Universita degli Studi di Trieste
Archivio della ricerca — postprint

ar'T

Single-atom substitution enables supramolecular
diversity from dipeptide building blocksT
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Barbara Rossi 2 *¢ and Silvia Marchesan () **

Dipeptides are popular building blocks for supramolecular gels that do not persist in the environment
and may find various applications. In this work, we show that a simple substitution on the aromatic side-
chain of phenylalanine with either fluorine or iodine enables supramolecular diversity upon self-
assembly at neutral pH, leading to hydrogels or crystals. Each building block is characterized by
'H- and ®*C-NMR spectroscopy, LC-MS, circular dichroism, and molecular models. The supramole-
cular behaviour is monitored with a variety of techniques, including circular dichroism, oscillatory
rheology, transmission electron microscopy, attenuated total reflectance Fourier-transformed infrared
spectroscopy, visible Raman spectroscopy, synchrotron-radiation single-crystal X-ray diffraction and UV
Resonance Raman spectroscopy, allowing key differences to be pinpointed amongst the halogenated

analogues.

Introduction

Short peptides are attractive, low-cost building blocks for self-
assembled materials that do not persist in the environment and
can be formed in benign solvents, such as aqueous solutions."
Thanks to the great chemical diversity of natural and non-
canonical amino acids,” it is possible to tune the physico-
chemical properties of the final product, and this is an attrac-
tive feature for different applications spanning from innovative
solutions in medicine®® to energy’® and bioelectronics.” ™"
To enable translation into the market, it is key to design
systems with low-cost and easy scale-up. For this reason, the
minimal building blocks, i.e. dipeptides, are highly attractive,'>
since production costs exponentially increase with amino acid
sequence length, with economical liquid-phase synthesis
becoming impractical on a large scale for longer sequences.
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Prediction of the self-assembly behaviour of dipeptides is
remarkably difficult in light of their richness in diverse func-
tional groups and conformational flexibility, so that even subtle
structural variations could potentially lead to very divergent
outcomes through the cooperative process of self-organization.'* ¢
The most popular approach for their design includes the use of
polyaromatic N-caps, which facilitate hydrophobically driven
self-aggregation and ordered stacking.'*!” Derivatization can
be extended to both termini, introducing non-ionizable groups
to reduce the hydrophilic character and, thus, the minimal
concentration required for assembly and/or gelation.'®>' Halo-
genation is another useful strategy, which has the additional
advantage of enabling further non-covalent interactions.?®?*?*
Amino acid chirality is also emerging as a strategy to control
dipeptide self-assembly, with heterochirality resulting in
increased hydrophobicity, as shown in dipeptides bearing
Leu/lle and Phe amino acids.***®

Diphenylalanine is the most popular dipeptide building
block with a remarkable propensity to self-organize into diverse
superstructures, such as nanotubes and fibers.”®*®*” Interest-
ingly, the dipeptide is an unstable gelling agent forming a
heterogenous network of fibres of various diameters that shows
syneresis, meaning shrinking with concomitant expulsion of
the solvent over time.*® Phenylalanine aromatic rings often
participate in aromatic non-covalent interactions that are
crucial for self-organisation. Polarization of Phe residues is a
strategy to use polar-n interactions between two different
aromatic rings as a driving force for assembly. For instance,
dipeptides with pentafluorophenylalanine and one aromatic
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natural amino acid showed the ability to form gels driven by
polar-r interactions.?® Indeed, Phe halogenation is a strategy to
improve the gelling ability of peptides.****°

In 2020, our group reported that heterochiral p-Phe-L-Phe
surprisingly maintained the ability of homochiral .-Phe-1-Phe
to self-assemble into nanotubes through stacking of dipeptides
arranged head-to-tail to enclose a hydrophilic inner core.** As a
result of the different stereoconfiguration, however, only the
heterochiral Phe-Phe displayed the two aromatic rings face-to-
face, enabling intramolecular interactions at the expense of
intermolecular ones. Interestingly, the net result is the stabili-
zation of a double-layer of peptides into 4-nm wide nanotubes,
which formed a stable hydrogel, with suppression of the
bundling tendency noted for the homochiral Phe-Phe. Mono-
halogenation of the N-terminal Phe into the corresponding 2-F,
3-F, 4-F, and 4-I derivatives maintained the ability to gel, with
the advantage of a lower minimum gelling concentration (mgc).
To extend the toolbox of self-assembling Phe-Phe derivatives,
in this work, we show that when this approach is applied to the
C-terminus, very different outcomes result from the supramo-
lecular behaviour. Detailed investigation using several tech-
niques, including synchrotron-based UV Resonance Raman
(UVRR) spectroscopy, sheds light on key differences in the
Phe hydrophobic environment.

Results and discussion

Synthesis and molecular characterization

The four dipeptides shown in Scheme 1 were synthesized by
solid-phase reaction, purified by reversed-phase HPLC and
analyzed for the purity and identity by LC-MS, "H-NMR spectro-
scopy and "*C-NMR spectroscopy (see the ESI,} Sections $1-S5).
All dipeptides are heterochiral, and since enantiomers display
the same supramolecular behaviour in achiral environments,
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Scheme 1 Chemical structures of the four heterochiral Phe—Phe
dipeptides.

N

they are representatives of the four enantiomeric pairs p-L and
L—D.

All the fluorinated compounds displayed almost identical
retention times (R, to their halogenated analogues at the
C-terminus.*" The R, were all similar, with only 4-1 being
slightly more hydrophobic (see the ESL,{ Section S5). In diluted
solutions, the CD spectra were reminiscent of their analogues
halogenated at the N-terminus,®® with the p-L dipeptides
displaying a positive signal above 200 nm, and the two r-p
dipeptides displaying a negative signal (Fig. 1A). Previous
studies showed that this type of CD signature can be a repre-
sentative of a population of conformations, which can also be
found for non-assembling analogues.*

Self-assembly in phosphate buffer

When subjected to a pH trigger from alkaline to neutral (Fig. 2),
only 2-F and 4-F gelled with mgc values of 15 and 7 mM,
respectively. The gels were thermoreversible (see the ESILf
Section S6). Conversely, 3-F and 4-I consistently crystallized,
allowing for XRD analysis (vide infra). Above the mgc, the CD
signal rapidly evolved for 2-F and 4-F (Fig. 1B). Considering the
similar HPLC retention times (see the ESL 1 Section S5), mole-
cular hydrophobicity is not a discriminating parameter for
gelation within this series.

The amide I and III regions of the FT-IR spectra were
dominated in all cases by signals at 1680, 1210 and 1255 cm ™,
with an additional peak at 1228 cm ™' for 2-F, which were all
compatible with PB-sheet-like hydrogen-bonding networks.*?
Other signals in the amide I region included a peak at
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Fig. 1 CD spectra of the dipeptides in solution (A) and in the gel state (B).
The grey arrow indicates signal evolution over time.
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Fig. 2 (A) Photographs of the four compounds in phosphate buffer
(pH 7.3) above their solubility limit. (B) Optical microscopy image (10x)
of the crystals formed by the 3-F (left) and 4-I (right) dipeptides. Scale bar =
200 pm.

1639 cm ™', compatible with B-sheet-like stacks, for the two
gelators 2-F and 4-F, which was not evident in the case of 3-F
and 4-I analogues. The amide II band, which is of more difficult
interpretation, was also similar for the two gelators (1534 and
1572 ecm™ '), and with blue-shifted signals for the other two
compounds (1551 and 1585 cm™ %), in agreement with the more
extended H-bonding network for the latter. The signal at
1570 cm~ ' was already reported for fibrillating dipeptides,
and it had been attributed to the strong association between
the charged N- and C-termini in the supramolecular state.>***

The formation of B-sheet-like stacks was confirmed by
thioflavin T fluorescence for the two gelators that formed
homogeneous systems, enabling quantitative analysis. In both
cases, amyloid-associated fluorescence allowed the corres-
ponding critical aggregation concentration (cac)*® to be esti-
mated as 13 and 4 mM for 2-F and 4-F, respectively (Fig. 3B).
Transmission electron microscopy (TEM) confirmed the
presence of microcrystals for 3-F and 4-I and of fibrils for the
gelling 2-F and 4-F (Fig. 4 and ESL,t Section S7). In particular,
the fibrils of the 2-F dipeptide displayed an average diameter of
17.5 £+ 5.8 nm (n = 200) but also a marked tendency to bundle
into fibres as thick as 100 nm, with many instances of fibres
branching into fibrils and interconnecting points between the
latter. This type of nanostructure is in agreement with the
opaque appearance of the corresponding hydrogel and denotes
a marked difference in the supramolecular behaviour relative to
p-Phe-1-Phe that does not bundle.*' Conversely, the 4-F dipep-
tide formed a highly homogenous population of fibrils with an
average diameter of 11.9 + 1.8 nm (n = 100) that could run
parallel for some lengths but without fusing into fibres, which
was in agreement with the translucent appearance of the
hydrogel. Previous studies on protein complexes suggested
that fluorination in the ortho position can lead to stronger

%T (A.U.)

1600 1400 1200 1000 800

600
B v (ecm™)
10 2-F 30, 4-F

© 2 20

e 13mM §20

85 8

8 \ 8 10 4mM

o o

=) =

“ 0 . 1L "0

1 0 1 ar 1

0
log,, conc (mM) log,, conc (mM)

Fig. 3 (A) ATR FT-IR spectra of the four dipeptides upon application of the
pH trigger. (B) Thioflavin T fluorescence for the two gelators allowed the
corresponding critical aggregation concentration to be calculated
(cac, see the grey arrow).

Fig. 4 Transmission electron microscopy (TEM) images of the four dipep-
tides under self-assembly conditions. Scale bar = 200 pm.

intermolecular stacking interactions, relative to the para position,
and they could take part in fibril bundling observed only for
2-F, but not 4-F.*® Local and direct positive effects of electron-
withdrawing substitutions on aromatic stacking interactions are
established.’”

Oscillatory rheology confirmed the gel nature of the 2-F and
4-F compounds, whose gelation reached a plateau within
15 minutes, with elastic modulus G’ values of 18 kPa and
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Fig. 5 Oscillatory rheology time sweeps (left) and stress sweeps (right) for
the two gelators 2-F (A) and 4-F (B) at their mgc.

8 kPa, respectively, at their corresponding mgc (Fig. 5 and ESL
Section S8). Unsurprisingly, the gelation kinetics for 2-F were
slower than for 4-F, as only the fibrils of the former bundled
during the process, as confirmed by TEM (Fig. 4). Similarly, the
decrease in viscoelastic moduli accompanying the gel-to-sol
transition in the stress sweeps (Fig. 5) was wider for the former,
whose gel is composed of a heterogeneous population of fibrils
and fibers.

Single-crystal X-ray diffraction (XRD)

The two compounds 3-F and 4-I consistently crystallized when
subjected to the pH trigger (Fig. 1), thus allowing for their study
by X-ray diffraction (XRD, Fig. 6). In both cases, the asymmetric
unit contains a molecule of the peptide in its zwitterionic form
and three molecules of water (see the ESL T Section S9).
Despite the notable differences between the iodine and
fluorine radii, there is a striking similarity between the two
structures, as evident from the superimposition of the peptide
backbones of p-Phe-1-(3-F)-Phe and p-Phe-1-(4-I)-Phe, that
adopt the same conformation (Fig. 6A). Furthermore, both
peptides interact in the same way with their polar groups
within the hydrophilic layer, although minor differences are
noted in the hydrophobic layer where the halogen atoms reside
(see the ESI,} Section S9). In both cases, crystal packing shows a
separation between the hydrophobic layers (shown in yellow in
Fig. 6C and D) with the prevalence of phenyl groups and
hydrophilic layers (shown in cyan in Fig. 6C and D) with the
peptide backbones and water molecules. In particular, in
hydrophilic layers, peptides form piles in the crystallographic
direction b, held together by hydrophilic interactions, most of
which are mediated by solvent molecules (Fig. 6B), which is a
recurring feature of fibrillating dipeptides that do not gel.****
The iodine atoms are equally spaced along the a crystallo-
graphic direction, with an average distance of 4.6 A and no
evidence of halogen bonding. This type of packing for 4-I is not
too surprising since a similar situation was found for the

Fig. 6 Single-crystal XRD data. (A) Superimposition of b—Phe—-L—(3-F)-
Phe (CCDC 2130532, carbon atoms in cyan) and p—-Phe-L—(4-l)-Phe
(carbon atoms in green). (B) Hydrophilic interactions of 4-1 (CCDC
2130533). (C and D) Supramolecular packing of 4-l into hydrophobic
(yellow) and hydrophilic (cyan) regions. (C) Top-view and (D) side-view
of the peptide stacks.

analog p-(4-I)-Phe-1-Phe.?" Conversely, the fact that 3-F shows
the same type of layered packing is unexpected, since all the
analogues that were fluorinated at the N-terminus formed,
instead, supramolecular water channels.*

Molecular models of the four dipeptides did not reveal clear-
cut trends in the orientation or magnitude of the dipole
moment that could explain the higher propensity towards the
crystallization of 3-F and 4-I, relative to 2-F and 4-F (see the
ESLt Section S10). This finding is in agreement with previous
studies on fluorination at different positions of benzene and its
effects on intermolecular interactions involved in protein
complexes.>® Other studies have also shown that electron-
density dispersion has a major contribution relative to electro-
statics, in stabilizing stacking interactions between aromatic
rings, of which one is fluorinated.*® However, the minimized
conformations of gelling 2-F and 4-F were very different relative
to those found in the crystal structures of the former two.
In particular, the dipeptide molecules were more extended with
the phenyl rings further apart in a position that appears to
be unfavourable for the establishment of intramolecular inter-
actions (Fig. 7 and ESI,t Section S10) and the exclusion of water
from hydrophobic layers as seen in Fig. 6C and D. The gels were
tested for powder XRD, but no diffraction was observed. Thus,
Raman spectroscopy was used to shed further light on the
packing of the four compounds.

Visible Raman spectroscopy

Recently, we applied Raman spectroscopy to analyse the self-
assembling behavior of short peptides based on the Phe-Phe
motif.>® In particular, this technique proved useful to assess the
presence of halogen bonding and identify differences due to
the supramolecular packing, in the crystal and gel phases,
compared with the powder form.*'
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Fig. 7 Energy-minimized molecular models for 2-F (A) and 4-F
gelators.

Visible Raman spectra of the dipeptides in their powder
form and gel or crystal states are shown in Fig. 8. Due to the
Raman interfering signal of water in the spectral region of
interest, spectra were collected on dry samples. The most
intense Raman signals are assigned to Phe, hereafter referred
toas F1 (~ 1004 cm™ ') and F2 (~ 1034 cm ™ '). Both these modes
are due to side-chain vibrational motions of the Phe ring;
in particular, the F1 band is due to the benzene breathing
mode, while the F2 signal is associated with the in-plane CH
bending.*>*! Interestingly, the F2 band displays a blue shift of
4-5 cm™ " only for 3-F and 4-I in the crystals (insets in Fig. 8B
and D). Conversely, no significant spectral changes for F1 and
F2 were detected upon assembly of 2-F and 4-F into gels. This
distinct behaviour may be related to the different packing of the
Phe rings in the crystal or gel state, in agreement with mole-
cular models. Furthermore, new signals (denoted with * in
Fig. 8) arose with assembly in all cases, of which those at
1256 cm ™' and 1687 cm ™' were evident only for 2-F and 4-F
gels, respectively. These peaks were attributed to the amide III
and amide I bands related to the formation of extended H-bond

networks in B-sheet-like stacks of dipeptide gels.”> However, in
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Fig. 8 Visible Raman spectra of the four dipeptides.

this region, both aromatic and amide signals overlapped, and
for this reason, UVRR spectroscopy was needed (vide infra).
Finally, no shifts due to halogen bonding were noted,*" in
agreement with XRD.

UV Resonance Raman (UVRR) spectroscopy

Thanks to the resonance effect, UV Resonance Raman (UVRR)
spectroscopy offers several advantages with respect to the
conventional visible Raman technique, such as the significant
increment of the detection limit and the selectivity needed to
incisively monitor specific chromophores within the sample.
The fine tunability of the synchrotron radiation source allows
an accurate choosing of UVRR excitation wavelengths to effi-
ciently disentangle the Raman bands associated with specific
chemical groups. These conditions determine the usefulness of
UVRR spectroscopy as a highly sensitive and selective spectral
probe for exploring peptides under very diluted or concentrated
conditions in water. UVRR spectra of peptides usually contain
many vibrational fingerprints that can be related to the
conformation and intermolecular interactions. In particular,
the excitation wavelength at 226 nm is the most suitable for
investigating the aromatic signals of Phe due to the close
resonance of this excitation energy with their electronic
transitions.*>** This results in a strong enhancement of the
UV Raman cross-section of some vibrational modes of Phe
whose Raman signal dominates the UVRR spectrum, as con-
firmed by analysis of amino acid precursors devoid of the
amide bond (see the ESI,t Section S11). The prominent Raman
band observed between 1580 and 1620 cm™ " in the spectra of
Fig. 9 is attributable to the in-plane ring stretching mode vg, of
Phe** and is very sensitive to ring substituents.”> In unsubsti-
tuted Phe, it appears at 1609 cm™',**** while p-substitution
in 4-F and 4-1 causes red shifts to 1604 and 1584 cm %,
respectively. Conversely, a red shift to 1614 cm ™" is found for
2-F and 3-F (Fig. 9 and ESL,} Section S11).

Phe can be involved in hydrophobic, cation-n and H-bond
interactions with nearby residues or surrounding molecules of
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Fig. 9 UVRR spectra of the four dipeptides in their precursor solutions
(black traces) and after the pH trigger to neutral (blue traces) that yielded
hydrogels (2-F and 4-F) or crystal suspensions (3-F and 4-I).
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a solvent.*® Both the wavenumber position and intensity of the
Raman band assigned to the ring-stretching mode vg, were
reported to be very sensitive to the local environment in peptide
self-assembly.”” In the case of 2-F, the Raman signal corres-
ponding to the ring-stretching mode of Phe is detected at
~1612 cm™ ' in solution (Fig. 9). Gelation causes a 5 cm '
red shift to 1617 cm ™" and the appearance of a shoulder at
1597 em ™. The blue shift is indicative of aromatic interactions
arising from fibrillisation, whilst splitting of the Raman signal
could arise from interlayer interactions on the stacking order in
the 2-F gel, which is formed by fibrils and fibres of various
diameters.

In the case of 4-F, only a broadening of the vg, signal at
1610 cm ™' occurred upon assembly. The Raman cross section
of these bands has been demonstrated to markedly depend on
the exposure to water of the aromatic ring.*® This finding could
suggest a minor strength of the stacking interactions among
Phe rings in 4-F hydrogels, which indeed arise from fibrils that
do not further bundle into fibers, and are thus more exposed to
the solvent relative to the 2-F hydrogel. UVRR is thus consistent
with TEM.

Crystals of 3-F and 4-I were more difficult to analyze due to
the heterogeneity of their dispersions in the liquid buffer.
Indeed, the UVRR signal is collected from a spot size of several
mm?; thus, homogeneous gels of 2-F and 4-F allow for higher
quality data relative to crystal dispersions of 3-F and 4-1. In the
case of 4-1, after several measurements, good-quality spectra
were obtained that allowed a 7 cm ™" blue shift arising from the
hydrophobic interactions of the Phe rings to be discerned,
which was in agreement with the XRD data (see Fig. 6). Unfor-
tunately, in the case of 3-F, the partial loss of the UV-resonant
aromatic signals was noted, with the appearance of the non-
resonant amide II signal at 1553 em ™", and no Phe-associated
shifts could be unambiguously seen. However, since 3-F and 4-1
display analogous packing, superimposable peptide backbones,
and positions of water molecules (Fig. 6 and ESI Section S9), we
expect a similar situation to 4-1.

Overall, UVRR allowed the amide and Phe aromatic signals
to be disentangled and the inherent shifts due to halogen-
substitution to be unambiguously assigned. Secondly, UVRR
enabled the monitoring of variations in the Phe environment
arising from the assembly of the different peptides.

Experimental
Materials and methods

Fmoc-amino acids, 2-chlorotrityl chloride resin, and coupling
agents were obtained from GL Biochem (Shanghai) Ltd.
All other chemicals and solvents were acquired at analytical
grade from Merck. An in-line Millipore RiOs/Origin system
provided high-purity Milli-Q-water with a resistivity >18 M Q cm.
'H-NMR and "*C-NMR spectra were recorded using a Varian
Innova spectrometer at 400 MHz with chemical shifts reported
as ppm (using tetramethylsilane as the internal standard).
An Agilent 6120 LC-MS system was used for ESI-MS spectra.

Optical microscopy images were acquired on a drop of fresh
samples deposited on clean glass slides, using a Leitz Labovert
instrument with a 10x magnification objective.

Synthetic procedures

Each dipeptide was synthesized by solid phase synthesis using
a standard Fmoc-protection strategy as previously described.*
Purification was performed using an Agilent 1260 chromato-
graphy system using a C-18 column (Kinetex, 5 pum, 100 A,
250 x 10 mm, Phenomenex) and acetonitrile (MeCN) and water
with 0.05% TFA as an eluent mixture with the following
methods. For 2-F, 3-F, 4-F: t = 0 min. 30% MeCN, ¢ = 2 min.
30% MeCN, ¢ = 12 min. 55% MeCN, ¢ = 15 min. 95% MeCN. For
4-1: t = 0 min. 30% MeCN, ¢ = 2 min. 30% MeCN, ¢ = 12 min.
42% MeCN, ¢t = 15 min. 95% MeCN. Fractions with the products
were freeze-dried.

Self-assembly into hydrogels or crystals

Each peptide was dissolved in sodium phosphate buffer (0.1 M,
pH 11.8). An equal volume of acidic sodium phosphate buffer
(0.1 M, pH 5.8) was added to reach the final concentration.

ATR-IR and visible Raman spectroscopy

Samples were prepared at their mgc for the two gelators (7 mM
for 4-F and 15 mM for 2-F) or above their solubility limit for 3-F
(10 mM) and 4-I (4 mM) and left to dry under vacuum overnight
using a 1 cm? piece of silicon wafer for ATR or on a glass slide
for Raman. ATR-IR spectra were acquired using an IRAffinity-1S
spectrophotometer (Shimadzu) at 4 cm ' resolution and
240 scans. Raman spectra were acquired using a 532 nm laser
(5-10% power) with a Renishaw instrument.*® Spectra were
recorded with 10-20 accumulations in several spots per sample,
with a 1 em™" resolution.

Circular dichroism

Peptides were dissolved at the desired concentration (1 mM for
2-F, 3-F and 4-F; 0.1 mM for 4-I) using the method described
above. Samples were placed in a 0.1 mm quartz cuvette on a
Jasco J-815 spectropolarimeter at 25 °C (Peltier), with a 1 nm
resolution. 5-10 spectra were averaged to reduce noise. CD
spectra were also acquired at higher concentrations to monitor
evolution upon assembly. In particular, for 2-F (5 mM) and 4-F
(14 mM), the corresponding spectra during the first 15 minutes
(averaged every 5 minutes) are shown in Fig. 1B.

Crystallography

Single crystals of 3-F (CCDC 2130532) and 4-I (CCDC 2130533)
were obtained upon assembly as described above. For each
compound, a single crystal was collected using a loop, cryopro-
tected by dipping it in glycerol, and then frozen in liquid
nitrogen for storage. The crystal was mounted on the diffracto-
meter at the synchrotron Elettra, Trieste (Italy), XRD1 beamline,
using the robot available at the facility. The temperature was set
at 100 K. Diffraction data were collected by rotating the crystal,
using synchrotron radiation with a wavelength of 0.70 A.
Further details on the structure determination and parameters
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of the cell unit are in the ESL.{ Deposition numbers 2130532
and 2130533 refer to the crystallographic data deposited at the
Cambridge Crystallographic Data Centre (CCDC).

Molecular models

Molecular models of the four dipeptides in implicit water were
generated using quantum-level calculations to assess intrinsic
preferences towards compact or extended conformations of the
single component of the assembly and to estimate the values of
molecular dipoles. See the ESI{ (Section S10) for more details.

Oscillatory rheology

Hydrogels were prepared in situ using a Kinexus Plus rheometer
(Malvern) with a stainless steel parallel plate geometry. Each
experiment was performed with a 1 mm gap at 25 °C (Peltier).
Time sweeps were measured at 1 Pa and 1 Hz, frequency sweeps
were measured at 1 Pa and stress sweeps were measured at
1 Hz. Each sample was analysed at least three times and
representative measurements are shown.

TEM analysis

Samples were prepared as described above at their mgc for 2-F
and 4-F and at 10 mM (3-F) or 4 mM (4-I). They were transferred
onto TEM carbon grids previously exposed to a UV-Ozone
Procleaner Plus for 5 min. A drop of aqueous tungstate phos-
phate solution (pH 7.2) was added as the contrast agent and all
the samples were dried in vacuo. TEM images were acquired
using a Jeol JEM 2100 microscope (Japan) at 100 kv and
analysed using the FIJI free software.

Thioflavin T fluorescence

Spectra were recorded using an Infinite M1000 pro microplate
reader (TECAN) with Greiner 96 U bottom black polystyrene
plates (VWR). Samples of 2-F and 4-F were prepared as
described above at a desired final concentration (120 pL) and,
after 1 hour of assembly, 30 puL of thioflavin solution was added
(23.5 uM in 20 mM glycine-NaOH pH 7.4). After 15 minutes,
fluorescence was analysed with Aey 446 nm and Ae, 490 nm
(20 nm bandwidth). Experiments were run twice in triplicate
(n=6).

UV Resonance Raman spectroscopy

UVRR spectra were acquired using excitation radiation at
226 nm by exploiting the synchrotron-based UVRR set-up
available at the BL10.2-IUVS beamline of Elettra Synchrotron
Trieste (Italy). The energy of the excitation wavelength was set
by regulating the undulator gap and using a Czerny-Turner
monochromator (Acton SP2750, Princeton Instruments, Acton,
MA, USA) equipped with a holographic grating with 3600 groves mm
for monochromatizing the incoming synchrotron radi-
ation. All the UVRR spectra were collected in back-scattered
geometry by using a single pass of a Czerny-Turner spectro-
meter (Trivista 557, Princeton Instruments, 750 mm of focal
length) equipped with a holographic grating at 1800 g mm .
The spectral resolution was set at 2 cm™ ' pixel . The calibra-
tion of the spectrometer was standardized using cyclohexane

(spectroscopic grade, Sigma Aldrich). Any possible photo-damage
effects due to prolonged exposure of the sample to UV radiation
(the maximum beam power measured on the sample was tens of
uW) was avoided by continuously spinning the sample cell during
measurements. All the samples were freshly dissolved in buffer for
assembly and placed in quartz cuvettes for UVRR measurements.
The temperature was set at 298 K.

Conclusions

In this work, we report on the differing effects of Phe halogena-
tion at the C-terminus, as opposed to the N-terminus, of
heterochiral Phe-Phe, which provides gelators in all cases.*"
In particular, the peptides 3-F and 4-I demonstrate a strong
propensity towards crystallization, with analogous supramole-
cular packing into amphipathic layers, and the absence of
iodine-mediated halogen bonding. Conversely, 2-F and 4-F
self-assemble into thermoreversible hydrogels, albeit with
differing amyloid nanostructures, cac, mge, and viscoelastic
properties. Remarkably, the presence of fluorine in the para-
position at the C-terminus maintained the suppression of
hierarchical bundling noted for heterochiral Phe-Phe,*" whilst
the opposite was true for the ortho position. Molecular models
and visible and UV Resonance Raman spectroscopy indicate
that the diverging behaviour is not due to molecular dipoles,
but to the tendency of the Phe rings to adopt differing spatial
orientations, which ultimately affect the peptides’ ability to
establish more or less hydrophobic regions that exclude water
and stabilize gelling fibrils. In the future, it would be interest-
ing to expand the application of UVRR to monitor diagnostic
amyloid signals to other assembling peptides in an attempt to
better identify more general rules for their self-assembly in
physiologically relevant conditions.
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