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ABSTRACT: S100B(ββ) is a member of the S100B protein
family and is distributed in a cell-specific manner. Its levels are
elevated in several cancers such as malignant melanoma and
correlate directly with poor prognosis in patients. S100B(ββ)
directly interacts with the tumor suppressor p53, inhibiting
tetramerization and protein kinase C-dependent phosphor-
ylation, consequently decreasing p53 DNA binding and
transcriptional activity, and preventing apoptosis. Thus, S100B(ββ) is being pursued as a target for therapeutic inhibition.
However, development of small molecule inhibitors targeting p53-interactions has met with limited success. In this work, we
present a set of designed stapled peptide inhibitors of S100B(ββ), guided by the structure of the C-terminal domain of p53
complexed with S100B(ββ). We further modified a tightly binding stapled peptide with imaging agents and propose these as
potential diagnostic agents to detect S100B(ββ) as a biomarker.

■ INTRODUCTION

The S100 protein family is a highly conserved group of Ca2+-
binding proteins consisting of more than 20 family members
that are named after their solubility in 100% ammonium
sulfate. They are regulators of protein−protein interactions
(PPIs), acting as calcium-activated switches, similar to
calmodulin.1 These proteins are involved in calcium homeo-
stasis, cell−cell communication, cell proliferation, differ-
entiation, cytoskeletal dynamics, cell morphology, etc.2−5

One of the most extensively studied members is S100B(ββ),
a symmetric homodimer, found both intra- and extracellu-
larly.2,3,6,7 The solution structure of the apo-S100B(ββ) shows
that the two subunits associate through extensive hydrophobic
interactions to form a compact dimer with a highly charged
surface;8−12 each subunit of S100B(ββ) contains four α helices
(Figure 1). S100B(ββ) is known to interact with several
proteins as part of multiple pathways and cellular functions.13

It is increasingly becoming apparent that S100B(ββ) can
increase proliferation and migration and suppress differ-
entiation and apoptosis.14−16 S100B(ββ) regulates the tran-
scriptional activity of p53 by binding to its C terminal17−20 and
can prevent apoptosis, as has been shown, for example, in
melanoma cells.18−26 Inhibition of Ca-bound S100B(ββ) has
been shown to reactivate p5321−23 and has been pursued as a
therapeutic target against cancer.24−27 Pentamidine, an Food
and Drug Administration (FDA)-approved drug, was one of
the early inhibitors of S100B(ββ).28,29 However, its undesir-
able toxicity30−32 prompted efforts to improve its safety.30−33

In addition, there are several other ongoing efforts to target
S100B(ββ).34,35 In general, development of small molecules

against interfaces that characterize protein−protein interac-
tions (PPIs) is fraught with difficulties largely because these
regions are generally large and flat (in contrast to the deep
cavities that typically bind small molecules, 300−500 A2).36,37

However, more recently, the discovery of “hot spot” regions at
the interfaces (regions that contain most of the interactions) of
several PPIs has resulted in the successful development of
molecules targeting these PPIs.36,37 In parallel, peptides and
peptidomimetics are increasingly being shown to be efficient
inhibitors of PPIs.38 Their specificity, high biocompatibility,
and low toxicity profiles have made them desirable
therapeutics. Several hundred peptide and peptidomimetic
candidates have advanced into clinical trials for a wide range of
therapeutic indications with more than 60 already approved by
the FDA. Their use is limited by proteolytic sensitivity, cellular
entry, and low conformational stability, which reduces their
affinity and bioavailability.39,40 A variety of chemical
modifications have been explored to overcome some of these
issues including cyclization and backbone modifications.41−44

The main aim of cyclization is to constrain the conformation of
the peptide into a bound conformation. One such method that
has been gaining popularity is stapling,43 which has been
particularly useful in stabilizing peptides that are required to
adopt an α-helical structure in their bound states. Stapling
requires the suitable placement of two unnatural amino acids
that are then covalently linked by ring closing metathesis or

Received: January 11, 2019
Accepted: March 4, 2019
Published: March 14, 2019

Article

http://pubs.acs.org/journal/acsodfCite This: ACS Omega 2019, 4, 5335−5344

© 2019 American Chemical Society 5335 DOI: 10.1021/acsomega.9b00097
ACS Omega 2019, 4, 5335−5344

This is an open access article published under an ACS AuthorChoice License, which permits
copying and redistribution of the article or any adaptations for non-commercial purposes.

D
ow

nl
oa

de
d 

vi
a 

N
A

T
L

 U
N

IV
 O

F 
SI

N
G

A
PO

R
E

 o
n 

M
ar

ch
 1

9,
 2

01
9 

at
 0

8:
19

:5
4 

(U
T

C
).

 
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

 

http://pubs.acs.org/journal/acsodf
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.9b00097
http://dx.doi.org/10.1021/acsomega.9b00097
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_termsofuse.html


click chemistry. The linkers can be varied as can the separation
between the two amino acids (such as i,i + 3, i,i + 4, i,i + 7, i,i +
11, etc.). In some cases, stapling has resulted in improved
cellular penetration.41,43,44 Although stapling has largely found
success in stabilizing α helical peptides, more recently it has
found some success in nonhelical peptides too.45 Examples of
successful PPI inhibition include p53−MDM2 BCL-2 family−
BH3 domains, β-catenin−TCF, Rab−GTPase-effector, ERα−
coactivator protein, cullin3−BTB, VDR−coactivator protein,
and β-arrestin−β-adaptin.45 A stapled peptide inhibitor of
HDM2/HDMX toward the activation of p53 is currently in
phase II clinical trials.46

The solution structure of a peptide from the C terminus of
p53 (p53CTD) complexed to S100B(ββ) shows that the
peptide in an α-helical conformation.47 We exploit this toward
the computational design and development of a set of stapled
peptide inhibitors of S100B(ββ) aimed at disrupting the
S100B(ββ)−p53 interaction.

■ RESULTS
Conformational Dynamics of Apo and S100B(ββ)-

Bound p53CTD. A peptide from the C-terminal domain
(CTD) of p53 (residues 367−388) has been shown to bind to
the S100B(ββ) receptor, adopting an α-helical conformation
from residues 376 to 388 (sequence, STSRHKKLMFKTE);
the region 367−375 is highly disordered and does not engage
in any specific interaction with the S100B(ββ) protein (Figure
S1).47 In the available NMR structure (PDB ID: 1dt7),47 a
single p53CTD peptide is bound to each monomer of the
S100B(ββ) dimer and each peptide interacts with only one of
the monomers of S100B(ββ) (Figure 2). The binding site is
relatively large, with SASA ∼3 nm2, and is mainly hydrophobic,
surrounded by negatively charged residues (Figure 2). The
binding of the peptide is mostly stabilized by hydrophobic
interactions between Leu386 from the peptide and Met79,
Val80, Leu44, and Val56 of S100B(ββ). In addition,
electrostatic complementarity/salt bridges between the peptide
(Arg4, Lys11) and the receptor (Glu44, Glu45, and Glu86)
further stabilize the complex.
Since the region 367−375 of the p53CTD is not involved in

any interaction with the S100B(ββ) protein, we exclude this
region in our study. We first carried out molecular dynamics
(MD) simulations on the truncated form of the p53CTD
peptide (residues 376−388). Since the peptides do not interact
with each other, our system had one peptide bound to one
monomer in a dimeric construct of S100B(ββ) (one monomer
remained unoccupied). These residues (from 376 to 388) of
p53CTD will be numbered 1−13 in the rest of the article.
During the MD simulations, the S100B(ββ)−p53CTD

(truncated) complex remained stable with no unbinding of
peptide observed. The S100B(ββ) dimer remained stable with
root-mean-square deviation (RMSD) below ∼3.5 Å from the
experimental structure (Figure 3). The bound p53CTD
showed increased flexibility arising from the increased
flexibility of long and flexible side chain residues of the
peptide that are involved in interactions with the solvent-
exposed side chains from S100B(ββ). We next investigated the
conformational dynamics of the apo-S100B(ββ) protein and
p53CTD peptide in solution. The apo-S100B(ββ) dimer
remained stable with RMSD within ∼3.5 Å of the crystal
structure (Figure 3), but the apo p53CTD is less stable in
solution. In solution, apo p53CTD rapidly lost its α-helical
structure and was seen to be highly flexible (RMSD > 6 Å
against its bound helical conformation (Figure 3)). The apo

Figure 1. Cartoon representation of (A) apo and (B) calcium-bound conformations of S100B(ββ) protein. Each monomer in the dimer is colored
separately, and the bound calcium is highlighted in gray spheres.

Figure 2. Structure of p53CTD-bound S100B(ββ) complex. (A)
S100B(ββ) protein dimer is shown as a surface with the two
monomers colored separately. The bound peptide is shown as a
cartoon (green), and peptide−protein interacting residues and h-bond
interactions are highlighted in sticks and dashed lines, respectively.
(B) Electrostatics surface representation (red and blue colors
represent electrostatic potentials ranging from −5 to +5 kcal/mol)
of the S100B(ββ) protein dimer with the bound peptide is shown as a
green cartoon with interacting residues from the peptide highlighted
in sticks.
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peptide mostly samples disordered states with only ∼8% α
helicity (Figure 3). The solution behavior of p53CTD has been
shown by circular dichroism and NMR to be unfolded or
disordered.47,48

This suggests that constraining the peptide in a con-
formation that resembles its bound α-helical conformation may
result in high-affinity binders.41,44 To test this hypothesis, we
design a set of stapled peptides of the p53CTD to constrain it
in an α-helical conformation.
Design of Stapled Peptides. We first identify residues in

the peptide that are not critical for binding to S100B(ββ) and
can be replaced by amino acids necessary for stapling. We mine
the MD simulations of the complex of p53CTD (1−13) to
examine the contributions of each residue of the peptide to the
total binding energy. It is clear from the per-residue energy
decomposition analysis that residues Arg4, Lys6, Lys7, Leu8,
Phe10, and Lys11 contribute favorably to binding, with Arg4
contributing the most (Figure 4). The residue Glu13 at the C
terminus of the peptide does not contribute favorably, whereas
the remaining residues make negligible interactions. The
contribution of peptide residues was additionally explored by
carrying out in silico alanine scanning in which each peptide
residue is mutated to alanine in each conformation of the MD
simulation, and the change with respect to the binding energy
of the wild-type peptide is calculated using molecular
mechanics Poisson−Boltzmann surface area (MMPBSA). As
expected, the in silico alanine scanning results mirrored the
decomposition analysis with major losses in affinity observed
for Arg4 and additionally for Lys6, Lys7 leu8, Phe10, and
Lys11 (Figure 4). Interestingly, the substitution of Glu13 with
Ala results in favorable binding, whereas the remaining
residues are agnostic to substitution with alanine; this is not
surprising as Glu13 is surrounded by negatively charged amino
acids in S100B(ββ) (Figure 2B). Based on these observations,
we next designed a set of 15 stapled peptides stapled across
residues i,i + 3, i,i + 4, or i,i + 7 (listed in Figure 5).
Peptide Stapling Increases Helicity of Apo p53CTD.

MD simulations were carried out on the stapled peptides in
solution starting from the bound α-helical conformation. To
enhance the sampling of the peptide conformations,
Hamiltonian replica-exchange molecular dynamics
(HREMD), a method commonly used and found to produce
data in accord with experiments, was used. Whereas the linear
wild-type peptide was mostly disordered in solution (<10% α
helicity) as expected, the stapled peptides displayed varying
degrees of helicity, ranging from 17 to 46% (Figures 5 and 6).
A caveat is that although stapling has been shown to result in
increased helicity in general,49 it is also a function of the

position of the staple and the nature of the amino acids and
increased helicity does not necessarily correlate with increased
affinity.49 Most of the peptides designed displayed a moderate
increase in helicity (>30%). Analysis of residue-wise helicity
revealed that the stapled peptides retain helicity largely in the
centers of the peptides, whereas the termini display increased
flexibility; no correlation was apparent between changes in
helicity and the position of the staples.

Modeling of the S100B(ββ)−Stapled p53CTD Peptide
Complex. We next modeled the complexes between the
stapled peptides and the S100B(ββ) (dimer). We adopted a
simple scheme of introducing staples in the peptides in their
complexed states (based on the crystal structure) and
subjected the 15 complexes to MD simulations in triplicates
for 100 ns. Unsurprisingly, all of the modeled complexes
remained stable, with no unbinding events observed for any of
the peptides. The peptide bound conformation of the

Figure 3. (Left) root-mean-square deviation (RMSD) of (A, C) S100B(ββ) and (B, D) p53CTD in bound (A, B) and apo states (C, D). In the
case of the complex (A, B) and apo-S100B(ββ) (C), all of the conformations sampled during standard MD simulations and in the case of the apo
peptide (D) conformations sampled during the biasing potential-replica-exchange molecular dynamics (BP-REMD) simulations were used for
RMSD calculations against the corresponding starting structure. (Right) time evolution of the secondary structure of the S100B(ββ)-bound and
apo peptide conformations sampled from the standard MD and BP-REMD simulations, respectively.

Figure 4. Energetic analysis of the MD simulations of the
S100B(ββ)−p53CTD complex. (A) Binding free energy contribu-
tions of p53CTD peptide residues to the total interaction energy with
S100B(ββ). (B) Computational alanine scanning of p53CTD peptide
residues.
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S100B(ββ) dimer was stable with RMSD reaching 3−4 Å from
the corresponding starting conformations (Figure 7). Interest-
ingly, the bound stapled peptides displayed increased
flexibility, with RMSD values reaching as high as 7 Å (Figure
7); the average RMSD was 4.5 Å, which is slightly higher
compared to that of the unstapled peptide. The increased
flexibility of the peptide arises from the introduction of
hydrocarbon linkers, and the staples do induce greater helicity
in the bound peptides compared to the bound linear forms.

Peptide Stapling Increases Binding. We next inves-
tigated the effect of stapling on the energetics of interactions of
the peptides with S100B(ββ) using the MMPBSA approach
across the MD trajectories. Although this method is fraught
with approximations, nevertheless, it has been used successfully
to rationalize relative differences in binding affinities.50,51

Binding free energies were calculated using a single trajectory
approach in which energies of the complex and of the
individual peptide and protein monomers extracted from the
complex were used. Energies from the apo simulations of the

Figure 5. Helical wheel representation of the p53CTD peptide template sequence used for the design of stapled peptides. Sequences of the
designed stapled p53CTD peptides are shown here. Residues that are linked through all hydrocarbon linkers i,i + 3, i,i + 4, and i,i + 7 are
highlighted in red.

Figure 6. Time evolution of the secondary structures of the designed stapled peptides (from Spep1 to Spep15: first column represents peptides
S1−S5 from top to bottom; second column represents peptides S6−S10 from top to bottom; and third column represents peptides S11−S15 from
top to bottom) free in solution. The peptide conformations sampled during BP-REMD simulations were used for secondary structure calculations.
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peptides and protein monomers were not considered for two
main reasons: (1) the peptides in solution are highly flexible
with α helicity of only ∼9%. Even upon stapling, the helicity
increases only to 17−46%, thus giving rise to large fluctuations
in the energies of the various conformations sampled. (2)
Upon binding, the peptides adopt >90% helicity. This suggests
that entropy must be quite important in the binding. However,
it is not expected to converge in the calculations and hence is
beyond the scope of the current study. Most of the stapled
peptides displayed increased binding compared to that of the
linear form, with the improvements in binding energies ranging
from 2 to 5 kcal/mol (Figure 8), driven by both van der Waals

and electrostatic interactions. Residues Arg4, His5, Lys7, Leu8,
and Lys11 contribute most to the binding in all of the stapled
peptides designed here (Table 1). The unfavorable contribu-
tion from Glu13 persists across all the designed peptides
except for Spep8 and Spep9 where the replacement of Glu13
by a hydrocarbon linker results in favorable contributions for
binding. As expected, the contributions from the hydrocarbon
linkers is not uniform with negligible contributions in some
cases (Spep1, Spep2, Spep3, Spep4, and Spep13), whereas
contributions of >2 kcal/mol are seen in the rest (Table 1). In
summary, we have designed a set of stapled peptides that bind
S100B(ββ) dimers with affinities that are as good if not better
than the linear peptide.

In Silico Amino Acid Scan for Increased Potency. We
next wondered how we could design stapled peptides with
much more improved binding affinities for S100B(ββ). We
decided to explore their optimization through point mutations
of the wild-type peptide. Using an in silico mutagenesis
method called Parasol,52 all 19 amino acid substitutions were
introduced at each position of the peptide in its complex,
subject to 100 ns MD simulations (in triplicate for each
mutation), and examined for improvements in affinities. All of
the simulated complexes remained stable, and no unbinding
was observed. As expected, different flexible patterns were
observed depending on the kind of mutations introduced at
various positions (Figures S2 and S3). For example,
substitution of buried or interfacial peptide residues with
large and bulkier amino acids such as Arg, Lys, and Trp
resulted in increased flexibility, whereas the same substitutions
at the exposed sites were well tolerated structurally. Similarly,
substitution of Arg4, Lys6, Lys7, and Lys11 with shorter amino
acids resulted in increased flexibility as the substitutions
resulted in the loss of specific interactions between the peptide
and the receptor. Binding free energies of each mutant peptide
were estimated by subjecting the simulated conformations to
MMPBSA estimates (Figure 9). Residues Arg4, Lys6, Lys7,
Leu8, and Lys11 are least tolerable to any substitution,
suggesting the importance of the charged residues at these
positions. Ser1, Thr2, Ser3, His5, Phe10, and Thr12 can
tolerate changes. Glu13, which disfavors binding, tolerates any
change except to Asp and is particularly favorable to charge
reversal, i.e., Arg or Lys. These calculations recapitulate our
earlier observations of the role of important residues.

Figure 7. Root-mean-square deviation (RMSD) of (A) S100B(ββ)
and (B) stapled peptides, in bound states. There are too many colors
since there are 15 peptides; this graph is only meant to demonstrate
that the protein and peptides are structurally stable during the
simulations.

Figure 8. Energetic analysis of the MD simulations of the
S100B(ββ)−stapled peptide complexes. Binding free energy of the
interaction of S100B(ββ) with each stapled peptide was calculated
using the MMPBSA approach (see the Materials and Methods
section) using the conformations sampled during the MD simulations
of the S100B(ββ)−stapled peptide complexes.

Table 1. Per-Residue Decomposition Energies of Each S100B(ββ)−Stapled Peptide Complexes Calculated by MMPBSAa

WT Spep1 Spep2 Spep3 Spep4 Spep5 Spep6 Spep7 Spep8 Spep9 Spep10 Spep11 Spep12 Spep13 Spep14 Spep15

Ser −0.5 −0.3 −1.0 −1.5 −0.5 −2.0 −1.2 −0.7 −0.8 −0.5 −2.2 −0.2 −0.1 −0.1 0.1 −0.1
Thr −1.3 −0.4 −2.3 −1.3 −0.7 −0.7 −0.9 −1.1 −0.6 −1.1 0.4 −1.6 −3.6 −0.4 0.1 −0.9
Ser −1.0 −0.1 −1.0 −0.5 −0.1 −0.1 0.2 0.3 0.3 0.2 −0.1 0.1 0.3 −0.9 0.1 0.1
Arg −7.0 −8.3 −9.2 −10.3 −7.9 −10.4 −8.6 −7.1 −5.5 −8.5 −8.5 −7.1 −7.9 −7.4 −9 −8.4
His −1.7 −2.2 −2.2 −0.7 −1.4 −7.1 −4.1 −3.0 −3.2 −0.9 −3.2 −2.3 −0.5 −2.6 −3.6 −2.2
Lys −2.0 −0.2 −0.4 −2.7 −2.5 −2.4 −2.1 −2.4 −0.9 −1.6 −2.1 −1.2 −1.5 −1.9 −1 −1.8
Lys −3.0 −3.7 −3.0 −0.8 −4.2 −3.2 −3.4 −3.0 −2.1 −3.9 −3.8 −2.3 −2 −0.8 −2.3 −2.6
Leu −3.5 −3.8 −4.4 −3.8 −4.5 −2.7 −3.7 −4.1 −2.4 −3.2 −3.2 −2.5 −2.7 −2 −1.8 −3.3
Met −1.7 −3.9 −3.5 −1.9 −2.8 −1.9 −3.4 −2.3 −3.6 −2.0 −2.4 −3.6 −3.8 −2.7 −2.5 −2
Phe −2.1 −1.3 −0.3 −0.3 −0.2 −0.1 −0.3 −1.3 −0.1 −1.6 −1.8 −0.6 −0.4 −2.1 −1.4 0.2
Lys −2.5 −1.8 −3.8 −1.3 −2.1 −1.9 −2.9 −3.1 −1.8 −2.2 −1.6 −1.8 −1.3 −2.6 −2.3 −1.9
Thr −0.2 −1.2 −1.9 −1.4 −1.3 −4.2 −1.9 −0.7 −0.7 −1.0 −0.7 −1.3 −1.3 −0.1 −0.8 −4.1
Glu 2.4 2.5 2.9 3.1 2.5 2.7 4.1 3.3 −1.3 −1.2 3.2 3.9 2.8 2.9 2.9 3.5

aValues in bold refers to the contribution from the staple linkers.
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In Silico Optimization of Stapled Peptides. All
mutations that showed improved binding affinity were
introduced into the three high-affinity stapled peptides
(Spep5, Spep9, and Spep10) designed earlier, and in complex
with S100B(ββ) (dimer), were subjected to MD simulations.
All of the modified peptides remained stably bound with the
S100B(ββ) (RMSD < 3 Å against the corresponding starting
conformation). To quantify the effects of these mutations on
the binding affinity, the sampled conformations were subjected
to MMPBSA estimates. It was surprising to see that despite all
mutant peptides showing increased binding affinity in their
unstapled states, they show differential effects on the binding
affinity upon stapling. The stapled peptide Spep5 was found to
not tolerate any substitution except for two substitutions (S1R
and E12R), at the N and C termini of the peptide (Figure 10).
Stapled peptide Spep9 was also found to be less tolerant to
these substitutions except for three mutations (S1R, T2R, and
T12R) that are also located at the N and C termini of the
peptides (Figure 10). The peptide Spep10 tolerates several
mutations including the introduction of positively charged
residues at the termini (Figure 10).
Design of p53CTD-Based Molecular Probes for the

Identification of the Biomarker. In addition to their role in
the progression of cancer, upregulated levels of S100B(ββ) are
also used as a prognostic indicator, at least for malignant
melanoma (MM). As with many cancers, survival from MM is
most promising when it is detected early; hence, the
development of useful biomarkers for detection and more
recently for personalized medicine approaches is an area of
intense activity. We take our strongest binding stapled peptide
(Spep9_T12R) and model it in conjugation with two imaging
agents, 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
(DOTA) and carboxyfluorescein (FAM). Using the decom-
position and alanine scanning data generated, we identified the
N terminal of the peptide as a potential site for the
incorporation of the imaging agents. To investigate whether
the addition of a probe at this position interferes with the
binding of the peptide to S100B(ββ), we modeled the

S100B(ββ )−p53CTD:DOTA and S100B(ββ )−
p53CTD:FAM complexes and subjected them to MD
simulations (Figure 11). During the simulations, the
p53CTD:DOTA/FAM remain bound with RMSD of the
bound peptide and S100B(ββ) within 6 and 4 Å, respectively.
The DOTA/FAM moieties do not interfere with the bound
peptide, with all of the critical interactions between the
unlabeled stapled peptide and S100B(ββ) retained during the
simulations, and similar binding energies (Figure 11) were
observed for the DOTA/FAM-labeled and unlabeled peptides.

Figure 9. Energetic analysis of the MD simulations of the S100B(ββ)−mutant peptide complexes. Binding free energy of S100B(ββ) with each
mutant peptide was calculated using the MMPBSA approach (see the Materials and Methods section) using the conformations sampled during the
MD simulations of the S100B(ββ)−mutant peptide complexes. The p53CTD peptide residues are shown along the X axis, and the mutated
residues are shown along the Y axis.

Figure 10. Energetic analysis of the MD simulations of the
S100B(ββ)−stapled (mutant) peptide complexes. Binding free energy
of S100B(ββ) with each mutant stapled peptide was calculated using
the MMPBSA approach (see the Materials and Methods section)
using conformations sampled during the MD simulations of the
complexes. Data is only shown for three peptides as these are the
binders with the most favorable computed binding energies (Spep5,
top; Spep9, middle; and Spep10, bottom).
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■ DISCUSSION
Peptides and peptidomimetics are increasingly being shown to
be efficient inhibitors of PPIs. Chemical modifications of the
peptides such as stapling have been used to successfully
improve conformational stability, improve stability against
proteolysis, and enhance cellular entry. Using the solution
structure of C terminus of p53 complexed to S100B(ββ),47 we
designed 15 stapled peptides. The peptides displayed varying
helicities (ranging from 17 to 46%) in their free states, but
maintained high helicity while in complex with S100B(ββ),
and displayed differential binding affinities with S100B(ββ).
Most of the peptides showed improved binding with
S100B(ββ), although no correlation between the helicity of
the free peptide and its binding affinity for S100B(ββ) was
observed. There have been other reports also demonstrating a
lack of correlation between helicity of a free stapled peptide
and its affinity for its target.49 To further optimize the binding
affinity, we carried out in silico mutation scan by substituting
each and every position/residue of the linear peptide with
other 19 amino acids using the “Parasol” method.52 Our in
silico scan revealed several positions that favored substitutions
(improvements in affinity), especially the residues at the N and
C termini that favored positively charged residues; residues
that are involved in packing interactions with the S100B(ββ)
are less tolerant to substitutions, as expected. We then used
this information to optimize the stapled peptides by
introducing the mutations that improved binding in the
unstapled peptides. Surprisingly, not all mutations are tolerated
in the context of staple linkers, except the ones at the N and C
termini that resulted in improved binding. This suggests that
the mutations in the unstapled peptides are not transferable to
the stapled peptides, and the latter probably needs separate
optimization. It is likely that each stapled peptide requires a
separate optimization; this is currently being explored.

S100B(ββ) is also a clinically validated biomarker in MM,
thus inspiring us to explore the possibility of using the stapled
peptides as probes that could be used for the detection of
S100B(ββ). We took Spep9_T12R, the stapled peptide with
the highest computed affinity, and identified positions that
would tolerate the introduction of chemical labels DOTA and
FAM, two widely used imaging agents.
The linear p53CTD peptides (residues 367−388) binds

with affinity in the micromolar range (Kd < 23.5 μM).17 Most
stapled peptides designed in this study display improved
binding than their linear counterparts (some bind less tightly),
and we speculate that the best binder will bind with Kd in the
nanomolar range. However, their in vivo stability and cell
permeability followed by functional activity will determine
their therapeutic validity and these aspects are beyond the
scope of the current study. In summary, we have designed
several stapled peptides, with improved affinity for S100B(ββ).
These peptides have the potential to abrogate the complex-
ation between the C terminus of p53 and S100B(ββ) and
could serve as good starting points for further development as
therapeutic activators of p53.

■ MATERIALS AND METHODS
System Preparation. In the experimental structure of the

p53CTD−S100B(ββ) complex (PDB ID: 1DT7), S100B(ββ)
exists as a homodimer with a 22-mer fragment (residues 367−
388) of p53CTD bound to each unit of S100B(ββ).47 We used
only one peptide bound with the S100B(ββ) dimer in the
current study. The region 377−388 of the peptide was used as
the remaining peptide does not interact with S100B(ββ).

MD Simulations. MD simulations were carried out with
the p53CTD−S100B(ββ) complex, apo p53CTD, and apo-
S100B(ββ). The apo-S100B(ββ) refers to S100B(ββ) bound
to calcium ions. This was extracted from the NMR structure
(PDB ID: 1DT7), which is a complex of S100(ββ)−calcium−
p53 peptide; the p53 peptide is from the C-terminal region of
p53. Since we are designing stapled peptides to displace the
wild-type peptide from S100B(ββ), we chose this complex
state because we assume that the stapled peptides (derived
from the wild-type p53 in its bound state) will bind to the
same region of S100B(ββ) as the wild-type peptide, without
any large conformational changes. In each structure, the N and
C termini of the p53CTD fragment were capped with acetyl
and N-methyl amide groups, respectively. Hydrogen atoms
were added to the experimental structures using the xleap
module of the Amber16 package.53 The peptide-binding site
contains a few titratable residues; hence, we computed the pKa
of titratable amino acids using PDB2PQR.54 Only two amino
acids, Glu31 and Glu39, were predicted to be unionized at the
physiological pH. Hence, we decided to carry out a simulation
of the protein with both these amino acids protonated and
bound to the wild-type peptide and separately to the tightest
binding stapled peptide. These amino acids are >20 Å from the
peptides and hence are not expected to affect the binding
energetics of the peptides and this is what we found (more
details in the Supporting Information); hence, we focused on
the system without modifying these two amino acids. All of the
systems were neutralized by the addition of counterions. The
neutralized systems were solvated with TIP3P55 water
molecules to form a truncated octahedral box with at least
10 Å separating the solute atoms and the edges of the box. MD
simulations were carried out with the Sander module of the
Amber16 package in combination with the ff14SB force field.56

Figure 11. (A) Chemical structure of DOTA and FAM used in this
study. (B) Sequence of DOTA and FAM-conjugated stapled peptides.
Root-mean-square deviation (RMSD) of (C) S100B(ββ) and (D)
DOTA (black) and FAM-conjugated (red) stapled peptides bound to
S100B(ββ). MD snapshot of (E) S100B(ββ)−DOTA and (F)
S100B(ββ)−FAM-conjugated stapled peptide complexes. (G) Bind-
ing free energies of S100B(ββ) with the unlabeled stapled peptide
(Spep9_T12R), DOTA, and the FAM-labeled stapled peptide
(Spep9_T12R) were calculated using the MMPBSA approach.
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All of the systems were first subjected to 1000 steps of energy
minimization. This was followed by MD simulations, for which
the protein was initially harmonically restrained (25 kcal mol
Å2) to the energy minimized coordinates, and the system was
heated up to 300 K in steps of 100 K followed by gradual
removal of the positional restraints, and a 1 ns unrestrained
equilibration at 300 K was carried out. The resulting system
was used for MD simulations. Production runs were carried
out for 100 ns in triplicates. In addition to MD, both the linear
peptide and stapled peptide fragments were subjected to
biasing potential replica-exchange molecular dynamics (BP-
REMD)57,58 simulations to enhance the conformational
sampling. Biasing potential REMD57,58 is a Hamiltonian-
based REMD (HREMD) with conformational sampling
enhanced using a specifically designed dihedral potential.57,58

In a BP-REMD simulation, different biasing potential levels are
applied in each replica (one reference replica run is carried out
without any biasing potential) and replica exchanges between
neighboring biasing levels were attempted every 1000 MD
steps and accepted or rejected according to a Metropolis
criterion. The BP-REMD simulations were carried out at 300
K with eight replicas for 50 ns. Parameters for staple linkers
were used as described in our previous work.59

In Silico Amino Acid Scan Using Parasol. The Parasol
protocol52 was employed in the generation of the mutants.
Only mutations between similar enough pairs of amino acids
are allowed by the method: for example, isoleucine cannot be
mutated to alanine directly but must go through a valine
intermediate. For each type of residue, a series of mutations
were devised to minimize the number of total simulations and
intermediates. Each mutation, in turn, is executed in 11 steps
whereby the atoms are transformed, and at each step, MD
simulations of 500 steps with a 1 fs time step (5 ps) are carried
out, thus totaling 55 ps for each simulation. Finally, each
mutant peptide in complex with S100B(ββ) was subjected to
production runs of 100 ns in triplicates.
The parameterization of the DOTA and FAM (imaging

agents) was carried using the program NWCHEM,60 which
was used to carry out first a quantum mechanical optimization
of the structure and then RESP fitting to generate the charges.
Hartree−Fock was used as the method and 6-31g* as the basis
set for all the atoms. Both species were parameterized with a
cap, whose charges were constrained to be the charges in
ff14SB.56 Chemically equivalent atoms (such as hydrogens
attached to the same carbon) were constrained to have the
same charge. These imaging agents (DOTA, FAM) were
covalently linked to the peptide backbone at the C terminus of
the peptides. Production runs of peptide probe−S100B(ββ)
complexes were carried out for 100 ns in triplicates.
Binding Energy Calculations. Molecular mechanics

Poisson−Boltzmann surface area (MMPBSA) methods were
used for the calculation of binding free energies between the
peptides and their partner proteins.50,51 A total of 250
conformations extracted from the last 50 ns of the simulations
were used for the binding energy calculations. Entropy
calculations are computationally intensive and do not converge
easily and hence are ignored.
Visual molecular dynamics61 and Pymol62 were used for

visualization of trajectories and preparation of figures,
respectively.
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