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Self-assembling peptides remain persistently interesting objects for building nanostructures and further
assemble into macroscopic structures, e.g. hydrogels, at sufficiently high concentrations. The
modulation of self-assembling B-sheet-forming peptide sequences, with a selection from the full library
of amino acids, offers unique possibility for rational tuning of the resulting nanostructured morphology
and topology of the formed hydrogel networks. In the present work, we explored how a known B-sheet-
disassembling amino acid, proline (P), affects the self-assembly and gelation properties of amphipathic
peptides. For this purpose, we modified the backbone of a known B-sheet-forming peptide, FEFKFEFK
(F8, F = phenylalanine, E = glutamic acid, and K = lysine), with P to form three sequences: FEFKPEFK
(FP), FEFKPEFKF (KPE) and FEFEPKFKF (EPK). The replacement of F by P in the hydrophobic face resulted
in the loss of the extended B-sheet conformation of the FP peptide and no gelation at concentration as
high as 100 mg mL™, compared to typical 5 mg mL™! concentration corresponding to F8. However, by
retaining four hydrophobic phenylalanine amino acids in the sequences, hydrogels containing a partial -
sheet structure were still formed at 30 mg mL™* for KPE (pH 4-10) and EPK (pH 2-5). TEM, AFM, small-
angle X-ray scattering (SAXS) and wide-angle X-ray scattering (WAXS) revealed that KPE and EPK
peptides self-assemble into nanoribbons and twisted nanofibers, respectively. Molecular dynamics
confirmed that the single amino acid replacement of F by P prevented the assembly of the FP peptide
with respect to the stable B-sheet-forming F8 variant. Moreover, additional prolongation by F in the KPE
variant and shuffling of the polar amino acid sequence in the EPK peptide supported aggregation
capabilities of both variants in forming distinct shapes of individual aggregates. Although the overall
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environment in which ionic groups reside) drives self-assembly into distinct nanostructures. The

investigated structural changes can contribute to new material designs for biomedical applications and
provide better understanding in the area of protein folding.
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1. Introduction

The modulation of peptide and protein folding through careful
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amino acid manipulation leads to a plethora of multifunctional
nanoscale material candidates for cell therapy, drug delivery
and biosensors.’™ In particular, over the past two decades, self-
assembly of peptides into nanostructures that form hydrated
networks (hydrogels) has been a widely adopted strategy for
designing extracellular matrix (ECM)-mimicking scaffolds for
replacing and regenerating tissues.>*® One particular peptide
design that has shown significant potential for assembly into
nanofibers and formation of fully defined hydrogels for
biomedical applications is based on Zhang and co-workers’
original alternated hydrophobic and hydrophilic amino acids
sequences.” A significant number of studies have focused on
this particular design in the past two decades, and clear design
rules for the formulation of hydrogels have emerged.”** Under
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the right conditions, well-defined short peptides (4-20 amino
acid long) self-assemble into antiparallel B-sheets, in which all
hydrophobic residue side groups are located on one face of the
sheet, whereas all hydrophilic residue side groups are located
on the opposite face. Consequently, two [-sheets further
assemble to bury their hydrophobic faces and form elemental
B-sheet fibres, as is the case for the typical octa-peptide FEFK-
FEFK (F8) (F: phenylalanine, K: lysine; and E: glutamic acid)
(Fig. 1A).*

This peptide has been the subject of numerous studies by
our group and others since its original design by Caplan et al.™
The fibres formed by this peptide and its versions with replaced
amino acids have rectangular cross sections with widths of ~3-
4 nm and thicknesses of ~1-2 nm.*»'*" We have recently
shown that the physiochemical properties of F8 fibres, partic-
ularly of the fibre core, surface and edges, play key roles in
controlling the degree of fibre lateral association/aggregation
occurring during hydrogel formation and thus play key roles
in controlling the bulk properties of the formulated
material.”»**7'® Furthermore, the effects of the position of glu-
tamic acid and lysine have already been unravelled in the
previous study, where sequence FEFEFKFK was compared to
FEFKFEFK."

Proline (P) is an amino acid that has been shown to be a -

sheet fibre disrupter (Fig. 1B)."?' However, recent

A
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forming peptide
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modifications using proline have been shown to: (i) favour self-
assembly into twisted superhelical nanofibers,* (ii) self-
assemble into structures with enhanced anticancer thera-
peutic efficacy,® or (iii) to induce the formation of lyotropic
liquid crystal peptide structures.** Although we previously
elucidated the effect of modification of the f-sheet hydrophobic
face by the introduction of bromomaleimide,*® the effects of
introduction of proline turn in the core of the hydrophobic face
have not yet been described for this class of self-assembling
peptides. In particular, proline is known to induce molecular
turns if correctly placed in the peptide sequence.*® Under-
standing how its position and introduction affects the struc-
ture-assembly rules still remains a challenge. In order to
explore the self-assembly mechanism, we modified the original
parent sequence FEFKFEFK (F8) (Fig. 1A) by replacing phenyl-
alanine at position 5 with proline: FEFKPEFK (FP) (Fig. 1B). We
further designed a new sequence in which the edge of the FP
fibre was again covered with the F residue: FEFKPEFKF (KPE)
(Fig. 1C) so that alternations of aromatic and polar amino acids
on the two sides of proline were retained, similarly to the
original F8." Finally, we shuffled polar amino acids in that
sequence to shadow the previously described FEFEFKFK
analogues," putting all polar glutamic acids on one side of the
proline turn and lysine residues on the other: FEFEPKFKF (EPK)
(Fig. 1D). Provided the importance of the hydrophobic core on

FEFKPEFK (FP)

ReplacementF > P
P induces molecular turn

Prolongation by F

Shuffle of polar amino acids

Fig. 1 Structural models of peptides used in this study. (A) Parent B-sheet-forming peptide FEFKFEFK (F8) (F: phenylalanine, E: glutamic acid, K:
lysine), and the scheme of formed nanofibres (side and top views). Chemical modification of the parent F8 peptide structure with proline (P) into 3
distinct peptides: (i) FEFKPEFK (B); (ii) FEFKPEFKF (KPE; (C)) and FEFEPKFKF (EPK; (D)).
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the stabilization and structure of nanofibers,*>**'” we reasoned
that having in total four phenylalanine residues in sequences
KPE and EPK with polar amino acids introduced in an alter-
nating way will be crucial for the self-assembly into well-defined
nanostructures.

To understand the effect of modifications in the fibre
hydrophobic face and introduction of turn on the self-assembly
of these peptides, we first performed isothermal titration calo-
rimetry (ITC). Subsequently, the self-assembly and nano-
structures of the peptide solutions at the selected pH values
were investigated using a range of techniques including
Fourier-transform infrared (FTIR) spectroscopy, atomic force
microscopy (AFM), transmission electron microscopy (TEM),
small-angle X-ray scattering (SAXS) and wide-angle X-ray scat-
tering (WAXS). Finally, to investigate the propensity of indi-
vidual peptide variants to assemble into distinct
nanostructures, molecular dynamics (MD) simulation at atom-
istic resolutions was utilized.

2. Materials and methods

2.1. Materials

The peptides used in this work were purchased as HCI salts
(>90% purity, as confirmed by the quality control HPLC
measurement from the provider) from Biomatik LLC (Wil-
mington, Delaware, USA) and used as received. All other
chemicals were purchased from Sigma-Aldrich and used as
received.

2.2. Hydrogel preparation

Hydrogels and solutions were prepared by adding distilled
water into the peptide powder to achieve concentrations from
0.1 mg mL™" to 100 mg mL™". After vortexing for at least 10
seconds, alternative sonication (1 h) or storing in the refriger-
ator overnight was applied to obtain homogeneous samples.
The samples were then used as formed, or adjusted to the
desired pH through gradual titration (5 pL steps) with sodium
hydroxide (NaOH, 0.05 M/0.1 M/0.5 M). The pH was measured
thrice using an Orion 3-Star Benchtop pH Meter (Thermo
Scientific, Waltham, Massachusetts, USA).

2.3. Phase diagrams

The samples without pH adjustment were used as prepared at
various concentrations. Samples (FP: 10 mg mL™", 20 mg mL ™",
40 mg mL~" and 100 mg mL~"; KEP and EPK: 5 mg mL ™" 10 mg
mL ", 20 mg mL ™", 30 mg mL " and 50 mg mL~") were held in
small test tubes with a final volume of 0.5 mL. The pH was
measured at every titration point, and the gelation behaviour
was recorded after each titration, with samples classified as
liquid if they flowed freely upon inversion of the vials and as
a gel if they did not.

2.4. Theoretical charge calculations and pH titration

The theoretical net charge of different peptide sequences at
each pH value was calculated by the following equation:

© 2024 The Author(s). Published by the Royal Society of Chemistry
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where N;; are the numbers of functional groups present on the
peptide, and pK,  the pK, are the basic (i - pK, > 7) and acidic
(j - pKa < 7) values, respectively.>® Hydrophilic amino acids
present on the peptides (Fig. 1) contain ionic groups that can be
deprotonated, in particular carboxylic acid (COOH/COO ) at the
C-terminus (theoretical pK, 2.18) and on the glutamic acid side
chains (theoretical pK, 4.25), and amine (NH;'/NH,) at the
N-terminus (theoretical pK, 9.13 and 8.95 on the F and K side,
respectively) and on the lysine side chains (theoretical pkK,
10.53).*” The samples without pH adjustment were used as
prepared and diluted as 0.1 mg mL™", 0.5 mg mL~ " and 1 mg
mL~! in final volumes of 500 pL. Different concentrations of
NaOH solution were prepared (0.0025 M, 0.0125 M, 0.025 M)
and titrated into the samples with different concentrations
accordingly (0.1 mg mL™" peptide with 0.0025 M NaOH, 0.5 mg
mL ™" peptide with 0.0125 M NaOH and 1 mg mL ™" peptide with
0.025 M NaOH). During each titration, the titrant at a volume of
5 uL per drop was added and then vortexed for at least 10
seconds before the pH was measured and recorded. The titra-
tion process was repeated until a pH value of 5.0 £ 0.1 was
achieved. The pH titration diagrams were obtained by plotting
the peptide concentrations as a function of pH. The samples
were considered thoroughly mixed, and no obvious precipita-
tion or gelation was noticed between the pH range we tested.

2.5. Isothermal titration calorimetry (ITC)

The enthalpy transfer during the pH titration was measured by
a heat calorimeter along with controlled pH titration by the
addition of NaOH into the peptide solution. Two sample groups
were measured at the same time, one was the peptide sample
and the other was pure deionized water (a reference sample).
Prior to the test, the samples were used as prepared (as dis-
solved), without any pH adjustment. Peptides were firstly
diluted into 0.1 mg mL ™", 0.5 mg mL~" and 1 mg mL ", and
then a final volume of 500 pL was transferred to the cell well in
the testing tray of ITC. Different concentrations of NaOH were
prepared (NaOH 0.0025 M, 0.0125 M, 0.025 M) and put in the
wells for pipetting a volume of 200 pL in order to be titrated with
the samples accordingly. Deionized water was added to the pre-
rinsed wells (200 pL). The tray temperature was kept at 25 °C.
One site analysis was conducted in the process. Each injection
was 1.6 uL, with a total of 23 injections, and a 0.5 pL volume
started the diffusion across the syringe. The energy shift
diagrams were achieved by combining the pH titration diagram
with the energy change diagram upon the addition of NaOH.
The molar ratio of NaOH-to-peptide was calculated and the
energy shift curves (kcal mol ') were shown as a function of this
ratio.

2.6. Attenuated total reflectance Fourier transform infrared
(ATR-FTIR) spectroscopy

The spectra were obtained using attenuated total reflection
(ATR)-Fourier transform infrared (FTIR) spectroscopy. Peptide

RSC Adv, 2024, 14, 37419-37430 | 37421
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samples (at 40 mg mL™', pH adjusted to ~4) were used as
prepared and spread on the clean surface of the crystal without
further adjustment after running the diagnostic test. The
spectrometer (ALPHA, Bruker, Coventry, UK) was configured
with a multibounce ATR plate. After the sample was loaded and
the pressure arm adjusted, the sample was measured and
a typical spectral peak picking was run. The resulting trans-
mittance spectra were obtained between 1475 and 1715 cm ™"
with a resolution of 4 cm ™" over 128 scans. HPLC-grade bottled
water was applied as the background, and the later was sub-
tracted from the sample spectra using the OPUS software, which
was provided originally with the instrument.

2.7. Transmission electron microscopy (TEM)

Peptide samples were first prepared at a concentration of 20 mg
mL ™" and then diluted with HPLC-grade water to 1 mg mL .
The samples were vortexed until homogenous and then applied
on grids ready for imaging. A 10 pL drop of the sample was
adsorbed onto the carbon-coated copper with 400-mesh grid
(sourced from Electron Microscopy Sciences) for 1 minute. A
lint-free pad was then used to drain off the excess liquid. The
grid was put on a 10 pL droplet of H,O for 10 seconds prior to
the drainage of the excess liquid. Next, the grid was moved to
a 10 pL droplet containing 1% uranyl acetate solution for about
30 seconds. Another 10 seconds were allowed for the drainage of
the excess liquid. The grid was then stored and left until
completely dry. Imaging data was taken on an FEI Tecnai1l2 100
kV BioTwin transmission electron microscope.

2.8. Atomic force microscopy (AFM)

Peptide samples were diluted from hydrogels using H,O to
a range of concentrations (0.025 mg mL ™" to 0.5 mg mL ™). 10
uL of each dilution was dropped onto freshly cleaved mica. After
2 min, excess solution was removed, and the surface was
washed once with 1 mL of HPLC-grade H,O. Excess water was
then removed once again by wicking using Whatman No. 1 filter
paper. The samples were allowed to air-dry for one night prior to
imaging. Areas of interest were imaged by the scan-assist mode
in air using a Bruker Multimode 8 atomic force microscope with
a Nanoscope V controller operated using Nanoscope v8.15
software. Imaging was performed using ScanAsyst Air tips.
These silicon nitride probes with Al coating have a nominal
radius of curvature of about 2-5 nm and a nominal spring
constant of 0.4 N m™ " (Bruker AXS S.A.S, France). Height images
were captured at a scan rate of 0.977 Hz and relative humidity of
<40%. The instrument was periodically calibrated using
a grating with 180 nm deep, 10 mm® depressions. Data were
second-order flattened using the Nanoscope Analysis (v1.4)
software prior to image export.

2.9. Small angle X-ray scattering (SAXS) and wide-angle X-ray
scattering (WAXS)

SAXS/WAXS experiments were performed on beamline 122 at the
Diamond Light Source (DLS) facility in Didcot, UK. The energy
of the beam was 12.4 keV corresponding to the X-ray wavelength
of 0.1 nm. Quartz capillaries (1.5 mm outer diameter, 0.01 mm
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wall thickness) were supplied from the Capillary Tube Supplies
Ltd. Samples were gently introduced into the capillaries via
a syringe. Acquisition time was 1 second and the area pixel array
detector used to collect SAXS data was Pilatus P3-2M (from
Dectris, Switzerland), and WAXS data was collected on Pilatus
P3-2M-L (Dectris, Switzerland). The distance between the
samples and the detector was fixed to 2.211 m, resulting in
a momentum transfer vector range of 0.086 (nmfl) <q<7.76
(nm ™) with g = (47t/A)sin(6/2), where 6 is the scattering angle
and A is the wavelength of incident photons. WAXS was detected
in the range from 5.72 to 60.23 nm. Calibration of the
momentum transfer was performed using silver behenate
powder. H,O in a capillary was used as the background and
subtracted from all measurements, whilst the subtraction mask
was created using glassy carbon. Data were reduced using the
processing tools in the DawnDiamond software suite. The 2D
scattering photon patterns were integrated using the azimuthal
integration tool to obtain 1D scattering patterns. Fitting of
elliptical cylinders was done using SasView 5.0.6 software
(http://www.sasview.org/).

2.10. Molecular dynamics simulations (MD)

Model systems of all peptide variants (F8, FP, KPE and EPK)
were studied by means of molecular dynamics simulations.
Initial structures of the peptides were modelled by PyMOL (ver.
2.2.3.) software.”® In case of pre-assembled structures (F8 and FP
variants), models were initially built as antiparallel B-sheets
using the template structure of the amyloid-forming peptide
(PDB ID code 30W9 (ref. 29)). The models were built as single
ladders comprising of 6 peptides and as double ladders (2 x 6
peptides) when pre-assembled along the fiber axis with the
hydrophobic core packed within the structure and the hydro-
philic surface exposed to water environment (Fig. S17). The FP
variant model was created by single amino acid replacement of
phenylalanine by proline on parent F8 peptide (Fig. 1B and S27).
In the case of KPE and EPK variants, self-assembly conditions
were created by random initial seeding of 50 individual peptides
within a simulation box of 10 x 10 x 10 nm. The protonation
states of all the peptides were set so that the C- and N-termini
and charged polar amino acids (K, E) were in their charged
forms. All molecular dynamics simulations were performed
using GROMACS 5.0 simulation package.*® Peptide parameters
were described using Amber ff99SB force field** and solvated
using TIP3P water model.*> Counter-ions were added to main-
tain the electroneutrality of the systems. Prior to each produc-
tion run, all systems were subjected to energy minimization and
subsequent thermalization was performed. Systems were
heated from an initial temperature of 10 K to the desired
temperature of 300 K for 10 ns under NpT conditions with the
Berendsen barostat set to 1 bar.*® The production time was set
for a minimum of 100 ns up to 500 ns under the NVT ensemble.
The temperature was kept constant at 300 K using the v-rescale
thermostat.** The short-range Lennard-Jones interactions were
treated with the cut-off scheme. Long-range electrostatics were
calculated with the Particle Mesh Ewald (PME) summation
scheme.*® Cut-off distances for non-bonded interactions were

© 2024 The Author(s). Published by the Royal Society of Chemistry
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set to 1 nm. All bonds involving hydrogen atoms were con-
strained using the LINCS algorithm.*® All simulations had an
integration time step set at 2 fs using a leap-frog algorithm.
Periodic boundary conditions were set in all the directions.
Table S11 shows the full list of the performed simulations.

3. Results and discussion

3.1. Self-assembly and gelation behaviour

Electrostatic interactions were shown to play a key role in the
self-assembly and gelation properties of this family of B-sheet-
forming peptides.'*'”*” Previously, we have shown that

>
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titrations can shift apparent pK, values of the amino acids due
to the occurrence of self-assembly and chemical environ-
ment."** The theoretical charge carrier by all the peptides was
calculated following eqn (1) and is presented in Fig. 2A. Since all
peptides contain the same amount of polar amino acids (E/K)
and C- and N-terminals, in theory, all of these carry the same
theoretical charge. In order to investigate the experimental
behaviour for the newly designed sequences, peptides were
titrated using automated isothermal thermal calorimetry (ITC)
(Fig. 2B-E). ITC has been used to investigate the self-assembly
process of peptides by analysis of the thermodynamic parame-
ters.*® In particular, this method can be used to find the critical
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FEFKPEFK(FP), (D) FEFKPEFKF(KPE) and (E) FEFEPKFKF (EPK). Vertical dotted lines indicate deprotonation transition regions of the glutamic acid
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aggregation concentration and propensity for self-assembly, as
has been elucidated for a family of RADA, peptides,* amelo-
genin,** or similar to our (FKFEFKFE) enantiomeric equimolar
co-assembled peptides.*> For ITC, the pH titration was con-
ducted by adding stepwise small amounts of NaOH and
recording the energy change during the reaction. The energy
shift diagrams were achieved by plotting the energy change per
mole of the peptide (y axis) as a function of ratio of molar
concentration of the added NaOH per mole of the peptide (x
axis). As such, this ratio (Myaon/Mpep) provides the exact
number of NaOH moles required to deprotonate any polar
chemical groups present on the peptide and is an experimental
indication that allows to find the pK, values of these groups.
The self-assembly process is known to be dependent on the pH,
and as such, any energy gains can be associated with enthalpy
increase related to the deprotonation processes. By default, this
process is dependent on the concentration; hence, here we
studied three low concentrations of 0.1, 0.5 and 1 mg mL™"
(Fig. 2B-E). All peptides used for this study were purchased as
HCI salts, and as a result, when solubilised in water, the pH of
the initial solutions were acidic, 2.6 & 0.2 for all peptides, and
all contained the same number of glutamic acid (E) and lysine
(K) residues (2 of each). The pH values are above the theoretical
pK, value of the COOH at C-terminus end groups. It can
therefore be assumed that these groups are deprotonated prior
to ITC experiments, whereas all other ionic groups remain
protonated. As can be seen from the ITC titration curves for F8,
as soon as 1 mole of NaOH per mole of peptide is added,
a noticeable energy shift (enthalpy increase) occurs due to the
pK-like transition (Fig. 2B). These transitions correspond to the
deprotonation of the carboxylic acid groups on the glutamic
acid side chains and occur for all the three tested concentra-
tions. After reaching ratio of 2 moles of NaOH per peptide for
0.1 mg mL~" and 2.5 moles of NaOH for 0.5 and 1 mg mL ™", the
equilibrium state was reached. Indeed, the lower amount of
NaOH observed suggests a shift of roughly 0.5 pH unit toward
lower values for the pK, of the carboxylic acid side groups in F8,
in agreement with the chemical titrations recently reported by
us for this peptide.*> The extent (intensity) of energy value in ITC
may be related to the strength and propensity for self-assembly,
which is driven by the enthalpic advantage for the B-sheets.>***
This is indeed observed by the scaled progression of the energy
from 0.1 over to 1 mg mL ™" for F8, a known B-sheet-forming
peptide.

FP peptide requires more NaOH (2 moles) for the transitions
to be observed (Fig. 2C), indicating that the chemical environ-
ment of this peptide changed compared to F8. Whilst all
hydrophilic amino acids remain at the same positions, only one
F was replaced by P, and thus the resulting observable differ-
ence must come from the fact that the peptides do not tend to
self-assemble readily into any nanostructures but remain in the
monomeric form. In that form, deprotonation can occur
without being influenced by closely neighbouring peptides
shielded due to self-assembly. The recorded energy shift was the
lowest for this peptide compared to all the tested peptides,
indicative of the lack of propensity for the self-assembly for this
sequence, which is further confirmed below by molecular
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dynamics and gelation studies. This can further be accompa-
nied by the fact that an increase in the concentration from 0.1 to
0.5 mg mL ™" did not result in a large shift of enthalpy, in line
with the lack of extensive self-assembly.

Peptide KPE required a similar amount of NaOH for F8,
indicating that glutamic acid deprotonation also occurs for 0.5
mole NaOH earlier than predicted theoretically, and thus sug-
gesting that self-assembly occurs, which induces the apparent
observed pK, shifts (Fig. 2D). On the other hand, it appears that
the EPK peptide requires the theoretically predicted amount of
NaOH for the transition to be visible (Fig. 2E). It is worth noting
here that the charge density (positions of polar amino acids of E
and K) is reversed compared to KPE such that both glutamic
acids are closer together, neighboured by the non-ionic F. On
the hydrophilic face of the peptide, these would be close to each
other and not in an alternating way as in KPE, most likely
leading to the occurrence of deprotonation in accordance with
the theory, even if self-assembly occurs. The cause for this
difference can be punitively assigned to the macroscopically
observed differences, i.e., gelation as well as the nanostructures
formed. 0.1 and 0.5 mg mL ™' EPK peptides showed similar
energy profiles to each other (Fig. 2E), somewhat matching the
PF case and indicating that larger peptide concentrations (1 mg
mL ") might be required to induce self-assembly in this case.
For both F8 and KPE peptides, we show a reasonable shift upon
the increase in each concentration, which clearly points out the
fact that self-assembly is concentration-dependent in that
range.

In peptides that self-assemble into B-sheet structures, H-
bonding is key in keeping several B-strands together and
allowing lateral fiber growth.'>** Indeed, the peptides used in
this work are able to form hydrogen bonds as a number of C=0
donor sites are present on both the peptide backbone. Previ-
ously, micro-differential scanning calorimetry (uDSC) was used
to evaluate the peptide-polymer interactions and H-bonding.**
Here, the observed isothermal energy per mole of peptide will
invariably measure the associated H-bonding due to the
occurrence of self-assembly, with increased energy levels
observed for F8, KPE and EPK peptides compared to the FP
peptide (Fig. 2B-E).

The chosen parent sequence F8 was previously shown to self-
assemble readily into hydrogels at concentrations above 5 mg
mL~".*> Upon the replacement of F to P at the 5th peptide
position (i.e., FP sequence, Fig. 1B), we noticed a loss of gelation
behaviour with no hydrogels formed even until 100 mg mL ™"
(maximum concentration tested here, Fig. 3A). This corre-
sponds to the measured disruption of hydrogen bonding
between the two B-sheets strands and confirms the lack of self-
assembly propensity of the FP peptide.

To gain a deeper insight into the structural alterations based
on the proline modification of the B-sheet-forming peptide and
the mechanism of peptide self-assembly, we conducted a series
of molecular dynamics (MD) simulations at atomistic resolu-
tion. In terms of pre-assembled structures, plain MD simula-
tions of the parent F8 peptide showed a great structural stability
of both single and double ladder formations over the course of
500 ns (Fig. S11). The root-mean-square deviation (RMSD) of the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(C) FEFEPKFKF (EPK) peptides. Other points in the phase diagrams are noted as solution or viscous solution.

F8 peptide backbones did not exceed an average of 0.20 =+
0.04 nm for the single ladder form and for the 0.24 + 0.02 nm
double ladder variant for completely relaxed structures (analysis
performed on the final 200 ns of production run), pointing out
a great structural stability. This indicates that in both F8 forms
(single and double ladder), the preservation of the original
formation and structural stability originated from a favourable
pre-assembled structural motif. The structure of the F8 peptide
in the antiparallel B-sheet was internally supported by H-
bonding interactions involving backbone atoms. An average of
7.2 £ 1.3 backbone hydrogen bonds was calculated between the
internal peptide pairs (between the 3rd and 4th peptides,
Fig. S31 panel A) on the single ladder form. In case of the double
ladder form, an average of 7.8 &+ 1.1 bonds was calculated as the
overall average of backbone hydrogen bonds involving internal
peptide pairs of both the chains (between the 3rd and 4th
peptides and the 9th and 10th peptides, Fig. S31 panel B).
Furthermore, a favourable structural arrangement with oppo-
sitely charged K and E residues with side chains aligned above
each other resulted in a net of strong ionic interactions on the
hydrophilic side. The hydrophobic side also supported the
internal structure by the 7-stacking interactions of the phenyl-
alanine side chain moieties.

The FP variant model was also constructed in the form of a 8-
sheet ladder from the parent F8 peptide (Fig. S21). However,
single amino replacement of P in place of F on the parent F8
peptide introduces molecular turn, which impairs the precise
alignment of vertically stacked peptides. This F to P replace-
ment rapidly resulted in a complete loss of the pre-assembled -
sheet structure during a 100 ns simulation (Fig. S4t). The

© 2024 The Author(s). Published by the Royal Society of Chemistry

interactions were omitted into hydrophobic patches, resulting
in an assembly lacking an internal structure surrounded by an
aqueous environment. Even though the FP variant did not
retain its pre-assembled structure, no monomerization into
individual peptides was observed and the structure remained as
an unordered aggregate assembly (Fig. S4t).

The KPE peptide, with added one more hydrophobic F at the
end of the sequence FP (Fig. 1C), formed a cloudy gel at pH
ranging from 4 to 10 (above 30 mg mL ™", Fig. 3B). The overall
increased hydrophobicity led to larger aggregation tendency,
which resulted in structures larger than visible light, where the
cloudiness of the gels was observed.'>***>* EPK peptide
(Fig. 1D) formed a clear gel at a peptide concentration above
30 mg mL ™" but in the low pH range of 2-3 (Fig. 3C). It then
turned into a cloudy gel at a pH of about 3-4 (30 mg mL ™"
peptide), as expected, when glutamic acids undergo deproto-
nation transition (Fig. 2E).

3.2. Conformation and structure

The formation of B-sheet-rich fibres was confirmed using FTIR-
ATR, AFM and TEM. As can be seen from Fig. 4A in the FTIR-
ATR spectra, a strong absorption band at 1636 cm ' and
a weaker band at 1697 cm ™', characteristic of the adoption by
the peptides of B-sheet conformations, were observed for KPE
and EPK peptides.*** On the other hand, no distinct structural
feature peaks were observed for the FP peptide, confirming the
lack of its tendency for self-assembly into B-sheets.

The AFM image in Fig. 4B shows the typical self-assembled
peptide nanofibers of the F8 peptide forming an overall
network with the thinnest fibers having diameters ranging from

RSC Adv, 2024, 14, 37419-37430 | 37425
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hydrogels.

3 to 5 nm, in good agreement with the formation of B-sheet-rich
fibres.”” Unlike the typical fibres observed for FEFKFEFK or
FEFEFKFK cases,' the TEM images obtained and presented in
Fig. 4C and E clearly show the presence of flat nanoribbons for
KPE and in Fig. 4D and F well-defined twisted nanofibers for
EPK, respectively. The same structures were obtained when
imaged using AFM (Fig. 4G and H). The analysis of TEM
micrographs reveals an average width for KPE flat nanoribbons
of 72.5 = 28.2 nm. On the other hand, EPK presents a right-
handed twist, and the multi-width fibres have a similar
repeating pitch in the 101-104 nm range and groove at 14—

37426 | RSC Adv, 2024, 14, 37419-37430

15 nm, and an average width of 26.5 £+ 5.5 nm. For neither KPE
nor EPK, any single fibril of ~3-5 nm was observed, indicating
that lateral stacking is strongly favoured in both cases.

SAXS was used to confirm the structural aspects. In Fig. 5A
and B, the SAXS patterns obtained for KPE and EPK at two
concentrations are presented as double logarithmic plots. As
can be seen, g~ and g~ behaviours were observed at low g for
KPE and EPK, respectively. These g regions following g >
behaviour are often associated with flat ribbons, lamella, or
disc-shaped particles.*>*® Both behaviours are indicative of flat
ribbons, which were previously observed for arginine-based

© 2024 The Author(s). Published by the Royal Society of Chemistry
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samples plotted in a In g/(q) vs. g2 representation. Wide-angle X-ray scattering (WAXS) spectra measured as an extension to SAXS on (E) KPE and

(F) EPK peptides.

self-assembling peptides.*** In dilute regime, the SAXS data are
consistent with the self-assembly of KPE into flat ribbons and
EPK into twisted flatten ribbons. From the slope of the linear
section of the SAXS patterns, R, of 4.05 + 0.01 and 3.26 +
0.06 nm was obtained for KPE and EPK, respectively. We have
also fitted ellipsoidal cylinders using SasView software (Fig. S5+
and Table 1) to the obtained SAXS curves and the comparison of
the fittings confirmed that KPE constitutes larger structures
with R = 4.761 + 0.003 nm, as compared to EPK with R = 3.099

£ 0.003 nm. As expected from the fittings, the axis ratios and
obtained lengths varied between the two structures, overall
indicating that EPK forms more elongated structures with larger
length as compared to KPE. The obtained characteristics go well
with the obtained TEM/AFM nanostructures for these two
peptides.

As an extension to the SAXS, we performed additional WAXS
measurements and detected similar peaks for both the peptides
(KPE and EPK) (by Bragg's law conversion) at 5.7 A, 4.8 A, 3.7 A,

Table1 SasView fitting of elliptical cylinders. R defines the ellipse minor radius, while axis ratio defines the ratio of the major radius to the minor

radius. Fitting was carried out in the 0.1-7 nm™* range

Sample Conc. [mg mL "] R [nm] Axis ratio Length [nm]

KPE 5 4.761 4 0.003 2.783 £ 0.005 733.71 £ 3.57
KPE 10 4.946 £ 0.002 2.581 £ 0.003 284.80 £+ 2.34
EPK 5 3.099 £ 0.003 7.470 £ 0.030 862.39 & 3.10
EPK 10 3.087 £ 0.002 7.650 & 0.0224 465.40 £ 2.51

© 2024 The Author(s). Published by the Royal Society of Chemistry
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clarity. Insets show relaxed lengths of single KPE and EPK peptides.

2.4 Aand 1.2 A (Fig. 5E and F). The most prominent peak at 4.8 A
correlates well to the known 4.5 A spacing, which is a predom-
inant B-sheet secondary structure.®> The 3.7 A spacing is
ascribed to the distance between each residue along the peptide
chain.”® The remaining peaks are indicative of a lamellar
arrangement, similar to some previously obtained peptide
nanostructures with helical twists.”® To confirm the possible
arrangements of KPE and EPK peptides, we reverted back to MD
simulations.

Contrary to the F8 and FP variants, modelled as pre-
assembled B-sheet ladders, we conducted simulations of KPE
and EPK mimicking the self-assembly process during hydrogel
preparation. In both cases, the monomers assembled rapidly,
resulting in aggregates with no clearly defined secondary
structure, for e.g., no spontaneous aggregation into the p-sheet
was observed. However, each variant assembled into different
distinct shapes of aggregates. In case of the KPE variant, more
fibril-like structures were observed with elongated forms con-
nected directly across the periodic boundary conditions
(Fig. 6A). The average length of a single KPE chain (measured
between c-alpha carbons between the first and the last
residuum on a single peptide) was 1.7 + 0.4 nm. The distance
between two mirror images of the elongated KPE form is 10 nm
(corresponding to the size of the simulation box) with approx-
imately 10 KPE molecules in line with the nanofiber. In contrast
to that, the resulting shape of the EPK variant was more glob-
ular with no direct connections between the clusters across
periodic boundary images (Fig. 6B). Due to the highly dynamical
nature of the resulting aggregate, the width and height of the
EPK form can be approximated as 3.4 nm and 8.2 nm, respec-
tively, with the average length of one EPK chain calculated as 2.2
£ 0.1 nm. It is worth mentioning that nowadays force fields
tend to bias peptides and proteins into more helical secondary
structures, therefore reducing the ability to spontaneously form
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Final snapshots of (A) KPE and (B) EPK peptides. KPE residues in line with the fibre shown in yellow. The periodic box (in black) is shown for

B-sheet-twisted fibers or nanoribbons, as counter observed in
the MD simulations compared to the experiments in our case.>*
On the one hand, by copying the 10 nm x 10 nm MD simula-
tion box over a larger space, one can observe similarities to the
experimental cases, with KPE extending over elongated and side
by side nanoribbon-like assemblies, whereas EPK remains in
thinner aggregates that, in principle, can grow in a twisted
manner. However, we note that structural polymorphism may
occur, as has been noted in B-sheet amyloid fibres research.>

4. Conclusions

In summary, we have investigated the effect of a known B-sheet
breaker amino acid, proline (P), on a known B-sheet and
nanofiber forming peptide FEFKFEFK through the replacement
of phenylalanine in the hydrophobic face FEFKPEFK (FP) as well
as the extension and shuffling of the polar amino acids to
generate two new sequences: FEFKPEFKF (KPE) and
FEFEPKFKF (EPK). As expected, the modification of the hydro-
phobic core from F to P disrupted the self-assembly and resul-
ted in a loss of conformational stability and subsequent
formation of nanostructures or hydrogelation. However, the
addition of aromatic amino acids to the edge of that variant
restored self-assembly into nanostructures, resulting either in
flat nanoribbons or twisted nanofibers, depending on the
charge distribution of the external polar amino acids. By the
meticulous design of peptides and targeted placement of
proline as well as the distribution of charged residues (glutamic
acid and lysine), well defined nanostructures (and hydrogels)
could be formed. Molecular dynamics supported the formation
of well-defined aggregates, which can scale into microscopically
observed nanostructures in AFM and TEM. Our work demon-
strates both the destructive and non-destructive self-assembly
using proline and sheds light both on the fabrication of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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nanostructures and supramolecular hydrogels for possible
regenerative medicine applications as well as harnessing and
understanding of the protein folding capabilities in a biomate-
rial-targeted manner.
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