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Stabilized a-helices and nonpeptidic helix mimetics have emerged as powerful molecular
scaffolds for the discovery of protein-protein interaction inhibitors.[1-8] Protein-protein
interactions often involve large contact areas, which are often difficult for small molecules
to target with high specificity.[9-10] The hypothesis behind the design of stabilized helices
and helix mimetics is that these medium-sized molecules may pursue their targets with
higher specificity because of a larger number of contacts. We recently introduced a new
strategy for the preparation of stabilized a-helices, termed hydrogen bond surrogate (HBS)
helices, which involves replacement of one of the main chain hydrogen bonds with a
covalent linkage (Figure 1A).[11] The salient feature of the HBS approach is its ability to
constrain very short peptides into highly stable a-helical conformation without blocking any
molecular recognition surfaces. We have extensively analyzed the conformation adopted by
HBS a-helices with 2D NMR, X-ray, and circular dichroism spectroscopies.[12-14] In
addition, HBS helices have been shown to target their expected protein partners with high
affinity in cell-free and cell culture assays.[15-17]

A key argument for the development of larger ligands is the likely ability of these molecules
to interact with protein surfaces with high specificity.[7,15,18] Herein we assess this
hypothesis by testing the potential of HBS helices to target various protein interactions in
cell-free split-protein reassembly assays.[19] In this proof-of-principle study, we utilized a
well-studied model system — the complex between p53 activation domain and Murine
Double Minute (MDMZ2). We evaluated the preference of HBS p53 a-helix to inhibit the
p53/MDMZ2 interaction in relationship to several other helical protein interfaces, and
compared its activity to a well-established small molecule inhibitor. Our results support the
argument that peptide segments derived from protein interfaces are naturally optimized to
interact with their cognate protein partner with high specificity.
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The p53 tumor suppressor protein, generally considered the guardian of the genome, plays a
fundamental role in apoptotic signaling and cell cycle arrest.[20] In response to DNA
damage or cellular stress, phosphorylation of p53 signals for the expression of genes that
activate apoptosis and prevent the proliferation. MDMZ2 and the human homolog (HDM2)
have been shown to bind the activation domain (AD) of p53 and repress its activity;
accordingly, the p53/MDM2 interaction has become a target for drug discovery.[21] The
p53 AD adopts an a-helical conformation when bound to MDM2 (Figure 1B),[22] and
several classes of stabilized helices and helix mimetics have been shown to target this
interaction.[23-30] In addition, several potent small molecule inhibitors of this interaction
are known.[21,31-32] The p53/MDM2 complex, is thus an ideal model system to test both
the efficacy of the designed ligands and the suitability of the split-protein assay.

We began design of HBS helices that target MDM2 by synthesizing and characterizing an
unconstrained peptide (1) that closely mimics the wild-type sequence of p53 AD, HBS helix
analogs (2 and 4) and a negative control (3) (Table 1). HBS helices were synthesized as
described.[33-35] We utilized a previously described fluorescence polarization assay to
determine the binding affinity of p53 mimetics for His-tagged MDM2,[36] and circular
dichroism spectroscopy to assess their solution conformation. Peptide 1 features the wild
type p5317.31 sequence with Thr-18, a non-interfacial residue, mutated to alanine to facilitate
synthesis of HBS helices. This unconstrained peptide bound MDM2 with a dissociation
constant of 340 nM, consistent with previous reports, suggesting that the T—A mutation
does not affect binding of 1 to the target receptor (Table 1 and Figure 2B). Circular
dichroism spectroscopy shows that 1 is essentially unstructured in 10% TFE in phosphate-
buffered saline (Figure 2A). The constrained mimic of 1, HBS 2, is more helical (Table 1
and Supporting Information) but binds MDM2 with a seven-fold lower affinity. HBS 3 is a
negative control of 2, with two key residues Phe-19 and Leu-26 mutated to alanine residues.
As expected, HBS 3 fails to target the receptor with reasonable affinity (>125 uM). Zondlo
and coworkers have shown that Pro-27 disrupts the binding of p53 to MDMZ2;[37] in
agreement with their results, we find that the CD spectrum of 2 suggests a high degree of
polyproline conformation (Supporting Information). Accordingly, we prepared HBS 4 in
which this proline residue was mutated to an alanine. The CD spectrum of HBS 4 displays
double minima at 208 and 222 nm and maxima near 190 nm consistent with those observed
for canonical a-helices (Figure 2A). However, the binding affinity of 4 for MDM2 is only
slightly improved compared to that of 2 (Table 1 and Figure 2B).

These preliminary results suggested that perhaps one of the key residues might not be
contacting the protein pocket appropriately, leading to the poor binding affinities of HBS 2
and 4. Specifically, we conjectured that Phe-19 residue which lies within the HBS
macrocycle in 2 and 4 might be inaccessible even though our previous studies with HBS
helices and HIV gp41 targeting did not reveal that residues within the macrocycle have
trouble contacting the intended protein surfaces.[17] Nevertheless, we designed a second-
generation HBS p53 mimetics in which the placement of Phe-19 was varied (Scheme 1). As
part of these efforts, we also sought to develop shorter stabilized helices that target MDM?2
with high affinity but consist of the minimal recognition epitope of p53 encompassing the
three important residues. HBS 5 is a shorter analog of 2 but binds the protein with similar
affinity to 2 (and 4), confirming the limited role played by residues 27-31 in MDM?2
binding. The Phe-19 residue is retained at the N-alkyl position in HBS 5, but moved to
inside or outside of the macrocycle in 6 and 7, respectively (Scheme 1). HBS 6 and 7 also
feature a serine residue at position 27, in place of the proline residue. This mutation has been
suggested to improve the binding of p53 peptides.[37]

Relative placement of the phenylalanine residue results in a dramatic change in the binding
affinity of the compounds for MDM2. The affinity of 6 for the target is similar to that of 5
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but HBS 7 binds the receptor with a 14-fold improved binding constant (K4 = 160 nM).
Importantly, the negative control 8, in which Phe-19 and Leu-26 have been mutated to
alanine residues, is a poor binder (Table 1 and Figure 2B). MDM2 can, thus, be targeted
with sequence selectivity by HBS helices, and HBS 7 is a high affinity ligand for MDM2.

We next evaluated the preference of HBS 7 for MDM2 in comparison to various other
proteins that are known to accommaodate helical peptides,[38] including the Bcl-2 family
proteins,[39] TAZ1 domain of CBP,[15,40-41] and MDM4 (or MDMX), which is a p53
binding protein closely related to MDM2 (Figure 3).[42] We utilized a cell-free split-protein
luciferase assay to screen for protein complexes that can be inhibited by peptide 1, HBS 7,
and HBS 8.[19] This assay examines the ability of two protein partners, each conjugated to a
different half of the luciferase protein, to reassemble and impart luminescence in the
presence of luciferin (Figure 4A).[43-44] Inhibition of the protein complex formation
reduces relative bioluminescence and allows assessment of potential protein-protein
interaction inhibitors in a concentration-dependent manner. The results of the split-protein
assays performed at 10 uM inhibitor concentrations are shown in Figure 4B. The optimized
MDM2 ligand, HBS 7, targets the complex with high specificity; whereas, the negative
control, HBS 8, does not inhibit any of the complexes tested in this study. The wild type p53
peptide, 1, is marginally active for MDMZ2 in this assay. To gauge the suitability of the split-
protein assay, we compared the specificity of HBS 7 for the various complexes with
nutlin-3, which is a well-characterized agonist for p53/MDM2.[21] Both nutlin-3 and HBS 7
displayed remarkably similar and high specificities for MDMZ2. It should be noted that
nutlin-3 is a highly engineered lead from the pharmaceutical industry, whereas HBS 7 is a
direct mimic of a naturally optimized peptide sequence whose specificity and affinity may
nevertheless be further improved.

The last decade has seen enormous progress in the design of peptidic and nonpeptide helix
mimetic. A number of these mimetics have been shown to bind chosen protein targets with
high affinity including several for MDM2; however, with a few exceptions, the specificity of
the designed ligands has rarely been rigorously examined. We find that the split-protein
assay provides a rapid approach to assess the specificity of synthetic inhibitors of protein-
protein interactions. The present work with a stabilized helix supports the hypothesis that
peptide sequences adapted from protein interfaces are naturally evolved to interact with
cognate protein surfaces with high specificity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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(A)

Figure 1.

(a) Hydrogen-bond-surrogate (HBS) a-helices feature a carbon—carbon bond in place of an i
and i+4 hydrogen bond. R=amino acid side chain. (b) A short helical segment (dark gray)
from the p53 activation domain targets Mdm2 with three hydrophobic residues Phe-19,
Trp-23, and Leu-26 forming key contacts.
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Figure 2.

a) Circular dichroism spectra of 1, 4, 7, and 8 in 10% trifluoroethanol (TFE) in phosphate-
buffered saline (PBS). b) Determination of peptide binding to His-tagged MDM2 by a
fluorescence polarization assay. Circular dichroism spectra and fluorescence anisotropy
binding curves for 2, 3, 5 and 6 are included in the Supporting Information.
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Figure 3.

Examples of helical protein interfaces evaluated in the current study: (a) p53 (dark gray)/
MDM2 (light gray), (b) p53 (dark gray)/MDM4 (light gray), (c) Bak BH3 (dark gray)/Bcl-
xL (light gray), and Hif-1a (dark gray)/CBP (light gray). PDB codes: 1YCR, 2DAB, 1BXL
and (d) 1L8C.
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Figure 4.

Schematic for the cell-free interrogation of protein-protein interaction inhibitors.
Reassembly of split-luciferase fusions of the interaction of interest results in luminescence.
Inhibition of the protein complex formation results in abolishment of luciferase activity.
Luciferase assays performed with 10 pM peptide, HBS helices and nutlin-3.
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HBS 2,4,5

Scheme 1.
Placement of Phe-19 residue, from left to right, at the N-alkyl residue, inside and outside the
HBS macrocycle.
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Table 1
Sequence, biophysical data and binding affinities of p53 HBS a-helices designed to target MDM2.

peptide sequencel@] % helicity[®] Ko (nM)[€]

1(p53,7.5,T18A) ACEAFSDLWKLLPENNV 14 340 + 160

HBS 2 —1 53 2300 + 210
XEAFSDLWKLLPENNY

HBS 3 — 21 > 125000
XEAASDLWKLAPENNY

HBS 4 ESDLWKLLAENNV 63 1800 + 170

HBS 5 25 2300 £ 110
)’(E_NI:SDLWKLL

HBS 6 1 55 2200 + 400
XAFGDLWKLLS

HBS 7 ! 31 160 + 80
XQEGFSDLWKLLS

HBS 8 1 34 > 400000
XQEGASDLWKLAS

[a]

X and Ac denote pentenoic acid residue and acetyl group, respectively.

[b]
[c]

Values obtained from circular dichroism spectroscopy studies.

Binding affinity for MDM2 as determined by a competitive fluorescence polarization assay.
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