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Upregulation of structurally homologous oncoproteins Hdm2 and Hdmx has been linked to the depletion
or inactivation of their common regulation target the tumor suppressor p53 protein leading to the pro-
gression of cancer. The restoration of the p53 function, rendered suppressed or dormant by these nega-
tive regulators, establishes, therefore, a unique opportunity for a targeted induction of apoptosis in
cancers that retain wild-type p53. While several small molecules have been reported to rescue the tumor
suppressor by antagonizing the Hdm2-p53 interaction, these agents displayed limited application scope
by being ineffective in tumors enriched with active Hdmx. Here, we describe the use of a genetic selection
system and encoded library of conformationally pre-organized peptides to perform functional profiling of
each regulator revealing specific recognition features that guide the antagonism of Hdm2-p53 and
Hdmx-p53 interactions. Structure-activity relationship analysis of the most effective leads identified
functional and structural elements mediating selective recognition of the two structurally related regu-

Cyclic peptides

lators, while providing convenient starting points for further activity optimization.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The tumor suppressor p53 protein plays a vital role in maintain-
ing genome stability by functioning as a transcriptional activator
for genes mediating several corrective or antiproliferative biologi-
cal outcomes, such as cell cycle arrest, senescence, DNA repair, and
apoptosis, among others.! Loss of p53 function through genetic or
regulatory causes has, therefore, been linked to malignant transfor-
mations of cells.? While deletions and mutations of the p53 gene
account for approximately half of all human cancers,! upregula-
tions of the Hdm2 (also known as MDM2) and Hdmx (also known
as MDMX or MDM4) proteins have emerged as significant addi-
tional mechanisms for the impairment of the tumor suppressor,
leading to a variety of malignancies.>*

Hdm2, one of the transcriptional targets of the tumor suppres-
sor, and constitutively expressed Hdmx> combine to form a regula-
tory circuit that exerts a sensitive control over the cellular function
of p53. Both regulators can interfere with the intranuclear activi-
ties of p53 by occluding its transcriptional activation domain
(TAD) essential for mounting stress-induced responses. Structural
analysis and directed mutagenesis have indicated that the helical
TAD of p53 relies on three co-directionally projected hydrophobic
residues—Phe;q, Trp,3, and Leuyg—for the recognition of structur-
ally complimentary subsites within the binding pockets of both
Hdm2 and Hdmx.%’ Despite this similarity in the mode of binding
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to p53, the current mechanistic hypothesis assigns non-redundant
roles to the Hdm proteins in the regulation of p53,2 since, at low
Hdm2 levels, Hdmx merely sequesters the tumor suppressor into
a transcriptionally inactive complex that serves as an immediately
available pool of p53 for initiating a rapid stress-response cascade.”
In contrast, Hdm2 negatively regulates the stability of the tumor
suppressor by acting as a p53-specific E3 ubiquitin-ligase that stim-
ulates nuclear export and proteosome-dependent degradation of
p53. When concentration of Hdm2 increases, Hdmx can reverse its
p53-preserving function by augmenting the Hdm2-mediated degra-
dation of p53 through the formation of a heterodimeric Hdmx-
Hdm2 complex capable of enhanced trans-ubiquitination.®!°
Deregulation of the p53 pathway in malignancies expressing
wild-type (wt) p53 has been linked to several Hdm2- and Hdmx-
dependent events resulting from overexpression, amplification, re-
duced clearance, or changes in activation status of either regula-
tor.’1® Tumor-specific induction of apoptosis through the
rescue of wt p53 from complexes with the Hdm proteins has,
therefore, been proposed as an attractive strategy for tumor-spe-
cific chemotherapy,? and is currently being actively explored
through rational design and high-throughput discovery of Hdm2
and Hdmx antagonists.'*~'” Here, we describe our studies to char-
acterize functional differences between Hdm2 and Hdmx and to
ascertain the possibility of developing both highly discriminating
recognition motifs as well as bispecific ones. We employed the
combination of a vast pool of structurally constrained peptides
and a high-throughput genetic selection system to retrieve com-
pact sequences capable of disrupting the interactions between
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p53 and Hdm proteins. The sequences that displayed optimal
activities were further analyzed through site-directed mutagenesis
and focused diversification to yield key insights into elements
needed for effective antagonism of these structurally related
oncoproteins.

2. Results and discussion

2.1. Discovery of Hdm2 and Hdmx antagonists through genetic
selection

2.1.1. Genetic system for monitoring Hdm2-p53 and Hdmx-p53
interactions

Since rational structure-based efforts have not yet provided
Hdmx-selective agents, we chose to perform a functional analysis
of p53-binding pockets in both Hdm2 and Hdmx using a previously
disclosed Escherichia coli (E. coli)-based genetic selection system de-
signed for rapid identification of agents perturbing protein-protein
interactions.'® In this system (Fig. 1), a repressor engineered from a
pair of interacting proteins blocks the transcription of reporter
genes in the tricistronic HIS3-Kan[R]-lacZ operon that expresses (i)
imidazole glycerol phosphate dehydratase (IGPD) from Saccharo-
myces cerevisiae, compensating for a deleted homolog of the host,
(ii) aminoglycoside 3’-phosphotransferase, responsible for the
resistance to kanamycin, and (iii) p-galactosidase, respectively.
The first two reporter genes can be used in tandem to provide a dra-
matically improved dynamic range of a host survival response to-
ward conditions of histidine-starvation and antibiotic stress,
resulting in a greatly reduced number of false positives.'® In addi-
tion, the HIS3 marker enables sensitive chemical tuning of selection
stringency with 3-amino-1,2,4-triazole (3-AT), a competitive inhib-
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itor of the yeast IGPD enzyme.'® The transcriptional repressor sys-
tem is expressed from a separate isopropyl-p-p-thiogalactoside
(IPTG)-regulated cassette as a pair of fusions with DNA-binding
domains (DBD1 and DBD2 in Fig. 1) possessing distinct recognition
properties for cognate operator half-sites (01 and 02).2° Upon
expression, the interacting pair forms a heterodimeric complex that
cooperatively recognizes the corresponding chimeric operator sites
embedded within the promoter, and, thereby, blocks the expression
of the reporter cassette. This combination of the orthogonal
DBDs and the operator half-sites allows specific interrogation of
heterodimeric interfaces in higher order complexes, and any inter-
ference with these interactions from a co-expressed modulator or a
cell-permeable agent should lead to repressor disassembly and
ultimately to the rescue of host’s viability from the starvation and
antibiotic stress applied during selection.

The extended TAD region of p53 (residues 1-83) was subcloned
into one of two multiple cloning sites of the previously reported
pTHCP14 expression plasmid'® for in-frame fusion with the prein-
stalled DBD gene. Insertion of the N-terminal domain of Hdm2
(residues 1-188) and the corresponding region of Hdmx (residues
1-189) into the remaining cloning site of modified pTHCP14,
provided two bicistronic expression plasmids for expressing
Hdm2-DBD1 and Hdmx-DBD1 fusions as repressor counterparts
of p53-DBD2.

The resulting expression constructs were subsequently inte-
grated?! into the chromosome of HIS3-Kan[R]-lacZ reporter strain
SNS126'8 to stabilize expression of the repressor halves under con-
ditions of selection stress. The integrated strains, referred hence-
forth as ‘Hdm2-p53’ and ‘Hdmx-p53’, were evaluated for growth
trends via a droplet inoculation technique, whereby serially diluted
cell suspensions are arrayed on non-selective and selective media
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Figure 1. Schematic representation of the genetic system for selection of agents targeting protein—protein interactions. A pair of interacting proteins, designated as X and Y,
are inserted downstream of genes coding for DNA-binding domains (DBD1 and DBD2) possessing orthogonal operator affinities (top). Upon induction of Prac promoter with
IPTG, the expressed fusions form a functional heterodimeric repressor that recognizes the corresponding chimeric 01-02 operator embedded within the promoter region of
the tricistronic HIS3-Kan[R]-lacZ reporter operon (middle). Perturbation of the repressor complex with an agent selected from a library results in a relief of the promoter

blockade and expression of the reporter genes (bottom).
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for side-by-side comparison of resulting phenotypes at different
colony densities. The Hdmx-p53 and Hdm2-p53 strains (rows 1
and 2, respectively, in Fig. 2A and B) displayed the following phe-
notypes: (i) fast growth on non-selective media indistinguishable
from constitutively repressed (row 3)?? and unrepressed (row 4)
control strains, and (ii) significantly reduced survival on selective
media compared to the unrepressed control. In addition, the
gene-reporter assay, involving hydrolysis of o-nitrophenyl-B-p-
galactoside (ONPG) by the third reporter p-galactosidase,?> was
used to provide a quantitative measure of inducer-dependent
repression exhibited by the two strains (Fig. 2C). This assay was
used to identify the minimal level of induction required for nearly
complete (~90%) repression to be applied in the subsequent genet-
ic selections (32 uM IPTG for both targets).

2.1.2. Implementation of genetic selection for discovery of
Hdm2 and Hdmx antagonists

The requisite molecular diversity for high-throughput selection
was provided by the SICLOPPS (Split Intein-mediated Circular Liga-
tion of Peptides and ProteinS) genetic system producing, upon
induction with L-(+)-arabinose, a pool of polypeptides programed
to form backbone cyclic structures inside the expression host.>*
Specifically, a hexamer ‘C + 5’ library encoding an invariable nucle-
ophilic cysteine followed by five random amino acids (Fig. S1)'8
was chosen to identify functional motifs competitive with p53
for the Hdm proteins. Backbone cyclic hexapeptides, which tend
to exist preferentially as turn-containing conformers,?> were ex-
pected to yield conformationally constrained and functionally
compact leads facilitating structure-activity relationship (SAR)
analyses for further optimization.262® Notably, display of the
p53-binding epitope from a cyclic core has been shown to be as
effective as linear helical presentations derived from native
p53.16:29

The ‘C + 5’ SICLOPPS library was transformed into the repressor-
modified reporter strains providing approximately 10® individual
library members in each system for subsequent selections. The
transformants were then inoculated at the density of approxi-
mately 3 x 10° cfu onto minimal media plates supplemented with
inducers, L-(+)-arabinose (13 uM) and IPTG (32 pM), and selecting
agents, kanamycin (75 pg/mL) and 3-AT (10 mM). The seeded
plates were incubated for 72 h at 37 °C until surviving colonies
(ca. 300 from 20 plates) could be reliably harvested from the back-
ground cell lawn for further analysis. The plasmids isolated from
the selected strains were then transformed into the original selec-
tion hosts and subjected to phenotypical screens at different levels
of arabinose—0, 13, and 23 pM—corresponding to the conditions of

zero, selection level, and high induction of SICLOPPS, respectively.
Strains that did not reproduce selective advantage, survived on
L-(+)-arabinose-free media, or displayed significant toxicity upon
overexpression were eliminated from further consideration.

2.2. Characterization of selected sequences

The plasmids isolated from the best performing strains were se-
quenced to reveal the amino acid composition of their variable re-
gions (Table S1). All variable inserts in the SICLOPPS peptides that
promoted survival of the Hdm2-p53 strain converged onto two
aromatic-rich motifs—®WWY® and ®FYYd—where @ is an ali-
phatic amino acid (Table 1). This functional bias, as well as a dou-
ble emergence of sequence CLWWYM (shown with the flanking
invariable cysteine), indicated a highly discriminating nature of li-
gand recognition by Hdm2 and, at the same time, validated the
power of genetic selection to yield repeatedly rare individuals with
unique properties. The high level of aromatic content is also indic-
ative of convergence onto existing amino acid-based Hdm2 recog-
nition motifs. Thus, the tyrosine-tryptophan dyad has repeatedly
emerged in phage display-optimized o-helical peptides®®3! and
miniature proteins,>? whereas the tryptophan-free recognition
has been previously seen with the Hdm2-binding HIF1a fragment
homologous to the p53 TAD.** The sequences identified against
Hdmzx, on the other hand, appeared to feature more functional
and sequence variability than the corresponding anti-Hdm?2 leads.
The notable preference for aliphatic leucine by Hdmx is consistent
with Leuys in p53 playing a significantly greater role in the recog-
nition of Hdmx than Hdm2.3* In addition, charged amino acids,
particularly basic residues (Arg, Lys, and His), were present in
almost every isolated candidate (Table 1).

The activity ranking was established through the ONPG assay,
which quantitatively reported on B-galactosidase production in-
duced by the co-expressed SICLOPPS leads (Table 1). In addition
to the original or ‘native’ strain/plasmid combinations, we have
also evaluated the sequenced constructs for target selectivity by
testing the inhibitory potential of the anti-Hdm2 leads in the
Hdmx-p53 strain and vice versa. Transcriptional activities of the
selected peptides in the ‘non-native’ combinations generally did
not surpass the original performances (Table 1). Although the
anti-Hdm2 leads exhibited relatively high reporter derepression
in the strain regulated by the Hdmx-p53 hybrids, the only
anti-Hdmx peptide with a moderate level of activity in the
Hdm2-p53 strain was the sole uncharged CLFFNY lead. These
observations appear to highlight the presence of charged residues
in the remaining anti-Hdmx peptides as the important element for
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Figure 2. Intracellular analysis of repressor pairs simulating Hdm2-p53 and Hdmx-p53 interactions in the E. coli reporter strain. (A and B) Growth analysis through droplet
inoculation of serially diluted strains (10-10° colony forming units (cfu)) expressing the Hdmx-p53 pair of DBD fusions (row 1), the Hmd2-p53 pair of DBD fusions (row 2), a
constitutively active repressor control (row 3) (Ref. 22) and an unrepressed (DBDs only) control (row 4) on a (A) non-selective inducing medium (LB with 100 uM IPTG) and
(B) selective inducing medium (LB with 100 uM IPTG and 25 pg/mL kanamycin). (C) Reporter-gene (B-galactosidase) activity analysis of Hdm2-p53 and Hdmx-p53 strains.
The arrow indicates the expression level (32 uM) for achieving approximately 90% reduction in the reporter expression to be used in the selection procedure.
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Table 1

Translated sequences of variable inserts, occurrence frequency, and B-galactosidase activities of SICLOPPS leads selected as antagonists of Hdm2-p53 and
Hdmx-p53 interactions

Target interaction SICLOPPS isolate Sequence in linear % derepression % derepression

(# of occurrences) form (Hdm2)* (Hdmx)?
Hdm2-p53 I-1 (2) CLWWYM 18+2 41+4
II-1 (1) CIWWYM 122 49+3
1I-7 (1) CIFYYV 51+5 42+3
IV-7 (1) CMFYYI 18+3 37+3
Hdmx-p53 X1-25 (1) CLFENY 182 472
X2-1 (1) CKAVLF 7+3 51+3
X4-40 (1) CHLRWL 10+3 58+4
X4-46 (1) CDLRWF 62 76 +4
X6-19 (1) CRLLDF 7+2 49+3

2 % derepression is determined as the percentage of B-galactosidase activity enhancement in the selected SICLOPPS strain versus that in the unrepressed

control (see Table S2 for details).

target differentiation. On the basis of both activity and apparent
selectivity in the gene-reporter assay, two sequences—trypto-
phan-free CIFYYV and doubly charged CDLRWF—emerged as the
top candidates against Hdm2 and Hdmx, respectively.

Because the indirect and artifact-prone nature of activity
assessments by the gene-reporter assay, we next performed a
cell-free analysis of target selectivities through an affinity cap-
ture—elution assay, whereby the corresponding SICLOPPS polypep-
tides fused to a chitin-binding domain (CBD) were overexpressed
at a reduced temperature in an unspliced form and immobilized
as intact fusions on chitin beads. The resulting affinity probes were
exposed to an equimolar mixture of purified Hdm2 and Hdmx
(1 mM each). Protein material retained by the immobilized SIC-
LOPPS probes was then incubated with p53-derived decapeptide
ETFSDLWKLL,3*3> and the eluates, as well as other components
of the assay, were analyzed by SDS-PAGE (Fig. 3). Highly specific
interactions displayed by both lead sequences were evidenced by
selective retention of the ‘native’ target from the mixture (lanes
7/9 and 8/10 in Fig. 3). Since target selectivity was not the criterion
for the assay and is, in fact, a mere artifact of the high-throughput
selection, the observed level of target discrimination suggested the
presence of substantial differences in the ligand-recognition mode
of the two receptors. At the same time, the specific elution of the
‘native’ Hdm protein with the p53-derived peptide in both in-
stances points to the competitive mode of inhibition exhibited by
the discovered leads.

2.3. Systematic mutagenesis analysis

To extract the epitope maps responsible for the observed activ-
ities, we performed systematic alanine-scanning mutagenesis of
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the superior SICLOPPS leads, anti-Hdm2 candidate CIFYYV and
anti-Hdmx candidate CDLRWF. The mutants were tested in the
corresponding repressor strains by both the ONPG and droplet-
inoculation assays. In all cases, the gene-reporter effects generally
matched the mutant survival trends (Fig. 4), which are likely to be
affected also by reporter-independent factors, such as toxicity of
the expressed peptides. For the putative antagonist of Hdm2, the
replacement of any residue by alanine resulted in essentially inert
mutants, indicating that the five side chains combine to produce an
integrated epitope in which every functional element contributes
to the observed activity (Fig. 4A and B). The anti-Hdmx candidate
exhibited a more tolerating activity profile, with the mutations of
phenylalanine and the charged residues affecting the reporter
activity the most (Fig. 4C and D).

2.4. Rationalization of target selectivity

As expected from the similarity in the protein-protein interac-
tion modes, the p53-binding domains of both Hdm proteins dis-
play high extent of sequence and structure homology,>® with 10
out of 13 contact residues being identical.® In fact, various p53-de-
rived peptides have been reported to bind to both Hdm proteins
with comparable affinities>!* suggesting that development of
bispecific inhibitors may be feasible.® However, the non-redundant
functional roles of Hdm2 and Hdmx,® their common mutual exclu-
sivity in cancers,! and a danger of stressing normal cells suggest
that developing separate, highly selective agents may provide
certain advantages over bispecific chemotherapeutics. Moreover,
the use of highly discriminating agents could become particularly
attractive in anti-cancer strategies individualized for a specific
Hdm2/Hdmx composition of a tumor.* Although an agent that

(6) @) (8) ®) (10)

g s S

Figure 3. SDS-PAGE analysis of the affinity capture-elution assay performed with the selected SICLOPPS hits. The unspliced constructs containing sequences CIFYYV and
CDLRWEF were immobilized via chitin-binding domain (CBD) fusion fragments on chitin beads and incubated with an equimolar mixture of Hdm2 or Hdmx (1 mM). Retained
materials were subsequently treated with a solution (1 mM) of a p53-derived peptide (ETFSDLWKLL), and the eluate as well as other components of the assay were analyzed
by SDS-PAGE. The lane assignments are as follows: lane 1 is a protein ladder; lanes 2 and 3 correspond to the CIFYYV and CDLRWF SICLOPPS constructs, respectively, isolated
by chitin beads from crude overexpression lysates; lanes 4 and 5 contain purified Hdm2 and Hdmyx, respectively; lane 6 corresponds to an equimolar mixture of Hdm2 and
Hdmx; lanes 7 and 8 contain protein material eluted with the p53-derived peptide from the affinity supports containing CIFYYV and CDLRWF leads, respectively, which were
pretreated with the equimolar mixture of HdIm2 and Hdm; lanes 9 and 10 were loaded with the post-elution material retained by the chitin beads pre-functionalized with the
CIFYYV and CDLRWF constructs, respectively.
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Figure 4. Performance of the selected SICLOPPS constructs and the corresponding single-alanine mutants in the reporter-gene and growth rate assays. (A and B) ONPG assay
data and droplet inoculation analysis, respectively, of the anti-Hdm2 CIFYYV construct and its mutants in the Hdm2-p53 strain. (C and D) ONPG assay data and droplet

inoculation analysis, respectively, of CDLRWF and its mutants in the Hdmx-p53 strain.

moderately favors Hdmx over Hdm?2 as the target for binding has
recently been disclosed,'” the functional elements responsible for
the selectivity and specific recipes for further optimization remain
to be elucidated.

Recent crystallographic studies revealed that subtle sequence
variations in the p53-binding regions of Hdm2 and Hdmx combine
to create several notable topological distinctions (Fig. 5). A larger
and deeper binding site in Hdm2,?” has been effectively exploited
by protruding haloaryl functionalities present in many Hdm2-

selective agents.!>!® The more shallow, crescent-like topology of
the binding cleft in Hdmx, which resists the antagonism by the
existing small-molecule inhibitors of Hdm2,*8-4! suggests that a
somewhat distinct functional motif may be necessary for its
modulation.

Alignment-assisted structural analysis of the Hdm proteins
indicates that the most prominent differences in the p53-binding
pockets involve two sites, namely, aromatic Phegg at the base of
the Trp subsite and solvent-exposed Hisgg in HAm2, which are re-

L85

Figure 5. Surface representations of Hdm2 (PDB: 1YCR; left) and Hdmx (PDB: 3DAB; right) in bound states with ligands (p53 residues 15-29) not shown for clarity. The
proteins are colored according to the elemental make-up (C, gray; O, red; N, blue; S, yellow). The p53-binding pockets with labeled Leu, Trp and Phe subsites (green) are
outlined to highlight the topological differences in the respective binding pockets. The residues proposed to be responsible for differences in ligand recognition patterns (F86

and H96 in Hdm2; L85 and P95 in Hdmx) are indicated by arrows.
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placed by aliphatic Leugs and Progs, respectively, in Hdmx (Fig. 5).
While the former difference is responsible for a shallower Trp sub-
site of Hdmx,® the latter alteration may account for the electro-
static effect, whereby the Hisgs residue (likely to be present in a
charged form) creates the observed forbidding environment for
the recognition of positively charged SICLOPPS ligands by Hdm2.
The more relaxed target specificity displayed by the only neutral
anti-Hdmx selectant CLFFNY supports this electrostatic hypothesis.
Both changes appear to contribute to the formation of a deeper and
less permissive cleft in Hdm2,%3” which appears to require more
precise orientations of functional groups projected from a ligand
for effective recognition. This is consistent with both the identifica-
tion of more conserved anti-Hdm2 binding motifs and non-permis-
sive mutagenesis of the optimal sequence. On the contrary, the
shallow, less segregated cleft in Hdmx that is known to allow the
cross-talk between the Leu and Trp subsites,® could, for example,
be responsible for (i) the relaxed functional maps observed in the
selected candidates, (ii) the more tolerating mutagenesis, and (iii)
the preference for flexible leucine over more protruding and rigid
aromatic residues. Collectively, these observations indicate that
the structurally related oncogenic receptors possess sufficiently
distinctive binding sites and, thus, development of bispecific
agents with high affinities toward both regulators of p53 may
not be a trivial task. In fact, our attempt to identify a more effective
bispecific peptide by performing sequential selections against both
oncogenic targets failed to yield a sufficiently cross-reactive
agent.*? The failure to generate such a ligand suggests that struc-
tural flexibility featured, for example, by linear p53-derived pep-
tides could be the pre-requisite for cross-reactivity by allowing
topological adaptation to the binding sites in Hdm2 and Hdmx.
Thus, our findings support the development of highly selective
antagonists of Hdm2 and Hdmx for chemotherapeutic strategies
designed to target specific compositional differences between nor-
mal and transformed cells.

2.5. Biochemical evaluation of synthetic inhibitors of Hdm2 and
Hdmx

To validate the selected sequences as viable antagonists of the
p53 regulators, we proceeded to synthesize the lead cyclic candi-
dates and their linear derivatives. A modified thioester strategy344
was employed to provide resin-immobilized tert-butyloxycarbonyl
(Boc)-terminated pentapeptides, corresponding to the variable SIC-
LOPPS inserts (see Supporting Information for synthesis details). In
addition, truncates of the two sequences were collected after each
coupling iteration. Silver(I)-assisted cleavage of the resulting olig-
omers with a solution-phase amine (ammonia or piperidine) gen-
erated linear variants of the selected leads. To produce cyclic
architectures the cysteine residues required for the intein-splicing
chemistry were replaced by chemically inert alanine residues, and
the resulting hexamers were exposed to silver(I) trifluoracetate in
anhydrous N,N'-dimethylformamide (DMF). The release of target
peptides from the solid support was monitored by reverse-phase
(RP) HPLC.

Following RP-HPLC purification, the synthesized peptides were
subjected to a protein-protein inhibition assay employing a com-
petitive enzyme-linked immunosorbant assay (ELISA) format.
Table 2 shows inhibition data for representative derivatives of
the anti-Hdm?2 lead CIFYYV, and the p53-derived control decapep-
tide (ETFSDLWKLL). The truncated variant, tetrapeptide 2a, dis-
played no activity toward Hdm2-p53 complex at concentrations
of up to 560 puM. The reconstitution of the original pentapeptide
sequence (2b) was indeed required to reproduce the antagonism
of p53-Hdm?2 interaction, albeit at a relatively high concentration
(560 uM). This finding matched our systematic mutagenesis re-
sults indicating that all five residues in the anti-Hdm2 candidate

Table 2
ELISA-generated Hdm2 inhibition data for the derivatives of the CIFYYV lead and the
control p53 peptide

Compound Name % inhibition at 560 LM ICs50” (LM)
1 p53 (17-26)° 100 + 4 16+1

2a Boc-FYYV-N(CH,)s No inhibition ND¢

2b Boc-IFYYV-N(CH,)s 16+1 ND¢

3 c-(AIFYYV) 78 £1 209+ 14

? Calculated from weighted non-linear fits of dose-dependent responses (see
Supporting Information for details).

> Kp of 1 has been reported to be 75 + 2 nM (Ref. 34) and 47 + 7 nM (Ref. 35).

¢ Not determined due to low activity and poor solubility at high concentrations.

combine to create an integrated functional epitope. The inhibitory
activity was further enhanced by constraining this epitope through
backbone cyclization, yielding peptide 3 that displayed the antag-
onism of the Hdm2-p53 complex in a dose-dependent manner
(Fig. S8A), with the ICsg value of 209 + 14 puM in our assay. The en-
hanced level of activity displayed by the cyclic variant validates the
use of the SICLOPPS library in the search for antagonists of protein-
protein interactions, and provides a convenient conformationally
organized template for further optimization using tools of peptido-
mimicry. Although the level of activity is approximately 13-fold
lower than that of the decapeptide control, one of the most potent
p53 truncates,> the cyclic inhibitor did not antagonize the Hdmx-
p53 complex when tested at a wide range of concentrations (up to
1 mM), unlike the control peptide.>* A collection of compounds de-
rived from anti-Hdmx lead CDLRWF was also prepared for bio-
chemical evaluation to confirm the results observed in the whole
cell assay. In the process of synthesizing linear variants of the
anti-Hdmx lead, we have discovered that installation of piperidina-
mide at the C-termini resulted in a significant activity boost for all
tested peptides (compare series a and b, Table 3). As predicted by
systematic mutagenesis (Fig. 4C and D), the C-terminal truncates of
the DLRWF sequence exhibited residual activities against the
Hdmx-p53 complex, with even tryptophan-phenylalanine dimer
4b displaying measurable inhibition. Iterative elongation reconsti-
tuting the original sequence led to activity improvements of the
piperidinamide-terminated peptides. Thus, addition of arginine,
the second most important functional contributor according to
the mutagenesis data, provided trimer 5b, which was found to ex-
hibit dose-dependent activity with the ICs5o value of 463 + 45 uM
(Fig. S8B). Further elongation with leucine, the least important res-
idue of the sequence according to the alanine-scanning analysis,
yielded nevertheless improved inhibitor 6b with an ICso of
192 £ 27 puM. The notable exception in this trend was pentamer
7b, in which installation of the charged aspartic acid residue re-

Table 3
ELISA-generated Hdmx inhibition data for the derivatives of the CDLRWF lead and the
control p53 peptide

Compound  Name % inhibition at 320 uM  ICs¢” (LM)
1 p53 (17-26)° 98 +2 8+1

4a Boc-WF-NH, No inhibition ND¢

4b Boc-WEF-N(CH,)s 13+1 ND®

5a Boc-RWF-NH, No inhibition ND¢

5b Boc-RWF-N(CH,)s 42+3 463 £ 45
6a Boc-LRWF-NH, 14+2 ND¢

6b Boc-LRWF-N(CH,)s 82+4 192 +27
7a Boc-DLRWF-NH, No inhibition ND¢

7b Boc-DLRWF-N(CH5;)s 13+1 ND¢

8 c-(ADLRWF) 12+1 ND®

2 Calculated from weighted non-linear fits of dose-dependent responses (see
Supporting Information for details).

> Kp of 1 has been reported to be 390 + 20 nM (Ref. 34).

¢ Not determined due to low activity and poor solubility at high concentrations.
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sulted in a dramatic reduction of activity. A similar outcome was
observed with cyclic hexapeptide 8, thus advancing the smaller tri-
mer and tetramer variants as the most effective leads for further
elaboration as antagonists of Hdmx. Gratifyingly, neither tripeptide
5b nor tetrapeptide 6b displayed any measurable inhibition of the
Hdm2-p53 complex at concentrations of up to 1 mM, establishing
that the truncated leads maintained the selectivity of the original
SICLOPPS construct. While the observed drop in the activity of
the cyclic hexapeptide is unexpected, the discovery of truncates
maintaining the selective antagonism of Hdmx-p53 suggests that
the selection results are valid, albeit the active species in the whole
cell environment may not have been the cyclic product of post-
translational ligation but perhaps the initial SICLOPPS aptamer or
a splicing byproduct.®®

2.6. Optimization of the Hdmx-selective lead

We proceeded to perform an SAR analysis of the anti-Hdmx
tetrapeptide lead by unraveling the roles that the flanking aliphatic
functionalities—N-terminal Boc-leucine and C-terminal piperidina-
mide—play in the recognition of Hdmx. To accomplish this, we de-
signed a focused library based on the RWEF tripeptide with
chemical diversification directed toward both termini ( Fig. 6A).
The tripeptide was generated as a side-chain-unprotected thioes-
ter, and a six-member panel was produced by either leaving the
Boc-functionalized N-terminus intact or capping it with activated
carboxylic acids (isobutyric, valeric, and phenylacetic) or chlorofor-
mates (benzyl and isobutyl). Each of the resulting derivatives was
then cleaved from the support with four different amines (aniline,
piperidine, benzylamine, and isobutylamine) to furnish linear pep-
tides with diverse aliphatic and aromatic functionalities at the ter-
mini. The resulting library members were then tested in parallel
using the competitive ELISA (see Table S5). The accumulated inhi-
bition profile of the library is presented in Figure 6B, with superior
activities appearing to cluster within the nine-member 10-12/D-E
panel featuring non-anilide carboxamides at the C-terminus and
carbamates at the N-terminus.

Four out of 24 compounds tested (11E, 12E, 12D, and 12F) were
identified to possess activities that matched or surpassed the per-
formance of parental tripeptide 5b (Table 4). Among the top leads,
derivative 12D containing isobutyl carboxamide and isobutyl car-
bamate, proved to be the most effective, yielding the ICsy value
of 300 + 25 uM (Fig. S8C). Apparent preference for isobutyl carbox-
amide at the C-terminus in 12D-12F, coupled with Boc at the
N-terminus in three out of four tripeptides tested (10E-12E), is
consistent with the observed common occurrence of similarly
branched aliphatic leucine residues in the SICLOPPS sequences se-
lected against Hdmx. As with the parental sequences, no activity
against Hdm2-p53 complex was observed for these four peptides.

A R,-RWF-R, B
80
R, R, Sl L
! S 60
(A) i-PrC(O)- (9) -NHPh E [
(B)i-BuC(O)-  (10)-N(CHy); = |
= ) o~
(C) PhCH,C(O)-  (11)-NHBn > || @05
(D) i-BuOC(0)- (12) —-NH(i-Bu) 0
(E) Boc—
(F) Cbz—

40

Table 4

ICsg values for tripeptides 11E, 12D-12F°
Compound ICs0 (M)
11E 307 £37
12D 300 £ 25
12E 33927
12F 348 +36

@ Calculated from weighted non-linear fits
of dose-dependent responses (see Supporting
Information for details).

The improvement of the activity level, obtained through a rela-
tively small-scale diversification of two flanking functionalities,
suggests that further optimization of the tripeptide lead may yield
more effective agents against Hdmx.

3. Conclusions

In conclusion, this research describes the implementation of the
high-throughput conditional transcription system to profile the
functional elements important for the antagonism of Hdm2-p53
and Hdmx-p53 interactions, implicated as causative events in a
large proportion of human malignancies. The search for effective
inhibitors was carried out by rapidly sifting through a vast library
of conformationally constrained peptides to identify sequences
that interfered with these interactions. The two separate selection
attempts resulted in the identification of leads that yielded
important recognition preferences of each oncogenic regulator.
The sequence analysis, systematic mutagenesis, and affinity
capture-elution assay established that Hdm2 favored highly inte-
grated, neutral, and aromatic-rich epitopes (PWWY® and ®FYYD,
where @ is an aliphatic amino acid), whereas more functionally re-
laxed and charged motifs were found to be selective against Hdmx.
The biochemical evaluation of synthetic leads and their derivatives
validated the intracellular results and allowed further elaboration
of the binding epitopes through truncation analysis. Thus, gratify-
ingly, the combination of the genetic selection and focused syn-
thetic diversification provided highly discriminating leads against
the two regulators of p53—a conformationally constrained epitope
targeting Hdm2, c-(AIFYYV), and a small tripeptide motif antago-
nizing Hdmx, i-BuOC(O)-RWF-NH(i-Bu)—both representing con-
venient starting points for further optimization. In the absence of
established functional maps for targeting Hdmx with a high level
of discrimination, our findings of functional preferences for cat-
ionic and branched aliphatic functional groups should be impor-
tant for the development of oncoprotein-specific antagonists.
Discovery of such agents will allow the implementation of anti-
cancer strategies that can target specific compositional differences

Figure 6. Optimization of the anti-Hdmx inhibitor using a focused library approach. (A) Chemical structures of RWF tripeptide variants with modified termini.
(B) Accumulated inhibition profile of the library members at 320 uM (see Table S3 for % inhibition + SD values). Abbreviations used: i-Pr, isopropyl; i-Bu, isobutyl; Ph, phenyl;

Cbz, carbobenzyloxy; Bn, benzyl.
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between normal and transformed cells without the complications
associated with conventional genotoxic or antimitotic approaches.
Our effort to convert the discovered leads into more effective cell-
permeable probes will be disclosed in due course.

4. Experimental
4.1. Materials

The chemical and biochemical reagents were purchased from
VWR International, Sigma-Aldrich Chemical Company, or Acros
Organics unless specified otherwise. Restriction enzymes were
purchased from Promega Corporation, New England Biolabs, Inc.,
and Fermentas, Inc. DNA polymerases Taq and Pfu were from Gen-
Script Corporation and Stratagene, respectively. Deoxynucleoside
triphosphates were purchased from GenScript Corporation. Oligo-
nucleotides were purchased from Sigma-Genosys. BL21(DE3) and
Tuner™(DE3) expression strains were purchased from Novagen.
Linear p53 peptide ETFSDLWKLL was synthesized by ChemImpex,
Inc., in 95% HPLC purity.

4.2. Methods

4.2.1. Culture, media, and growth conditions

Antibiotics were provided at the following concentrations:
50 pg/mL ampicillin, 30 pg/mL chloramphenicol, 50 pg/mL kana-
mycin, and 12 pg/mL tetracycline. For chromosomal markers, con-
centrations of antibiotics were reduced twofold. Minimal media A
(MMA) was used with 0.5% glycerol, 10 pg/mL thiamine, and 1 mM
MgSO4. Media used for selections was generated by supplementing
MMA with 75 pg/mL kanamycin and 10 mM 3-AT.

4.2.2. Recombinant DNA techniques

PCR conditions used for amplification of genes were: 30 cycles
of denaturation at 94 °C for 30 s, annealing at 59 °C for 30s, and
extension at 72 °C. DNA manipulations were carried out in E. coli
GM2163 (New England Biolabs, Inc.), DH5a-E (Invitrogen) or
DH5[ot]pir®® strains. Plasmid isolation, PCR purification, and gel
extraction kits were purchased from Qiagen. Plasmids were trans-
formed by heat-shock or electroporation. All DNA sequencing was
performed at Purdue Genomics Core Facility.

4.2.3. Construction of selection strains

The gene coding for p53(1-83) was amplified from the
pGEX4T1hp53wtN(1-83) plasmid,*” a generous gift from Dr. Tha-
nos Halazonetis (Wistar Institute) with primers 5-GTTGTTCA
TATGGGATCCGAGGAGCCGCAGTCAGATC-3' and 5-GTTGTTGAGC
TCTCACGCCGGTGTAGGAGCTGC-3', introducing BamHI and Sacl
restriction sites, respectively. The PCR product, digested with
BamHI and Sacl, was subcloned into pTHCP14,'® linearized with
the same restriction enzymes, providing pSD1A. Hdm2(1-188)
gene was amplified from the pGEM-HDM2(1-491) plasmid, also
a gift from Dr. Thanos Halazonetis, using primers 5-GTTGTTCTCG
AGATGTGCAATACCAACATGTCTGTA-3 and 5-GTTGTTGGTACCAC
TATCAGATTTGTGGCGTTTTC-3/, introducing Xhol and Kpnl restric-
tion sites, respectively. Hdmx(1-189) gene was amplified from hu-
man placenta cDNA library (BioChain Institute, Inc.) with primers
5-GTTGTTCCATGGCTCGAGACATCATTTTCCACCTCTGCTCAG-3' and
5'-GTTGTTGGATCCGGTACCTTAACCAAGGTCCAGCCGAGATGTTTCA
TCTTG-3'. The amplified Hdm2 and Hdmx genes were processed
with Xhol and Kpnl and subcloned into the pSD1A plasmid, provid-
ing pSD6 and pSD10, respectively. BsaBl/Sacl fragments from the
resulting plasmids were subcloned into the pAH68 CRIM plas-
mid,?' modified with a tetracycline-resistance marker (pAH68-
tet). Integration of the resulting constructs into reporter strain
SNS126'® was performed according to the standard protocol.?!

The unrepressed control was produced by integration of the in-
sert-free integration plasmid. A derivative of pAH68-tet containing
a single-chain repressor?? was integrated to produce a constitu-
tively repressed control.*®

4.2.4. ONPG assay

B-Galactosidase activities of the integrated strains were mea-
sured using the standard protocol?® with the cells grown in Luria
Broth (LB) at different concentrations of IPTG (1, 3.2, 10, 32, 100,
320, and 1000 pM). SICLOPPS-transformed cells were character-
ized using cells grown on solid LB media containing 32 uM IPTG
and 9.7 uM L~(+)-arabinose.

4.2.5. Droplet inoculation analysis

Cells were grown overnight in LB media, and the resulting cell
concentrations were obtained using the optical densities at
600 nm (ODggo) and the following relationship: ODggo of 1 corre-
sponds to 2 x 108 cells/mL. The concentrations were adjusted with
sterile water to obtain stocks of 2 x 108 cells/mL. The resulting sus-
pensions were serially diluted, and 2 pL droplets of each dilution
were inoculated onto solid media supplemented with a particular
combination of selecting (kanamycin and 3-AT), and inducing
agents (IPTG and L-(+)-arabinose) in an array format providing
10-10° cfu range per droplet for each strain. The inoculated plates
were incubated at 37 °C until phenotypical differences could be
photographically documented.

4.2.6. Genetic selection and post-selection screens

A SICLOPPS library of pARCBD?**-derived ‘C+5’ plasmids'®
(64 ng) was transformed through electroporation into Hdmx-p53
and Hdm2-p53 reporter strains. The transformants were rescued
with SOC media at 37 °C for 1 h, washed with liquid MMA, and pla-
ted on selecting minimal media supplemented with 13 pM 1-(+)-
arabinose and 32 pM IPTG. Upon incubation at 37 °C for 72-96 h,
the surviving colonies were harvested, the isolated plasmids were
retransformed into the original selection strain, and the resulting
transformants were streaked on plates containing the same media
with or without 1-(+)-arabinose. Colonies dependent on L-(+)-arab-
inose induction for survival were restreaked on over-inducing
selecting media (23 uM L-(+)-arabinose). Variable insert regions
within the selected SICLOPPS plasmids were sequenced using
products of PCR amplification with primers 5-TGCCTGACGGT
TTTTGCCGCG-3' and 5'-GTTGTTAAGCTTTCATTGAAGCTGCCACAA
GG-3'.

4.2.7. Protein expression and purification

The full-length p53 TAD (1-83) was subcloned into the
pET41a(+) vector (Novagen, Inc.) using Spel and Sacl sites, and
the resulting plasmid was transformed into BL21(DE3). A single
transformed colony was inoculated into LB supplemented with
kanamycin, and the suspension was agitated at 37 °C until ODggg
reached 0.6. The cells were induced with 1 mM IPTG, cultivated
for 4 h at 37 °C, and then harvested by centrifugation. The pelleted
cells were resuspended in 1x phosphate-buffered saline (PBS), pH
7.2, containing 1 mM dithiothreitol (DTT) and 1 mM phenylmeth-
ylsulfonyl fluoride (PMSF), and lysed using the BugBuster™ re-
agent (Novagen, Inc.). After centrifugation for 30 min at 12,000g,
the lysate was incubated with high-affinity glutathione resin (Gen-
script Corp.) for 1 h at 4 °C. Purified p53-GST (glutathione S-trans-
ferase) fusion was eluted with 10 mM glutathione in 1x PBS (pH
7.2) containing 1 mM DTT. Genes coding for Hdm2(1-188) and
Hdmx(1-189) were subcloned into pET28a(+) expression vector
(Novagen, Inc.) using Nhel and Xhol sites installing hexahistidine
tags on both termini of each protein. The plasmids containing
Hdm2 and Hdmx gene fragments were transformed into Tu-
ner™(DE3) and BL21(DE3), respectively. Tagged Hdm2 was over-
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expressed with 100 uM IPTG at 16 °C over 16 h, whereas Hdmx
was overexpressed with 1 mM IPTG at 30 °C over 5 h. Upon centri-
fugation, the harvested cells were lysed in an extraction buffer (1 x
PBS, 1 mM PMSF, and 10 mM imidazole, pH 7.9), supplemented
with 1x BugBuster™, and the lysate was cleared by centrifugation
at 12,000g for 30 min at 4 °C. The lysates were incubated with TA-
LON metal affinity resin (BD Biosciences) for 1 h at 4 °C, washed
with the extraction buffer, and treated with 300 mM imidazole in
1x PBS (pH 7.9). Purity of the eluants was assessed by SDS-PAGE,
their concentrations were measured by Bradford’s assay (Pierce
Biotechnology), and the aliquots were stored in 50% glycerol at
—20°C.

4.2.8. Affinity capture-elution assay

SICLOPPS fusions were expressed in the corresponding selection
strains in LB supplemented with 13 uM 1-(+)-arabinose and chlor-
amphenicol at 16 °C over 16 h. The induced cells were harvested
and lysed with an extraction buffer (1x PBS and 1 mM PMSF, pH
7.2) containing 1x BugBuster™. The lysate was incubated with chi-
tin beads (New England BiolLabs, Inc.) at 4 °C for 1 h. The beads
were washed with 1x PBS, blocked with 0.1% bovine serum albu-
min (BSA) in 1x PBS, and incubated for 1.5 h with an equimolar
mixture of Hdm2 and Hdmx (1 mM each in 1x PBS and 1 mM
DTT, pH 7.2), followed by three PBST (1x PBS and 0.1% Tween
20, pH 7.2) washes. Peptide ETFSDLWKLL (1 mM in 1x PBS and
1 mM DTT, pH 7.2) was incubated with the washed beads for
16 h at room temperature, and the eluants along with the post-elu-
tion beads were analyzed by SDS-PAGE.

4.2.9. Alanine-scanning mutagenesis

Alanine mutants of the SICLOPPS candidates were generated
using a PCR with the Ncol-containing primer 5-GTTGTTCCATGGT
TAAAGTTATCGGTCG-3’ and the following mutagenic primers: 5'-
GTTGTTCTTAAGCAGACGTAGTAGAAGGCACAATTGTGGG-3/, 5-GTT
GTTCTTAAGCAGACGTAGTAGGCGATACAATTGTGG-3/, 5-GTTGTTCT
TAAGCAGACGTAGGCGAAGATACAATTGTG-3', 5'-GTTGTTCTTAAGCA
GACGGCGTAGAAGATACAATTG-3’, 5'-GTTGTTCTTAAGCAGGCGTAG
TAGAAGATAC-3' for the CIFYYV lead, and 5'-GTTGTTCTTAAGCAGA
ACCACCTCAGGGCACAATTGTGGG-3', 5'-GTTGTTCTTAAGCAGAACCA
CCTCGCGTCACAATTGTGG-3', 5'-GTTGTTCTTAAGCAGAACCACGCCA
GGTCACAATTGTG-3', 5'-GTTGTTCTTAAGCAGAACGCCCTCAGGTCA
CAATTG-3, 5-GTTGTTCTTAAGCAGGCCCACCTCAGGTCAC-3’ for the
CDLRWF lead (where the non-complementary nucleotides are
underlined and the universal Aflll site is italicized). The amplified
fragments were digested and ligated back into the Ncol/Aflll-linear-
ized SICLOPPS plasmid.

4.2.10. Synthesis and characterization of peptides
See Supporting Information.

4.2.11. Competitive ELISA

Nunc MaxiSorp™ plates were incubated with purified p53-GST
protein (2.5 pg/mlL) in a coating buffer (100 mM NaHCO3/Na,COs,
pH 9.6) for 16 h at 4 °C. The plates were then washed with PBST
(400 pL/well, 3x) and blocked with 0.1% BSA and 10% non-fat
dry milk in 1x PBS (pH 7.2) at room temperature for 30 min. Puri-
fied Hdm proteins (1.5 M Hdm2 or 200 nM Hdmx) were pre-incu-
bated with different concentrations of peptides in 1x PBS with 1%
milk and 10 mM DTT for 30 min, and the resulting mixtures were
added to the wells. Upon incubation (30 min at room temperature)
and washing with PBST (3x), detection of hexahistidine-tagged
Hdm proteins was performed with nickel-nitrilotriacetic acid-
horseradish peroxidase conjugate (Pierce Biotechnology) exposed
to 3,3',5,5'-tetramethylbenzidine substrate (Bethyl Labs) by moni-
toring the absorbance change at 450 nm after quenching with 1 M
HCL. To obtain ICso values, dose-response data points were fitted

using the standard single-site competitive inhibition equation
(percent inhibition = 100[1]/([I] + ICso), where [I] is the concentra-
tion of the peptide inhibitor) in KaleidaGraph V.4 software (Syn-
ergy Software).
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