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Abstract

De novo design of peptide nanoshapes is of great interest in biomolecular science since the local
peptide nanoshapes formed by a short peptide chain in the proteins are often key to the biological
activities. Here, we show that the de novo design of peptide nanoshapes with sub-nanometer
conformational control can be realized using peptides consisting of N-methyl-L-alanine and N-methyl-
D-alanine residues as studied by NMR, X-ray and XFEL crystallographic and computational analyses
as well as by direct imaging of the dynamics of the peptide’s nanoshape using cinematographic
electron microscopic technique. The conformation of N-methyl-L/D-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 nanoshape. The local shape control by per-residue conformational restriction
by torsional strains starkly contrasts with the global shape stabilization of proteins based on many
remote interactions. The oligomers allow the bottom-up design of diverse peptide nanoshapes with a
small number of amino acid residues and would offer unique opportunities to realize the de novo

design of biofunctional molecules, such as catalysts and drugs.



Introduction

Molecular functions depend on the three-dimensional structures of the molecules. Therefore, the
establishment of the design principles of three-dimensional molecular nanoshapes in water is essential
in molecular science for producing biofunctional 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 nanoshapes formed by a short peptide chain constructed 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 intrinsically 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 (Figure 1a). Many interactions among amino acid
residues are required to realize a hierarchically stabilized global protein structure and peptide
nanoshapes therein®*, and previous studies suggest that approximately 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 containing a WSXWS motif'!, that achieve global stabilization of a three-
dimensional structure with less than 20 amino acid residues (Figure 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—m interaction network!'. However, ten or more amino acid residues are still
required to achieve a stable global structure and local peptide nanoshapes.

Bottom-up peptide design using conformationally-fixed amino acid residues is a promising
alternative approach to creating peptide nanoshapes 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
nanoshapes (Figure 1b). Proline residue is a typical example. The ring constraint of proline renders its
oligomer to form a rod-like shape called PPII helix stably!>. An oxopiperazine residue is another
example of a conformationally-constrained building block. Oligomers of oxopiperazine are
conformationally constrained 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 nanoshapes'®?’. The bottom-up



approach enables the direct design of peptide nanoshapes with a minimal number of amino acid
residues. However, the bottom-up design of stable peptide nanoshapes using a single building block
has so far realized repetitive linear sequences with limited structural diversity.

The principal moment inertia (PMI) analysis®! is a method to compare the three-dimensional
structures of different classes of molecules quantitatively, and the PMI plots in Figure 1a, right and
Figure 1D, right illustrate the large gap between the peptide nanoshape diversity realized in proteins
and that realized by the bottom-up peptide design. 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

t?!, a wide

amino acid residues in each miniature protein and peptide. As represented by the PMI plo
range of three-dimensional structures including rod-like, disc-like, and sphere-like are realized by the
peptide nanoshapes within the hierarchically folded miniature proteins (Figure 1a). In contrast, the
bottom-up peptide nanoshape designs have realized only rod-like shapes using conformationally-fixed
amino acid residues (Figure 1b). Since the molecular shape visualized by the PMI plot is intimately
linked to the biological activity of the molecules?!, expansion of the peptide nanoshape diversity
realized by the bottom-up approach is important.

Here, we report a non-hierarchical bottom-up design of diverse peptide nanoshapes that self-
stand in water using a combination of N-methyl-L-alanine (L-NMA) and N-methyl-D-alanine (D-
NMA) residues as building blocks (Figure 1c). We reasoned that a combinatorial usage of multiple
different building blocks with fixed conformations would realize diverse three-dimensional molecular
nanoshapes. In this study, we describe sub-nanometer conformational control of the NMA oligomers
through a rational combination of multiple L-NMA and D-NMA residues, as studied by NMR,
crystallographic and computational analyses as well as by direct imaging of the dynamics of the
peptide’s nanoshape using a cinematographic electron microscopic technique??®. The diversity of the
peptide nanoshapes achieved by the bottom-up design using oligo-L/D-NMA approaches the level

realized by miniature proteins (Figure 1c, right).
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Figure 1 | The comparison of peptide nanoshape in the globally folded protein structures and the bottom-up

formation of peptide nanoshape 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) based on the previously reported ¢ and

preferences®. The three-dimensional structure of chignolin (PDB ID: 1UAO) is shown as an example of miniature



proteins. The peptide nanoshapes in the representative miniature proteins are plotted on the PMI plot. Plotted are the
peptide nanoshapes 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 are produced using CCDC-1014542 and CCDC-278108, respectively. The
oligooxopiperazine structure was produced using a 3D molecular modeling software (Avogadro) based on the previous
report13 . ¢. The peptides consisting of L-NMA and D-NMA residues that have fixed conformations. The peptide
nanoshapes realized by oligo-NMA of 6-AAs and 10-AAs are plotted on the PMI plot.

Results and Discussions

Two conformationally constrained monomers as building blocks for the de novo design of the
three-dimensional peptide nanoshapes. Previously, density-functional theory (DFT) calculations
suggested that a minimal model of L-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
conformational 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 determinants: dihedral angles ¢ and y. We first
reproduced the Ramachandran-type plot of acetyl-N-methyl-L-alanine dimethylamide (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 y values of 1, 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 (¢, y) = (~135°, 75°), which is consistent with the previous report!’
(Figure 2a). To understand the stability of the lowest-energy conformer, the conformations at eight
local minima including (¢, y) = (—135°, 75°) on the Ramachandran-type plot were further geometry
optimized without fixing the ¢ and y values and the energies of the optimized conformations were
calculated at the B3LYP/6-311G(d) level of theory. Based on the calculated energies, the Boltzmann
weight of the lowest-energy conformer that has (¢, y) = (—130°, 73°) was 99% (Figure 2b and Table
S1). This result suggests that the minimal model structure forms a fixed conformation in water.

To experimentally validate that the minimal L-NMA model stably forms the lowest-energy
conformer from the DFT calculations, we conducted NMR measurements in water and obtained

nuclear Overhauser effect (NOE) signals that reflect the distances between the pairs of protons (Figure



S1-4 and Table S2-3). 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 [3-protons;
a-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 (Figure 2b), medium to strong NOE signals were observed for the two proton pairs (Figure
S4 and Table S2). The NOE signals strongly suggest that the minimal L-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 crystallization. From several tested compounds, acetyl-N-methyl-
L-alanine with a C-terminal 1-(fert-Butyloxycarbonyl)piperazine (Boc-piperazine) (2) provided single
crystals with good X-ray diffraction. The solved structure was close to the lowest-energy conformer
of the minimal monomer model 1 from the DFT calculations. The ¢ and y angles of the solved
structure were —134.6° and 77.7°, respectively (Figure 2c), which is close to those of the most stable
conformation predicted by the DFT calculation. These computational and experimental studies
strongly suggest that the building block (L-NMA residue) forms a fixed conformation in water.

The Ramachandran-type plot of acetyl-N-methyl-D-alanine dimethylamide (3), which is a D-NMA
minimal model, was also generated in the same procedures. As expected, the Ramachandran-type plot
is point symmetric to the plot of the L-NMA minimal model 1 and has a narrow low-energy region
around (¢, y) = (135°, —75°) (Figure 2d). These results indicate that L-NMA residue and D-NMA

residue can be used as building blocks with a fixed conformation for a bottom-up peptide nanoshape

design.
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Figure 2 | Ramachandran-type plots of minimal model structures of oligo-NV-methylalanine. a. 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 Figure la 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. ¢. The crystal structure of acetyl-N-methyl-L-alanine
with a C-terminal Boc-piperazine. Hydrogen atoms are omitted for clarity. For b and ¢, atoms and bonds other than the
L-NMA residue are shown in gray. d. Ramachandran-type plot of acetyl-N-methyl-D-alanine dimethylamide (a minimal

model of D-NMA oligomers).

A minimal model study of the bottom-up peptide nanoshape design using dimers consisting of
L-NMA and D-NMA residues. We hypothesized that combinatorial usages of the two building blocks
can realize the rational control of diverse peptide nanoshapes with sub-nanometer conformational
control. Because the conformations of the building blocks are largely fixed, an oligomer is expected
to form a predictable nanoshape 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. LL dimer (4) and DL dimer (5) were studied (Figure 3). (L and D in
the oligomer sequence denote L-NMA residue and D-NMA residue, respectively.) DD dimer and LD
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 conformational space of the two dimers. The
conformers at 300 K from the McMD simulations were clustered, and a representative conformer of
each cluster was geometry optimized by DFT calculations at the B3LYP/6-311G(d) level of theory.
The free energy of the geometry-optimized conformation was calculated by the DFT method with
harmonic frequency analysis at the same level of theory. As a result, the most stable conformation of
both the dimers was found to have dihedral angles (¢, y) around (—135°, 75°) for L-NMA residue and
(135°, —75°) for D-NMA residues, which are the most stable points at the Ramachandran-type plots.
In the most stable conformations, the two amide bonds in the dimers were found to be both in the trans
configuration. The Boltzmann weight of the most stable conformer of 4 (LL) and 5 (DL) was
calculated to be 94% and 89%, respectively (Figure 3a and Table S4). None of the other conformers
were with a Boltzmann weight over 5%. These results suggest that the dimers stably form uniform
three-dimensional structures that are predictable from the stable conformations of the monomers.

We conducted NMR measurements to experimentally validate the conformations of the
dimers predicted by the computations (Figure S5-12 and Table S5-8). On the "H-NMR spectrum of
the LL 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 1% residue and the amide connecting the 1° and 2™ residues are
both in the frans configuration. The two minor sets of peaks correspond to conformational states in

which one of the two amides is in trans, and the other is in cis. More than 80% of both the amides



were in the rans configuration, which is evidenced by the existence of the inter-residual NOE between
N-methyl protons and 3-protons and the absence of the inter-residual NOE between a-proteins (Figure
S8 and Table S5). This is consistent with the McMD result that the two amides in the dominant
conformer are both in the trans configuration. 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 (-
protons; 2. a-proton and N-methyl protons of the following NMA residue or C-terminal structure
(Figure 3a, left). Consistently, medium to strong NOE signals were observed for these hydrogen pairs
(Table S5). A similar result was obtained for the DL dimer 5. 82% of the conformational ensemble
was in a conformational state in which all the amides were in the trans configuration (Figure S12 and
Table S7). In addition, the NOE signals expected from the proton proximities on the calculated stable
conformer were observed (Figure 3b, right and Table S7). These results have shown that the dimers
stably form the three-dimensional structures in which the most stable conformation of L-NMA residue
and D-NMA residue are simply connected with a frans amide bond.

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 structures (Figure 3b) were within £15° from
the values of the most stable conformers of L-NMA residue (¢ =—130°, y = 73°) and D-NMA residue
(¢ =130°, y = —73°) (Figure 2b).
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Figure 3 | Three-dimensional structure analysis of dimers consisting of N-methyl-L/D-alanine residues. a. Solution
structures based on MD/DFT which were validated by NMR analysis, and b. X-ray crystallographic structures of an
LL dimer (left) and DL dimer (right). L-NMA residue and D-NMA residue are colored green and magenta, respectively.
Dihedral angles (¢, y) 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—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.

Bottom-up design of peptide nanoshapes in water using the oligo-L/D-NMAs. To showcase the
utility of L/D-NMA oligomers for the de novo design of diverse three-dimensional peptide nanoshapes,
we examined hexameric oligomers and generated a catalog of the predicted stable conformations using

DFT calculations (Figure 4a). The most stable conformations of L/D-NMA residues were connected,

10



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 Figure 4a. The nanoshapes were
also plotted on the PMI plot to evaluate the shape diversity (Figure lc, right, blue circles). The plot
demonstrates that combining two amino acid residues, i.e., L- and D-NMA residues, realizes a large
nanoshape diversity. The peptide nanoshape diversity approaches the level that is achieved by the same

chain length (six amino acid residues) of peptides in miniature proteins (Figure 1a, right).
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a Nanoshape catalog of hexameric oligo-L/D-NMAs
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Figure 4. Diverse peptide nanoshapes realized by the oligo-L/D-NMAs. a. A peptide nanoshape catalog of hexameric
L/D-NMA oligomers. The stable conformations of L-NMA and D-NMA residues were connected with frans amides,
and the resulting structures were optimized by DFT calculations to generate the model structures. Among the possible
64 diastereomers, six stereoisomers that have intramolecular steric crashes are omitted. Considering that the remained
58 stereoisomers are 29 enantiomer pairs, only 29 diastereomers that are not enantiomers with each other are shown in
the figure. The hexamers that were experimentally examined are highlighted by black squares. b. Solution structures
of a hexameric oligomer LLDDLL. The two most stable conformers from McMD/DFT simulations are shown. ¢. A
crystal structure of LLDDLL obtained by XFEL crystallography?’. d. A solution structure of LLLLDL. A representative
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.
For b—d, the dihedral angle (¢, y) 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 D-NMA residues on the same plot, the sign of each
dihedral angle value of the D-NMA residues was reserved, and then the values were plotted. e. The PMI plot of the
predicted nanoshape of LLDDLLDDLL (red circle) and LLLLLLLLLL (green circle). f-g. A SMART-EM analysis
taken at 50 fps and an electron dose rate of 3.8—4.9 x 10° ¢ nm™2 s of the LLDDLLDDLL decamer (f) and the
LLLLLLLLLL decamer (g). A stable conformation predicted from the shapes of the L/D-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 LLDDLLDDLL (h) and LLLLLLLLLL (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 (¢, ) of each L/D-NMA residue of the observed conformers are plotted on the Ramachandran-type
plot of L-NMA as magenta circles. To discuss L- and D-NMA residues on the same plot, the sign of each dihedral angle

value of the D-NMA residues was reserved, and then the values were plotted.
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To validate the predicted nanoshapes, stable conformations of one of the oligomers
(LLDDLL) were evaluated by a combination of computation and experiment. We first conducted
McMD of the oligomer (8) to systematically explore the allowed conformational space. The generated
conformers at 300 K were clustered and the representative conformer of each cluster was reoptimized
by DFT calculations (Table S9). The dihedral angles (¢, ) of all the NMA residues in the conformer
with the highest population in the McMD simulation were within 2.0 kcal/mol on the Ramachandran-
type plots (Figure 4b). The Boltzmann weight of the conformer that represents the highest population
cluster (LLDDLL conformer 1) was 39%. Based on the DFT calculations, the Boltzmann weight of
another conformer (LLDDLL conformer 2) was 50%. Most of the dihedral angles of the L/D-NMA
residues in the two conformers were close to the lowest energy point on the Ramachandran-type plot.
The dihedral angle (¢, y) of the 3™ and 5™ NMA residues of conformer 1 and 3™ NMA residue of
conformer 2 are slightly off from the lowest energy point on the Ramachandran plot, but still the
energies are within 2 kcal/mol from the lowest energy point. The two conformers together, the
Boltzmann weight is 89%. This result suggests that the NMA hexamer majorly forms the conformation
determined by the low-energy conformations of the building blocks and the nanoshape has a small
conformational freedom, i.e., each NMA residue can change the conformation within the narrow low-
energy region of the Ramachandran-type plot around the lowest-energy point.

To experimentally validate the simulation result, we have conducted NMR measurements
of the oligomers in water (Figure S13—15 and Table S10-11). Similar to the dimers, the dominant set
of peaks corresponds to a conformational state with which all the amides are in the frans configuration
according to the NOE signals (Figure S15 and Table S10). This is consistent with the McMD result.
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 -protons; 2. a-proton and N-methyl protons of the
following NMA residue or C-terminal structure. These NOE signals are consistent with the two
conformers (LLDDLL conformers 1 and 2) (Figure 4b and Table S10).

We also conducted X-ray crystallographic studies to obtain atomic resolution snapshots of the
oligomer structures. The LLDDLL 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®” (Figure 4c and Table S12). The overall nanoshape of the
oligomer is close to the nanoshape in the catalog and the solution structure. The dihedral angles (¢, )
of 1%, 3", and 5™ NMA residues are close to the lowest energy point on the Ramachandran-type plot,
and 2", 4™ and 6™ NMA residues are slightly off from the lowest energy point. The dihedral angles
of the 2", 4™ and 6™ NMA residues in the crystal structure resemble the dihedral angles of the 3™
NMA residue of the LLDDLL conformer 2 from the McMD simulations. This result combined with
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the McMD/DFT calculations and NMR measurements implies the time-included depiction of the
conformational state of the oligomer: the oligomer majorly forms the conformational state consisting
of the lowest-energy conformations of the building blocks and the nanoshape has a small
conformational freedom around the low-energy area on the Ramachandran-type plot.

To demonstrate the nanoshape diversity realized by the oligo-L/D-NMA, another diastereomer,
LLLLDL (10), was synthesized and analyzed by McMD/DFT calculations and NMR (Figure 4d). The
molecule is predicted to form a linear structure with a bent structure at the C-terminus (Figure 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 clustered and the representative conformer of
each cluster was reoptimized by DFT calculations (Table S9). As a result of the calculations, the
Boltzmann weight of the conformer that represents the highest population cluster was 77%, which
suggests the oligomer predominantly forms a single conformer in water. The dominant conformer was
found to have the dihedral angles (¢, ) of around (—135°, 75°) for L monomer and (135°, —75°) for
D monomer. Then, the simulation result was validated by NMR measurements (Figure S16-18 and
Table S13—14). NOE signals of the oligo-NMA were consistent with the major conformer from the
calculations (Table S13). This result further confirmed the conformational rigidity of the oligo-L/D-
NMA. The results strongly support that the three-dimensional nanoshapes of the oligopeptides can be
designed with subnanometer 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 L/D-NMA residues provided strong enough
evidence of the validity of our de novo nanoshape-design strategy. However, neither the NMR,
crystallographic, nor computational method can provide solid structural evidence on larger, flexible,
and non-crystalline oligomers with huge conformational possibilities. Microscopic methods capable
of sub-angstrom and sub-millisecond imaging over a long period time should serve the purpose of
probing this challenging issue. Thus, we examined 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 aminated conical carbon nanotubes (amino-CNTs),
and cinematographic recording of the dynamic motions of peptide chains over minutes — the
timeframe unavailable to molecular dynamics simulation.

We examined the structures of oligomers consisting of ten L- and D-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 a wider area (Figure 1c, right, red circles). We chose

two oligomers, LLDDLLDDLL and LLLLLLLLLL, that locate at different regions on the PMI plot.
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The model structure of LLDDLLDDLL combines rod-, disc-, and sphere-like nanoshape and locates
around the center of the PMI plot (Figure 4e, red circle) while the model structure of LLLLLLLLLL
is a rod-like nanoshape and locates at the top-left of the plot (Figure 4e, green circle). DFT calculations
suggest a nanoshape of the alphabet “C” as the most stable conformation of the LLDDLLDDLL
decamer, and a linear nanoshape for the LLLLLLLLLL decamer (Figure 4f, “Predicted nanoshape™).
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 visualize
selectively the main chain of the peptide oligomers, especially, by using a slightly larger defocus value
(see SI). As shown in Figure 4f “TEM image”, we indeed found that the LLDDLLDDLL decamer
persistently took the nanoshape of “C”, which matches a simulated image based on DFT calculation
(Figure 4f, “Simulation” and ‘“Molecular model”). In sharp contrast, the LLLLLLLLLL decamer
persistently took a linear nanoshape, which matches a simulated image based on DFT calculation
(Figure 4g, “Simulation” and “Molecular model”).

Cinematographic atomic resolution imaging provides further structural information unavailable
from the still pictures shown in Figures 4f and 4g. During the SMART-EM observation for 10 s at 298
K at a frame rate of 50 frames per second (fps, 20.0 ms frame™), the “C” or the linear nanoshape of
the oligomers was maintained most of the time, but the nanoshape fluctuated to some degree (Figure
S19) 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 L/D-
NMA residues 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 conformation. As
found by the EM imaging, the MD data also indicated that alphabet “C”-like structures for the
LLDDLLDDLL decamer and the linear structures for the LLLLLLLLLL decamer are the predominant
conformers. The minor conformer results from the conformational fluctuation of L/D-NMA residues
reflected in the low-energy region on the Ramachandran-type plots. We found a variety of conformers
of the two decamers interchanging 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
(Figure 4h—i, and Figure S19-20). 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 (¢, w) of the observed conformers were restricted in a small region on the
Ramachandran-type plot of the L/D-NMA monomer that is within 2.0 kcal/mol from the lowest energy
point (Figure 4h—i, right). The result is also consistent with the NMR analysis of the solution structure
of the hexamers that the overall nanoshape of an oligo-L/D-NMA is maintained in solution with a

small degree of rotational freedom as assessed from the low-energy area on the Ramachandran-type
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plots. The EM observation has also given evidence that the combinatorial usage of the L- and D-NMA
realizes the expansion of the peptide nanoshape diversity that is produced from the bottom-up designs

using conformationally-fixed amino acid residues (Figure 1c and Figure 4e).
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Conclusions

In this study, we have shown that a rational combination of L-NMA residues and D-NMA residues
allows us to de novo design a wide range of three-dimensional peptide nanoshapes 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 nanoshapes
by choice of appropriate combinations of L- and D-NMA residues incorporated into an oligomeric
sequence.

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

3032 which are globally stabilized by a network of inter-

design approach in proteins and foldamers
residual interactions. The introduction of additional building blocks, such as a proline residue and N-
substituted B-amino acid residues®, would further increase the peptide nanoshape diversity in the
future. It would realize the peptide nanoshape diversity equal to or even larger than that realized by
proteins.

In addition to the facile nanoshape design in a subnanometer scale, oligomers of N-methylalanine
residues have another advantage in that 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!®*#3%. The facile design of functionalized peptide nanoshapes with sub-

nanometer precision in water is potentially useful for the de novo design of biofunctional materials,

such as catalysts and drugs.
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