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ABSTRACT: Molecular self-assembly is the spontaneous
association of molecules into structured aggregates by which
nature builds complex functional systems. While numerous
examples have focused on 2D self-assembly to understand
the underlying mechanism and mimic this process to create
artificial nano- and microstructures, limited progress has
been made toward 3D self-assembly on the molecular level.
Here we show that a helical S-peptide foldamer, an artificial
protein fragment, with well-defined secondary structure self-
assembles to form an unprecedented 3D molecular archi-
tecture with a molar tooth shape in a controlled manner in
aqueous solution. Powder X-ray diffraction analysis, com-
bined with global optimization and Rietveld refinement,
allowed us to propose its molecular arrangement. We found
that four individual left-handed helical monomers constitute
a right-handed superhelix in a unit cell of the assembly,
similar to that found in the supercoiled structure of collagen.

Regardless of scales and constituents, object shape is a subject
of fundamental interest for scientists in various fields. In
most cases, shapes in biological systems are constructed through
precisely controlled self-assembly based on blueprints that are
not fully understood." In the past, tremendous effort has been
devoted to mimicking self-assembly.>~® However, control of three-
dimensional (3D) self-assemblies in a laboratory setting remains
far behind that of natural systems in terms of diversity, periodi-
city, and size and shape homogeneities. These challenges are partially
due to the difficulty in the design and use of nondirectional non-
covalent interactions, such as van der Waals and hydrophobic
interactions, in synthetic, nonbiological systems.”® The self-as-
sembly of peptide-based molecular systems is especially complex
and difficult to control because of their intrinsic conformational
flexibility and diverse side-chain functionality.” Thus, we sought
to establish a set of self-assembling components that can be linked
to observable 3D shapes by which the governing parameters of
self-assembly can be disentangled and tractable. In this context,
P-peptide foldamers (oligomers of 5-amino acids) are excellent
candidates for a model system that meets these minimum requi-
rements of rigidity and predictability because, in solution, they
adopt rigid and controllable secondary structures.'*”

We and others have recently examined the self-associating
behavior of B-peptides.”> '® Our group previously discovered
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that a B-peptide with a specific folding propensity self-assembles
in aqueous solution to form 3D molecular architectures with
unprecedented shapes.'® This unusual 3D shape formation is
attributed to the unique conformational features of the building
block. This study has encouraged us to devise a new term,
“foldectures” (a compound of “foldamer” and “architectures”), to
describe any 3D molecular architecture that is derived from the
self-association of foldamers in solution. The ability to relate the
secondary structures of foldamers to their 3D shapes will clarify
the interactions that underlie molecular recognition and self-
assembly, and help rationalize the macroscopic properties of
organic materials in terms of their microscopic molecular struc-
tures. The concept of “folding into architectures or shapes” can
be expanded to the study of the fundamental links between
constituents and shapes on multiple scales by using systematic
experimental and theoretical methods. Herein, we report a new
foldecture that exhibits a molar tooth shape and is formed by the
controlled self-assembly of a short helical 3-peptide. Assembly
analyses using synchrotron powder X-ray diffraction (PXRD),
combined with global optimization and refinement, allowed us to
obtain new insight into its detailed molecular arrangement.

In our self-assembly studies, we opted to use a homo-oligomer
of trans-(R R)-2-aminocyclopentanecarboxylic acid (trans-(R.R)-
ACPC) as a building block. As shown in its molecular structure
(Scheme 1a), the ACPC hexamer (ACPCg) is an oligomer that
consists of six trans-(R,R)-ACPC monomers in which the N- and
C-termini are protected by fert-butyloxycarbonyl (Boc) and benzyl
groups, respectively.'> ACPCy4 adopts a stable left-handed 12-helix
via intramolecular hydrogen bonding between C=0 (i) and N—
H (i+3) in solution (Supporting Information (SI) Figure S1).
We performed the self-assembly study in the presence of a non-
ionic surfactant, Pluronic P123 (a triblock copolymer). A solu-
tion of ACPCg4 in THF (50 uL, 2 mg mL ™ ') was added to an
aqueous solution of P123 (2 mL, 8 g L") with vigorous stirring
for 1 min at 0 °C. The resulting solution was then aged for 3 h at
20 °C (ambient temperature), during which a white precipitate
gradually separated from the solution.

Scanning electron microscopy (SEM) analyses of the filtered
material revealed a very intriguing morphology, Mp, as presented
in Figure la. The unique shape of the self-assembly resembles a
molar tooth in which the upper half of the shape appears to be a
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Scheme 1. (a) Chemical Structure and Molecular Model
of trans-(R,R)-ACPCg¢ and (b) Schematic Representation of
This Work

a)

b)

Self-assembly

Figure 1. (a) SEM image of the molar tooth-shaped self-assembled
structure of ACPCs (Mp). (b) 3D schematic representation of Mp in
which the arbitrary axes g, b, and ¢ are orthogonal to one another (top
left). Schematic representations with their corresponding SEM images,
as viewed from the a axis (top right), c(+) axis (bottom left), or ¢(—) axis
(bottom right) are depicted.

blunt crown and the lower half resembles a root-like structure
(Figure 1b, top left). These structures also have fairly good shape
and size homogeneity (ca. S m X S um X 6 um). When viewed
perpendicular to the ab plane, it displays four roots, and the 2D
shape exhibits a unique pattern of alternating squares and crosses
with C,, symmetry (Figure 1b, bottom left). By contrast, the
upside-down face is square-shaped and symmetrically deflected
inward (Figure 1b, bottom right). To the best of our knowledge,
such an amazingly well-defined, anisotropic 3D organic nano-
structure has never been achieved via peptide self-assembly.

To investigate the role of P123 additive in the unique 3D shape
formation, ACPC; self-assembly was performed at different experi-
mental conditions and monitored by SEM (Figure 2a—c). When
both stirring and aging processes were carried out at 0 °C, which

is below the critical micellization temperature (CMT) of the
aqueous solution of P123," a square plate shape, Xp, was ob-
served (Figure 2a). Xp displays flat 2D structure with a four-fold
dendritic skeleton on its face. As shown in Figure 2b, however,
the removed root part again appeared when the initially agitated
mixture was aged for 30 min at elevated temperature, i.e., 20 °C
(>CMT). The length of the root was fully restored to form a
molar tooth shape with longer aging time at 20 °C (Figure 2c).
These data clearly show that the root-part growth in the c-direction
predominantly occurs during aging >CMT. These experimental
results also imply that ACPCg preferentially assembles in the ab
plane in the absence of P123 micelles; however, unidirectional
assembly in the ¢ direction was guided by the micellar form of P123.

From the stepwise temperature control experiments, it was
found that micelle formation of P123 was crucial for the formation
of the unique 3D shape.'® The overall structure evolution process
of molar tooth-shaped self-assembly is illustrated in Figure 2d.
Since the effective micellization of P123 was not feasible at a
temperature <CMT, the P123 additive could not induce c-dire-
ctional growth. This hypothesis was also confirmed by a control
experiment in which a similar shape (Xyy) was obtained when
self-assembly was performed in pure water (SI Figure S3). At
20 °C, which is above the CMT, P123 micelles recognize the
functional anisotropy of the growing crystal at an early stage of
the self-assembly process and selectively suppress the growth rate
in the a and b directions, thereby rapidly increasing the growth
rate in the ¢ direction to form Mp.*° Notably, we observed striking
differences in the morphological features of the self-assemblies of
the analogous S-peptide building blocks, ACPCs and ACPC..
Although these structures adopted the same 12-helix, a single-
residue deletion was sufficient for inducing dramatic morpholo-
gical changes on the level of the self-assembled structure.

The PXRD data showed that the two relevant shapes (Mp
and Xp) had almost identical, well-defined diffraction patterns,
suggesting that these assemblies share similar molecular packing
structures (SI Figure S7). To unravel this molecular packing
structure, high-resolution synchrotron XRD was performed, and
the molar shape foldecture Mp was sampled under ambient con-
ditions at the Pohang Accelerator Laboratory. The resulting
diffraction patterns were indexed using DICVOL06.>' The resulting
lattice parameters for the foldecture (Mp) unit cell were as
follows: a = 10481 A, b = 10481 A, ¢ = 44.546 A, a = 90.0°,
B =90.0° and y = 90.0°. The foldecture was also found to have
tetragonal symmetry with a high figure of merit (FOM (20),
210.4). Interestingly, these parameters were completely different
than those of the single ACPCy crystal (i.e., triclinic with a =
8.6599 A, b=11.6888 A, c=12.9173 A, a = 69.207°, 5 = 81.630°,
and y = 88.666°)."

Noteworthy, the resulting unit cell volume (4888 A®) was 4
times larger than that of the single crystal (1209 A®). Thus, four
ACPCg4 molecules exist in a self-assembled unit cell.

The possible space groups were found to be P4y, P43, P4,22,
P4322, P4,2,2, and P452,2, respectively.22 Two space groups,
P4, and P4, were enantiomorphously related (i.e., an enantio-
morphic pair). The corresponding higher space groups were also
enantiomorphously related.”®

To obtain the initial ACPCg structure in the unit cell, global
optimization was performed over the ACPCg structure using
parallel tempering with a resolution (d) of 2.0 A.** Initially, the
single-crystal structure was assumed to be a rigid body. Before the
optimization, Le Bail fitting (structureless parameter fitting) was
performed to find the optimized profile parameters.”® At this
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Figure 2. SEM images of self-assembled structures (a) obtained from 8 g L™" of P123 aqueous solution at 0 °C (Xp) (inset: upside-down view, side
view), (b) obtained from solution initially agitated at 0 °C for 1 min and aged at 20 °C for 30 min, and (c) obtained from solution initially agitated at 0 °C
for 1 min and aged at 20 °C for 3 h. (d) Overall structure evolution process of molar tooth-shaped self-assembly.

stage, the result of the Le Bail fitting suggested that the lowest
R, (7.25%) could be obtained using the P4, space group (SI
Figure S8). The rigid-body structure was then optimized using
parallel tempering without sacrificing the detailed structure; the
number of trial runs was >2 000 000. The resulting structure was
then considered to be a flexible model with automatic constraints
and fully optimized to achieve a stable structure. During this
process, the optimized structure was visually examined to see the
overlap of the chains and atoms. This procedure was repeated
more than 20 times for each space group. These complex
procedures suggested that the only the P4, space group provides
a non-overlapping, stable, optimized structure with the lowest
R, and R, values (16.7% and 12.8%, respectively), based on d =
2.0 A. Thus, this structure was used as the initial structure for
further Rietveld refinement.

For the Rietveld refinement, soft constraints were set for the
ACPCg unit.”® All of the bond distances (i.e, C—C, C—N, and
C—0) and angles were initially restrained with a weight of 100
(SI Table S1). The weight was progressively decreased to 10 in
the final refinement. The thermal displacement factor was set to
the same value for atoms in identical functional groups, such as
terminal CHj, cyclopentane, and benzene. This restraint was
maintained in the final refinement. SI Figure S9 shows the final
Rietveld refinement results.”” Up to d = 1.8 A, the refinement was
performed to provide reasonable fitting quality with the follow-
ing data: R, = 7.65%, R;, = 5.46%, and Rg = 8.24%, respectively.
The detailed structural parameters are listed in SI Table S2.
Hydrogen atoms were geometrically added to the refined ACPCg
structure (SI Figure $10).>® The final refined structure was then
superimposed onto the initial structure. The backbones of the
two structures are in good agreement, but variation in the individual
cyclopentane ring conformations was observed (SI Figure S11b).

Figure 3a illustrates the molecular structure of the Mp foldecture
unit cell based on PXRD analysis. Four ACPC4 monomers in the
asymmetric unit formed a supercoiled helical structure in the ¢
direction, while each ACPCg molecule adopted the characteristic
12-helix (left-handed). This formed a higher-order superhelix
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Figure 3. (a) Molecular structure of foldecture Mp in the unit cell. A
space-filling model from a view perpendicular to the helix axis (left,
N-terminus, left side) is shown. The individual ACPC4 molecules in the
unit cell are shown in red, green, yellow, and blue. A stick model from a
view along the helix axis (middle) is also displayed. The helical
handedness of the individual ACPCg molecules and that of the super-
helix (pink) are shown (right). (b) Stick model from a view perpendi-
cular to the helix axis (top, N-terminus, left side). A molecular network
from a view along the c-axis (bottom) is also represented. The first
(purple) and fourth (orange) cyclopentane rings of ACPCg are high-
lighted in the space-filling model. (c) A molecular network from a view
along an arbitrary axis.

(right-handed), similar to that found in the supercoiled structure
of collagen.” The helical pitch of the superhelix was 44.536 A,
which is almost identical to that of the unit cell parameter, ¢
(44.546 A). The superhelix axis was nearly parallel to the helix
axis of the individual ACPCs. A (C=0);,4--(H—N); intermo-
lecular hydrogen bond was observed between two consecutive
ACPCg units in the ¢ direction. In addition, the cyclopentane ring
of the fourth (shown in orange) and first hexamer ACPC residue
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(shown in purple) were stacked on top of one another in the
interior of the superhelix, winding along the superhelix axis
(Figure 3b). The other four ACPC residues of each ACPCq
were located above the superhelical faces, which were responsible
for lateral interactions through (C=0),,s---(H—N);, hydrogen
bonds and van der Waals contact. Figure 3¢ shows the molecular
networks that were constructed on the basis of these intermo-
lecular interactions. Interestingly, when viewed from the c-axis,
the packing pattern exhibited a square shape with C,, symmetry
(Figure 3b, bottom), which seems to be related to its 2D shape
when viewed perpendicular to the ab plane (Figure 1b, bottom
left). Although the characteristic secondary structure (12-helix)
of the monomeric unit in the self-assembled structure was almost
identical to the corresponding single-crystal structure, the mo-
lecular packing pattern of the self-assembly was completely
different from that of the crystal.

In summary, we have discovered a novel 3D molecular
architecture that resembles a molar tooth and is formed via the
controlled self-assembly of a short helical 5-peptide. The un-
rivaled size uniformity and unique shape of this foldecture are
attributed to the conformational rigidity of the monomeric unit
in solution. This work also demonstrates how one can use non-
directional noncovalent interactions by design. The strategy of
including large complementary molecular surfaces in the assem-
bling unit served as the basis for molecular recognition in the self-
assembly. A systematic study of the relationship between foldamers
and their resulting 3D foldecture shapes, combined with the
structural determination of molecular packing, will provide us with
a comprehensive understanding of the self-assembly of natural
components and the formation of sophisticated organic crystals.*>*"
In addition, the ability to spontaneously form 3D shapes using a
bottom-up approach that is akin to biological assembly will simplify
the preparation of optically active organic solids.
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