1duosnuely Joyiny 1duosnuey Joyiny 1duosnuely Joyiny

1duosnuepy Joyiny

VIe

%,
/f
Yeyvaaa

Author manuscript
ACS Chem Biol. Author manuscript; available in PMC 2022 July 16.

Published in final edited form as:
ACS Chem Biol. 2021 July 16; 16(7): 1179-1183. doi:10.1021/acschembio.1c00418.

-, HHS Public Access
£

Identification of secondary binding sites on protein surfaces for
rational elaboration of synthetic protein mimics

Justin M. Torner?, Yuwei Yang#, David Rooklin, Yingkai Zhang, Paramjit S. Arora
Department of Chemistry, New York University, 100 Washington Square East, New York, NY
10003

# These authors contributed equally to this work.

Abstract

Minimal mimics of protein conformations provide rationally designed ligands to modulate protein
function. The advantage of minimal mimics is that they can be chemically synthesized and coaxed
to be proteolytically resistant; a key disadvantage is that minimization of the protein binding
epitope may be associated with loss of affinity and specificity. Several approaches to overcome
this challenge may be envisioned, including deployment of covalent warheads and use of
nonnatural residues to improve contacts with the binding surface. Herein, we describe our
computational and experimental efforts to enhance the minimal protein mimics with fragments
that can contact undiscovered binding pockets on Mdm2 and MdmX — two well-studied protein
partners of p53.
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Mimics of folded protein domains offer rationally designed synthetic scaffolds to interfere
with biomolecular complexes.2~7 The reproduction of protein binding epitopes in minimal
mimics can yield proteolytically stable and cell permeable ligands but the process of
downsizing protein epitopes is often coupled with a loss of some binding contacts, which
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leads to reduced affinity and specificity for the target surface.® 9 Several strategies to
improve the affinity of minimal protein mimics have been introduced, including the use of
electrophilic warheads to covalently capture protein targets and nonnatural side chains to
engage underutilized binding pockets.10: 11

Computational tools that characterize protein surfaces and predict the contribution of native
and nonnatural contact residues to binding have become critical for any inhibitor discovery
campaign. We recently described a computational algorithm, AlphaSpace, to enable high-
resolution fragment-centric topographical mapping (FCTM) of proteins.10. 12. 13 AlphaSpace
may be deployed to design nonnatural side chains to engage underutilized binding cavities
and enhance binding affinity and specificity of the ligands (Figure 1). In recent studies, we
have illustrated the potential of this algorithm to elaborate protein domain mimics® with
nonnatural side chains to enhance the potency of synthetic ligands.1%: 14 In this paper, we
systematically analyzed and compared pockets on protein surfaces, which led to the
identification of secondary binding sites on Mdm2 and MdmX. The detection of cryptic
pockets on Mdm proteins required introduction of two new features in AlphaSpace?: B-
Score for estimating pocket targetability and ensemble B-clustering for one-to-one pocket
mapping of aligned protein structures.

The crystal structure of the protein-protein interaction between p53 activation domain (AD)
and Mdmz2 has served as an inspiration for the design of small molecule and helical peptide
inhibitors.15-22 The complex shows that three residues from the p53 helix — F19, W23, and
L26 — engage a hydrophobic groove on Mdm2.22 Mimics of these three residues have led to
clinical candidates as the canonical examples of small molecule PPI inhibitors.23: 24 Potent
peptide mimics of the p53 AD sequence have also been developed and are currently in
clinical trials.1> MdmX is a homolog of Mdm2, and experimental evidence indicates non-
overlapping functions MDM proteins in p53 regulation.1® There has been a significant
clinical interest to develop dual inhibitors of both MDM proteins to achieve optimal
restoration of p53.15: 17

We analyzed the Mdm2 and MdmX surfaces with AlphaSpace to identify potential pockets
distal to the primary p53 AD binding site. AlphaSpace detects concave cavities on protein
surfaces and assigns pseudoatoms to optimally occupy them.12 13 Comparison of
pseudoatoms provides a quantitative difference map of protein surfaces. Our analyses of
protein surfaces suggested potential secondary pockets formed by Mdm2 residues T26,
M50, Y100, Y104, V108 and MdmX residues V49, M53, Y99, L102, R103 and L106
(Figure 2A). The primary site on Mdm proteins features three well-defined pockets for p53
side chain groups F19, W23, and L26 (Figure 2B). We were surprised to learn that a
secondary pocket exists so close to the primary binding site in experimentally-derived
structures of both proteins but had been missed in the many inhibitor design campaigns
(Figure 2C); we suspect that truncation of the C-terminus of the p53 sequence to residue
N29 in the initial p53-Mdm?2 crystal structure focused subsequent campaigns on the primary
p53 binding site. Peptide mutagenesis analysis supported the critical role of the primary
binding site, indeed an NMR analysis suggests that the proceeding C-terminal region
p5328-34 o its own does not meaningfully contribute to complex formation.2>
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We compared the targetability of the secondary pockets vis-a-visthe primary pockets on
Mdm2/X. AlphaSpace provides a B-Score for each pocket based on the binding free
energies that can be gained if the particular pocket is fully occupied. B-Scores for primary
and secondary pockets on Mdm2 and MdmX are shown in Figure 2D, which suggest that
secondary pockets on MdmX and Mdm2 may also be targetable, and occupancy of the
secondary site could confer additional affinity in concert with the primary binding region.
AlphaSpace predicts higher scoring secondary pockets on MdmX than Mdm2. It should be
noted that Verma and coworkers performed MD simulations with benzene probes to identify
inducible pockets on the Mdm2 protein’s surface.26 Here our complementary approach
analyzes concave spaces on Mdm2 and MdmX using an ensemble of static protein structures
to find potentially targetable binding sites. The key difference in the two computational
approaches is that AlphaSpace calculations can directly evaluate an experimentally-derived
protein structure for underutilized pockets whereas extensive MD simulations with solvent
probes are required to morph the protein surface for potentially inducible pockets.

We performed localized molecular docking, which allows a focused search space on the
secondary binding site, to identify fragments corresponding to natural amino acid side
chains that can optimally engage this region. An indole group emerged as a lead candidate
from these studies (Figure 2E and Supporting Figure S1), which suggests that a C-terminal
tryptophan residue may serve as the fourth hotspot on p53 to target the newly identified
binding pocket.

To experimentally test the computational prediction that a simple C-terminal modification of
the p53 peptide with a tryptophan residue may significantly enhance its binding affinity for
Mdm2 and MdmX, we synthesized a set of peptides based on the native p53 (AD) and
measured their binding affinities to Mdm2 and MdmX with a previously described
competitive fluorescence polarization assay (Figure 3A and SI).2” The p53 peptide 1
(p5316-29) exhibits micromolar binding affinity for both Mdm2 and MdmX in the FP assay,
while the peptide 2, in which a tryptophan residue linked by a flexible glycine residue to
proline-27 is designed to contact the secondary pocket, showed an improved affinity to
Mdm2 and MdmX as compared to 1. This result supports the hypothesis that the designed
tryptophan residue may engage the identified secondary binding site. (Both computational
and experimental mutagenesis studies suggest that the p53 C-terminal residues E-28 and
N-29 do not contribute significantly to binding interactions with Mdm2.28)

We next sought to determine if stabilization of the p53 sequence into an a-helical
conformation would enhance its binding affinity. We have previously reported a hydrogen
bond surrogate (HBS) strategy to stabilize short a-helices; HBS helices feature a covalent
bond in place of the i—i+4 hydrogen bond in canonical a-helices (Figure 3C).5 29 In prior
efforts, we have also applied this strategy to mimic p53 AD and develop Mdm2 ligands.28: 30
3HBes Was based on an optimized p53 sequence (3ync) in which proline-27 was substituted
with a serine residue. Prior studies have reported that the native proline residue in p53
disrupts Mdm2 binding.1% 31,32 3,55 binds Mdm2 and MdmX with similar binding
affinities, Kg = 112 £+ 46 (Mdm2) and 123 £ 34 nM (MdmX). C-Terminal extension of 3ygs
with glycine-tryptophan dipeptide resulted in significantly improved ligand (4y4gs) for both
Mdm2 and MdmX, K4 =4 £ 8 (Mdm2) and 50 £ 16 nM (MdmX). Peptide 4ync, Which is

ACS Chem Biol. Author manuscript; available in PMC 2022 July 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Torner et al.

Page 4

an unconstrained analog of 4ygs, is a 40-fold weaker binder for Mdm2 but largely retains its
affinity for MdmX. Circular dichroism analysis suggests that constrained peptide, 4gs, is
significantly helical as compared to its unconstrained counterpart (Figure 3C).

The secondary binding site occupancy by 4ygs was evaluated by heteronuclear single
quantum coherence NMR spectroscopy (HSQC) experiment, which provides chemical shift
changes of specific protein residues upon ligand binding. 1°N-labeled Mdm2 and MdmX
resonances were assigned as previously reported.33: 34 The results of the HSQC experiment
are depicted in Figure 4. To gauge the potential of 44g5 to engage the secondary binding
pocket, we compared the chemical shift perturbations (CSP) caused by 4gs as compared to
3nBes We compared CSP differences emanating from the addition of one equivalent of 455
versus 3ygs in primary and secondary pockets of 1°N-labeled Mdm2 and MdmX, with the
expectation that the two peptides will likely impact the primary pockets similarly but 455
will cause a more pronounced change in the secondary pocket. The results support our
predictions and support the hypothesis that the designed tryptophan group of 44gs binds in
the secondary pocket.

In summary, our studies show the potential of topographic protein maps to rapidly identify
unutilized but targetable pockets to afford optimized ligands. The studies shown here
provide a benchmark for identifying new pockets on Mdm2 and MdmX — two well studied
therapeutic targets. Here we focused on modifying native peptide mimics but the strategy
can be readily applied to optimize small molecule and peptide ligands for Mdm2 and
MdmX. We expect topographic maps of protein surfaces will complement existing
approaches for fragment-screening and protein epitope mimicry to guide design of potent
ligands.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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&

Figure 1.
Topographic mapping of protein surfaces to improve peptidomimetic binders. Fragment-

centric topographical mapping allows design of nonnatural side chains (left) and
identification of secondary binding sites for peptidomimetic elaboration (right). The cluster
of circles depicts unoccupied design space. Herein we describe efforts to identify a
secondary binding site on Mdm2/MdmX surfaces to elaborate a p53 mimic as a dual Mdm2/
MdmX ligand.
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Mdm2 MdmX
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Figure 2.
(A) AlphaSpace analysis suggests a secondary pocket on Mdm2 (left) and MdmX (right).

The p53 helix is shown in green. The spheres represent the centroids of AlphaSpace-
identified binding pockets. Alignment of secondary pocket residues is highlighted in tan. (B-
C) Comparison of the primary and secondary pockets on Mdm2 and MdmX. The spheres
represent centroids of pockets near the p53 helix. (D) AlphaSpace predicts potential
enhancement in binding affinity of a ligand if a particular pocket is maximally occupied.
This prediction is expressed as a B-Score. B-Scores for primary and secondary pockets for
each Mdm protein are listed. (E) We performed localized docking to identify suitable natural
side chain fragments (see Figure S1) for the secondary pockets. Details of the AlphaSpace
analyses are included in the SI. The input structures for AlphaSpace analysis are PDB IDs
1YCR (Mdm2) and 3DAB (MdmX).
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Figure 3.
(A) The binding affinity of p53 peptides for Mdm2 and MdmX was characterized with a

fluorescence polarization (FP) assay. (B) Comparison of FP binding isotherms for peptide 1
and the constrained peptide 44gs. (C) The helical conformation of 455 was stabilized by
the hydrogen bond surrogate approach by replacing an intrachain hydrogen bond with a
carbon-carbon bond. The conformation of the constrained and unconstrained peptides were
characterized by CD spectroscopy at 50 UM peptide concentration in 50 mM sodium
phosphate, pH 7.4.
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Figure 4.
(A) Mdm2/X binding site analysis by HSQC NMR. Chemical shift changes were observed

for Mdm2/X residues in the primary (orange) and secondary (green) binding pockets upon
addition of 1 eq of 4gs. (B) The difference in chemical shift perturbation caused by 4ygs
and 3y gg reveals that 41,55 engages the secondary binding pocket. Full HSQC spectra are

included in the Supporting Information.
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