7 ROYAL SOCIETY

Polymer
PP OF CHEMISTRY

Chemistry

View Article Online

View Journal | View Issue

Higher-order interfiber interactions in the self-
assembly of benzene-1,3,5-tricarboxamide-based
peptides in watert
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Mimicking the complexity of biological systems with synthetic supramolecular materials requires a deep
understanding of the relationship between the structure of the molecule and its self-assembly pattern.
Herein, we report a series of water-soluble benzene-1,3,5-tricarboxamide-based di- and tripeptide
derivatives modified with small non-bulky terminal amine salt to induce self-assembly into twisted one-
dimensional higher-order nanofibers. The morphology of nanofibers strongly depends on the nature,
order, and quantity of amino acids in the short peptide fragments and vary from simple cylindrical to
complex helical. From observations of several fiber-splitting events, we detected interfiber interactions
that always occur in a pairwise manner, which implies that the C3 symmetry of benzene-1,3,5-tricarboxa-
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mide-based molecules in higher-order fibers becomes gradually distorted, thus facilitating hydrophobic
contact interactions between fibrils. The proposed mechanism of self-assembly through hydrophobic
contact allowed the successful design of a compound with pH-responsive morphology, and may find use
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Introduction

The self-assembly of natural compounds is often a complex
hierarchical process involving multiple levels of organization
and accompanied by assembly-induced functionality." This
complexity results from an intricate system of directional non-
covalent interactions, either intermolecular, intramolecular, or
with water molecules. Supramolecular interactions of higher
orders, such as assembly of collagen fibrils, amyloids, and
nucleic acids, are especially interesting and involve changes in
the material’s bulk properties.””> Mimicking such interactions
in aqueous media with synthetic supramolecular systems
remains a formidable task due to the complex and frequently
counterintuitive self-assembly mechanisms.®

In the last few decades multiple supramolecular systems
with hierarchical self-assembly were reported, including coordi-
nation complexes,”® porphyrins,'® different peptides'' ™
including di-and tri-peptides with different motifs;'>'® as well
as synthetic'”'® and natural'>*° polymers. Multi-level control
over self-assembly has paved the way for the development of
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in the future development of complex hierarchical architectures with controlled functionality.

novel advanced materials in medicine and industry;*'>*

however, their complexity remains distant from that observed in
nature. Therefore, a deeper understanding of the precise mecha-
nisms and the subtle structural effects in self-assembly rep-
resent critical requirements in the design of said materials.
1,3,5-benzenetricarboxamide (BTA), one of the most well-
known supramolecular motifs, can be derivatized with a range
of substituents to tune self-assembly behavior under a broad
range of conditions.** BTA-based molecules that can assemble
in an aqueous environment usually contain short hydrophobic
peptide sequences or alkyl chains in the core and water-soluble
residues at the termini.”>” Studies have long-since reported
the assembly of symmetric BTA-based compounds in aqueous
media into defined nanofibers or nanorods due to the direc-
tional network of C3-symmetric hydrogen bonds. Recent studies
have reported that, upon closer examination, at least some
nanofibers in aqueous solutions comprise two smaller fibers,
either twisted or parallel.>®*?° Furthermore, several studies have
reported the formation of more complicated structures (e.g.,
nanoribbons or triple helices) during the self-assembly of BTA-
based molecules in organic solvents or their mixtures with
water.’°? In water, stepwise self-assembly into clearly defined
double helical nanorods was reported only for BTA-based Au-
containing metalloamphiphiles.** Additionally, bundles with an
order higher than double helices only formed from BTA-based
molecules in aqueous solution as metastable intermediates.**

This journal is © The Royal Society of Chemistry 2021
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Discoveries of such higher-order interactions were mainly
serendipitous and neither the precise mechanisms nor
the approaches to specifically design analogous systems are
known.

This study reports the hierarchical supramolecular self-
assembly of a family of C3-symmetrical BTA derivatives of
short di- and tripeptides in water. BTA-based molecules self-
assembling in water are normally modified with bulky term-
inal hydrophilic substituents that increases the solubility of
compounds yet limits the formation of higher-order fibers due
to steric constraints. Replacing bulky substituents with steri-
cally non-demanding terminal amines (in the form of hydro-
chloride salts) described herein has been shown to be
sufficient for both solubilization and facilitated interfiber
interactions thus leading to architecturally complex materials.
Furthermore, direct observation of fiber splitting events sheds
light on the mechanism of higher-order interactions and
underscores the potential for the directional design of future
BTA-based systems with complex molecular architecture
specifically tailored for various applications.

Results and discussion
Terminology

In this study, one-dimensional (1D) fibers consisting of 2N
fibrils will be classified according to their order N (e.g, zero-
order fibers or fibrils [N = 0, a single stack of BTA-derivative
molecules], first-order fibers [N = 1, two intertwined fibrils],
second-order fibers [N = 2, two intertwined fibers each of
which consists of two smaller fibrils], etc.). Other higher-order
structures are named according to their morphology without
defining the number of interacting fibrils (e.g., nanoribbons or
nanosheets, etc.).
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Design and critical aggregation concentration screening

To study the structure-dependent appearance of higher-order
interfiber interactions during self-assembly, we synthesized a
family of compounds containing BTA cores with attached
short sequences of hydrophobic amino acids and hydrophilic
ethylenediamine (EDA) termini (Fig. 1A). EDA termini played a
crucial role in the design of the molecule because terminal
amine hydrochloride salts promote the solubility of the com-
pounds but could not sufficiently shield the large hydrophobic
part of the molecule, thus forcing interactions between 1D
supramolecular stacks.

Compounds are named according to their amino acid
sequences, represented as tripeptides XFF, (X =
r-phenylalanine (F), p-phenylalanine (°F) tryptophan (W),
leucine (L), glycine (G), tyrosine (Y), or pentafluorophenylala-
nine (®)), or FWW, and dipeptides FF, WW, and ®® (Fig. 1A).
Additionally, we prepared compound F3E2 (E = glutamic acid)
with a pH-dependent number of terminal charges and higher
chain flexibility, which will be discussed separately.

We determined the critical aggregation concentration (CAC)
for each compound in pure water and 0.15 M NaCl solution
mimicking physiological salt concentration. The self-assembly
of BTA-based compounds in aqueous solutions is coupled with
the formation of hydrophobic domains, which can be probed
with solvatochromic dyes such as Nile Red (NR).>* For most
compounds, a blue shift of the NR peak maximum from
647 nm to around 630 nm was observed after reaching CAC
(see Table 1 for exact values). Stronger blue shifts were
detected for WW, FWW, WFF, and YFF (607, 615, 626, and
605 nm, respectively), which signifies the formation of more
hydrophobic domains.*’

Fluorimetry studies in water revealed that the CAC values of
the compounds increased in the order WFF < FFF < FWW ~
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(A) General structure of BTA derivatives. Nomenclature of each compound represents the corresponding peptide sequence with one-letter

coded L-amino acids. Pentafluorophenylalanine is assigned as ® and p-Phenylalanine as °F. (B and C) Dependence of peptide hydrophobicity on
critical aggregation concentration of the compounds in water (B) and 0.15 M NaCl (C).
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Table 1 Self-assembly properties of BTA-peptide derivatives
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CAC in water”, Amax n, Power Amide I Amide I1

Compounds mM CAC in 150 mM NaCl‘, mM nm keal mol™* law* R°¢ max? max?
FF 1.11 0.48 630 10.26 -1° 4.27¢ — —

wWW 1.02 0.31 607 12.54 -1° 3.92¢ — —

P 0.125 0.047 630 12.72 -1° 3.61° — —

FFF 0.0058 0.0028 630 15.39 -1 4.50 1637 1534
LFF 0.0451 0.0035 630 14.01 -1 4.42 1638 1534
GFF 0.835 0.4671 630 6.81 -2 7.84° 1635 1532
YFF 0.125 0.071 605 12.39 — — 1631 1544
®FF 0.032 0.0019 632 16.62 -2 6.02 1639 1540
WFF 0.0052 0.0032 626 16.53 -1 3.99 1636 1535
FWW 0.031 0.014 615 17.67 -1.5 5.18 1638 1534
F°FF 0.087 0.073 630 15.39 — — 1645 1546

“Wavelength of the NR peak maximum after reaching CAC, as determined by fluorimetry. ® Hydrophobicity calculated as & = — ;AG;, where AG;
is a free energy of transfer from water to n-octanol of an individual amino acid residue. ¢As determined by SAXS. ¢ As determined by FTIR.

¢ Calculated for 150 mM NaCl solutions.

®FF < LFF < F°FF < YFF < GFF for the tripeptides and ®® <
WW < FF for the dipeptide derivatives. In 150 mM NaCl solu-
tion, the order was similar for the BTA-dipeptides and
changed slightly for the BTA-tripeptides (®FF < FFF < WFF <
LFF < FWW < YFF~F’FF < GFF). CAC values decreased in
150 mM NaCl solution for all compounds due to charge
screening (see exact values in Table 1).

As BTA core and EDA termini represent conserved structural
elements, differences in self-assembly arise exclusively from
the interactions between amino acids. When the molecule
assembles in a 1D stack, two sets of non-covalent interactions
are expected to form between the short peptides, namely
hydrogen bonds between amide groups (of BTA and peptides)
and hydrophobic interactions between the amino acid resi-
dues. If this self-assembly mechanism occurs for all the com-
pounds in a similar manner, CAC values should directly corre-
late only with residue hydrophobicity, as the number of amide
interactions is conserved. We employed the established
Wimley-White whole residue octanol scale to calculate hydro-
phobicity (%) (see exact values in Table 1).>* When plotting %
vs. —log CAC, the —log CAC decreases in a manner close to
linear upon an increase in total hydrophobicity both in water
and in the presence of salt (Fig. 1B and C). Tryptophan-rich
compounds deviate from the linear trend; however, it remains
unclear if this deviation occurs due to the overestimation of
the hydrophobicity values for using the octanol scale (for
FWW).*’

For most compounds, the CAC in the presence of salt was
two to three times lower than in pure water except for LFF and
®FF (more than ten times lower) and F”FF (1.2 times lower).
In the case of FPFF, the hydrophobicity appears similar to FFF;
however, three phenyl rings in FPFF cannot achieve co-planar-
ity due to steric complications as a result of a chiral mis-
match.?® Screening of Coulomb repulsions does not affect ste-
rical barrier resulting in almost no effect of salt addition on
CAC value of FFF.

In the case of ®FF, existing models of pentafluorophenyl
and benzyl ring interaction suggest more efficient n—-n stacking

3480 | Polym. Chem., 2021,12, 3478-3487

between a fluorinated and a non-fluorinated ring than
between the corresponding couples.®® These preferential inter-
actions result in a higher energy barrier for coplanar ring
orientation and thereby inhibit supramolecular polymers. In
the presence of salt, ®FF possessed the lowest CAC value
within the studied compounds; however, the slope of the curve
used for CAC calculations was also the lowest for ®FF (see ESI
Fig. S17), suggesting that the compound initially aggregated
into clusters and supramolecular polymerization started at
higher concentration.

The observed difference in CACs in water and salt solution
of LFF is harder to explain. A study demonstrated that a Leu-
Phe-Phe tripeptide tended to form more disordered aggre-
gates due to steric hindrance,'® which may cause the high
CAC of LFF in water. Coulomb screening apparently forces
the molecule to planarity, although the mechanism remains
unclear.

Self-assembly of BTA-tripeptide derivatives

As some BTA-tripeptide derivatives form small clusters on
early stages of self-assembly, we performed measurements at
concentrations 5-10 times higher than the CAC. TEM with
phosphotungstic acid staining was employed to study the
morphology of the nanosystems (Fig. 2A-H). FFF, WFF, LFF,
and FWW assembled into thin, defined separated nanorods
30-500 nm long, and ®FF formed fibers of various thick-
nesses (up to order 2 and 3). YFF displayed a limited ability
to form fibers, and FPFF failed to form any defined structure.
GFF formed very thick fibers with a diameter of 15 to 30 nm
with several different morphologies simultaneously present
(e.g., simple long and short fibers and intertwined higher-
order fibers) (Fig. 2G). On several observed fiber-splitting
events, fibers always split into two smaller ones. In one such
event, double paired fiber splitting was detected (Fig. 2]).
Detailed analysis of the images obtained for ®FF and GFF
revealed the presence of fibers with three distinct thicknesses
(Fig. 2K and L) suggesting that the thickest fibers are of

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 TEM images of BTA-derivatives of tripeptides: FFF (A), WFF (B), LFF (C), YFF (D), ®FF (E), FWW (F), GFF (G), and F°FF (H). Staining — phospho-
tungstic acid. Scale bars: 200 nm (white), 50 nm (black); SAXS profiles (l), sample concentration for all the measurements: 10x CAC. Example of GFF
fibre splitting (J) with splitting points shown by white arrows. Scale bar 200 nm. Different fiber morphologies observed in GFF (K) and ®FF (L)
samples. Scale bar 50 nm. expansion of amide A, amide | and amide Il regions on FTIR spectra of the compounds (M).

second or possibly third order (consists of 4 or 8 smaller
fibers).

Small-angle X-ray scattering (SAXS) studies (Fig. 2I) con-
firmed that all compounds (except YFF and FPFF) assembled
into defined structures in solution, and corresponding Kratky
plots (see ESI Fig. S2At) confirmed the formation of defined
aggregates, as seen from the bell-like shape of the curve at the
low and intermediate g-range. Power law dependencies in
medium g-range (Table 1 and Fig. 2I) for FFF, WFF, and LFF
are close to —1, a value typical for cylindrical objects. P(r) pair
distribution functions are rarely of practical use for supramole-
cular polymers as fiber lengths often exceed the maximum
resolution of the machine; however, they can be used to extract
R. values. P(r) functions for FFF, WFF, and LFF had an appear-
ance typical for cylindrical objects, with one defined
maximum that matched the radius of cross-section (R.) calcu-
lated using modified Guinier plot (see ESI Fig. S2Bf). For
FWW, GFF, and ®FF, observed power law dependencies of
—1.5, -2, and —2, respectively, suggest that these systems com-

This journal is © The Royal Society of Chemistry 2021

prise fibers and/or fractal structures. The average R. values for
®FF and GFF were the highest among the whole group (6.02
and 7.84 nm, respectively). The P(r) function of FWW displayed
one defined peak corresponding to the R.; however, we failed
to identify similar peaks for GFF and ®FF (see ESI Fig. S2Ct)
due to high polydispersity in length and the presence of fibers
with various diameters (as evident from TEM images). Overall,
the R. values obtained for all BTA-tripeptides derivatives
exceeded the theoretically calculated radii of zero-order fibers
(~1.5 nm), suggesting first or second-order structure for
observed fibers except for @FF and GFF fibers, which may
attain third-order structure.

FTIR analyses was used to study hydrogen bonding between
the molecules. We measured spectra for thin films formed
from dried compound solutions in hexafluoroisopropanol/
water mixture. The spectra for the BTA-tripeptide derivatives in
amide A, amide I, and amide II regions represent a complex
overlap of self-assembly sensitive or non-sensitive signals from
distinct amides (from BTA, the peptide, and the ethylenedia-

Polym. Chem., 2021,12, 3478-3487 | 3481
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mine spacer) and characteristic peaks of terminal amine
hydrochloride. Amides from non-aggregated BTA display peaks
at 3306 cm™', 1655 cm™' (in the amide I region), and
1530 cm™" (in amide II region), and the peaks attributed to
hydrogen bonding between BTA molecules shift to 3240 cm™,
1640 cm™', and 1560 cm™".*' Amide vibrations of peptides in
beta-sheet conformations correspond to peaks at around
3220 em™!, 1640 cm™, and 1537 cm™}, while characteristic
peaks corresponding to random coil conformation, while still
debatable, have been reported at 1645-1660 cm™".** In amide I
and amide II regions, FFF, WFF, LFF, and FWW displayed peak
maxima at 1637 cm™" and 1534-1535 cm ™. For ®FF, GFF, and
FPFF, both peaks became blue-shifted, while the amide I peak
red-shifted and amide II blue-shifted for YFF (see Table 1 for
exact values). Vibrations in the amide A and amide B regions
are less sensitive to conformation and hydrogen bonding, and
all spectra appear similar except for residue-specific peaks
(e.g., tryptophan-containing compounds).

FTIR peak deconvolution was used to extract information
regarding the ratio of amides participating in hydrogen
bonding (ESI Fig. S3t). The peaks present at 1636-1638 cm ™
and 1534-1535 cm™ ' suggest a beta-sheet conformation. A
peak at 1660 cm™, indicative of amides not involved in hydro-
gen bonding, represents the most pronounced difference
between the spectra of all studied compounds. F°FF, GFF, and
YFF display the highest peak intensity, emphasizing a higher
amount of disordered aggregates or unimers, while FFF, WFF,
and LFF display the lowest peak intensity, emphasizing the
prevailing ordered structures. The almost identical vibration
frequencies of BTA and peptide amides in both aggregated
and disaggregated states, and a lower amount of BTA amides,
prevents the unambiguous assignment of peaks belonging to
BTA.

Circular dichroism studies for the BTA-tripeptide com-
pounds were performed in water and 150 mM NacCl in small-
volume cuvettes (approx. 35 pL) to minimize the influence of
NaCl absorption. A previous study reported that upon BTA self-
assembly, one or two peaks at around 215-220 nm and a lower
intensity peak at 250 nm appear on the CD spectrum.”® The
signal of beta-sheet conformation is also present in the
215-220 nm region. As each of the analyzed compounds pos-
sessed a distinct CD spectrum, we compared the spectra in
water and 150 mM NacCl, as salt will likely induce self-assem-
bly, and corresponding peaks will increase in intensity (Fig. 3).
Of note, we observed a moderate decrease in intensity due to
stronger absorption of light by the formed fibers (see UV
spectra on ESI Fig. S4t). Peak positions, however, remained
unchanged. Spectra of FFF, F°FF, LFF, ®FF, GFF, and YFF
exhibited four troughs at 195-196 nm (disorganized unimers),
204-206 nm (intrinsic signal of peptides containing FF dipep-
tide sequence overlapping with peaks of amide bonds between
peptides), 214-220 nm (signal of BTA stacking overlapped with
beta-sheet signals), and at around 250 nm (very weak, probably
from BTA stacking). In the presence of salt, significant
changes were observed only for LFF, ®FF and GFF. The peak at
195 nm was less pronounced and almost disappeared in salt-

3482 | Polym. Chem., 2021,12, 3478-3487
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Fig. 3 CD spectra of BTA-derivatives of tripeptides in water (black solid
line) and 0.15 M NaCl (red dotted line). Scaling value is shown in brack-
ets. Sample concentration for all the measurements: 5 x CAC.

containing solutions, which coincided with the appearance of
a trough at 214-220 nm.

The CD spectra for tryptophan-containing compounds WFF
and FWW were substantially different from other compounds.
The CD spectrum of FWW displayed one strong maximum and
minimum at 231 and 213 nm, respectively, small minima at
195 nm and 275 nm, and a weakly defined peak at 205 nm.
Strong intensity signals 231 and 213 nm are intrinsic to the
molecule and remained constant upon the heating of diluted
solutions of the compound (see ESI Fig. S51), thereby confirm-
ing the origin of the peaks from exciton coupling between two
tryptophans.* The WEFF spectrum exhibited five distinct
minima and four maxima both in water and 150 mM NacCl due
to the presence of tryptophan residues.*” Peaks corresponding
to BTA stacking and beta-sheet conformation overlap with
those peaks corresponding to electronic transitions in trypto-
phan and phenylalanine and cannot be directly identified,
except for the conformationally-independent peak of trypto-
phan at 293 nm. Interestingly, we also observed a trough at
293 nm for FWW, but a peak for WFF, findings that provide
evidence for the different orientation and solvent exposure of
tryptophan chromophores in FWW and WFF.*®

Strong CD signals observed for WFF and ®FF and especially
for FWW and FFF originate from exciton coupling®” between
the aromatic residues; however, it is not exactly clear if coup-
ling occurs between the residues on the same tripeptide or on
different ones.

Finally, for FPFF, the presence of salt led to the dis-
appearance of a low-intensity trough at 204 nm and induced the
presence of a negative signal at 195 nm, confirming that the
compound does not self-assemble into defined 1D supramole-
cular polymers. The spectrum of YFF remained almost unal-
tered in the presence of salt, demonstrating a strong trough at
195 nm and a small trough at 214 nm, confirming that this
compound also remains predominantly disassembled.

While multiple peaks in different compounds have oppos-
ing signs (suggesting different interactions between residues),
CD measurements support the formation of directional net-
works of non-covalent interactions from BTA and peptides in a
beta-sheet-like conformation for FFF, WFF and FWW in both

This journal is © The Royal Society of Chemistry 2021
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water and salt solution and for LFF, ®FF and GFF in the pres-
ence of salt.

Self-assembly of BTA-dipeptide derivatives

Given the relatively high CAC values of FF and WW in water,
we performed an analysis of BTA-dipeptide derivatives in
150 mM NacCl solution at a concentration four times exceeding
the CAC. TEM revealed the formation of straight fibers with a
uniform thickness of 8.2 + 1 nm for FF (Fig. 4A) and fibers of
varying thickness (11 + 4 nm) with occasional helical twisting
for WW (Fig. 4B). ®® reproducibly formed a distinct type of
fiber with a thickness of 9.1 + 0.6 nm and a length of
50-500 nm that displayed a defined helicity with a full-twist
length of around 50 nm (Fig. 4C). As in the case with BTA-tri-
peptide derivatives, the thickness of all the generated fibers far
exceeded the theoretically calculated diameter of the mole-
cules (approximately 3 nm). No splitting events were detected
for any of the compounds.

SAXS analyses in water revealed almost complete disassem-
bly of FF, the partial organization of WW with a power law
dependence around —0.4, and the full assembly of ®® with a
power law dependence of around —1 (Fig. 4D). In 0.15 M NaCl,
curves of all the compounds displayed power law dependence
of —1, typical for cylindrical objects. Kratky plots confirmed
the appearance of organized structures (see ESI Fig. S67). P(7)
functions for ®® displayed oscillations with a 50 nm period-
icity, similar to the results obtained by TEM (see ESI Fig. S77).
Nevertheless, oscillations in P(r) functions cannot be con-
sidered entirely conclusive for this polydisperse system. For
WW, the P(r) function appeared similar to FWW and typical
for rod-like objects. The R. values obtained from modified
Guinier plot decrease from 4.3 nm for FF to 3.9 nm for WW
and 3.6 nm for ®® following the increase in hydrophobicity of
the amino acid residues. Upon increasing hydrophobicity,
fibers become more tightly packed, which implies a minimal

Fig. 4 TEM images of BTA-derivatives of dipeptides FF (A), WW (B), and
®P (C). Scale bars: 200 nm (white), 50 nm (black). SAXS profiles of BTA-
derivatives of dipeptides in water (grey) and 150 mM NacCl (black) (D).
Cryo-TEM images of FF-NH, (E) and the magnification on selected
regions (F). Scale bars: 500 nm (white) and 50 nm (black).

This journal is © The Royal Society of Chemistry 2021
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exposure of hydrophobic amino acid residues to the solvent in
higher-order fibers.

Self-assembly of BTA-dipeptide derivative with a terminal
amine group

While all the synthesized BTA di- and tri-peptide derivatives
are insoluble in basic form, we serendipitously discovered that
FF-NH2 with terminal amines (rather than hydrochlorides)
formed gels after keeping the precipitate in water over two to
four weeks. During this period, the liquid transformed into a
transparent self-supporting gel (see ESI Fig. S8t) without a
noticeable change in the quantity of the precipitate. Other
compounds failed to form gels under similar conditions.
Apparently, FF-NH2 has very low solubility in water and
reaches the gelation point after an extended time via a process
of slow solution saturation. This sample was used to study self-
assembly in the absence of terminal charges.

Cryo-TEM analysis demonstrated that the gelated FF-NH2
sample contained multiple helical nanofibers with a small
portion of thinner fibers of two different thicknesses (Fig. 4E),
and we detected multiple examples of large fibers splitting
into thinner fibers (Fig. 4F). As in the case of GFF, only paired
interactions were detected. Considering the presence of fibers
with three different diameters, we suggest that the thickest
FF-NH2 fibers have a third-order structure, similar to GFF and
one order higher than FF with charged terminal amines.

Proposed mechanism of higher-order interfiber interactions

If we consider that all the studied derivatives described are
mainly composed of hydrophobic amino acids with small
hydrophilic termini, then applying the generally accepted
mechanism of BTA self-assembly with the formation of a
single stack would require the exposure of the majority of the
hydrophobic residues to water that is a thermodynamically
unfavorable. The formation of first or higher-order helical
fibers through molecule distortion will significantly decrease
the solvent exposure of hydrophobic residues (Fig. 5A). The
high values of the fiber radius for the studied compounds, far
exceeding those theoretically predicted for a single BTA stack,
confirm this mechanism. Considering a report of the for-
mation of first-order fibers (twisted and parallel) for BTA modi-
fied with alkyl chains and short PEG,?® solvent exposure mini-
mization might play a pivotal role in the aqueous self-assembly
of a broad range of BTA-based molecules.

BTA-based molecules are traditionally depicted as perfectly
C3-symmetrical units; however, analysis of the available crys-
talline BTA-based molecule structure provides evidence that
even the amide groups of BTA do not necessarily retain C3
symmetry in three-dimensional space (relative to the BTA
ring).**7>? The molecule can be distorted from flat and C3 sym-
metrical, which can be further enhanced by substituent flexi-
bility; however, the hydrogen bond network between the BTA
amide groups remains unperturbed.

Peptide chains themselves possess high levels of flexibility,
with only three amino acids needed for a 180° turn in proteins
(the so-called protein p-turn).>® Hydrophobic tripeptides are
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Fig. 5 Schematic representation of the proposed mechanism of
higher-order fiber formation. (A) Illustration of how a decrease in
solvent-accessible area favors the formation of higher-order fibers with
representative structures of the primary fibril and first and second-order
fibrils. (B) Illustration of hydrophobic contact interactions responsible for
stabilization of higher-order fibers.

quite bulky for p-turn, and FTIR and CD data confirm that tri-
peptides in BTA derivatives are in a beta-sheet conformation
(except FPFF and YFF). CD data and the different behavior of
BTA-tripeptide derivatives in water and 0.15 M NacCl suggest that
the mechanism of self-assembly and orientation of the residues
in assembled state varies between compounds. We detected
higher-order fibers in all the systems except for F’FF, suggesting
that their formation mainly correlates to peptide flexibility and
the formation of an unperturbed hydrogen bond network.

To gain insight into the mechanism of molecule organiz-
ation in higher-order fibers, we considered that detected fiber
splitting always occurs in a pairwise manner in FF-NH2 and
GFF. The glycine spacer in GFF is non-bulky and provides
higher flexibility to diphenylalanines, thus allowing a more
efficient distribution of surface charge, which leads to the for-
mation of very thick twisted fibers. Compared to FF, FF-NH2
possesses no surface charges, and Coulomb repulsions facili-
tate interactions between the fibers. It would be logical to con-
clude (i) that the fibrils in the bundle are held together by
hydrophobic interactions between the outer phenylalanine/
tryptophan residues and (ii) that charged amine hydrochloride
groups remain on the surface of the fiber and do not interact
with deeper layers of the hydrophobic core, thus excluding a
hexagonal packing mechanism previously described for crystal-
line BTA derivatives.**

Beta-sheets in proteins can interact in various manners to
form higher order supramolecular superstructures.>® While it
remains challenging to identify the exact mechanism involved,
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we believe that hydrophobic contact interactions provide the
most plausible explanation (see Fig. 5B). In proteins, super-
structures formed through hydrophobic contact may have
either C2 or C3 symmetry.>® We only detected C2 symmetric
interactions for the systems described herein, which is prob-
ably caused by the limited redistribution of the surface
charges. Indeed, every increase in fiber order would require
the denser organization of surface charges (as in the case of
®FF and GFF) or cause more steric constraints (as in the case
of FF-NH2) (Fig. 5A). For the described systems, the highest
fiber order is apparently limited to 3 or 4.

Presuming the validity of the described self-assembly
mechanism, a further increase in hydrophobic chain size and/
or the shifting of the charged group further from the core
should facilitate molecular packing and lead to the formation
of 2D supramolecular structures such as nanoribbons.

Nanoribbon formation

Hierarchical pairwise interfiber interaction implies that for-
mation of a hydrophobic region during fiber formation occurs
only on one side of the fiber rather than in several places simul-
taneously. A fiber with two interaction sites can form two-
dimensional objects; however, that process would require much
stronger distortion of the molecule to keep all the charges on
the surface. In this case, an increase in the hydrophobic core
diameter and distancing the charged group further from the
core should prompt the formation of nanoribbon- or mem-
brane-like objects. Initially, we prepared BTA-based tetrapheny-
lalanine derivatives, but self-assembly studies failed due to com-
pounds’ insolubility in water. To avoid this problem, we
designed F3E2 bearing a FFF core with diglutamate termini.

At basic pH, the ionization of both carboxylic groups
should prevent higher order interfiber interactions due to
strong Coulomb repulsions. At acidic pH, protonation only
affects the terminal amine, thereby facilitating interfiber inter-
actions. F3E2 remained soluble at both pH values, and NR
fluorimetry demonstrated stable assembly with CAC values of
32 pM at pH 8.0 and 0.3 uM at pH 3.0.

TEM analysis of F3E2 at pH 8.0 demonstrated the formation
of thin fibers (Fig. 6A), most probably consisting of double-
helical fibers, similar to a previously reported compound with
an FFF core and ten glutamic residues per arm.>® At pH 3.0,
we observed various distinct morphologies, including separate
fibers, parallel fiber doublets, short flat objects, and twisted
nanoribbons consisting of multiple interacting fibers (Fig. 6B).
We also observed multiple nanoribbon splitting events (the
most representative example is depicted in Fig. 6C). Contrary
to the pairwise splitting observed for GFF and FF-NH2, F3E2
surface split into at least six recognizable smaller fibers. These
findings confirm that fibers interact with two neighboring
molecules as shown in Fig. 6D, thus supporting the hypothesis
that terminal charges remain on the fibers’ surface and,
together with substituent flexibility and hydrophobicity, deter-
mine higher-order structure formation.

While confirmation or correction of the proposed mecha-
nism of self-assembly requires additional studies on related
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Fig. 6 TEM images of F3E2 at pH 8.0 (A) and pH 3.0 (B) with the mag-
nification of a selected region (C). Scale bars: 200 nm (white), 50 nm
(black). Proposed model of BTA molecule packing in F3E2 at different
pH values (D).

compounds, we believe that our findings can already aid the
design of BTA-based architectures with a complex hierarchical
organization and tailored functionalities.

Materials and methods
Materials

All reagent grade chemicals were used without purification.
Anhydrous N,N-dimethylformamide (DMF, >99.8% anhy-
drous), methanol (HPLC grade), and tetrahydrofuran anhy-
drous (99.8%) were purchased from Scharlab SL (Sentmenat,
Spain). All protected amino acids were purchased from Iris
Biotech.

Synthesis of compounds

Detailed synthetic procedures for all the compounds are pro-
vided in ESL{

Solution preparation

A fixed amount of compound was weighed and transferred
quantitatively to a 2 mL volumetric flask. Compounds were
dissolved in water or 150 mM NaCl solution under mild
shaking or sonication, and the volume of the solution was
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adjusted with the same solvent. Stock solutions were equili-
brated at room temperature overnight. After dilution, samples
were equilibrated for at least 3 h at room temperature. pH
values of all solutions were in a range of pH 4.0 to 5.5.

Nuclear magnetic resonance spectroscopy

NMR measurements were performed on a Bruker 300
UltrashieldTM (Bruker, Billerica, United States) or on Avance
III 500 MHz Bruker (Bruker, Billerica, United States). All
measurements were performed at room temperature, and
spectra were processed and analyzed using TopSpin software.

Circular dichroism spectroscopy

To measure the absorption of polarized light, the prepared
solution was transferred to a quartz cuvette with a light path
length of 1 cm or 0.1 mm and measured five times at 25 °C
with a J-1500 spectrometer (JASCO corporation, Easton, United
States). A nitrogen flow of 2.7 L min~" was led through the
spectrometer. CD spectra were measured in 0.1 mm cuvettes in
water and 150 mM NacCl solution at concentration 5% CAC.
Temperature variation spectra of FWW were measured in a
cuvette with a light path length of 1 ecm at concentration
0.03 mM in a temperature range from 10 to 80 °C and equili-
brated for 15 min at each temperature.

Fourier transform infrared spectroscopy

ATR-FTIR measurements were performed on an FI/IR-4700
(JASCO, Easton, United States) using a 400-4000 cm ™' range.
In a typical experiment, one drop of a 5 mg mL ™" solution of
the compound in water: hexafluoroisopropanol (1:1) was
placed on the diamond crystal and allowed to dry for 20 min.

Fluorescent spectroscopy

Fluorescence spectroscopy measurements were performed on
an FP-6500 spectrofluorimeter (JASCO, Easton, United States)
with an excitation wavelength of 550 nm and measured emis-
sion spectrum in a range from 575 to 740 nm. Samples were
dissolved in water or 0.15 M sodium chloride solution and
allowed to equilibrate for 3 h. To 800 pL of each solution, 1 pL
of 1 mg ml™" NR solution in acetone was added, and the
samples were additionally equilibrated for 30 min.

Transmission electron microscopy and cryo-TEM

The TEM and cryo-TEM experiments were performed on the
FEI Tecnai Spirit G2 transmission electron microscopy with a
digital camera (Soft Image System, Morada, United States) and
ITEM] image capture software (Osaka, Japan). Samples for
TEM were applied directly onto carbon film on 200 mesh
copper grids. Excess of the sample was carefully removed by
capillarity, and the grids were immediately stained with one
drop of 0.1% phosphotungstic acid for 30 s. Excess stain was
removed by capillary action. Samples for cryo-TEM were vitri-
fied with a Vitrobot (ThermoFisher Scientific).
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Small-angle X-ray scattering

The SAXS measurements were performed at the BL11 beamline
of the Alba synchrotron (Barcelona, Spain). The observed q
range was 4.24 x 10~ A™ < g < 3.52 A™!, where ¢ is the magni-
tude of the scattering vector g = (4n/A)sin(6/2). Measurements
were performed in Hilgenberg Mark-tubes made of glass N50
packed with green perforated plastic disk (length 80 mm,
outer diameter 1.5 mm, wall thickness 0.01 mm). All solutions
were equilibrated for 24 h before measurement. Experiments
were performed with the use of in-house cells and cell holders.
Analysis and fitting were performed with ATSAS software
packages. P(r) functions were extracted with GNOM.

Mass spectrometry

MS analysis was performed using an AB Sciex QTRAP
4500 mass spectrometer (Sciex, Singapore) with electrospray
ionization source. Sample was introduced via direct injection
of 20 uL of 100 ug mL™" solution. Analysis parameters: mobile
phase 0.1% TFA in water: 0.1% TFA in acetonitrile (1: 1); flow:
0.4 mL min~"; capillary voltage: 3.5 kV; fragmentation voltage:
70 V; gas flow: 11 L min~", nebulizer gas pressure: 15 psi;
mode - positive.

Molecular radius calculation

Radius of fully stretched molecules was calculated using
Gaussian software package.

Conclusions

We studied the self-assembly of a family of soluble BTA deriva-
tives of di- and tri-peptides with solubility provided by a single
terminal protonated amino group. Amino groups are non-
bulky and cannot entirely shield hydrophobic residues from
water, and thus force the formation of higher-order fibers. In
addition to the well-described formation of BTA-based nano-
fibers and recently reported double-helical fibers, we discov-
ered that more complicated structures (higher-order fibers and
nanoribbons) could form in an aqueous solution. While fiber
diameter for most systems strongly exceeded the theoretically
estimated size of molecules, we observed the formation of mix-
tures of fibers of different order for WW, ®FF, GFF, and
FF-NH2.

The proposed mechanism of higher-order fiber formation
suggests that: (1) fibers interact to minimize the exposure of
hydrophobic groups to water, (2) molecules in bundles become
distorted away from C3 symmetry to facilitate hydrophobic
contact interactions, and (3) an increase in fiber order will
lead to an increase in surface charges concentration and steric
constraints until a critical value is reached that limits further
interactions of the higher-order fibers.

Applying this mechanism to the design of BTA-based
systems with controlled morphology, we successfully prepared
a pH-responsive F3E2 that assembled into thin fibers at pH 8.0
and mixed complex morphologies such as nanoribbons at pH
3.0. Splitting of nanoribbons into smaller fibers did not occur
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in a pair-like manner as observed for BTA-tripeptides due to
facilitated hydrophobic contact interactions.

Nanoribbons and higher-order helical fibers occurred only
in a mixture of various morphologies, except compound PP,
which only formed helical nanofibers. Due to the highly sensi-
tive nature of the supramolecular polymerization, the possible
attainment of a single morphology in a controlled manner will
require more detailed studies regarding the role of subtle
changes in polymerization conditions, such as solution prepa-
ration, temperature, time, and aging. Nevertheless, we antici-
pate that this study will facilitate and accelerate the future
development of BTA-based advanced dynamic supramolecular
materials with controlled hierarchical architecture and
functionality.
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