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Herein we correlate secondary structure perturbation with changes
in the solid-state molecular architectures of an elongated hexa-
gonal plate-shaped foldecture derived from the self-assembly of
rigid 12-helical p-peptide foldamers to which a flexible C-terminus
a-leucine moiety has been appended. This study provides the first
complete characterization of the directional molecular packing
patterns of individual foldamer components within a foldecture,
from which a 3D molecular-level picture of the entire foldecture
was unambiguously constructed.

Peptide self-assembly is an efficient way to make topologically
complex molecular systems that mimic protein-like structures
and functions.’ Precise control over the shape and size of
self-assembled peptide morphologies is crucial because most
applications require a uniform sample of nanostructures.”
However, the self-assembly of short peptides routinely gives
rise to inhomogeneous and low dimensional shapes with poor
size distribution. To tackle this nontrivial problem, it is necessary
to design structurally well-defined peptides that interact with
adjacent partners in the solid state in predictable ways through
non-covalent interactions such as hydrogen bonding and hydro-
phobic packing.?

Our group has demonstrated that a diverse set of three
dimensional (3D) foldamer-derived molecular architectures
(i.e. foldectures) can be synthesized by the controlled self-
assembly of B-peptide foldamers.* Foldectures are expected to
be useful as anisotropic core materials, drug delivery vehicles
and protein mimetics, inter alia. By taking advantage of the
predictable solid and solution state conformational preferences
of B-peptide foldamers, systematic investigations of the rules
governing self-assembly behavior in foldectures are possible.
For example, previous studies from our group have found that
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subtle changes in the length of B-peptides with identical
12-helical secondary structures results in different molecular
packing motifs, which in turn control the symmetry of the self-
assembled shapes.

In our initial studies of foldectures, we used rigid B-peptide
foldamers composed exclusively of a well-studied -amino acid,
trans-ACPC (trans-2-aminocyclopentanecarboxylic acid),® as a
tractable model system. Subsequently, we have begun to inves-
tigate another fundamental question - how structural perturba-
tion of the B-peptide foldamer affects the pattern of solid-state
molecular associations and thereby the self-assembled shape.
Herein we address this question in the context of a 12-helical
B-peptide foldamer to which a short but flexible helical a-peptide
segment has been appended, a “graft foldamer”, and report the
self-assembly of a new foldecture with an elongated hexagonal
plate shape. The knowledge gained from this study may provide
new routes to foldectures possessing useful functions through
the use of graft foldamers to position functional groups onto the
surfaces or inside foldectures during self-assembly.

Many different graft foldamers composed of ACPC and
a-amino acids were initially investigated (Fig. S3, ESIt); graft
foldamers with several o-leucine residues appended to the
C-terminus of a solution-stable ACPC hexamer core (harboring
four intramolecular hydrogen bonds) were found to possess the
best physical and self-assembly properties. In preparation for a
comprehensive study correlating graft foldamer flexibility with
foldecture morphology, herein we present a rigorous structural
analysis of a hexagonal plate-shaped graft foldamer-derived
foldecture through powder X-ray diffraction (PXRD), selected
area electron diffraction (SAED), high resolution transmission
electron microscopy (HRTEM), and grazing-incidence wide
angle X-ray scattering (GIWAXS) techniques. This study pro-
vides the first complete characterization of the directional
molecular packing pattern of individual foldamer components
within a foldecture, from which a 3D molecular-level picture of
the entire foldecture was unambiguously constructed.

Foldamer 1, an octameric graft foldamer, was synthesized
by coupling a B-peptide hexamer composed of (S, S)-ACPC with a
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Fig. 1 (a) Molecular structure of an octameric graft foldamer, Boc-(S,S)-
ACPCgleu,-OBn (1). Molecular structure showing ACPC (black, B-amino
acid) and Leu (blue, a-amino acid) residues, respectively. (b) Schematic
representation of the formation of foldecture Py by the self-assembly of 1
in agueous P123 solution. (c) SEM image of an elongated hexagonal plate,
P;, with distance and angle profiles. A =8 um, B =6 ym, C=5um, D =
2.5 um, a = 145°, b = 108°. (d) TEM image of P;. (e) AFM image of P; with
thickness information. Scale bars = 2 pm.

a-(L)-leucine dimer (Fig. 1a and ESI} for Experimental details).
The circular dichroism (CD) spectrum of 1 (0.1 mM in methanol)
displayed a minimum at 4 = 204 nm and a maximum at 1 =
222 nm, typical of 12-helical B-peptides (Fig. S4, ESIT).° A single
crystal X-ray structure was obtained from methanol and revealed
that 1 adopts a 12-helix through the ACPC region, but forms a
11-membered hydrogen bonded ring at the C-terminus (Fig. S5
and Table S2 see ESIt).

The surfactant-assisted self-assembly of 1 was performed by
our standard protocol in aqueous solution in the presence of

View Article Online

ChemComm

P123 (Pluronic P123, (ethylene glycol),o-(propylene glycol),,-
(ethylene glycol),,) surfactant to give a hexagonal plate (P;)
with very high homogeneity of size and shape. SEM analysis
of the self-assembled structure of 1 at a P123 concentration of
1.0 gL~ " revealed that the elongated hexagonal microplate Py is
symmetrical along the midline (corresponding to measurement
‘A’ in Fig. 1c) and has micro-scale side lengths. Analysis by TEM
(Fig. 1d) and atomic force microscopy (AFM) (Fig. 1e) showed
that P, is a flat and uniformly thin plate with a thickness
of 22 nm.

To investigate the relationship between the molecular
packing motif and morphology of the self-assembled plate, a
high-resolution PXRD pattern was collected at the SPring-8
synchrotron (Hyogo, Japan). The foldecture was found to have
an orthorhombic unit cell (a = 22.5473(5) A, b = 30.2016(5) A
and ¢=9.6366(1) A, = =7 =90.0°, V= 6562.21(22) A®) and the
space group was determined to be P2,2,2. The secondary
structure of 1 was adopted from a single crystal structure,
and bond distances and angles were restrained during the
structure calculation process (see ESIT for details); low-cost
solutions were used as starting geometries for Rietveld refine-
ment, which was carried out in a way identical to previous
studies. A spherical harmonic preferential orientation approxi-
mation (ODF)” was used during refinement.® The final R-factors
(Rwp = 0.0436, R, = 0.0313) showed a good quality of fitting. The
refined structure is shown in Fig. 2a along with the indexed
faces of the unit cell (for the detailed experimental parameters,
see ESIt). The secondary structure of foldamers in the foldecture
and single-crystal are almost identical (Fig. S6, ESIY).

d) Oy (OA'1)
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Fig. 2 Structural characterization of foldecture P;. (a) Molecular packing structure of Py in the unit cell. A stick model (left) is shown with unit cell
dimensions. Individual foldamers are shown in blue, red, green and yellow. A stick model from a view along the b-axis (right) shows the helical
handedness and direction of individual foldamers (N to C). (b) TEM image of Py with SAED pattern (inset). Red arrows indicate plane direction. (c) HRTEM
image of Py taken at the [001] zone axis and a magnified view (inset) of the plate at an intermediate range. The lattice fringe and direction correspond to
0.96 nm and [010], respectively. (d) GIWAXS plot of Py (top), and in-plane (bottom left) at g, = 0.27 A™* and out-of-plane (bottom right) lineshapes

extracted from the GIWAXS patterns.
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To identify which unit cell axis corresponds to the out-of-
plane direction of the plate shape, we prepared a stacked
sample of P, on glass (Fig. S8b, ESIf) for out-of-plane XRD
analysis. Data showed enhancement of a peak at 20 = 7.8° (i.e.
d = 11.3 A), one half of the unit cell length of a-axis, suggesting
that the out-of-plane axis of P, corresponds to the (100) direc-
tion of the unit cell (Fig. S8a, ESIT). Accordingly, this plane was
assigned to be the bc plane of the unit cell, which was then
confirmed by in-plane XRD analysis. The d-spacing peak values
(d=15.1 A and 4.9 A) of the in-plane XRD spectrum correspond
to one half of the unit cell lengths along the b- and c-axes,
respectively (Fig. S8b, ESIt). From this analysis we can conclude
that foldamers are laid parallel with the in-plane axis and the
thickness of P; (22 nm) is comparable to a theoretical stacking
of 20 molecules (22.6 nm).

To discover the absolute orientation of the foldamer helical
axes, we examined the surface of a single plate by using SAED’
and HRTEM.' Fig. 2b shows the TEM image along with the
SAED pattern (Fig. 2b inset). The bright SAED spot pattern
indicated that P; was highly crystalline. Analysis of the diffrac-
tion pattern revealed two major reflections orthogonal to (001)
and (010), which is supported by the in-plane XRD analysis. The
HRTEM image of a P, shows a highly ordered array of mole-
cules on the surface, which provided the direction of the helical
axes of foldamers through a measurement of the lattice fringe
(0.96 nm), which is identical to the c-axis length and corre-
sponds to the (001) plane (Fig. 2c). Most peptide materials are
unstable under the electron beam irradiation applied during
SAED and HRTEM, and rapidly decompose. However, the
excellent stability of P, allowed visualization the lattice fringes.

The scanning TEM analysis of three different points of a P,
sample provided an identical SAED pattern, suggesting a single
molecular packing mode in P, (Fig. S9, ESIT). To examine the
entire area of the sample, we further carried out the surface
characterization of P, by using 2D GIWAXS technique. GIWAXS
provides clear evidence of molecular packing and orientation
for the x-, y- and z-directions at a glance."* As shown in Fig. 2d,
we obtained a bright and complex pattern of discreet reflec-
tions, indicating that the sample is flat and periodic in all three
dimensions.''” The GIWAXS pattern exhibits four intense
peaks along the g, axis at ¢ = 0.201 A", 0.407 A™", 0.654 A™*
and 0.780 A™", at g, = 0.27 A~". The calculated lattice spacing
was 30.8 A, 15.4 A, 9.6 A and 8.0 A, matching the (010), (020),
(001) and (022) planes, respectively. The g, region, with sharp
peaks at g =0.275 A" and g = 0.551 A™", correlated with d = 22.6 A,
(100) and d = 11.3 A (200).

The solution-state secondary structure of 1 was subsequently
examined through variable temperature, hydrogen/deuterium
isotope exchange and 2D '"H ROESY experiments (pyridine-ds,
298 K, 10 mM) on a Bruker 900 MHz NMR spectrometer at
Korea Basic Sciences Institute. We calculated the solution-state
conformational ensemble with Xplor-NIH'> from distance
restraints derived from interatomic ROE cross-peak intensities,
dihedral angle restraints derived from *Jyy g coupling con-
stants, and hydrogen bonding restraints (see ESIt for details).
Following initial ROE analysis and preliminary calculations
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Fig. 3 (a) Overlay of the singe crystal X-ray (purple) and NMR major
conformer (green) of foldamer 1. (b) Overlay of the solution state ensemble
showing both major (green) and minor (blue) conformers.

without hydrogen bonding restraints, ACPC core residues were
assigned an (i, i + 3) hydrogen bonding motif, but to avoid
prejudice, leucine amide hydrogen bonding partners were not
assigned. Simulated annealing refinement gave a convergent
family of structures (no dihedral angle violations >4.0° nor
NOE violations > 0.3 A; backbone RMSD 0.472 A over the 30/44
lowest-energy structures) featuring two distinct conformations
through the leucine residues. The major conformer (22/30 struc-
tures) is positioned to form consecutive 12- and 11-membered
hydrogen bonds, and is similar to the single crystal X-ray structure
of 1 (Fig. 3a, representative av. pairwise RMSD 1.163 A over
30 backbone atoms). The minor conformer (5/30 structures),
which is not observed in Py, is positioned to form a bifurcated
12- and 15-membered hydrogen bond (Fig. 3b and Fig. S10,
ESIT). NMR analysis suggested that despite the potential for a
minor conformational isomer in solution, structural perturbation
at the C-terminus of 12-helical -peptide foldamer by appending
a flexible o-leucine dimer is an effective design strategy for new
foldectures.

Through comprehensive structural characterization we were
able to elucidate the molecular architecture of elongated hexa-
gonal plate shaped foldecture P, (Fig. 4). The different mole-
cular association patterns along each direction, which are
responsible for the anisotropic shape of P;, can be clearly
observed. Both intermolecular hydrogen bonding and hydropho-
bic interactions exert important influences on plate morphology.
Analysis of the molecular network shows that foldamers are
associated by intermolecular hydrogen bonding along the b-axis,
and well-packed through hydrophobic interactions along the
a- and c-axis in an antiparallel and a parallel arrangement,
respectively. This is the first complete characterization of the
directional molecular packing patterns of individual foldamer
components in a foldecture.

This unambiguous structural information helped us to
understand further the self-assembly behavior of 1. SEM analysis

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 The complete molecular arrangement of foldecture Py. A blue box
representing a unit cell is laid on the hexagonal plate (gray) alongside the
absolute axes. Extended molecular networks (2 x 2 x 2) as viewed along
the a- (top), b- (left), and c-axes (right) show the molecular-level packing.
The pink and yellow arrows and symbols (® and ®) superimposed on each
foldamer indicate the helical direction (N to C).

of the self-assembled structures of 1 at different P123 concentra-
tions revealed that the hexagonal plate evolved from a thin rod
with identical PXRD and SAED patterns (implying structural
homology) (Fig. S12 and S13, ESIf). As the concentration of
P123 was increased, the molecular packing along the c-axis was
strongly retarded, while the relative assembly rates along g-axis
and b-axis were constant, resulting in the formation of a thicker
hexagonal plate (Fig. S14, ESIt). This uneven directional effect by
P123 surfactant is attributed to the anisotropic intermolecular
packing mode.

In summary, a new foldecture with an elongated hexagonal
plate shape was synthesized from the self-assembly of graft
foldamer (Boc(S,S)-ACPCgsLeu,-OBn, 1), which adopts a 12-helical
secondary structure with 11-membered hydrogen bonding at the
C-terminus in both the solid and solution states. Micro-sized
plates P; are not like a mono/bilayer thin film, but instead have
high crystallinity, and thus it was possible to employ multiple
analytical methods to obtain comprehensive structural character-
ization. From these results, the orientation and anisotropic pack-
ing mode of foldamers in P; was unambiguously revealed. This
study will pave the way for the evaluation of new functional
foldectures*™"* through the design of graft foldamer with many
other combinations of a-amino acid residues.
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