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ABSTRACT. Dipeptides stereoisomers and regioisomers composed of norleucine (Nle) and
phenylalanine (Phe) self-assemble into hydrogels in physiological conditions that are suitable for
cell culture. The supramolecular behavior, however, differs as the packing modes comprise
amphipathic layers, or water channels, whose diameter is defined by either four or six dipeptide
molecules. A variety of spectroscopy, microscopy, and synchrotron-radiation based techniques
unveil fine details of intermolecular interactions that pinpoint the relationship between chemical

structure and ability to form supramolecular architectures that define soft biomaterials.

Introduction

Hydrogels offer ideal environments for biomedical applications, as they provide mechanical
support, hydration, viscoelastic properties that are ideally suited to mimic natural tissues and for
biocompatibility, as well as the ability to encapsulate and deliver bioactive compounds.! Various
biomolecular classes can be used as building blocks for promising performance, such as
carbohydrates, > proteins,®’ and polypeptides.® In particular, self-assembling peptide

10-13 and N-capped'#+!3 or uncapped'®-'? short sequences have attracted researchers’

amphiphiles,
attention for their ease of preparation and ability to fine control their purity and homogeneity,
relative to macromolecular gelators of natural origin. Considering that the shorter is a peptide
sequence, the lower will be its cost and ease of production, dipeptides stand out as an attractive
option, as demonstrated by the well-known Phe-Phe motif,?° and variations thereof.?!-2*
Furthermore, the inclusion of non-proteogenic D-enantiomers and amino acids with non-natural
side chains, such as norleucine (Nle), are attractive strategies to increase peptides’ stability in

biological environments and to fine-tune their supramolecular behavior. In this work, we show

that all possible combinations of Nle and Phe in dipeptides lead to hydrogels that are compatible



with cell culture conditions, albeit the supramolecular packing, hence the resulting viscoelastic
properties, varies greatly between isomers. The resulting assemblies encompass amphipathic
layers and water-channels of varying diameters as they are defined by 4 or 6 dipeptide
molecules. This is in marked contrast with Phe-Phe stereoisomers that consistently form water
channels defined by 6 peptide molecules,?* or Leu-Phe and Phe-Leu isomers, whose channels are
defined by 4 peptides.?* Furthermore, the use of synchrotron-radiation techniques allows to

pinpoint key intermolecular interactions that are crucial for self-assembly.

Experimental Section

Materials and General Methods

All chemicals and solvents were purchased from Merck, except for 2-chlorotrityl chloride resin
that was acquired from GL Biochem (Shanghai, China). The 'H and '3C NMR spectra were
acquired at 400 and 100 MHz, respectively, on a Varian spectrometer, using deuterated solvents
as indicated in the Supporting Information. The dipeptides were synthesized in solid phase using
Fmoc-protection strategy, purified by reverse-phase HPLC (Agilent 1260), and visualized by
microscopy, using standard protocols previously applied to similar dipeptides.? Cell culture on
peptide hydrogels and MTT assays were performed using standard protocols that have been

previously described.?

Self-Assembly Protocol

Peptides 1-4 were dissolved at the desired concentration (20-40 mM) in phosphate-buffered saline

solution (PBS, 0.1 M) by heating the glass vial in an oil bath at 90 °C for 15-20 min. Upon cooling



down to room temperature, peptides 1-4 formed gels, and, in particular, the gel formed by peptide

4 displayed a metastable character as it converted into crystals within 2 hours.

Transmission electron microscopy (TEM)

TEM micrographs were acquired on Jeol, JEM 2100, Japan, at 100 kV. TEM grids (200 mesh
copper-grid-supported carbon only and lacey carbon film, SPI, West Chester, USA) were treated
for 20 min in a UV-ozone cleaner (UV-Ozone Procleaner Plus) to make the grids hydrophilic.
After 1h of self-assembly, sample aliquots (~20 pL) were deposited on top of a copper grid for 30
s. Next, water was drawn from the sample and the grid was placed for 30 s in contact onto a drop
of 2% aqueous potassium phosphotungstate at pH 7.2. Finally, the grid was dried first at room

temperature, and then in vacuo. Image analysis was performed using ImagelJ software.

Crystallization

Compound 2 was dissolved in 50 pl of dimethylsulfoxide (DMSO) to reach the final concentration
of 98 mM. Then, 1 pul of NaOH 1M was added to the clear solution. After few minutes, long needle
crystals started to grow. Compounds 1, 3, and 4 crystallized spontaneously from the self-assembly

test over hours or after several days.

Oscillatory Rheology

Hydrogels of compounds 1-3 were freshly prepared as described above (40 mM) and quickly
transferred onto the bottom steel plate (flat, parallel geometry) of a Kinexus Plus rheometer
(Malvern). Data were acquired at 25 °C (Peltier), using a 20-mm flat, top plate, and 1 mm gap.

Frequency ramps were performed at 1 Pa, and stress ramps at 1 Hz. Each sample was prepared and



measured at least three times and representative measures are shown in the Supplementary

Information.

Infrared and Visible Raman Spectroscopy

Samples were prepared as described above, and they were dried under vacuum overnight after
being transferred either onto a 1 cm? piece of silicon wafer for attenuated total reflectance infrared
(ATR-IR) spectroscopy, or onto a glass slide for visible Raman spectroscopy. ATR-IR spectra
were recorded at 4 cm™! resolution, 240 scans, with IR Affinity-1S (Shimadzu). Raman spectra
were registered using a 532 nm laser (5-10% power) with a Renishaw instrument. For each sample,

spectra were recorded with 10-20 accumulations in several spots, using 1 cm™! resolution.

UV Resonance Raman (UVRR) spectroscopy

UVRR spectra were recorded using the multi-wavelengths UV Resonance Raman setup available
at the BL10.2-IUVS beamline of Elettra Synchrotron Trieste (Italy). An excitation energy at 213
nm was set. All UVRR spectra were collected in back-scattered geometry by using a single pass
of a Czerny-Turner spectrometer (Trivista 557, Princeton Instruments, 750 mm of focal length)
equipped with a holographic grating at 1800g/mm and with a Peltier-cooled CCD camera. The
resolution was set at about 1.3 cm!/pixel. The spectrometer was calibrated with cyclohexane
(spectroscopic grade, Merck). Any possible photo-damage was avoided by continuously spinning
the sample cell during spectra acquisition. All samples were freshly prepared as described above
and placed in quartz cuvettes for UVRR measurements. A sample holder equipped with a thermal
bath coupled to a resistive heating system was used to control the temperature of the samples
during the measurements (temperature stability of £0.1 K). The temperature was set at 298 K

unless otherwise indicated in the text.



X-ray Crystallography

Single crystal X-ray diffraction. Single crystals of 1 (CCDC 2321385), 2 (CCDC 2321386), 3
(CCDC 2321387) and 4 (CCDC 2321388) were analyzed by single crystal X-ray diffraction. For
each compound, a single crystal of suitable quality was collected with a loop, cryoprotected by
dipping it in NHV oil (Jena Bioscience, Jena, Germany) and then frozen in liquid nitrogen for
storage. Using the facility’s robot, single crystals of 1, 2 and 4 were measured at 100 K at XRD1
beamline (Elettra, Trieste, Italy), while 3 was measured at 100 K at XRD2 beamline (Elettra,
Trieste, Italy). The rotating crystal method was used to collect diffraction data using synchrotron
radiation with a wavelength 0.7000 A for the data collected at XRD1 and 0.6199 A for the data
collected at the XRD2. For further details on the structure solution and refinement, see ESI.
Mercury?® was used as a crystal structure drawing tool. Deposition Numbers CCDC 2321385-8
refer to the crystallographic data deposited at the Cambridge Crystallographic Data Centre

(CCDC).

Powder X-ray diffraction. 1.0 mm — diameter boron glass capillaries filled with the
corresponding solution of compounds 1-4 were left to dry overnight at room temperature in a
vacuum chamber and then stored sealed. X-ray diffraction images were collected at 100 K at XRD1
beamline (Elettra, Trieste, Italy) while spinning the capillary and using a wavelength of 0.7000 A.
The software FIT2D?” was used to obtain experimental XRPD patterns from 2D diffraction
images. Calculated XRPD profiles for all four crystal structures were obtained using the software

Mercury.?®

Circular Dichroism (CD) Spectroscopy



CD spectra were acquired on a Jasco J815 spectropolarimeter at 25 °C (Peltier), using 0.1 mm
quartz cells, 1 s integration, stepsize of 0.5 nm, 1 nm bandwidth, and 25 accumulations. The
dipeptides were dissolved at 1 mM in milliQ water, and the pH was adjusted to 7.0 by adding

NaOH (1 M) dropwise.
Molecular Dynamics (MD) simulations

MD simulations of the four dipeptides 1-4 were performed to assess the possible onset of
significant differences in their solvation profiles. To this aim, 1ps-long simulations of a single
dipeptide were performed in a box of explicit water molecules. Parameters for N- and C-terminal
norleucine were estimated following guidelines from the AMBER website?® using the ff19SB
AMBER force field,?® together with an OPC model for water.° Dipeptides were put at the center
of truncated octahedral box so that the minimum distance of the molecule from any face of the
polyhedron was larger than 16 A. All the simulations were performed as follows. First, a
structural optimization (up to 25,000 steps) was performed in the presence of harmonic restraints
(k = 1 kcal molt A1) applied to all non-hydrogenous atoms of the dipeptide. Next, up to 50,000
cycles of unrestrained optimization were performed. Each system was then heated to 310 K in 1
ns via constant-pressure-temperature (NTP) MD simulations, followed by an equilibration phase
of 10 ns. Starting from the equilibrated structure, production MD simulations were performed for
each system. Pressure and temperature were set to 1 atm and 298 K (after the equilibration
phase) using the isotropic Berendsen barostat and the Langevin thermostat, respectively. A time
step of 2 fs was used for all the simulation steps. Periodic boundary conditions were employed,
and electrostatic interactions were estimated using the Particle Mesh Ewald scheme with a cutoff
of 9.0 A for the short-range evaluation in direct space and for Lennard-Jones interactions (with a

continuum model correction for energy and pressure).



Results and Discussion

Gelation of dipeptides

There are eight possible dipeptides arising from all possible combinations of Nle and Phe.
Considering that enantiomers will display identical supramolecular behaviour in achiral
environments, the four non-enantiomeric dipeptides shown in Scheme 1 are representative of the
whole series. The four compounds were prepared by solid phase, purified by reversed-phase
HPLC, freeze-dried, and their identity and purity were confirmed by LC-MS, 'H-NMR, and 3C-
NMR spectroscopy (see ESI, Sections S1-S4). The HPLC retention times (Table 1) can be
considered an experimental measure of hydrophobicity, from which it was apparent that
heterochirality significantly increased the hydrophobicity of the peptides, regardless of the

sequence.

Nevertheless, all compounds gelled in phosphate-buffered saline (PBS) with minimum gelling
concentrations (mgc) in the range of 20-30 mM, as shown in Table 1, although the gel of D-Phe-
L-Nle (4) was metastable and over one hour it converted into crystals, which reached a suitable
size for XRD analysis within two hours. Rheological analyses revealed that the sequences with
Nle at the N-terminus (i.e., L-Nle-L-Phe (1) and D-Nle-L-Phe (2)) formed stiffer gels than those
with Phe at the N-terminus (i.e., L-Phe-L-Nle (3) and D-Phe-L-Nle (4)), and that heterochiral D-
Nle-L-Phe (2) formed stiffer gels than the more hydrophilic homochiral counterpart L-Nle-L-Phe
(1) (Table 1 and ESI, Section S7). Stress sweeps revealed a linear viscoelastic range (LVR) up to
6 Pa for L-Nle-L-Phe (1) and D-Nle-L-Phe (2), and up to 2 Pa for L-Phe-L-Nle (3) (see ESI, Section
S7). Finally, all gels were thermoreversible, with melting onset at 55 °C (40 mM), complete

dissolution in the range 70-85 °C, and gelation occurring again when the samples were cooled



down at room temperature (see ESI, Section S8). Overall, heterochirality and presence of Phe at
the C-terminus led to better gelling properties, analogously to dipeptides Leu-Phe and Phe-Leu.3!
The first observation can be explained by noting that heterochirality was found to increase the
dipeptide hydrophobicity, and self-assembly in water is driven by the hydrophobic collapse. The
second observation can be related to the fact that hydrophobic and heterochiral dipeptides with
Phe at the N-terminus and an aliphatic amino acid at the C-terminus were found to adopt
conformers with both folded and extended sidechains, resulting in metastable gels whereby
initially the dipeptides adopt gelling extended conformers, and later they crystallize through the
self-assembly of folded conformers.®? Instead, more stable gels can arise from heterochiral
dipeptides with an aliphatic amino acid at the N-terminus and Phe at the C-terminus, because they
tend to adopt gelling extended conformers.®? Besides, presence of the linear Nle side chain, as
opposed to the branched Leu regioisomer, favored self-assembly and reduced the mgc.’! We
inferred that the higher conformational flexibility of Nle side chain favored supramolecular

packing, as noted for similar tripeptides.*3

10



Homochiral dipeptides
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Heterochiral dipeptides

Scheme 1. The four non-enantiomeric dipeptides L-Nle-L-Phe (1), D-Nle-L-Phe (2), L-Phe-L-Nle

(3), and D-Phe-L-Nle (4).

Peptide | Gel? G;I;t;gn Stable? (rr:ﬁ/(;) G’ (Pa)® | E(Pa)° P (nm)® Fl:ﬁl?t
1 Yes 2 min. Yes 25 1.4-10° 1.7 -10° 24.0 11.8
2 Yes | 2 min. Yes 25 22-10° | 3.3-10° 40.4 13.1
3 Yes 5 min Yes 30 8.0-10* | 8.4-10* 17.3 11.8
4 Yes 1 min. No 20 n.a. n.a. n.a. 13.2

Table 1. Self-assembly into hydrogels of 1-4 dipeptides in PBS. “gelator concentration of 40 mM.

bP = persistent length, see ESI Section S7 for details on how it was calculated.

Microscopy analysis of dipeptide nanostructures and microstructures

Electron and optical microscopy were used to investigate the ability of compounds 1-4 to self-

assemble into nanostructures and microstructures, respectively. All isomers displayed remarkably
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similar behavior at the nanoscale, assembling into low-contrast thin fibrils that proved sensitive to
electron beam irradiation damage, thus they were challenging to image by transmission electron
microscopy (TEM). Fibril diameter measurements revealed multimodal distributions that were
compatible with fibrils of 4-5 nm width that bundled together (Fig. 1). In particular, those from D-
Phe-L-Nle (4) (Fig. 1D) revealed a marked tendency to run parallel to each other in the same

direction, as opposed to twist together into bundles.

Median = 10.4 + 3.4 nm
h=2

10
Fibril diameter (nm})

Median = 9.5 £ 4.0 nm

n=1 n=2

10
Fibril diameter (nm})
Median =10.8+2.8 nm

n=2

Fibril diameter (nm})

Median = 9.5 2.5 nm
n=2

Fibril diameter (nm)
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Figure 1. TEM images (left) and fibril diameter distribution (right, 100 counts) of compounds L-
Nle-L-Phe (1) (A), D-Nle-L-Phe (2) (B), L-Phe-L-Nle (3) (C), and D-Phe-L-Nle (4) (D). Scale bars

=200 nm.

Interestingly, at the microscale, marked differences between the four isomers started to emerge.
When observed under an optical microscope (Fig. 2), all samples displayed bundles of fibrils,
with those from D-Phe-L-Nle (4) being rapidly replaced by crystals, which allowed XRD analysis
(vide infra). This observation was in agreement with the marked tendency of the fibrils of D-Phe-
L-Nle (4) to mutually interact as they oriented parallel to each other, as seen by TEM (Fig. 1D).
The marked tendency to crystallize of D-Phe-L-Nle (4) was found for other heterochiral
dipeptides with N-terminal Phe and a C-terminal aliphatic amino acid, such as Leu,*' and was
recently ascribed to the presence of conformers in solution with folded sidechains similarly to

those found in the corresponding crystal structures.3> The metastable character of fibrils that over

time covert into microcrystals is not new.3*
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Figure 2. Optical microscopy images of compounds L-Nle-L-Phe (1), D-Nle-L-Phe (2), L-Phe-L-

Nle (3), D-Phe-L-Nle (4) in PBS. Scale bars = 100 microns.

Visible and UV Resonance Raman (UVRR) spectroscopies

Visible Raman spectroscopy is a useful technique that can provide insights into changes arising
with self-assembly (Fig. 3). Microscopy image mapping of the fibers was possible only using the
most intense Raman signal of the aromatic ring of Phe at ~ 1003 cm™! (yellow in the insets) that
was uniformly distributed along the fibers. Analysis with visible light of the powder and of the
xerogels revealed the rising of specific signals (blue asterisks in Fig. 3) with self-assembly, except
for L-Nle-L-Phe (1) that displayed them already in the powder form (black asterisks in Fig. 3A-
3B). In particular, they were at 742-744,763-767, 782-786, 827-833, 867-873, 905, 946-948, 1155,
1197-1201, 1250-1255, 1400, and 1685-1688 cm™! for compounds L-Nle-L-Phe (1) and L-Phe-L-
Nle (3). Assembly of D-Nle-L-Phe (2) was also accompanied by the rising of peaks at 748, 836,
867, (903 already present in the powder), 952, (1156 already present in the powder), 1196, 1253,
1398, and 1689 cm!, suggesting a similar packing. Interestingly, D-Phe-L-Phe xerogel - but not
the powder - also displayed characteristic peaks at 745, 867, 947, 1198, 1250, 1396, and 1684 cm"
I'as it formed supramolecular water-channel whose cavities are defined by 6 dipeptide molecules.?*
In particular, the latter three signals fall in the amide I-III regions, and they are typically associated

with the establishment of extended H-bonding networks in supramolecular dipeptide stacks.3?

By contrast, xerogels of D-Phe-L-Nle (4) differed from the powder for peaks at 775, 811, 893, 927,
951, 970, 1095, 1107, 1130, 1247, 1278, 1312, 1345, 1415, 1542, 1558, and 1662 cm™!. The
wavenumbers differ considerably from the other three compounds, suggesting a different

supramolecular packing.
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Figure 3. Visible Raman spectra and microscopy images with mapping at 1003 cm™! (yellow in
insets, scalebar = 10 microns) of the four compounds. A) L-Nle-L-Phe (1), B) D-Nle-L-Phe (2),
C) L-Phe-L-Nle (3), D) D-Phe-L-Nle (4) in the xerogel (blue) and powder (black) forms. Blue
asterisks denote signals rising with assembly, in black when they were already present in the

powder (in A).

Next, we employed UV resonance Raman (Fig. 4) presents various advantages, when compared
with conventional visible-light Raman spectroscopy. Firstly, it enables sample analyses both in
solution and hydrogel phases, instead of xerogels whereby bulk water was removed. Secondly, it
is possible to select the most appropriate excitation wavelength in the UV-range to enhance

aromatic signals, such as those of the Phe benzene ring.?® In this case, upon excitation at 213 nm,
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it was possible to observe that all 1-4 gels in their hydrated state displayed enhanced peaks at 1584
and 1604 cm’!, corresponding to C-C stretching modes of the Phe side chain (Fig. 4A).3¢ In the
case of compound L-Nle-L-Phe (1), it was possible to monitor the crystallization process, acquiring
spectra in operando whilst heating from 298 K to 372 K. The phase transformation was
accompanied by sharpening of the aromatic signals and further rising of the peak at 1692 cm-!
(Fig. 4B). This Raman mode corresponds to the amide I signal of the supramolecular state whereby
the network of H-bonds is present already in the hydrated gel, and further extends during
crystallization, confirming analogous packing modes in both states. Therefore, UVRR provided
further evidence of the interactions holding together the supramolecular architecture in the

hydrogel and in the crystal phases.

A hydrated gel B

crystal *

a

gel

Raman Intensity (A.U.)
Raman Intensity (A.U.)

crystal ¥
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— T 1T — —T
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Figure 4. UVRR spectra. A) hydrogels L-Nle-L-Phe (1), D-Nle-L-Phe (2), L-Phe-L-Nle (3), D-Phe-

L-Nle (4). B) gel-crystal transition for L-Nle-L-Phe (1).

Single-crystal and powder X-ray diffraction (XRD) analysis
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Single crystals of suitable quality for X-ray diffraction (XRD) analysis were obtained from
compounds L-Nle-L-Phe (1), L-Phe-L-Nle (3), and D-Phe-L-Nle (4), under conditions that were
very similar to the hydrogels, suggesting similar packing in the two phases, as supported by powder
XRD data on xerogels. In particular, compounds L-Nle-L-Phe (1) and L-Phe-L-Nle (3) formed
supramolecular water-channels, albeit with significantly differing inner diameters (i.e., 1.0 nm and
0.5 nm) as they were defined by six and four peptide molecules, respectively (Fig. 5). This is in
marked contrast with analogs with Leu instead of Nle, which packed to form water-channels with
a diameter defined by four peptide molecules, regardless of the order of amino acids along the
sequence.’’ L-Nle-L-Phe (1) crystallizes in a monoclinic system (P21 space group), while L-Phe-
L-Nle (3) in a tetragonal system (P41 space group). Interestingly, the asymmetric unit in crystal
structure of L-Nle-L-Phe (1) has three independent molecules with a pseudo-six-fold axis
symmetry (see ESI Section S9 for details). Furthermore, because of highly disordered water
molecules, we opted to use a solvent mask in the refinement procedure of L-Nle-L-Phe (1). The
two crystal structures show the typical supramolecular arrangement of the Phe—Phe class described
by Gorbitz,*® with the dipeptides arranged head-to-tail to define the hydrophilic water channels
parallel to the shortest axis and the side chains segregated into the hydrophobic region.
Furthermore, both structures share an H-bond pattern in which two amino H atoms interact with
two carboxylic oxygen atoms of two distinct dipeptides, with the third interacting with a water
molecule inside the channel. The latter interaction was proven in the case of L-Nle-L-Phe (1) by
studying a model in which the water molecules were not masked. Weak hydrophobic interactions
established by the Phe and Nle side chains help to hold together the tubes through the establishment
of steric zippers, which is a common feature for amyloids3® that can stabilize hydrogels formed by

hydrophobic short peptides with Leu and Phe.*° Interestingly, not only replacement of Leu with

17



Nle enables the formation of nanotubes with varying diameter, but also it enables formation of
steric zippers that stabilize the hydrogel of L-Phe-L-Nle (3), while such a feature is absent in the

analog Phe-Leu, which fails to gel under analogous conditions.3!

Figure 5. A-B) Crystal packing of L-Nle—L-Phe (1) (CCDC 2321385) along the b (A) and ¢ (B)
axes, respectively, disordered water molecules are not displayed. C-D) Crystal packing of L-Phe—
L-Nle (3) (CCDC 2321387) along the ¢ (C) and a (D) axes, respectively. E-F) Crystal packing of
D-Phe—L-Nle (4) (CCDC 2321388) along the b (E) and ¢ (F) axes, respectively. Only the atoms

with the highest occupancy factors are shown.

A higher degree of similarity is instead found between heterochiral D-Phe-L-Nle (4) and its analog
with Leu instead of Nle,*! as both displayed a metastable character with crystals arising from the
hydrogel over time. The packing in both cases shows distinctive amphipathic layers within a

monoclinic system (space group C2), with water layers parallel to the shortest b axis (Fig. SE-F).
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The hydrophilic amide-rich region is formed by four dipeptides, whereas the side chains are
gathered in the hydrophobic region forming weak interactions and excluding the water molecules.
The disordered water molecules can be considered enclosed within channels and they create
hydrogen bonds with all three amide H atoms. Furthermore, also all the three carbonyl oxygen
atoms form hydrogen bonds with the guest molecules. However, in marked contrast with the
packing of L-Nle-L-Phe (1) and L-Phe-L-Nle (3), in the case of D-Phe-L-Nle (4) the water channels
are interconnected. The host-host interactions are mediated by the carbonyl oxygen atoms O1 and
03. In particular, carbonyl oxygen atom O1 interacts with the hydrogen atom of the phenyl ring
(C11---01 = 3.401(1) A, C11-H11---O1 =2.49 A, 2C7-H7---O1 = 161.0°) while oxygen atom
O3 interacts with the amide N-H atom (N2---O3 = 2.853(1) A, N2-H2---03 = 2.01 A, zN2-

H2---O3 = 159.8°). These two interactions ensure the alignment of the dipeptides along the b axis.

Finally, crystals of suitable quality for XRD structural elucidation were obtained for D-Nle-L-Phe
(2) only in a mixture of DMSO and water, after numerous attempts. The layered structure of D-
Nle-L-Phe (2) is defined by two interconnected channels enclosed by hydrophobic side chains
parallel to the shortest unit cell axis ¢ and filled with DMSO, resembling the crystal packing of the
dipeptide L-Leu-D-Ile (Fig. 6). While the third hydrogen atom of the -NH3™ directly interacts with
the DMSO molecule located inside the channel (N1---O1S = 2.8749(8) A, N1-HIB---O1S =
2.00(5) A, ZN1-H1B---O1S = 161(4)°), the other two interact head-to-tail with the ‘OOC— group
to define the layered structure (N1---03 =2.756(1) A,N1-H1A---03 =1.94(3) A, ZN1-H1A---O3

=153(3)°; N1---02 =2.7967(9) A, N1-HIC---02 = 1.89(3) A, 2N1-HIC---02 = 177(3)°).
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Figure 6. Crystal packing of D-Nle-L-Phe (2) (view along the c axis). Atom types: C gray, H white,

O red, N blue, S yellow.

XRD analyses were then performed on xerogels to verify whether a similar packing mode could
be found in the gel and crystal phases (Fig. 7 and ESI Section S10). L-Nle-L-Phe (1) displayed
strikingly similar patterns in the two phases that were reminiscent of those displayed by Phe-Phe
xerogels and crystals,?* which also assembled in a similar fashion giving rise to water channels
whose cavity was defined by 6 peptide molecules arranged head-to-tail. By contrast, the calculated
X-ray powder diffraction (XRPD) pattern from single crystal data of L-Phe-L-Nle (3) was different
from the experimental XRPD pattern of the corresponding xerogel, which, instead, was similar to
that of L-Nle-L-Phe (1). We hypothesize that the water channels defined by four peptide molecules
of L-Phe-L-Nle (3) found in the crystal structure are not representative of the packing mode in the
gel phase that, instead, could display water channels defined by six peptide molecules similar to
L-Nle-L-Phe (1), and to Phe-Phe.?* Analogous was the case for compounds D-Nle-L-Phe (2) and

D-Phe-L-Nle (4), whose calculated patterns in the crystal phase were remarkably different from
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those of the other compounds, and from the experimental pattern of the xerogel of D-Nle-L-Phe
(2), which, again, showed similarities with that of L-Nle-L-Phe (1). It is possible that in the
hydrated gels, compounds 1-3 pack similarly to form water channels defined by six peptide
molecules, as supported by similar Raman spectra too. It is worth noting that D-Phe-L-Phe, which
displays a similar packing mode, was found to form nanotubes defined by two peptide layers and
with an outer diameter of 4.3 nm,?* which matches the TEM measurements for individual fibrils
of compounds 1-4 shown in Figure 1. Unfortunately, it was not possible to collect the XRPD
pattern of D-Phe-L-Nle (4), which inevitably crystallized under self-assembly conditions,
analogously to D-Phe-L-Leu.?! Finally, in silico investigations were undertaken to explore possible
differences in the solvation of the four peptides. Unfortunately, 1 microsecond-long molecular
dynamics simulations of a single molecule in explicit water revealed very similar solvation profiles
for all of the four dipeptides (see ESI Table S6), which inputs the differences in the supramolecular

morphologies to subtle differences in the early stages of the assembly.
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Figure 7. Calculated (calc., blue) and experimental (exp., black) XRPD patterns of L-Nle-L-Phe

(1), D-Nle-L-Phe (2), L-Phe-L-Nle (3), D-Phe-L-Nle (4).

Conformational analysis
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The four dipeptides were analyzed for their conformation by circular dichroism (CD, Fig. 8A). In
diluted solutions, the CD spectra of L-Nle-L-Phe (1) and D-Nle-L-Phe (2) were similar and
displayed two positive maxima at 197 and 212-217 nm. The CD spectrum of L-Phe-L-Nle (3)
displayed less intense maxima at 198 and 220 nm. Conversely, D-Phe-L-Nle (4) was the only one
with two negative minima at 199 and 217 nm. These features were reminiscent of those of similar
self-assembling dipeptides that are represented by populations of conformers in solutions,** and
they confirmed that the presence of D-Phe resulted in negative spectra typical of sequences with
D-amino acids, while the presence of L-Phe results in positive spectra in this region. Unfortunately,
the formation of opaque gels impeded the acquisition of CD spectra in the assembled states to
investigate supramolecular chirality. Instead, xerogels were analyzed by attenuated total
reflectance Fourier-transformed infrared spectroscopy (ATR-IR). In particular, the amide region
of the spectra of the xerogels formed by L-Nle-L-Phe (1) and L-Phe-L-Nle (3) were strikingly
similar (Fig. 8B, left panels), in agreement with the Raman and XRPD data. The amide I signals
occurred in the range of B-structures (1610-1622 cm™") as well as in the range where B-turns are
found for longer sequences (1676-1686 cm™!),*! as previously found for the gelling D-Phe-L-Ile,
which also formed water channels whose cavity was defined by 6 peptide molecules.*> Peptides
D-Nle-L-Phe (2) and D-Phe-L-Nle (4) displayed the typical signal at 1641 cm™ too, which is

associated with disordered structures.
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Figure 8. A) CD spectra of compounds L-Nle-L-Phe (1), D-Nle-L-Phe (2), L-Phe-L-Nle (3), and D-

Phe-L-Nle (4) (1 mM, pH 7). B) ATR-IR spectra of xerogels of compounds 1-4.

Cell culture

Both hydrogels and solutions of compounds 1-3 were then tested in cell culture for their
cytocompatibility. Despite the presence of non-natural Nle, which, in the case of D-Nle-L-Phe (2),
presented the non-proteogenic D-stereoconfiguration, no signs of cytotoxicity were found.
Live/dead assays (Fig. 9) revealed in all cases high numbers of proliferating cells, which grew into

the gel reaching the bottom of the microscopy slide, and spread onto its surface. Cellular metabolic
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activity was assayed too, using the popular 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay (see ESI Section S11).% Fibroblast cells displayed analogous metabolic
activity for the samples that were untreated and served as controls, relative to those that were

treated with serial dilutions of peptides 1-3 (1.00 mM — 62.5 uM).

peptide 2 peptide 1 control

peptide 3

Figure 9. Live/dead assays on fibroblast cells grown without (control) or with L-Nle-L-Phe (1), D-
Nle-L-Phe (2), and L-Phe-L-Nle (3) hydrogels for 24 hours. Scalebar = 50 microns.

Conclusions
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This work investigated the supramolecular behavior of dipeptide isomers containing Nle and Phe.
All dipeptides 1-4 displayed the ability to self-organize into fibrillar hydrogels in physiologically
compatible conditions (PBS, pH 7.3), although those of D-Phe-L-Nle (4) displayed a metastable
character, as they converted into crystals, similarly to D-Phe-L-Leu analogue. All the hydrogels

were thermoreversible and displayed good cytocompatibility on fibroblast cells in vitro.

Importantly, this work provided the first example of dipeptides that can self-organize into water-
channels of differing diameter simply by inverting the amino acid order along the sequence. It also
showed that substituting Leu with Nle led to improved gelling ability and lower mgc, confirming
the higher ability to pack of the linear side chain of Nle relative to its regioisomers.3! 4? In the
future, it will be interesting to probe the ability to derivatize these water channels to enable

selective transport of small molecules in their interior for a variety of applications.
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