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De novo design of peptide shapes is of great interest in biomolecular science since the local peptide shapes
formed by a short peptide chain in the proteins are often key to biological activities. Here, we show that the
de novo design of peptide shapes with sub-nanometer conformational control can be realized using
peptides consisting of N-methyl-L-alanine and N-methyl-p-alanine residues. The conformation of N-
methyl-L/p-alanine residue is largely fixed because of the restricted bond rotation and hence can serve

as a scaffold on which we can build a peptide into a designed shape. The local shape control by per-
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realize the de novo design of biofunctional molecules.

Introduction

Molecular functions depend on the three-dimensional struc-
tures of the molecules. Therefore, the establishment of the
design principles of three-dimensional molecular shapes in
water is essential in molecular science for producing bio-
functional molecules. The biological system utilizes proteins
composed of nature's choice of suitable sequences of amino
acids. Their diverse functions originate from local three-
dimensional peptide shapes formed by short peptide
sequences within the global protein structure. For example, an
antibody is composed of 600-700 amino acid residues, but its
essential function, i.e., antigen recognition, is majorly achieved
by one of the local loop structures called complementarity
determining region H3 consisting of 2-26 amino acid residues."
Each amino acid residue that constitutes a protein is intrinsi-
cally conformationally flexible, but the conformational freedom
is restricted by remote interactions among amino acid residues,
e.g., hydrogen bonds, van der Waals contacts, hydrophobic
interactions, and electrostatic interactions, resulting in the
construction of the tertiary structure of proteins (Fig. 1a). Many
interactions among amino acid residues are required to realize
a hierarchically stabilized global protein structure and peptide
shapes therein,>* and previous studies suggest that approxi-
mately 50 amino acids are necessary for proteins to adopt their
folds.®

There are rare exceptions called miniature proteins, e.g.,
Trpzip,® Trp-cage,” chignolin,®® HP7," and a small protein

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The comparison of peptide shape in the globally folded protein structures and the bottom-up formation of peptide shape consisting of
conformationally fixed amino acid residues. (a) The conformation of each amino acid residue in proteins changes depending on the amino acid
sequence. The Ramachandran plot was generated using PyRAMA (https://github.com/gerdos/PyRAMA). The three-dimensional structure of
chignolin (PDB ID: 1UAQ) is shown as an example of miniature proteins. The peptide shapes in the representative miniature proteins are
plotted on the PMI plot. Plotted are the peptide shapes of consecutive six amino acid residues (AAs) in the proteins. (b) The peptides
consisting of the previously reported amino acid residues with fixed conformations. Oligoproline (brown), oligooxopiperazine (purple), and
oligo-NMA (green) are plotted on the PMI plot. (Oligoproline and oligo-NMA are overlapped on the plot.) The structures of oligoproline and
oligo-L-NMA were generated using CCDC-1014542 (P. Wilhelm, et al.,, J. Am. Chem. Soc., 2014, 136, 15829-15832) and CCDC-278108 (S.
Zhang, et al, Chem. Commun., 2006, 497-499), respectively. The oligooxopiperazine structure was constructed using 3D molecular
modelling software (Avogadro) based on the previous report (P. ToSovska and P. S. Arora, Org. Lett., 2010, 12, 1588-1591). (The modelled
structure is included as a ESIT file.) (c) The peptides consisting of L-NMA and p-NMA residues that have fixed conformations. The peptide
shapes realized by oligo-NMA of 6-AAs and 10-AAs are plotted on the PMI plot.
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containing a WSXWS motif,"" that achieve global stabilization of
a three-dimensional structure with less than 20 amino acid
residues (Fig. 1a). The interplay of extensive inter-residual
interactions can realize such a small protein. For example, the
B-sheet structure of CLN025, a chignolin analog, is stabilized by
hydrogen bonds and an aromatic-aromatic interaction.’ The
helix-loop-strand structure of the miniature protein containing
a WSXWS motif is stabilized by an extensive cation-7 interac-
tion network. However, ten or more amino acid residues are
still required to achieve a stable global structure and local
peptide shapes.

Bottom-up peptide design using conformationally fixed
amino acid residues is a promising alternative approach to
creating peptide shapes with a minimal number of amino acid
residues. Having a fixed local conformation, some amino acid
residues strongly stabilize specific structural motifs per amino
acid residue and hence can be utilized for the bottom-up design
of peptide shapes (Fig. 1b). Proline residue is a typical example.
The ring constraint of proline allows its oligomer to stably adopt
a rod-like shape called PPII helix."”> An oxopiperazine residue is
another example of a conformationally-constrained building
block. Oligomers of oxopiperazine are conformationally con-
strained and have been utilized as molecular scaffolds.”*** N-
Methylalanine (NMA) residue has also been recently reported to
be an amino acid residue with a fixed conformation. The
conformation of the NMA residue in its oligomers is rigidified
by pseudo-1,3-allylic strain, and the oligomer forms a stable
extended shape.'**®* These amino acid residues have hence
served as attractive building blocks for the bottom-up design of
peptide shapes.'?° The bottom-up approach enables the direct
design of peptide shapes with a minimal number of amino acid
residues. However, the bottom-up design of stable peptide
shapes using a single building block has so far realized repeti-
tive linear sequences with limited structural diversity.

The principal moment of inertia (PMI) analysis** is a method
for quantitatively comparing the three-dimensional structures
of different classes of molecules. The PMI plots in the right
panels of Fig. 1a and b illustrate the large gap in peptide shape
diversity between proteins and bottom-up designed peptide.
The analysis extracts the three principal moments of inertia
from the molecules and plots the information on a triangular
diagram indicating the rod-, disc-, and sphere-likeness of the
three-dimensional molecular structure. Here, for a fair
comparison, the PMI analysis was conducted using the main
chain atoms (N, C,, and C=0) of six consecutive amino acid
residues in each miniature protein and peptide. As represented
by the PMI plot, a wide range of three-dimensional structures
including rod-like, disc-like, and sphere-like are realized by the
peptide shapes within the hierarchically folded miniature
proteins (Fig. 1a). In contrast, the bottom-up peptide shape
designs have realized only rod-like shapes using
conformationally-fixed amino acid residues (Fig. 1b). Since the
molecular shape visualized by the PMI plot is intimately linked
to the biological activity of the molecules,” expansion of the
peptide shape diversity realized by the bottom-up approach is
important.
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Here, we report a non-hierarchical bottom-up design of
diverse peptide shapes that self-stand in water using a combi-
nation of N-methyl-t-alanine (:-NMA) and N-methyl-p-alanine
(p-NMA) residues as building blocks (Fig. 1c). We reasoned that
the combinatorial usage of multiple building blocks with fixed
conformations would realize diverse three-dimensional molec-
ular shapes. While the incorporation of p-amino acids is
a simple approach to expanding the conformational diversity of
peptides,**>* standard non-methylated p-amino acids are not
conformationally fixed. We assumed combining 1-NMA and p-
NMA would be a promising strategy, as o-NMA should serve as
a building block with a fixed conformation.

The concept of using 1/p-NMA in combination was inspired
by the seminal work of Kodadek and coworkers, where a library
of oligomers composed of oligo-L/p-NMA backbones with func-
tional groups at the amide nitrogens was utilized as a source of
protein ligands.**” Notably, the stereoinversion of one residue
in a protein ligand was shown to change the protein affinity of
the oligomer,* suggesting that different sequences of oligo-1/p-
NMA form distinct shapes. Their work indicated that the olig-
omers consisting of L/D-NMA backbone realize diverse shapes,
but oligomers only up to three consecutive L/D-NMA residues
have been explored and the oligomer shapes have not been
investigated in their studies.

In this study, we describe sub-nanometer conformational
control of the NMA oligomers through a rational combination
of multiple :-NMA and p-NMA residues, as studied by NMR,
crystallographic, and computational analyses, as well as by
direct imaging of the dynamics of the peptide's shape using
a cinematographic electron microscopic technique.*®*** The
diversity of the peptide shapes achieved by the bottom-up
design using oligo-L/pD-NMA approaches the level realized by
miniature proteins (Fig. 1c, right). We also demonstrated the
utility of oligo-L/b-NMAs as scaffolds by showing that the
introduction of functional groups on an oligo-L/p-NMA does not
significantly alter the backbone shape.

Results and discussion

Two conformationally constrained monomers as building
blocks for the de novo design of the three-dimensional
peptide shapes

Previously, density-functional theory (DFT) calculations sug-
gested that a minimal model of .-NMA oligomer stably forms
conformations that avoid pseudo-1,3-allylic strains.'”** To
further confirm that the building block maintains the same
stable conformation in water, more detailed calculations, and
experimental validations were conducted. The allowed confor-
mational space of an amino acid residue in a peptide chain is
commonly visualized using the Ramachandran plot.** Here, we
recruited a similar plot on which the free energy of an amino
acid residue is plotted against the two conformational deter-
minants: dihedral angles ¢ and {. We first reproduced the
Ramachandran-type plot of acetyl-N-methyl-L-alanine dimethy-
lamide (1), a minimal model of L.-NMA oligomers, by DFT
calculations with minor modifications on the procedures from
the previous report.” In these calculations, ¢ and { values of 1,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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which are the two determinants of the conformation of the
molecule, were combinatorically rotated from —180° to 180° by
15° and the 625 conformers were geometry optimized by DFT
calculations at the B3LYP/6-31G(d) level of theory with implicit
water model. The energy of each conformer was calculated at
the same level and plotted. The generated Ramachandran-type
plot of 1 was shown to have a narrow low-energy region around
the lowest energy conformer with (¢, ) = (—135°, 75°), which is
consistent with the previous report® (Fig. 2a). This result
suggests that the minimal model structure forms a fixed
conformation in water.

To experimentally validate that the minimal .-NMA model
stably forms the lowest-energy conformer from the DFT calcu-
lations, we conducted NMR measurements in water and ob-
tained nuclear Overhauser effect (NOE) signals that reflect the
distances between the pairs of protons (Fig. S1-S4 and Table S1,
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Fig.2 Ramachandran-type plots of minimal model structures of oligo-
N-methylalanine. (@) Ramachandran-type plot of acetyl-N-methyl-L-
alanine dimethylamide (a minimal model of L-NMA oligomers). (b) The
DFT-optimized structure of L-NMA. The lowest-energy conformer in
the Ramachandran-type plot in Fig. 2a was geometry optimized.
Hydrogen pairs on non-neighboring carbons showing medium to
strong NOE signals are connected using red arrows. The hydrogens
with NOE signals are shown in yellow. (c) The crystal structure of acetyl-
N-methyl-L-alanine with a C-terminal Boc-piperazine. Hydrogen
atoms are omitted for clarity. For (b and c), atoms and bonds other than
the L-NMA residue are shown in gray. (d) Ramachandran-type plot of
acetyl-N-methyl-p-alanine dimethylamide (a minimal model of b-NMA
oligomers).
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S21). The consistency of the observed NOE signals with the
proton proximities on the stable conformers was examined. On
the stable conformers from the DFT calculations, the two
proton pairs were found to come close to each other: intra-
residual N-methyl protons and B-protons; the o-proton and N-
methyl protons of the C-terminal structure. This is reasonable
considering the conformational restrictions by pseudo-1,3-
allylic strains. Consistent with the proton proximities in the
DFT model (Fig. 2b), medium to strong NOE signals were
observed for the two proton pairs (Fig. S4 and Table S17). The
NOE signals strongly suggest that the minimal .-NMA model
stably forms the lowest energy conformer from the DFT
calculations.

X-ray crystallographic studies were also conducted to obtain
an atomic-resolution snapshot of the monomer structure. To
generate single crystals, derivatives of 1 with different N/C-
terminal groups were synthesized and subjected to crystalliza-
tion. From several tested compounds, acetyl-N-methyl-L-alanine
with a C-terminal 1-(tert-butyloxycarbonyl)piperazine (Boc-
piperazine) (2) provided single crystals with good X-ray diffrac-
tion. The solved structure was close to the lowest-energy
conformer of the minimal monomer model 1 from the DFT
calculations. The ¢ and ¢ angles of the solved structure were
—134.6° and 77.7°, respectively (Fig. 2c), which is close to those
of the most stable conformation predicted by the DFT calcula-
tion. These computational and experimental studies strongly
suggest that the building block (1--NMA residue) forms a fixed
conformation in water.

The Ramachandran-type plot of acetyl-N-methyl-p-alanine
dimethylamide (3), which is a p-NMA minimal model, was also
generated using the same procedures. As expected, the
Ramachandran-type plot is point symmetric to the plot of the r-
NMA minimal model 1 and has a narrow low-energy region
around (¢, ¥) = (135°, —75°) (Fig. 2d). These results indicate
that .-NMA residue and p-NMA residue can be used as building
blocks with a fixed conformation for a bottom-up peptide shape
design.

A minimal model study of the bottom-up peptide shape
design using dimers consisting of .-NMA and p-NMA residues

We hypothesized that combinatorial usages of the two building
blocks can realize the rational control of diverse peptide shapes
with sub-nanometer conformational control. Because the
conformations of the building blocks are largely fixed, an olig-
omer is expected to form a predictable shape that is a simple
connection of the stable conformations of the building blocks.
To examine the hypothesis, we first analyzed the three-
dimensional structures of dimers, which are the shortest
oligomers. 11 dimer (4) and oL dimer (5) were studied (Fig. 3). (L
and p in the oligomer sequence denote .-NMA residue and p-
NMA residue, respectively.) pp dimer and Lo dimer were not
examined since they are mirror images of the two dimers.
The stable structures of the two dimers were assessed using
a combined computational and experimental approach. We
first conducted multicanonical molecular dynamics (McMD)

simulations®® to comprehensively explore the allowed

Chem. Sci., 2025, 16, 1051210522 | 10515
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Fig.3 Three-dimensional structure analysis of dimers consisting of N-
methyl-L/p-alanine residues. (a) Solution structures based on MD/DFT
which were validated by NMR analysis, and (b) X-ray crystallographic
structures of an L dimer (left) and oL dimer (right). L-NMA residue and
p-NMA residue are colored green and magenta, respectively. Dihedral
angles (¢, ) are described under each structure. In (a), the Boltzmann
weight of the conformer is shown under the most stable structure.
Non-neighboring hydrogen pairs with medium to strong NOE signals
are shown in yellow and the pairs were connected by red arrows. In (b),
the scale bar is shown under each structure.

conformational space of the two dimers. The generated
conformers at 300 K were grouped into 10 distinct clusters
(Table S31). As a result, the representative conformation from
the top cluster of both dimers was found to have dihedral angles
(p, ¥) within 10° of the lowest energy point on the
Ramachandran-type plot, specifically (¢, §) = (—135°, 75°) for 1-
NMA residue and (135°, —75°) for p-NMA residue. In the
conformations, the two amide bonds were found to be both in
the trans geometry. These results suggest that the dimers stably
form predictable three-dimensional structures in which the
stable conformations of the two monomers are connected with
a trans amide bond.
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We conducted NMR measurements to experimentally vali-
date the conformations of the dimers predicted by the compu-
tations (Fig. S5-S12 and Table S$S4-S7f). On the 'H-NMR
spectrum of the L dimer 4, there was a dominant set of peaks
with two sets of minor peaks. According to the NOE signals, the
dominant set of peaks corresponds to a conformational state
with which the amide connecting the acetyl group and the 1st
residue and the amide connecting the 1st and 2nd residues are
both in the trans geometry (78% of the total observed pop-
ulation). The two minor sets of peaks correspond to confor-
mational states in which one of the two amides is in trans, and
the other is in cis. Approximately 90% of each amide bond in 4
was in the trans geometry (Fig. S61), which is evidenced by the
existence of the inter-residual NOE between N-methyl protons
and B-protons and the absence of the inter-residual NOE
between o-protons (Fig. S8 and Table S4t). This is consistent
with the McMD result that the two amides in the dominant
conformer are both in the trans geometry. As with the monomer
structure, two kinds of hydrogen pairs are in close proximities
on the stable conformer: (1) intra-residual N-methyl protons
and B-protons; (2) the a-proton and N-methyl protons of the
following NMA residue or C-terminal structure (Fig. 3a, left).
Consistently, medium to strong NOE signals were observed for
these hydrogen pairs (Table S47). A similar result was obtained
for the pL dimer 5. 82% of the conformational ensemble was in
a conformational state in which all the amides were in the trans
geometry. In addition, the NOE signals expected from the
proton proximities on the calculated stable conformer were
observed (Fig. 3a, right and Table S61). These results have
shown that the dimers stably form the three-dimensional
structures in which the most stable conformation of -NMA
residue and p-NMA residue are simply connected with a trans
amide bond.

It is worth noting that the amide bond connecting the two
NMA monomers in the 1. and p. dimers adopts a trans
geometry in 88% and 93% of the population, respectively. This
suggests that the trans geometry is preferred for both homo-
chiral and heterochiral connections. On the other hand, in
a previous study, the trans:cis ratio of an N-methylamide
differed significantly between a homochiral tr dimer and
a heterochiral pL dimer.** A key difference from our study is
that, in the previous report, only one amide bond in the
peptide sequence was N-methylated, while the other amides
were not. These non-N-methylated amides are likely involved
in intramolecular hydrogen bonding, which can influence the
trans: cis equilibrium. In contrast, in our system, all amide
bonds are N-meth-ylated, eliminating the possibility of intra-
molecular hydrogen bonding. Our results therefore suggest
that N-methylamides generally prefer the trans geometry
regardless of the stereochemistry when all amide bonds in the
sequence are N-methylated.

X-ray crystallographic study of the dimers further confirmed
the dimer structures. Dimers with the N-terminal acetamide
and C-terminal Boc-piperazine amide (6 and 7) gave X-ray
quality single crystals. The conformers found in the crystals
are close to the most stable conformers predicted by the
calculations. All the dihedral angles (¢, {) in the crystal

© 2025 The Author(s). Published by the Royal Society of Chemistry
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structures (Fig. 3b) were within +15° of the values corre-
sponding to the lowest energy point on the Ramachandran-type
plot in Fig. 2.

Bottom-up design of peptide shapes in water using the oligo-r/
p-NMAs

To showcase the utility of 1/D-NMA oligomers for the de novo
design of diverse three-dimensional peptide shapes, we exam-
ined hexameric oligomers and generated a list of the predicted
stable conformations using DFT calculations (Fig. 4a). The most
stable conformations of 1./p-NMA residues were connected, and
the geometry of the generated conformer was optimized by DFT
calculations at the B3LYP/6-311G(d) level. The collection of the
predicted structures is shown in Fig. 4a. The shapes were also
plotted on the PMI plot to evaluate the shape diversity (Fig. 1c,
right, blue circles). The plot demonstrates that combining two
amino acid residues, i.e., .- and p-NMA residues, realizes a large
shape diversity. The peptide shape diversity approaches the
level that is achieved by the same chain length (six amino acid
residues) of peptides in miniature proteins (Fig. 1a, right).

To validate the predicted shapes, stable conformations of
one of the oligomers (LLopLL) were evaluated by a combination
of computation and experiment. We first conducted McMD
simulations of the oligomer (8) to systematically explore the
allowed conformational space. The generated conformers at
300 K were grouped into 10 distinct clusters (Table S8%). To
identify the valid conformations from the clustered structures,
we next conducted NMR measurements in water (Fig. S14-516
and Table S9, S107). The dominant set of peaks corresponds to
a conformational state with which all the amides are in the
trans geometry according to the NOE signals (Fig. S16 and
Table S91). While minor peaks were observed in the NMR
spectra corresponding to conformers with one or more cis
amide bonds, the spectra are dominated by a set of peaks
corresponding to the all-trans conformer, which accounts for
66% of the total population observed. This result indicates
that the all-trans conformer is preferred in solution, although
a minor population of alternative conformers is present due to
the intrinsic cis-trans isomerization of tertiary amide bonds.
The value is consistent with the NMR data for the LL dimer, in
which approximately 10% of each amide bond adopts a cis
geometry. As with the monomer and dimers, two kinds of
hydrogen pairs are in close proximities on the stable
conformer: (1) intra-residual N-methyl protons and B-protons;
(2) a-proton and N-methyl protons of the following NMA
residue or C-terminal structure. The representative conformer
of the top cluster from McMD simulations was consistent with
all the NMR signals (Fig. 4b and Table S97); therefore, the
conformer was determined to be the representative solution
structure of oligo-NMA 8. The dihedral angles (¢, ¥) of all the
NMA residues in the solution structure were within £20° of the
values corresponding to the lowest energy point on the
Ramachandran-type plot of the .-NMA and p-NMA monomers
(Fig. 4b). This result suggests that the NMA hexamer majorly
forms the conformation determined by the low-energy
conformations of the building blocks. We also conducted X-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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ray crystallographic studies to obtain atomic resolution
snapshots of the oligomer structures. The rLipprr oligomers
with an N-terminal p-nitrobenzoyl group (9) yielded only tiny
crystals that were too small for conventional single-crystal X-
ray diffraction. Instead, still diffraction patterns were
collected using high-intensity X-ray free electron lasers (XFEL),
and the crystal structure was determined from the diffraction
data by a serial XFEL crystallographic technique for smaller
molecules recently introduced® (Fig. 4c and Table S117). The
overall shape of the oligomer is close to the shape in the list
and the solution structure. The dihedral angles (¢, ) of the
1st, 3rd, and 5th NMA residues are within £15° of the values
corresponding to the energy point on the
Ramachandran-type plot of the monomers, and the 2nd, 4th,
and 6th NMA residues are slightly off from the lowest energy
point. However, the dihedral angles of the 2nd, 4th, and 6th
NMA residues are still within 2.5 kcal mol~" from the lowest
energy point on the Ramachandran-type plot of 1/p-NMA
residues. This deviation can be explained by the fact that the
solution structure represents an ensemble-averaged confor-
mation in dynamic equilibrium, whereas the X-ray crystal
structure captures a single, static conformer stabilized under
crystallization conditions. Such methodological differences
are expected to result in small discrepancies in dihedral
angles. This result, combined with the McMD simulations and
NMR measurements, implies that the oligomer majorly forms
the conformational state consisting of the lowest-energy
conformations of the building blocks, but it has a small
conformational freedom around the low-energy area on the
Ramachandran-type plot.

To demonstrate the shape diversity realized by the oligo-L/p-
NMA, another diastereomer, il (10), was synthesized and
analyzed by McMD simulations and NMR (Fig. 4d). The mole-
cule is predicted to form a linear structure with a bent structure
at the C-terminus (Fig. 4a). The oligomer was first analyzed by
McMD simulations to obtain the allowed conformational space
of the oligomer. The generated conformers at 300 K were
grouped into 10 distinct clusters (Table S81). We also conducted
NMR measurements (Fig. S17-S19 and Table S12, S13%) to
identify a valid conformation from the clustered conformations
from McMD simulations. The representative conformer of the
second cluster from McMD simulations was consistent with all
the NMR signals (Fig. 4d and Table S12%); therefore, the
conformer was determined to be the representative solution
structure of oligo-NMA 10. The solution structure was found to
have the dihedral angles (¢, ¢) of around (—135°, 75°) for L
monomer and (135°, —75°) for p monomer. Similar to hexamer
8, the conformer in which all the amide bonds are in trans
geometry accounted for the majority (74%) of the total pop-
ulation of hexamer 10, as indicated by the NMR spectra. These
results further confirmed the conformational rigidity of the
oligo-L/D-NMA.

As an additional structural analysis, we measured circular
dichroism (CD) spectra of oligomers 8 and 10, as well as
homochiral oligomers riiiir (S5) and poooop (S6) (Fig. S207).
The homochiral oligomer S5 exhibited a B-strand-like CD
spectrum, consistent with previous reports.'”**?* The

lowest

Chem. Sci., 2025, 16, 10512-10522 | 10517


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc01483b

Open Access Article. Published on 02 May 2025. Downloaded on 10/29/2025 3:25:56 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Chemical Science Edge Article
a Shape list of hexameric oligo-/o-NMAs b Solution structure (LLobLL) el
ccal/mol
180

W M W %N?( 50

901 «
v 4.0
LLLLLL  LLLLLD LLLLDL LLLLDD o 3.0
2.0
8 -0 1.0

LLDDLL

’ ; 7 R 5 oo o
s ()
. 6

LLLDLL LLLDLD LLLDDL LLLDDD LLDLLL Residue ! 2 3 : >
¢  -118.0° -124.8° 140.1° 132.1° -132.6° —129.4°

Y 70.0° 66.4° -82.7° -73.9° 79.4° 74.8°

m %‘? m m ¢ Crystal structure (LLppLL) keallmol
2 ) / 180 =

5.0
LLDLLD LLDLDD LLDDLL LLDDLD e %01 . 40
"; 0 3.0

20
9 =90
£ 1.0
W LLDDLL
~180 00
LLDDDL  LLDDDD  LDLLLL  LDLLLD o0

Residue 1 2 3 4 5 6
¢  —143.3° -63.7° 136.5° 64.5° —136.3° -78.2°

1 ¢ ~
> Y g .
m w W m U] 62.7° 144.6° —63.9° -150.7° 60.5° 158.2°

LDLLDL LDLLDD LDLDDL LDLDDD d Solution structure (LLLLbL) ecaiiioi
180
5.0
y 01
S o 3.0
) 2.0
LDDLLL LDDLLD LDDLDL  LDDLDD 10 901 10
LLLLDL -180 - r - 0.0
180 -0 0 90 180
¢ (%)
M w W Residue 1 2 3 4 5 6
0] —146.7° —137.4°-135.7°-131.0° 143.2° -143.0°
LDDDLL LDDDLD  LDDDDL LDDDDD W 8520 934° 81.0° 703° —538° 86.3°
e f TEM image of LLpbpLLDDLL g TEM image of Liiiiiiiie
Fod Sphere 1,LDDLLDDLL LLLLLLLLLL
1;
o
¢s] \LLLLLLLLL
& 08
o |
LLDPLLDPLL
06
05
00 02 04 06 08 1.0
1i/13
Q Disc Predicted . . . Molecular  Predicted . . . Molecular
shape Simulation TEM image model shape Simulation  TEM image model
h i
LLDDLLDDLL 180 LLLLLLLLLL
. ¢ s { & Y N o0 { af
g o ) <o
‘ b » -90 -90
¢ ; Y
T 0 5 w0 o T 0 o w0 e
O0s 244s 9.30s ° ) 0s 0.28s 1.64s 4.04s o)

Fig. 4 Diverse peptide shapes realized by the oligo-L/p-NMAs. (a) A list of peptide shapes realized by hexameric L/b-NMA oligomers. The stable
conformations of L-NMA and p-NMA residues were connected with trans amides, and the resulting structures were optimized by DFT calcu-
lations to generate the model structures. Among the possible 64 diastereomers, six stereoisomers that have intramolecular steric crashes are
omitted (their possible conformations are shown in Fig. S137). Considering that the remained 58 stereoisomers are 29 enantiomer pairs, only 29
diastereomers that are not enantiomers with each other are shown. The hexamers that were experimentally examined are highlighted by black
squares. (b) Solution structure of a hexameric oligomer LLobLL. A representative conformation in the highest population cluster from the McMD
simulations is shown. (c) A crystal structure of LbbLL obtained by XFEL crystallography. (d) Solution structure of LiLbL. A representative
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enantiomeric oligomer S6 showed a mirror-image spectrum, as
expected. Oligomers 8 (Leoprr) and 10 (vereoe) displayed similar
spectral shapes to that of S5, but with lower intensity. This
attenuation is consistent with the fact that the conformations of
- and p-NMA residues are defined on a per-residue basis, and
that they produce CD spectra that are mirror images of each
other. As a result, heterochiral oligomers exhibit similar spec-
tral profiles to their homochiral analogues, but with reduced
overall intensity.

These oligomer studies strongly support that the three-
dimensional shapes of the oligopeptides can be designed with
sub-nanometer conformational control by simply connecting
the stable conformations of the building blocks.

Cinematographic microscopic imaging of structural dynamics
of decamers

The foregoing experiments on oligopeptides consisting of two
and six 1/D-NMA residues provided strong enough evidence of
the validity of our de novo shape-design strategy. However, none
of the NMR, crystallographic, or computational methods can
provide solid structural evidence for larger, flexible, and non-
crystalline oligomers with huge conformational possibilities.
Microscopic methods capable of sub-angstrom and sub-
millisecond imaging over a long period of time should serve
the purpose of probing this challenging issue. Thus, we exam-
ined the potential of the single-molecule atomic-resolution
time-resolved electron microscopy (SMART-EM), which
recently elucidated the dynamic structures of the oligomers of
a lipopeptide antibiotic, daptomycin.*® The key feature of the
method includes the chemical ligation of a peptide onto ami-
nated conical carbon nanotubes (amino-CNTs) and cinemato-
graphic recording of the dynamic motions of peptide chains
minutes—the timeframe wunavailable to molecular
dynamics simulation.

We examined the structures of oligomers consisting of ten r-
and p-NMA residues, which is equal to the minimal amino acid
residues for miniature proteins. The PMI plot of the oligomers
indicates the shape diversity is further expanded and covers
awider area (Fig. 1c, right, red circles). We chose two oligomers,
weoprepprr and riiiiiiiin, that locate at different regions on the
PMI plot. The model structure of ruoprLippLy locates around the
center of the PMI plot (Fig. 4e, red circle), while the model
structure of ririiiii is a rod-like shape and located at the top-
left of the plot (Fig. 4e, green circle). DFT calculations suggest
a shape of the alphabet “C” as the most stable conformation of
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the riopiippir decamer, and a linear shape for the riiiiiiiin
decamer (Fig. 4f, “Predicted shape”). The oligomer was
synthesized with a C-terminal amide and conjugated to amino-
CNTs with the aid of potassium acyltrifluoroborate (KAT)
chemistry, as previously described.*® Since the TEM image
contrast strongly depends on the atomic number of the atoms
being imaged,*® we can selectively visualize the main chain of
the peptide oligomers, especially by using a slightly larger
defocus value (see ESIt). As shown in Fig. 4f “TEM image”, we
indeed found that the reopLippiL decamer persistently took the
shape of “C”, which matches a simulated image based on DFT
calculation (Fig. 4f, “Simulation” and “Molecular model”). In
sharp contrast, the i decamer persistently took a linear
shape, which matches a simulated image based on DFT calcu-
lation (Fig. 4g, “Simulation” and “Molecular model”).
Cinematographic atomic resolution imaging provides
further structural information unavailable from the still
pictures shown in Fig. 4f and g. During the SMART-EM obser-
vation for 10 s at 298 K at a frame rate of 50 frames per second
(fps, 20.0 ms per frame), the “C” or the linear shape of the
oligomers was maintained most of the time, but the shape
fluctuated to some degree (Fig. S211) indicating that minor
conformations are populated occasionally. To assess whether
the observed conformational freedom of the oligomer can be
explained by the conformational freedom of the 1/b-NMA resi-
dues on the Ramachandran-type plots, we conducted MD
simulations in vacuo at 200 and 300 K for 500 ns starting from
the DFT-derived stable conformation as the initial conforma-
tion. As found by the EM imaging, the MD data also indicated
that alphabet “C”-like structures for the LLoprLiopLL decamer and
the linear structures for the rrrriiie decamer are the
predominant conformers. The minor conformer results from
the conformational fluctuation of 1/p-NMA residues reflected in
the low-energy region on the Ramachandran-type plots. We
found a variety of conformers of the two decamers interchang-
ing at the beginning of the SMART-EM observation and could
assign the structure to most of them through comparison with
the conformers found in the MD trajectories (Fig. 4h-i and
Fig. S21, S227). This agreement suggests that the EM observed
conformational fluctuation falls into the range expected from
the conformational fluctuation of the monomeric NMA residue
at the low-energy region around (¢, ) = (—135°, 75°) on the
Ramachandran-type plots. The dihedral angles (¢, ) of the
observed conformers were restricted in a small region on the
Ramachandran-type plot of the 1/p-NMA monomer that is

conformation in the highest population cluster from the McMD simulations is shown. For (b and d), the non-neighboring hydrogen pairs with
significant NOE signals are indicated by red arrows. For (b—d), hydrogens are omitted for clarity, and the dihedral angle (o, {) pair of each NMA
residue is plotted on the Ramachandran-type plot of L-NMA residue on the right using a magenta circle. To discuss L- and b-NMA residues on the
same plot, the sign of each dihedral angle value of the b-NMA residues was reserved, and then the values were plotted. (e) The PMI plot of the
predicted shape of LLobLppLL (red circle) and Liiiiiiie (green circle). (f-g) A SMART-EM analysis taken at 50 fps and an electron dose rate of 3.8—
4.9 x 10° e~ nm~2 s7* of the LLopLLDDLL decamer (f) and the LLLLLLLLLL decamer (g). A stable conformation predicted from the shapes of the L/b-
NMA residue is shown (left). A simulated TEM image (second from left). The TEM image of the oligomer on an amino-CNT (second from right). A
molecular model (right). (h—i) The conformations of LLopLipotL (h) and cieeeeeee (i) from MD simulations that match the observed TEM images. The
time from the beginning of the observation is shown below the conformation. Dihedral angles (¢, {s) of each L/p-NMA residue of the observed
conformers are plotted on the Ramachandran-type plot of L-NMA as magenta circles. To discuss L- and b-NMA residues on the same plot, the
sign of each dihedral angle value of the b-NMA residues was reserved, and then the values were plotted.
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within 2.0 kcal mol " from the lowest energy point (Fig. 4h-i,
right). The result is also consistent with the NMR analysis of the
solution structure of the hexamers that the overall shape of an
oligo-L/p-NMA is maintained in solution with a small degree of
rotational freedom as assessed from the low-energy area on the
Ramachandran-type plots. The EM observation has also given
evidence that the combinatorial usage of the 1- and p-NMA
realizes the expansion of the peptide shape diversity that is
produced from the bottom-up designs using conformationally
fixed amino acid residues (Fig. 1c and 4e).

Utility of the peptide shapes as scaffolds for presenting
functional groups

The defined peptide shapes are potentially useful for designing
biofunctional molecules. They function as scaffolds to present
multiple functional groups with specific spatial orientations.

As demonstrated in our previous studies, as well as those of
others, various functional groups can be readily introduced into
oligo-.-NMAs at either the amide nitrogens or the a-carbons.
Amide nitrogens can be functionalized via reductive amina-
tion'*” or Fukuyama-Mitsunobu reactions,*® whereas a-
carbons can be functionalized using amino acids other than
alanine.”™ The same strategies can be applied to functionalize
oligo-L/p-NMAs.

We investigated whether the peptide shape of an oligo-L/p-
NMA would be preserved upon the introduction of functional
groups. To this end, we synthesized several oligo-NMA
sequences bearing functional groups at both the amide nitro-
gens and the a-carbons. In designing these functionalized
peptoids, we considered that introducing different N- and C,-
substituents would alter the electronic environments experi-
enced by the backbone protons (ie., a-, B-, and N,-protons),
thereby improving the chemical shift dispersion across resi-
dues. Specifically, we selected combinations such as benzyl and
alkyl groups, as their differences in electronic characteristics
were expected to create distinct local environments and help
resolve overlapping signals in the NMR spectra. One of these
sequences, designated as oligo-NMA 11 (Fig. 5a), showed well-
separated '"H-NMR signals, enabling detailed conformational
analysis of the peptide in solution using NMR spectroscopy and
McMD simulations. We conducted McMD simulations and
found that the representative conformation of the top cluster
among the 10 clusters is consistent with the NMR spectroscopic
data (Fig. S23-S25, and Table S14, S15t). Thus, the conforma-
tion shown in Fig. 5b was determined to be the representative
solution structure (Table S167). Notably, the oligo-NMA back-
bone conformation is maintained upon the introduction of
substituents. More specifically, in the solution structure of
functionalized oligo-NMA 11, all amide bonds adopt the trans
geometry, and all @ and s angles are within 2 kcal mol " of the
lowest-energy point on the Ramachandran-type plot. Conse-
quently, the backbone shape of the functionalized oligo-NMA
11 overlapped well with that of its non-functionalized oligo-
NMA counterpart (8) (root mean square deviation (RMSD) of
the backbone atoms = 0.469 A) (Fig. 5¢). It is also noteworthy
that no NOE signals were observed between the two aromatic
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RMSD 0.469 A

Overlay with non-functionalized
oligo-NMA 8 (Fig. 4b) (yellow)

Fig. 5 Evaluation of the effect of introducing functional groups on an
oligo-1/p-NMA shape. (a) Chemical structure of functionalized LiboLL
11. (b) Solution structure of functionalized LiopiL 11. A representative
conformation from the highest population cluster in the McMD
simulations is shown. Key backbone interproton NOEs observed in 2D
NMR spectroscopy are indicated by red arrows. (c) Overlay of the
solution structure of 11 with the non-functionalized LiooLL 8 (yellow).

groups at the 2nd and 6th residues, suggesting that the stabi-
lized backbone conformation prevents their association. This
finding supports the idea that heterochiral oligo-NMAs are
useful as scaffolds for presenting functional groups.

Conclusions

In this study, we have shown that a rational combination of t-
NMA residues and p-NMA residues allows us to de novo design
a wide range of three-dimensional peptide shapes with sub-
nanometer conformational control. We found that a single
NMA residue predominantly exists as a single stable conformer
in water and tends to maintain this conformation even when
incorporated into an oligomeric sequence. This observation led
us to propose a per-residue bottom-up design of peptide shapes
by choosing appropriate combinations of .- and p-NMA residues
incorporated into an oligomeric sequence.

The combinatorial usage of the two NMA residues with fixed
conformations, ie., .-NMA and p-NMA residues, has enabled
the bottom-up design of diverse peptide shapes in water (Fig. 4).
The n-mer oligopeptides consisting of ./p-NMAs can potentially
realize 2" different shapes. As demonstrated by the PMI plot, the
bottom-up design realizes a large shape diversity (Fig. 1c),
which approaches the diversity of the peptide shapes realized by
miniature proteins. The bottom-up approach for the peptide
shape design is more direct and straightforward compared to
the design approach in proteins and foldamers,**** which are

© 2025 The Author(s). Published by the Royal Society of Chemistry
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globally stabilized by a network of inter-residual interactions.
The introduction of additional building blocks, such as
a proline residue would further increase the peptide shape
diversity in the future. It would realize the peptide shape
diversity equal to or even larger than that realized by proteins.

Aside from the peptides that composed of a-amino acids
discussed in this study, there are conceptually similar prece-
dents in which oligomer shapes are designed using conforma-
tionally constrained building blocks. Among these, Spiroladder
oligomers developed by Schafmeister's group are pioneering
examples. The oligomers are conformationally constrained, and
various shapes can be designed through the combinatorial use
of multiple distinct bis-amino acid monomers.****

Diverse shape design realized by oligo-1/D-NMAs has a large
advantage over the non-peptidic shape-programmable mole-
cules in their minimal structures and high-density functiona-
lizable sites. As discussed in our previous study on oligo-L-
NMA,*® oligo-L/p-NMA does not require a hydrogen-bonding
network or ring constraints for conformational constraints
and, thus, requires a minimal number of atoms for achieving
the fixed conformations. Furthermore, various functional
groups can be easily installed both at the amide nitrogen and
the a-carbon of each building block of the oligomers using
a peptide-like solid-phase synthetic method."****% The facile
design of functionalized peptide shapes with sub-nanometer
precision in water would be useful for the de novo design of
biofunctional molecules, such as protein ligands and organic
catalysts. Despite these advantages, it should be noted that
a fraction of the population of an oligo-NMA adopts cis-amide
conformations due to the inherent cis-trans isomerization of
tertiary amide bonds. While the all-trans conformer is domi-
nant, the presence of minor cis conformers may influence
molecular recognition or function in applications. Therefore,
careful consideration of amide bond geometry may be impor-
tant in the future design of functionalized oligo-NMAs.
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