimization and in vitro and in vivo
testing of optimized compounds of the different scaffolds
reported herein are under way and will be reported in due
course.
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