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Morphology Transformation of Foldamer Assemblies
Triggered by Single Oxygen Atom on Critical
Residue Switch
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Yongjun Kim, Woo Youn Kim, and Hee-Seung Lee*

The synthesis of morphologically well-defined peptidic materials via selfassembly is challenging but demanding for biocompatible functional
materials. Moreover, switching morphology from a given shape to other predictable forms by molecular modification of the identical building block is an
even more complicated subject because the self-assembly of flexible peptides
is prone to diverge upon subtle structural change. To accomplish controllable
morphology transformation, systematic self-assembly studies are performed
using congener short β-peptide foldamers to find a minimal structural change
that alters the self-assembled morphology. Introduction of oxygen-containing
β-amino acid (ATFC) for subtle electronic perturbation on hydrophobic foldamer induces a previously inaccessible solid-state conformational split to
generate the most susceptible modification site for morphology transformation of the foldamer assemblies. The site-dependent morphological switching
power of ATFC is further demonstrated by dual substitution experiments and
proven by crystallographic analyses. Stepwise morphology transformation is
shown by modifying an identical foldamer scaffold. This study will guide in
designing peptidic molecules from scratch to create complex and biofunctional assemblies with nonspherical shapes.
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1. Introduction

Over the last few decades, conformationally well-defined short peptides have been
intensively studied to design peptide-based
drugs[1–2] and organic functional materials.[3–4] In particular, the helical peptide
foldamers composed of nonproteinogenic
amino acids have attracted enormous attention because they possess a strong tendency
to adopt a robust helix with a relatively
small number of residues (6–8 residues)
in solution.[5–9] Since the foldamer’s helical
types that originate from intramolecular
hydrogen-bonding patterns are predictable and controllable at the molecular level,
more sophisticated structures that are not
found in nature can be designed with foldamers from scratch.[10–15] In this context,
we and other groups have attempted to
create complex and higher-order assemblies
for potential biological applications.[16–20]
We established a foldamer assembly protocol, producing unprecedented 3D microparticles called foldectures to generate diverse morphologies with
uniform shapes and sizes (Figure 1).[18,21–24] Since the foldamer
assemblies are highly crystalline to be analyzed by various X-ray
analytical techniques, we verified that the molecular packing
structures resulting from the foldamer’s identity manifest as the
corresponding symmetry of the foldectures’ 3D shapes.[25]
On the other hand, the morphology transformation of selfassembled organic materials was achieved by designing the
molecular scaffolds with functional groups responsive to
external stimuli, such as pH, light, and temperature.[26–30] These
strategies helped develop on–off type morphology transformation for many practical applications.[31–33] Still, they seemed
inappropriate for generating molecular systems for structural
use. For example, stepwise morphology transformations developed by modifying an identical molecular scaffold can be powerful complementary tools for morphology-sensitive biological
sensors and drug delivery vehicles.
To address this challenge, we envisioned using a previously
studied foldamer assembly with a nonspherical 3D shape
(that is, the molar-tooth shape)[21] as a reference morphology
because any effect upon subtle structural changes in the foldamer would be vividly and immediately represented as the
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(ATFC; Figure 2a), was selected as a residue switch for triggering
morphology transformation. We expected ATFC’s electronegative oxygen atom to perturb the site-specific electronic environment on the foldamer’s helical face and, thus, alter the selfassembly pathway to form a different morphology. Herein, we
report a wide range of morphology transformations from molartooth to gel by the self-assembly of short congener β-peptide foldamers composed of ACPC and oxygen-atom containing ATFC.

2. Results and Discussion

Figure 1. Self-assembly behavior of unnatural short peptide foldamers
producing various morphologies. Symbols for the amino acids in the foldamers are provided in the figure. All peptides are protected with N-Boc
and C-Bn groups.

corresponding morphological transformation. The molartooth shape foldecture was synthesized by the surfactantassisted self-assembly of hexameric foldamer composed of
trans-2-aminocyclopentanecarboxylic acid (ACPC; Figure 2a). To
induce minimal structural perturbation on the ACPC foldamer,
an ACPC analog, trans-4-aminotetrahydrofuran-3-carboxylic acid

With enantiomerically pure (S,S)-ACPC and (R,R)-ATFC monomers that induce right-handed helices, we prepared a series of
hexapeptide foldamers O0–O6, where O0 was composed exclusively of ACPC. One ACPC residue was swapped with ATFC
in the other congener foldamers. We then performed the selfassembly of O0–O6 by dispersing the foldamer solution into
a stirred aqueous solution in the presence of the poloxamer
surfactant Pluronic P123 to obtain the foldectures as colorless
microparticles within 2 h.
The scanning electron microscope (SEM) analysis showed
that the self-assembled morphologies from O1 and O3–O6
were not much different from the molar-tooth shape from O0
(Figure 2b).[21] However, the foldecture from O2 has a tilted
prism-like shape distinct from those of the other foldectures,
implying that the ATFC substitution at the 2-position from
N-terminus plays a decisive role in the self-assembly process.

Figure 2. a) Chemical structures of ACPC and ATFC monomeric units. b) SEM images of the foldectures from foldamers O0–O6 along with an alternative view (inset). The corresponding sequence is symbolized with gray and red circles for ACPC and ATFC, respectively. All the scale bars correspond
to 1 µm. c) Helical axis views of O0 and O2 in foldectures and their molecular packing structures obtained from the PXRD analysis.
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The powder X-ray diffraction (PXRD) analysis of the foldectures
revealed a significant conformational difference between O2 and
O0 (Figure 2c; Table S3, Supporting Information). As highlighted
by the helical axis view of each foldamer, the residue distribution pattern of O2 deviated substantially from that of O0. This
result supports the conjecture that the observed morphological
transformation is attributed to the different helical conformation
induced by ATFC residue substitution.
To understand why the ATFC effect of O2 on the morphology transformation stands out from the congener foldamers, we analyzed all the single-crystal structures of O1–O6.
We found an interesting sequence-dependent conformational
pattern (SDCP) extracted from the residue distribution of the
foldamers (Figure 3a; Figure S4, Supporting Information).
Foldamers O2 and O4 have a pentad repeat (left column in
Figure 3a), whereas O1, O3, O5, and O6 have a triad repeat
(right column in Figure 3a). The foldamer backbones are nearly
superimposable within each subgroup (Figure 3b) but not with
the other subgroup (Figure S5, Supporting Information). The
typical pattern, i.e., four consecutive CO(i)···HN(i+3) intramolecular hydrogen bonding, was conserved in all the foldamer
single-crystals (Table S1, Supporting Information). The ATFCinduced conformational difference was not distinguishable by
conformational analyses in solution, in which both circular
dichroism (CD) profiles (Figure S6, Supporting Information)[34]
and NOE constraints from 2D NMR spectroscopic techniques
(Figures S7–S11, Supporting Information) were consistent
with the typical 12-helical structure. To explain the relationship
between the primary sequence and solid-state conformation,
we performed a molecular-level conformational analysis of the
series of foldamers. When we examined the relative stability
between the triad and the pentad for each O0–O6 by density
functional tight-binding calculation, the pentad conformers
are always more stable than the triads, meaning that no ATFC
site-specific conformational preference was obtained (see
Table S2 in the Supporting Information). The result suggested
that the observed SDCP was linked to the intermolecular relationship when the foldamers are associated in the assemblies.
We performed the geometry optimization of each conformer
to see if the initial conformational state changes without (as
a single molecule) or with (a group of molecules) periodic
boundary conditions (PBCs, that is, in each unit cell). Whereas
the initial pentad conformation was intact upon geometry optimizations without or with PBC (left column in Figure 3c,d),
the initial triad conformation of a single molecule was slightly
changed without PBC (right column in Figure 3c). However, it
was only maintained when the geometry optimization was performed in the tetragonal unit cell (right column in Figure 3d).
The result suggests that the ATFC-triggered SDCP becomes
noticeable as a collective property such as morphology change
when individual foldamers are associated or crystallized.
Subsequently, visualization of the molecular packing mode
of each crystal structure by protein–ligand interaction profiler
(PLIP)[35] clarified the intermolecular interactions between the
nearest neighbor molecules, as reflected in the resulting macroscopic morphologies. One foldamer molecule with the pentad
conformation in the triclinic packing (top left in Figure 4a)
has fewer neighboring intermolecular hydrogen-bonding
partners than the triad in the tetragonal packing (bottom
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Figure 3. a) Solid-state conformations of O1–O6 in single-crystal states,
categorized by the helical axis view of sidechain distribution belonging
to either the pentad (green box) or the triad (purple box) structure.
b) Superimposed single-crystal structures of the foldamers having pentad
(top left) and triad (top right) geometries. As noted in the figure, the
carbon atoms are colored. The packing mode of each conformer in the
unit cells is illustrated by symbols representing the pentad (star) and
the triad (triangle). Optimized geometries from each initial conformational state (left: pentad; right: triad) c) without and d) with periodic
boundary conditions (PBCs).

left in Figure 4a)—two in the pentad and four in the triad.
Consequently, the ATFC substitution-induced morphology
transformation, from the molar-tooth shape with the tetragonal
packing of the triad to the tilted prism shape with the triclinic
packing of the pentad, was estimated to be an energetically
unfavorable process. Nevertheless, the foldamer O2 triggered
the morphology transformation by adopting the pentad conformation, presumably stabilized by polar solvent molecules.
Scrutinization of the crystal structures supported the
assumption that the residual electron density from possible
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Figure 4. a) Molecular packing modes visualized by the PLIP program,
showing intermolecular hydrogen bondings (dashed line) around a foldamer molecule (highlighted as the colored backbone) in triclinic (top left)
and tetragonal (bottom left) unit cells, respectively. The corresponding
pictorial representations are also illustrated. b) The triclinic molecular
packing mode of the reference structure adopted the pentad conformation in the single-crystal, showing the void spaces at which residual electron density from the possible solvent molecule is located (yellow region:
probe radius is 1.5 Å; grid spacing is 0.3 Å). It is periodically found around
the second and fourth residues of the foldamer (green).

solvent molecules existed periodically at the periphery of
the helical face around the second and fourth residues in
the pentad conformer (Figure 4b). When the oxygen atom of
ATFC is well-matched as in O2 or O4, the pentad conformation
was accessible, which was consistent with the experimentally
observed SDCP in Figure 3a. It was still unclear why the ATFC
effect of O2 and O4 was unevenly manifested as self-assembled
morphology. However, it was cautiously presumed that the local
electronic effect of ATFC might not be identical at the nucleation stage of the self-assembly of O2 and O4 in an aqueous
environment. Nevertheless, we identified a molecular tool,
ATFC, for triggering self-assembled shapes and acting as the
most susceptible modification site for the morphology transformation of the foldamer assemblies.
To further demonstrate the site-dependent morphological
switching power of ATFC, we performed the self-assembly study
using the foldamers containing two ATFC residues (denoted
as Omn; m and n represent the ATFC positions), namely, O12,
O13, O23, O24, O25, O26, O35, and O36. Because we already
identified the residue sensitivity of ATFC at the 2-position,
we expected that turning ATFC on and off at the critical position in this foldamer series would be a crucial determinant of
noticeable morphology change. As shown in the SEM images
of the foldamer assemblies (Figure 5a), it was remarkable that
a stepwise morphology transformation of foldamer assembly
was accomplished by the site-dependent ATFC substitution.
Small 2021, 2102525
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When ATFC was turned off at the critical position (O13, O35,
and O36), the foldamers self-assembled to form commonly
molar-tooth shapes, regardless of the presence of two ATFCs.
On the other hand, the ATFC-substitution effect on morphology
change was magnified when ATFC remained at the 2-position
(O12, O25, O23, O24, and O26). Depending on the other ATFC
position, the self-assembled morphologies varied gradually from
the molar-tooth-like shape (O12), to even gels (O24) via rectangular (O25), and truncated tilted-prism (O23 and O26) shapes
(Figure 5b).
Crystal structure analysis of the double-ATFC foldamers
showed that they also adopted either the triad or the pentad conformer, as observed in the single-ATFC foldamers (Figure 5c).
As each self-assembled morphology and the SDCP-dependent
molecular packing mode are well interconnected (Figure S12,
Supporting Information), we could not only corroborate the previous findings of high coherence between the molecular packing
mode and foldecture symmetry,[25] but also extend the scope of
the relationship from the sequence to the self-assembled morphologies via the molecular conformations and packing modes.
For example, we failed to obtain the crystal structure of O26, but
the molecular packing mode of O26 assembly is presumed to be
very similar to that of O23 because they share the morphologies
of the truncated tilted prism (Figure 5a).
The most drastic morphology transformation was the gel
formation from the self-assembly of O24, which was an exception from the sequence–morphology relationship found in this
study. The gel morphology was not deducible from its crystal
structure adopting the identical pentad conformation to those
of O2 and O4. Unlike the other double-ATFC foldamers, O24
with ATFCs at the well-matched positions for holding water
molecules lost its crystalline characteristics to form gels.
Notably, we found minimal structural perturbation (only two
oxygen atoms on the helical surface of O0) for the morphology
transformation from molar-tooth to gel.
We have discussed the relative contributions of intermolecular and intramolecular interactions to the overall structure
and morphology.[25] The intramolecular interactions (mainly,
CO···HN hydrogen bondings) determine the foldamers’
secondary structures, such as 12-helix (this study) and 11-helix,
which contribute to determining the basic shapes of the morphologies. For example, the self-assembly of 12-helix provides
roughly fourfold symmetrical shapes, whereas the self-assembly
of 11-helix affords roughly threefold symmetrical shapes. On
the other hand, the intermolecular interactions, including van
der Waals interaction, macrodipole interaction, charge–charge
interaction, and intermolecular hydrogen bondings, contribute
to stabilizing the directional packing of molecules, by which
the overall 3D structures and morphologies are diversified into
various shapes. In the previous studies, we mainly used surfactants to control intermolecular interactions. In this study, in
the presence of surfactants, we used a specific residue, ATFC,
to control the intermolecular interactions further to obtain the
stepwise morphology transformations.

3. Conclusion
In summary, we have demonstrated a stepwise morphology
transformation, from molar-tooth shape to gel, designed by subtle
© 2021 The Authors. Small published by Wiley-VCH GmbH
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Figure 5. a) The comprehensive relationship between site-specific substitutions and the self-assembly pattern of the foldamers. The amino acid
sequence (left; symbolized with gray and red circles for ACPC and ATFC, respectively), the graphic representations of the foldamer single-crystal
structures (middle; symbolized with a green star for the pentad and purple triangle for the triad, along with packing mode in unit cells), and the corresponding SEM images of the self-assembled structures (right), along with an alternative view (inset), except for O24 forming a hydrogel. All the scale
bars in the SEM images correspond to 1 µm unless stated otherwise on the images. b) Schematic summary of the critical residue switch, demonstrated
by turning ATFC on-and-off, in the self-assembly pathways of a series of hexapeptide foldamers. c) Single-crystal structures of the foldamers composed
of four ACPCs and two ATFCs, from the helical axis view.

Small 2021, 2102525

2102525 (5 of 7)

© 2021 The Authors. Small published by Wiley-VCH GmbH

www.small-journal.com

www.advancedsciencenews.com

electronic perturbation on the structurally well-defined foldamer
assemblies. Introducing an ATFC on hydrophobic foldamer
induced a previously inaccessible solid-state conformational
split to generate the most susceptible modification site for the
morphology transformation of the foldamer assemblies. Dual
substitution experiments further proved ATFC’s site-dependent
morphological switching power. By switching ATFC on and off
at the critical residue site, the self-assembled morphologies gradually transformed from the molar-tooth-like shape to even gels
via rectangular and truncated tilted prism shapes. The results
showed that the molecular-level information installed in a given
peptidic scaffold was coherently transmitted to the morphologies
of micrometer-scale supramolecular entities. This study provides
a fundamental molecular principle that governs the geometry
of the foldamer and its assembly. Since it is attractive to regulate the functionality of a heterogeneous biofunctional particle
by its morphology,[36–38] it is worth designing peptidic molecules
to create assemblies with nonspherical shapes. Eventually, we
expect the knowledge about the shape transformation strategy
to afford powerful tools for developing morphology-sensitive biological sensors and drug delivery vehicles.

used for structure refinement. Crystallization condition and the detailed
procedures with the software used for the structure determination are
included in Section S4 in the Supporting Information.
Theoretical Analysis: Geometry optimization from the solidstate structure was performed by density functional tight-binding
calculations. The single-crystal structure of O23 and O35 was used as
the initial structures for pentad and triad conformation, respectively.
The crystal phase calculation was performed under periodic boundary
conditions, with the lattice parameters obtained experimentally. The
energy values of the pentad and triad conformations for O1–O6
were calculated by modification of residues of each template structure.
The detailed procedure with the software used for the calculations are
included in Section S5 in the Supporting Information.
[CSD-1871562, 1870828, 1500998, 1948215, 1500999, 1501000, 1919909,
1905128, 1940610, 1940436, 1872896, 1992168, 1504060, and 1471941
contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.]

Supporting Information
Supporting Information is available from the Wiley Online Library or
from the author.
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4. Experimental Section
Synthesis of the Amino Acids and Peptides: (S,S)-ACPC was synthesized
using the known procedure.[39] (R,R)-ATFC was synthesized by reductive
amination of the corresponding β-keto ester with the d-phenylglycine
tert-butyl ester, followed by removing the tert-butyl group and phenylacetic
acid moiety. Then, the amine and carboxylic acid were protected with
Boc- and benzyl groups for further reactions. Enantiopurity of the newly
synthesized ATFC was verified by 1H NMR chiral analysis.[40] The detailed
procedures for the synthesis and product identification method are
included in Sections S2.1–S2.5 in the Supporting Information.
Oligopeptide foldamers were synthesized by solution-phase coupling
reactions of ACPC and ATFC. Boc-group of the N-terminus and benzyl
group of the C-terminus were deprotected by reaction with excess
HCl and hydrogenolysis on Pd/C catalyst, respectively. Then, the
conventional peptide coupling reaction was conducted using 1-ethyl-3-(3dimethylaminopropyl)carbodiimide and 4-(dimethylamino)pyridine. The
procedures were repeated consecutively with the desired sequence to
obtain the hexamers with the given amino acid sequences. When necessary,
the synthesized hexamers were recrystallized in acetonitrile or methanol for
purification. The detailed procedures for the deprotection and coupling
reactions are included in Section S2.6 in the Supporting Information.
Self-Assembly of the Foldamers: Each foldamer was self-assembled by
dispersing the peptide solution into the stirred aqueous solution of the
poloxameric surfactant. The foldecture produced was then isolated and
washed by centrifugation before observation. The detailed procedure
is included in Section S3.1 in the Supporting Information. The size
and morphology of the foldectures were measured with SEM, after Pt
sputtering.
Structure Determination and Analysis: The structure determination of
O2 foldecture was performed from the synchrotron diffraction pattern.
The structure solution was obtained via the direct space method. This
solution was further refined to the final structure through the whole
profile fitting and a general Rietveld refinement procedure. The detailed
procedure and software used for the structure determination are
included in Section S3.2 in the Supporting Information.
Foldamer single crystals were grown through slow evaporation
or recrystallization. According to the quality of the grown crystal, the
diffraction pattern of each crystal was measured using a laboratory
or synchrotron beam source. A structure solution could be obtained
using the direct method. Crystals and Olex2 programs were mainly
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