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A high-resolution structural characterization and
physicochemical study of how a peptoid binds to an
oncoprotein MDM2

This study provides the first high-resolution structure of a
peptoid oligomer bound to a protein. The structure of the
peptoid bound to the oncogenic protein MDM2 revealed
that the peptoid’s main chain acts as a scaffold, and the
interaction with the protein is mainly mediated by the
interactions of the N-substituents. Additionally, this study
demonstrates that rigidifying the peptoid’s conformation
enhances protein binding affinity by increasing the binding
enthalpy, accelerating the association rate, and reducing the
dissociation rate.
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Peptoids are a promising drug modality targeting disease-related proteins, but how a peptoid engages in
protein binding is poorly understood. This is primarily due to a lack of high-resolution peptoid—protein
complex structures and systematic physicochemical studies. Here, we present the first crystal structure
of a peptoid bound to a protein, providing high-resolution structural information about how a peptoid
binds to a protein. We previously reported a rigid peptoid, oligo(N-substituted alanine) (oligo-NSA), and
developed an oligo-NSA-type peptoid that binds to MDM2. X-ray crystallographic analysis of the peptoid
bound to MDM2 showed that the peptoid recognizes the MDM2 surface predominantly through the
interaction of the N-substituents, while the main chain acts as a scaffold. Additionally, conformational,
thermodynamic, and kinetic analysis of the peptoid and its derivatives with a less rigid main chain
revealed that rigidification of the peptoid main chain contributes to improving the protein binding
affinity. This improvement is thermodynamically attributed to an increased magnitude of the binding
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Introduction

Peptides are attracting attention as a drug modality that
combines the advantages of small molecules with those of
antibody drugs. These advantages include favorable pharma-
cokinetic properties due to the smaller molecular size
compared to antibodies, and high binding affinity and speci-
ficity attributed to the larger surface area relative to small
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study provides invaluable insights into the design of protein-targeting peptoids.

molecules. However, their low membrane permeability and
poor proteolytic resistance limit the utility of peptides as clini-
cally useful drugs.

Peptides with various functional groups on amide nitrogens
are called “peptoids” and have been shown to exhibit high
membrane permeability* and proteolytic resistance.> Since oli-
go(N-substituted glycine) (oligo-NSG, Fig. 1A) was proposed as
the first peptoid in 1992,® peptoids are attracting a lot of
attention in drug discovery. However, the main chain of NSG-
type peptoids is intrinsically flexible, making it challenging to
obtain ligands capable of binding to biomolecules with high
affinity (Fig. 1A). Thus, researchers have been making efforts to
constrain the conformation of the peptoid main chain, which
has led to the discovery of peptoids that bind to proteins with
high affinity.*® However, no high-resolution structures of
a peptoid bound to a protein have ever been reported, and,
consequently, detailed information on how a peptoid binds to
a protein and how the rigidity of a peptoid contributes to the
binding remains unclear.

Oligo(N-substituted alanine) (oligo-NSA, Fig. 1B) was recently
reported as a rigid peptoid, the main chain of which stably
forms an extended shape in water.*® The main chain of the NSA-
type peptoid is conformationally constrained by steric repulsion
at the monomer level. The main chain structure of a peptoid is
defined by three dihedral angles: w, ¢, and y. For » angles, the
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Fig. 1 Structures of peptoids and the design of MDM2-binding peptoids (A) Chemical structures of NSG-type peptoid and the bond rotations
about w, ¢, and ¥ angles. The Ramachandran-type energy landscape of acetyl-N-methylglycine dimethylamide as a minimal model of NSG-type
peptoid generated by density functional theory calculations is shown.® (B) Chemical structures of NSA-type peptoid and the bond rotations about
w, ¢, and y angles restricted by steric effects. The Ramachandran-type energy landscape of acetyl-N-methylalanine dimethylamide as a minimal
model of NSA-type peptoid is shown.® A predicted oligomer conformation is shown at the bottom. (C) Hot-spot residues of p53-TAD, namely
Phel9, Trp23, and Leu26 (PDB ID 1YCR),*® the design flow of MDM2-binding peptoids, and chemical structures of peptoids 1 and 2 that bear
functional N-substituents (orange) corresponding to the three hot-spot residues of p53-TAD.5101

trans configurations (w = 180°) are favored in the NSA-type
peptoid due to the steric repulsion between two methyl
groups on the a-carbons on neighboring residues in the cis
configurations (w = 0°) (Fig. 1B). Also, for ¢ and y angles, steric
effects, known as pseudo-1,3-allylic strains induced by the
methyl group on the a-carbon restrict rotation about the ¢ and
¥ angles (Fig. 1B); therefore, an NSA-type peptoid stably forms
an extended shape (Fig. 1B). Using this NSA-type peptoid as
a scaffold, we developed the MDM2-binding peptoid by dis-
playing three functional groups on amide nitrogens of an NSA-
type peptoid, mimicking three hot-spot residues of p53, MDM2-
binding protein.*'® Furthermore, by optimizing three N-
substituents, NSA-type peptoid 1, which has a high binding
affinity to MDM2, was successfully obtained (Fig. 1C)."*

Here, we report the crystal structure of the peptoid 1 deriv-
ative bound to MDM2. This is the first high-resolution structure
of a peptoid oligomer bound to a protein. In addition, we
describe the investigation of how the rigidity of a peptoid

7052 | Chem. Sci,, 2024, 15, 7051-7060

contributes to its binding affinity to a protein based on the
thermodynamic and kinetic parameters of the interaction
between MDM2 and a series of peptoid 1 derivatives with
different degrees of rigidity.

Results and discussion
Crystal structure of the peptoid bound to MDM2

To determine the crystal structure of the peptoid-MDM2
complex, we conducted crystallization screening. To facilitate
the crystallization process, the C-terminal amide of NSA-type
peptoid 1 was replaced with piperazine (NSA-type peptoid 2,
Fig. 1C), which improves the aqueous solubility."” Our previous
study suggests that the difference in the C-terminal structure
does not significantly affect the binding affinity of the peptoid
to MDM2."* From the crystals obtained from the solution of 2
and MDM2, we successfully determined the high-resolution
structure of the complex. The resolution of the solved

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Crystal structure of peptoid 2 bound to MDM2 (A) crystal structure of 2 (pink, left) and p53-TAD (light green, right) (PDB ID 1YCR) bound to
MDM2. The surface color of MDM2 represents the hydrophobicity. (B) A close-up view of the interface between (left) 2 (pink) and MDM2 (gray and
yellow) or (right) p53-TAD (light green) and MDM2 (gray). Only the MDM2 residues that make van der Waals contacts with 2 or Phe19—-Leu26 of
p53-TAD are shown. In the left figure, the MDM2 residues also shown in the right figure are colored gray and the unique ones in the left are
colored yellow. The hydrogen bond is shown as a cyan dashed line. (C) Overlay of the crystal structure of 2 (pink) complexed with MDM2 (white)
and p53-TAD (light green) complexed with MDM2 (white) (PDB ID 1YCR), aligned by MDM2. Only MDM2 residues in van der Waals contact with 2
or Phel9-Leu26 of p53-TAD are shown. The Tyrl00 residue of MDM2, which is in different orientations in the two structures, is also shown
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structure was 1.35 A (Fig. 24, left and Table $1t). Although there
have been reports about crystal structures of peptides contain-
ing a peptoid residue or peptoid monomers bound to a protein,
to the best of our knowledge, this is the first high-resolution
structure of a peptoid oligomer bound to a protein. As
a comparison, the crystal structure of the MDM2 complexed
with the transactivation domain of p53 (p53-TAD) reported by
Kussie and co-workers (PDB ID 1YCR)" is shown in Fig. 2A,
right. The X-ray crystallographic analysis revealed that the first,
third, and fifth N-substituents of 2 mimic the spatial arrange-
ment of the three hot-spot residues of p53-TAD (Phe19, Trp23,
Leu26) as designed. Consequently, 2 binds to MDM2 primarily
through van der Waals interactions made by these N-substitu-
ents (Fig. 2A-C). This is consistent with the previous observa-
tions that modifications to these N-substituents largely changed
the binding affinity.®'®"* The buried surface area of the complex
is 996 A2, Tt is smaller than that of the peptidic binder, p53-TAD
(PDB ID 1YCR," 1477 A% but larger than that of the small
molecule binder, Nutlin-3a (PDB ID 4J3E,** 825 A%). Regarding
the main chain of 2 in the crystal structure, all dihedral angles
are in the expected ranges. Specifically, all the amide bonds are
in trans configuration, and all the observed ¢ and y angles are
in the low-energy region of the previously reported
Ramachandran-type energy landscape of a minimal model
structure of the NSA-type peptoid (Fig. 2D).°®

The structure of MDM2 in the complex with 2 closely
resembles its structure in the complex with p53-TAD. This
similarity is evidenced by a small root-mean-square deviation of
0.63 A between the a-carbons in the two MDM2 structures. The
orientations of the MDM2 side chains around the binding
interface are also almost identical in the two structures. As an
exception, the orientation of the Tyr100 side chain was signifi-
cantly different. While the Tyr100 side chain orients outward
from the p53-TAD-binding cleft when bound to p53-TAD
(colored in cyan in Fig. 2C)," it orients inward when bound to
2 (colored in yellow in Fig. 2C). The difference in MDM2
structure reflects that 2 is smaller than p53-TAD and indicates
that 2 can bind to MDM2 even when the Tyr100 side chain
orients inward.

A more detailed illustration of the interactions between
MDM2 and 2 is shown in Fig. 2B. The N-substituents of 2 form
intensive interactions with MDM2. The first, third, and fifth N-
substituents of 2 engage in van der Waals interactions with
MDM2 that are analogous to the interactions observed with the
three hot-spot residues of p53-TAD." N-H of the 6-chlor-
oindolylmethyl group forms a hydrogen bond with the main
chain carbonyl oxygen of Leu54 in MDM2, as seen between the
indole N-H of Trp23 in p53-TAD and the main chain carbonyl
oxygen of Leu54 in MDM2 (dotted line in Fig. 2B). In addition to
these analogous interactions, the third and fifth N-substituents
of 2 form interactions with MDM2 that are not observed with
the corresponding hot-spot residues of p53-TAD. 6-Cl of the 6-
chloroindolylmethyl group sticks deep into the pocket of the
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Trp23 binding site of MDM2, forming van der Waals interac-
tions with Leu57, Phe86, and Ile99. As a result, 6-Cl enhances
the shape complementarity of the peptoid with the MDM?2
surface. The neohexyl group on the fifth residue also has
a unique interaction with MDM2. While two of its three
terminal methyl groups are located at the same position as the
two terminal methyl groups of the Leu26 of p53-TAD, the third
terminal methyl group forms van der Waals interactions with
the Tyr100 side chain of MDM2 (Fig. 2B). Altogether, the non-
proteogenic structures of the N-substituents of 2 enable them
to engage in more intensive interactions with MDM2 compared
to the corresponding hot-spot residues of p53-TAD. These
interactions likely contribute significantly to the strong affinity
of the peptoid.

In the complex with MDM2, the main chain atoms (N, C,, C,
O) of 2 serve as a scaffold and do not form extensive interactions
with MDM2. van der Waals interactions between the main chain
atoms of 2 and MDM2 were only observed between the amide
nitrogen of the first residue and GIn72 of MDM2 (Fig. 2B, left).
While the amide proton of Phe19 of p53-TAD forms a hydrogen
bond with the GIn72 side chain of MDM2 (dotted line in Fig. 2B,
right), 2 does not form a hydrogen bond with the GIn72 side
chain because of the lack of amide hydrogens in peptoid main
chain. The carbonyl oxygens of the first and fourth residues of 2
form water-mediated hydrogen bonds with the main chain
carbonyl oxygen of GIn72 and H,, of His96 of MDM2 (dotted
lines in Fig. 2B, left), although the indirect hydrogen bonds may
not strongly contribute to the 2-MDM2 binding.

Interactions are also found between MDM2 and the terminal
structures of 2. Specifically, the methyl group and the carbonyl
carbon of the N-terminal acetyl group in 2 make van der Waals
contacts with the Tyr67 side chain and GIn72 side chain of
MDM2, respectively (Fig. 2B, left). On the other hand, the
absence of electron density in the crystal structure suggests that
the C-terminal structure is disordered and does not interact
with MDM2.

In summary, 2 binds to MDM2 primarily through the inter-
actions mediated by its N-substituents that mimic three hot-
spot residues of p53-TAD, while its main chain acts as a scaf-
fold for positioning the N-substituents. It is intriguing that the
peptoid realizes high affinity to protein, although the peptoid
main chain lacks amide hydrogens and the ability to provide
hydrogen bond donors for interaction with protein. The struc-
tural study illustrated that the lack of the main chain interac-
tions by a peptoid can be compensated for by extensive
interactions mediated by the N-substituents including non-
proteinogenic structures.

Design of peptoid 2 derivatives with different degrees of
rigidity and evaluation of their conformational dynamics

We previously showed that replacements of NSA residues to
NSG residues in an NSA-type peptoid dramatically reduce the

(yellow for the MDM2-2 complex and cyan for the MDM2-p53-TAD complex). (D) The structure of 2 observed in the crystal and its dihedral
angles plotted on the Ramachandran-type energy landscape of the minimal model structure of NSA-type peptoid shown below the landscape.®
The v angle of the 5™ residue could not be determined due to the absence of the electron density of N of the C-terminal structure.
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binding affinity to MDM2, which suggests the significant
contribution of the main chain rigidity to the binding affinity of
the NSA-type peptoid to MDM2.* To understand how the
conformational rigidity of the peptoid affects its binding affinity
to MDM2, we designed 2 derivatives with different degrees of
rigidity and evaluated the binding affinity to MDM2 of these
derivatives. The main chain rigidity of an NSA-type peptoid can
be reduced by replacing some residues with NSG residues. The
high-resolution crystal structure showed that all methyl groups
on the a-carbons of 2 in the crystal structure are exposed to the
solvent and do not directly interact with MDM2 (Fig. S17).
Therefore, we believe that the rigidity of 2 can be reduced
without affecting the direct interactions with MDM2 by replac-
ing some of the NSA residues of 2 with NSG residues in which
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the methyl groups on the a-carbons are removed from NSA
residues.

As peptoids with reduced rigidity, we designed NSA/G-type
peptoids 3 and S1-S4 by replacing one of the five NSA resi-
dues in 2 with an NSG residue with the same N-substituent
structure as the original NSA residue (Fig. 3A and Table S21).
Similarly, we designed NSA/G-type peptoid 4 by replacing two
NSA residues with NSG residues and NSG-type peptoid 5 by
replacing all NSA residues with NSG residues (Fig. 3A). We
synthesized the designed peptoids (2-5, S1-S4 with fluorescent
labeling) and measured their binding affinities to MDM2 by
fluorescence anisotropy (FA) assay (Table S271). As a result, by
replacing one NSA residue with an NSG residue, the binding
affinity was reduced by 2- to 100-fold from 2, depending on the

A B Cc
180
Cl
90 & /
count ’ {
T 25000 A N
~ 0 20000 & Al
9 0 = o y g R
5000 ‘-. 4 Y
~ J\I(N\)L /H(N N . 8 ; ;
' NH
all-trans : 83% 180
-180 -90 0 90 180
2
180
Cl
90 @ A1
Q j — count | :" \\
o 25000 X - /
3 o e 2 5
SUVSUUS IO B AN
D¢ N -90 ’ 128
(¢] o = NH
all-trans : 73% 180
-180 -90 0 90 180
3
180
Cl
0 @ )
count X
E 12 wA A
S 0 15000 » =
e} (e} > 10000 2 N
5000 . ~’ #
Y”JNW”JNW"JN 0 ’ \ J
(0} = NH
all-trans : 60% 180
4 -180 -90 0 90 180
ol 180
90 \\J
. count / ~
o 25000 b F
g 0 5 I e
5000 2N ! >
\rr“JLN’\ur“JNﬁr” i@ 0 ’ VP ”‘f 4
(0] NH / >
4 !
all-trans : 33% 180
5 -180 -90 0 90 180
o
¢( ) beige : 0 ns light green : 300 ns
cyan : 100 ns
pink :200 ns white : 500 ns

Fig. 3 Structural analysis of peptoids (A) chemical structures of 2—5. The chemical structures of the peptoids with fluorescent labeling can be
found in ESI.¥ The population percentage of the all-trans conformer determined by NMR spectroscopy in 20% DMSO-de/D,0O is shown below
the structure. (B and C) MD simulations of 2-5. (B) Distribution of ¢ and y angles of all residues of 2—5 during simulations. The results of run 1-5
are integrated into a single plot. (C) Conformations at every 100 ns during simulations (run 1) were overlaid by the main chain atoms (N, C,, and C)

of the third residue.
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replacement position. 4, which contains two NSG residues,
exhibited an 87-fold reduced binding affinity compared to 2. 5,
wherein all five residues are NSGs, exhibited a more than 2000-
fold reduction in binding affinity compared to 2. As expected,
replacing NSA residues with NSG residues led to a decrease in
binding affinity to MDM2, presumably because of the reduced
conformational rigidity.

Based on the FA results, 2, 3 (16-fold lower binding affinity
than 2), 4 (87-fold lower binding affinity than 2), and 5 (more
than 2000-fold lower binding affinity than 2) were selected for
conformational analysis to evaluate how the conformational
rigidity of the peptoids differs with each other.

First, to investigate the rotational freedom of the dihedral
angle w of 2-5 in water, NMR analysis was performed in 20%
DMSO-d¢/D,0 (Fig. 3A and S2-518, and Tables S3-S6T). DMSO-
de was included to increase the concentration of peptoids for
the NMR analysis. While cis-trans isomerization of the amide
bond between the N-terminal acetyl group and the first residue
was found in all peptoids, trans configuration was found
preferred for the amide bonds connecting two peptoid residues.
The cis-trans ratio of each amide bond was dependent on the
composition of NSA and NSG residues in a peptoid. In 2, the
relative population of the all-trans conformer among the
observed conformers was 83%, in which all five amide bonds in
the peptoid were in the t¢rans configuration. In 3, cis-trans
isomerization was observed in the amide bonds between the
second and third residues, as well as between the fourth and
fifth residues, and consequently, the all-trans conformer pop-
ulation was 73%. This result is consistent with the fact that
a peptoid residue with a bulky N-substituent is more likely to be
in cis configuration.'™ In 4, cis-trans isomerization was
observed in the same amide bonds as in 3, and the all-trans
conformer constituted only 60% of the population. In 5, cis-
trans isomerization was observed in multiple amide bonds
although the positions of the isomerized amides were not
identified due to the complex signal pattern. Consequently, the
population of the all-trans conformer of 5 was 33% (Fig. 3A).
These results indicate that, for the dihedral angle w, replacing
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the NSA residues with NSG residues increases the population of
the cis configuration. As a result, while the NSA-type peptoid
predominantly adopts a single conformation, NSA/G-type pep-
toids exist in an equilibrium of multiple conformations, with
slower exchange rates than the chemical shift differences.

Next, the rotational freedom of the dihedral angles ¢ and ¢
of 2-5 in water was evaluated. For the evaluation of the differ-
ences in ¢ and y angles, molecular dynamics (MD) simulations
of each oligomer were performed for 500 ns (Fig. 3B and C). A
conformation observed in the crystal structure of 2 bound to
MDM2 was used as the initial conformation for the MD simu-
lations. During the simulations, all NSA residues except for the
C-terminal residues primarily form the extended shape con-
strained by pseudo-1,3-allylic strains. On the other hand, as for
NSG residues where constraint by pseudo-1,3-allylic strains
does not exist, the range of accessible ¢ and v angles is larger
than that of NSA residues. Thus, replacing the NSA residues
with NSG was suggested to broaden the range of accessible ¢
and y angles (Fig. 3B and S197) and increase the flexibility of the
overall oligomer structure (Fig. 3C, S20 and S217).

The conformational analysis showed that NSA-type peptoid 2
primarily forms the extended shape observed in the crystal
structure even in water. Therefore, peptoid 2 conformation in
water can be considered preorganized for binding to MDM2.
The analysis also suggests that replacing NSA residues with NSG
residues reduces the population of the MDM2-binding confor-
mation because the rotational restrictions about all dihedral
angles, w, ¢, and v angles, get weakened.

Evaluation of the effect of the main chain rigidity of a peptoid
on the binding to MDM2

Using peptoids 2-5, which vary in rigidity, the effect of peptoid
rigidity on MDM2 binding was evaluated. Specifically,
isothermal titration calorimetry (ITC) and surface plasmon
resonance (SPR) measurements were conducted to analyze the
binding affinities, thermodynamics, and kinetics of the inter-
actions between 2-5 and MDM2 (Table 1). The Ky values
measured by the three assays were similar to each other,

Table 1 Affinities and thermodynamic and kinetic parameters of the interaction between the peptoids and MDM2

Binding FA assay” ITCc? SPR®
Kp (nM) Kp (nM) AH (kcal mol ™) —TAS (keal mol ™) Kp (nM) kon M 157 ore (s7)
2 8.6 17.5 —9.99 —0.590 9.5% 9.6° 6.9 x 10° 0.065
3 140 318 —7.78 —1.09 418d, 350° 5.37 x 10° 0.225
4 750 1630 —5.58 —2.32 N.D.%, 1400° N.D/ N.D/
5 21 000 No binding — — — — —

“ Kp values between peptoids with fluorescent labeling and MDM2 determined by a direct binding FA assay. The structures of fluorescently-labeled
peptoids (2-5-Sar;-EDA-Flu) are shown in ESI. The assay was conducted using 10 nM fluorescein-labeled compounds and MDM?2 in PBS with
0.01% Tween 20 at 25 °C. The binding stoichiometry was assumed to be 1:1 for the fitting of the binding curve. The Ky value of 2 may be
subject to some error since the concentration of fluorescent peptoid probe (10 nM) is close to the Kp value. ? ITC profiles of the interaction
between peptoids (2-5) and MDM2. The binding assay was conducted in PBS at 25 °C. 100, 200, or 500 uM solution of the peptoids in PBS was
titrated into 10, 20, or 50 pM MDM2 solution in PBS. As a control experiment, each peptoid solution was titrated into PBS. ¢ Kinetic parameters
measured by SPR analysis of MDM2 binding to immobilized peptoids on CM5 chip. The structures of the peptoids (2-5-Sar;-EDA) used for
immobilization on the sensor chip are shown in ESI. 0.94-15 nM, 12.3-1000 nM, or 0.074-6 uM MDM2 was analyzed in PBS containing 0.01%
Tween 20 at 10 °C. ¢ K}, values determined by kinetic analysis. ¢ K, values determined by steady-state affinity analysis.” N.D. means not determined.
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suggesting the reliability of the K, values. In addition, consis-
tent with the results of the FA assay, the peptoids containing
a higher number of NSG residues exhibited weaker binding
affinities (Table 1).

From ITC measurements, thermodynamic parameters were
determined (Table 1, center). The binding of 2 to MDM2 was
enthalpy-driven (AH = -9.99 kcal mol!, —-TAS =
—0.590 kcal mol™"). This high enthalpic contribution to the
MDM2 binding is considered derived from the high shape
complementarity of the peptoid to the p53-TAD binding site of
MDM2. The shape complementarity enables the intensive site-
selective interactions, namely numerous van der Waals
contacts and a hydrogen bond, leading to the enthalpy-driven
binding.

The conformational rigidity of 2 is considered to contribute
to the high enthalpic gain upon MDM2-binding. This is sup-
ported by observations that replacing NSA residues with NSG
residues in the peptoid reduces the enthalpic contribution.
Specifically, for 3 and 4, which contain one and two NSG resi-
dues, respectively, there was a decrease in the magnitude of the
enthalpy change (AH), resulting in values of —7.78 kcal mol *
for 3 and —5.58 kcal mol ™ for 4. One possible reason for this is
that because the NSA/G-type peptoid has a flexible conforma-
tion even in the complex with MDM2, the binding stability of
the peptoid-MDM2 complex is reduced compared with that for
the NSA-type peptoid. To examine this hypothesis, we con-
ducted MD simulations of the complexes of 2, 4, or 5 with

NSA-type peptoid
(peptoid with NSA residues)

\ ,\ 2. rigid in complex

2. conformational
stability in complex
‘[l — v large enthalpy change
v slow dissociation

1. a single
conformer 1. pre-organization

— v fast association

View Article Online
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MDM2. As a result, 2 most stably maintained the conformation
similar to the crystal structure during the simulations and
presented the N-substituents in the binding pocket of MDM?2
(Fig. S22-S24%). This is consistent with the hypothesis. In
addition to the difference in the conformational stability of
peptoids in the complex with MDM2, the difference in confor-
mational stability of peptoids when not bound to MDM2 also
possibly contributes to the difference in binding enthalpy. The
NSA-type peptoid 2 forms similar conformations whether it is
bound to MDM2 or unbound. In contrast, the NSA/G-type pep-
toids can change their conformation to more enthalpically
stable ones when they are not bound to MDM2 due to the
rotational freedom of the dihedral angles (Fig. 2). Thus, the
NSA/G-type peptoids are considered to require extra enthalpic
cost to transition to the MDM2-bound conformation, resulting
in the reduced contribution of favorable binding enthalpy. A
common strategy for achieving an enthalpy gain is the intro-
duction of functional groups to form additional interaction.®
However, our results indicate that conformational rigidification
is also a viable strategy to gain enthalpy in protein-binding
peptoid design.

In contrast to the enthalpic contribution, the conformational
rigidification of the peptoid resulted not in an entropic advan-
tage but rather a relative disadvantage. The entropic contribu-
tion (—TAS) of 2, 3, and 4 were —0.590, —1.09, and
—2.32 keal mol™", respectively. Generally, the increase in
binding affinity achieved by conformational rigidification to

NSA/G-type peptoid
(peptoid with NSA/NSG residues)

o

1. multiple
conformers

Fig. 4 Plausible role of the peptoid conformational rigidity in enhancing protein-binding affinity.
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preorganize a molecule for binding is considered a result of
reduced entropy loss during protein binding.'”**** However, in
the binding of MDM2 and NSA- or NSA/G-type peptoids evalu-
ated in this study, the conformational rigidification did not lead
to an entropic advantage. This observation contradicts the
general consideration. It is possible that the changes in hydra-
tion entropy and conformational entropy of MDM2 have
combined to cancel out the entropic benefit attributed to the
preorganization of the peptoid.?*** This was supported by the
fact that, in MD simulations, MDM2 exhibits reduced fluctua-
tions in complexes with 2, 4, or 5 compared to MDM2 alone
(Fig. S257). Although more extensive simulations may be pref-
erable to explore the comprehensive energy landscape of the
complex, the current MD results suggest that the overall entropy
change of the system is influenced not solely by the confor-
mational entropy of the peptoid, but also other factors.

From SPR analysis, kinetic parameters were determined
(Table 1, right). The measurements were conducted at a low
temperature (10 °C) to reduce the dissociation rate and facilitate
the measurement of rapidly dissociating compounds. The
association rate constant (k,,) and the dissociation rate
constant (ko¢) of the interaction between immobilized 2 and
MDM?2 were determined to be 6.9 x 10° M~ * s™* and 0.065 s,
respectively. For 3, in which an NSA residue was replaced with
an NSG residue, the k., and k¢ were 5.37 x 10° M~ s~ * and
0.225 s~', showing a 13-fold slower binding rate and a 3.5-fold
faster dissociation rate compared to 2. In the case of 4, the
kinetic parameters could not be determined, possibly because
the dissociation was too fast or there were multiple binding
pathways. The comparison between 2 and 3 indicates that NSA-
type peptoid 2, which has a rigid main chain, exhibits more
favorable binding kinetics in both association and dissociation
rates compared to NSA/G-type peptoid 3.

From the physicochemical parameters in the interaction
between peptoids 2-5 and MDM2 (Table 1) and the results of
the conformational analysis (Fig. 3), the higher binding affinity
of NSA-type peptoid 2 compared with the NSA/G-type peptoids
3-5 can be attributed to the following two effects originated
from the conformational rigidity of 2 (Fig. 4): (1) 2 adopts
a conformation preorganized to that observed in its complex
structure with MDM2, even when unbound. This preorganiza-
tion facilitates a faster association with MDM2 compared to
more flexible peptoids. This is evidenced by the higher associ-
ation rate (k,p,) of 2 relative to 3 (1 in Fig. 4); (2) the rigidity of the
main chain in 2 allows for more stable van der Waals interac-
tions with MDM2, resulting in a higher energy barrier to
dissociation compared to its derivatives with NSG-residues.
This increased stability of the interaction is corroborated by
the greater magnitude of enthalpy change observed in the
binding of 2 compared to 3 and 4, and by the slower dissocia-
tion of 2 from MDM2 compared to 3 (2 in Fig. 4).

Conclusions
Using the highly rigid NSA-type peptoid and its derivatives, the

binding mode of the peptoids to proteins was revealed at atomic
resolution for the first time. Moreover, the role of the rigidity of
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NSA-type peptoids in protein binding was evaluated. The high-
resolution structure and thermodynamic analysis of the pep-
toid-MDM2 complex revealed that the NSA-type peptoid binds
to MDM2 in an enthalpy-driven manner, mainly due to the
interaction formed by N-substituents on the MDM2 surface.
Introducing non-proteogenic structures to the N-substituents
increases shape complementarity with MDM2 compared to the
corresponding hot-spot residues of p53-TAD, resulting in the
stronger affinity of the peptoid relative to p53-TAD (Kp = 600
nM)."”® Comparison with NSA/G-type peptoids, which exhibit
reduced rigidity, demonstrated that the increased conforma-
tional rigidity in an NSA-type peptoid contributes to an increase
in both the rates of association and dissociation with MDM2. In
addition, in a thermodynamic context, the increased rigidity
was found to increase the magnitude of enthalpy change upon
binding. Our findings validate the long-sought strategy of
obtaining peptoids that bind strongly to proteins by confor-
mational rigidification.

Rigidification of the structure of peptide and peptidomi-
metic ligands is considered effective in improving binding
affinity to proteins.*®*” However, systematic modulations of
ligand rigidity without affecting the direct interaction between
the ligand and the protein are difficult, making it challenging to
clarify the role of rigidity in binding affinity.”® For example, in
a previous study, “stapling”, involving a covalent cross-linking
of two side chains, was applied to a peptidic ligand of MDM?2
to increase the conformational rigidity and the role of the
enhanced rigidity by the stapling was investigated.*>*® However,
the role of the enhanced rigidity on binding remained ambig-
uous. This is because the introduced stapling moiety not only
increased the rigidity but also directly influenced the electro-
static and van der Waals interactions with MDM2. Another
study attempted to increase the binding affinity of an MDM2-
binding peptoid by introducing N,-chiral substituents* which
is known to increase peptoid rigidity. However, it was difficult to
systematically modulate the peptoid's rigidity due to reduced
aqueous solubility and synthetic difficulty associated with the
introduction of the bulky rigidifying groups. Besides, the lack of
a high-resolution structure of the peptoid-protein complex
made it challenging to conduct a reliable discussion about the
role of conformational rigidity on binding affinity. In the
present study, the combined use of NSA and NSG, together with
the high-resolution peptoid-protein complex structure, enabled
a systematic study of the correlation between the rigidity of
peptoid ligands and their binding affinity to MDM2 without
affecting their direct interaction with MDM2. This approach has
clarified the kinetic and thermodynamic effects induced by
ligand rigidification, at least for the present interaction
partners.

An NSA-type peptoid has strong rotational restrictions on all
three main chain dihedral angles, w, ¢, and v, leading to higher
conformational rigidity than an NSG-type peptoid. Considering
that the rate of amide cis-trans isomerization is slow, the
increased rotational restriction about w angle in an NSA-type
peptoid is assumed beneficial to lock a peptoid to the protein-
binding conformation and thereby increase the binding
affinity to the protein. However, the difference in the percentage

© 2024 The Author(s). Published by the Royal Society of Chemistry
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of all-trans conformers among 2, 3, and 4 (83%, 73%, and 60%
for 2, 3, and 4) is not high enough to solely explain the large
differences in the binding affinity, namely a 16-fold difference
between 2 and 3 and an 87-fold difference between 2 and 4. This
suggests that not only the rotational freedom of w but also the
rotational freedom of ¢ and y, which change on short time-
scales, are important for the binding affinity of NSA-type pep-
toids. Therefore, when designing high-affinity peptoids, it is
important to consider rotational control for all dihedral angles,
w, ¢, and ¥, and introduction of NSA residues is a useful means
for achieving this goal. These findings are expected to accelerate
the development of bioactive peptoids, especially intracellular
protein-protein interaction inhibitors that take advantage of
the high membrane permeability of peptoids.
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