Open Access Article. Published on 10 February 2021. Downloaded on 5/24/2026 11:06:48 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Soft Matter

¥ ® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Soft Matter, 2021,
17, 3096

Received 24th November 2020,
Accepted 9th February 2021

DOI: 10.1039/d0sm02095h

Alpha helical surfactant-like peptides
self-assemble into pH-dependent nanostructuresf

Valeria Castelletto, ) *? Jani Seitsonen,® Janne Ruokolainen® and
lan W. Hamley (=) *®

A designed surfactant-like peptide is shown, using a combination of cryogenic-transmission electron
microscopy and small-angle X-ray scattering, to have remarkable pH-dependent self-assembly
properties. Peptide Args-Leus, (Rslip) forms a network of peptide nanotubes at pH 9 and below. These
are associated with a-helical conformation in a “cross-o” nanotube structure, in which peptide dimers
lie perpendicular to the nanotube axis, with arginine coated inner and outer nanotube walls. In contrast,
this peptide forms decorated vesicular aggregates at higher pH values, close to the pK, of the arginine
residues. These structures are associated with a loss of a-helical order as detected through X-ray
scattering, circular dichroism and FTIR spectroscopy, the latter technique also revealing a loss of
ordering of leucine side chains. This suggests a proposed model for the decorated or patchy vesicular
structures that comprises disordered peptide as the matrix of the membrane, with small domains of
ordered peptide dimers forming the minority domains. We ascribe this to a lipid-raft like phase
separation process, due to conformational disordering of the leucine hydrophobic chains. The
observation of the self-assembly of a simple surfactant-like peptide into these types of nanostructure is
remarkable, and peptide RslL;> shows unique pH-dependent morphological and conformational

rsc.li/soft-matter-journal

Introduction

Nanotubes formed by the self-assembly of peptides are remarkable
anisotropic hollow nanostructures,'® with a diversity of potential
applications, for example in biocatalysis,"®™ encapsulation/
release’™® and a number of biomedical uses.*** Several
distinct architectures of peptide nanotubes have been uncovered,
including those based on stacked cyclic peptides with alternating
p- and i-residues,***® wrapped P-sheet structures,''**"3°
stacked peptide dimer laminate structures,®*”*® and coiled coil
peptide assemblies.**™** Diphenylalanine nanotube structures
(with a B-sheet like packing within bilayer walls) have been widely
studied, and shown to possess a remarkable range of mechanical,
optoelectronic and quantum properties.*>™°

We have recently reported a novel peptide nanotube archi-
tecture, based on o-helical antiparallel peptide dimers of the
designed surfactant-like peptide (SLP) R3L;,.>' These form
nanotubes in acidic aqueous solution, in which the peptide
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behaviour, with the potential for a range of future applications.

dimers lie perpendicular to the tube walls in a so-called “cross-o.”
nanotube architecture.”* Tubular network structures were also
observed in very acidic solution, at pH 1. These nanotubes
present arginine on the inner and outer walls of the nanotubes,
which suggests potential uses in antimicrobial or biocatalytic
materials.

In comparison to nanotube or nanofibril structures, self-
assembled vesicle structures are less commonly observed for
peptide systems.?* Vesicle-like structures have been reported in
only a few cases, for example for glycine-rich®*** or proline-
rich®® surfactant-like peptides, recombinant amphiphilic
peptides®® and diphenylglycine in aqueous solution®® or
Boc-diphenylalanine [Boc: tert-butoxycarbonyl] in HFIP/water.””

In the present work, we report the observation of peptide
tubular network and compound vesicle structures with decorated
surfaces that result from the self-assembly of R;L;, in basic
conditions. This peptide contains a dodecameric leucine chain
which favours a helical conformation with three arginine
residues that impart amphiphilicity, and hence self-assembly
properties. Arginine was selected from among the charged
amino acids, due to its utility in the future development of
antimicrobial systems. In the present paper, we report on the
pH-dependent self-assembly of R;L;, at pH values which are
tuned by addition of 10 mM NaOH (pH 9), 50 mM NaOH
(pH 12) or 100 mM NaOH (pH 13). Concentrations studied
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were 0.04 and 0.07 wt% peptide, consistent with our previous
work on acidic solutions of R;L;,.>* The self-assembled nano-
structure turns out to be highly pH dependent, and a significant
difference is observed between the morphology at pH 9 and
pH 12. We additionally examined the behaviour at pH 13
because at pH 12.5 the calculated charge net charge of the
peptide changes from +3 to 0 due to deprotonation of the
arginine residues as its pkK, is crossed.® However, it may be
noted that the experimental pK, may differ in a peptide with
multiple charged residues and which undergoes aggregation.
Our work reveals a remarkable phase separation process
within the membrane of vesicles at high pH which leads to the
decoration of the vesicle surface with small domains. Insights
from molecular spectroscopies enable this to be associated with
the onset of disorder at the molecular level, such that we ascribe
the particle formation to phase separation of ordered and
disordered domains, reminiscent of lipid rafts.

Experimental
Materials

Peptide R;L;, was supplied by Peptide Protein Research Ltd
(Fareham, United Kingdom). The purity was >95% by HPLC
using an acetonitrile (0.1% TFA)/water (0.1% TFA) gradient. The
molar mass by ESI-MS was 1885.525 ¢ mol ™ '. Scheme S1 (ESI*)
shows the molecular structure of R;L;,, which is capped at both
termini.

Sample preparation

Stock solutions of peptide was prepared by dissolving the
peptide at 12 (or 22) wt% R3L;, in hexafluoroisopropanol
(HFIP), because R;L;, is a highly hydrophobic peptide. An
aliquot 1 pl of 12 (or 22) wt% R;L,, in HFIP was added to 15 pl
of ultrapure water (ThermoFisher Barnstead) inside a 1.5 ml
Eppendorf. The Eppendorf was then vigorously vortexed while
adding 2 x 145 pl of ultrapure water, 10 mM NaOH, 47 mM NaOH
or 100 mM NaOH to obtain 0.04 (0.07) wt% R;L,, at pH 9, 12 or
13 respectively. The pH was measured with a Mettler Toledo
FiveEasy pH meter with Sigma-Aldrich micro pH combination
electrode (glass body).

Circular dichroism (CD) spectroscopy

CD spectra were recorded using a Chirascan spectropolarimeter
(Applied Photophysics, UK). Peptide solutions were placed in a
quartz bottle (1 mm path length). Spectra were measured with a
0.5 nm step, 1 nm bandwidth, and 1 s collection time per step.
The CD signal from the water background was subtracted from
the CD data of the sample solutions. The absorbance, A, was
monitored and presented with A < 2 for all data points.

Ellipticity is reported as the mean residue ellipticity ([0], in
deg cm® dmol ") and calculated as:

[0] = [O]obs MRW(10c) " (1)

[0]obs is the ellipticity measured in millidegrees, MRW is the
mean residue molecular weight of the peptide (molecular
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weight divided by the number of amino acid residues = 15,
Scheme S1, ESI), ¢ is the total concentration in mg ml™, and /
is the optical path length of the cell in cm.

CD spectra were dominated by an o-helical secondary structure.
The o-helix content, f;, is calculated as:*®

foc = 100[9]222/[9]222,ex (2)

[0]222,ex In eqn (2) is the extrapolated value for the molar
ellipticity:

[0]222,ex = [0](1 — ki) ®)

Here [0z, = —29608 deg cm® dmol ' because [0]* =
—37400 deg cm® dmol " is the maximum mean residue ellipti-
city at 222 nm of a peptide with infinite length and 100% helix
content,’® n = 12 is the number of residues/helix (i-residues) and
k is a wavelength-dependent constant (2.5 at 222 nm).

Fourier transform infrared spectroscopy (FTIR)

Spectra were recorded using a Thermo Scientific Nicolet iS5
instrument equipped with a DTGS detector, with a Specac Pearl
liquid cell (sample contained between fixed CaF, plates).
Aliquots of peptide at a concentration of 0.04 wt% D,O with NaOH
at specified concentrations, were prepared and added into the
liquid cell. Spectra were scanned 128 times over the range 900-
4000 cm ™,

Transmission electron microscopy (TEM)

TEM was performed on a JEOL 2100Plus instrument operating
at 200 kv. The samples were deposited on copper grids
(Agar Scientific, UK) 5.0 mm in diameter and 10 mm thick,
coated with carbon film. The samples were stained with 1 wt%
uranyl acetate (Sigma-Aldrich, UK), and left to dry at room
temperature.

Cryogenic-transmission electron microscopy (ctyo-TEM)

Imaging was carried out using a field emission cryo-electron
microscope (JEOL JEM-3200FSC), operating at 200 kV. Images
were taken in bright field mode and using zero loss energy
filtering (omega type) with a slit width of 20 eV. Micrographs
were recorded using a Gatan Ultrascan 4000 CCD camera. The
specimen temperature was maintained at —187 °C during
the imaging. Vitrified specimens were prepared using an
automated FEI Vitrobot device using Quantifoil 3.5/1 holey
carbon copper grids with a hole size of 3.5 pm. Just prior to
use, grids were plasma cleaned using a Gatan Solarus 9500
plasma cleaner and then transferred into the environmental
chamber of a FEI Vitrobot at room temperature and 100%
humidity. Thereafter 3 pl of sample solution was applied on the
grid and it was blotted twice for 5 s and then vitrified in a 1/1
mixture of liquid ethane and propane at temperature of
—180 °C. The grids with vitrified sample solution were maintained
at liquid nitrogen temperature and then cryo-transferred to the
microscope.

The diameter of the nanotubes and the thickness of the
nanotube walls were measured from the cryo-TEM images
using image] software.
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Small-angle X-ray scattering (SAXS)

Synchrotron SAXS experiments on solutions were performed on
beamline ID02 at the ESRF, Grenoble, France® using a flow-
through capillary (2 mm internal diameter and wall thickness
0.05 mm) made from borosilicate glass (Hilgenberg GmbH).
The radiation damage was carefully checked and the exposure
time was limited to one third the value for the onset of damage.
The sample was refreshed by displacing the column by 1 pl
after each exposure. SAXS images were collected using an
EIGER2 detector with a sample-detector distance 0.778 m for
the data at high ¢ (=4nsin 0/4 where 20 is the scattering angle
and 4 =1.014 A is the X-ray wavelength) and 31 m for the data at
low g. The recorded 2D images were checked for isotropy and
reduced to one-dimensional intensity profiles. Data reduction
was performed as described elsewhere.>

Analysis of SAXS data

The SAXS data at pH 9 was fitted using an analytical expression
for a form factor describing a cylindrical shell®® using the
software SASfit.®" The fitting parameters for the cylindrical
shell form factor are the core radius, R., the shell thickness,
D., and the scattering length density of the core, 7., shell, s,
and solvent, 7501,- The SAXS data at pH 12 and pH 13 was fitted
using the analytical expression for a system of spherical
shells.®® The parameters for the spherical shell form factor
were scale factor, Ng, external shell radius, Ry, shell thickness,
Dy, scattering length density of the core, 7., and shell, ;. The
background was fitted using the expression a; + a,q~° where
a,, a, and ¢, are constants.

Results

We first probed the conformation of the peptide in the basic
aqueous solutions. Circular dichroism (CD) spectra shown in
Fig. 1, measured for 0.04 wt% R;L,, confirm the formation of
a-helical coiled coil structures for all solution conditions studied.
The CD spectra for 0.07 wt% solutions shown in Fig. S1 (ESIt)
also confirm a-helix structure.®® For 0.04 wt% R;L;,, the a-helical
content f, is, respectively 76%, 34% and 19% at pH 9, 12 and 13.

T T

0.04 Wt% R.L :

——pH9
pH 12

——pH 13

o

10“[6] / deg cm? dmol”

240
A/ nm

200

Fig. 1 CD spectra (mean residue ellipticity) for 0.04 wt% RsL;» measured
at pH 9, 12 and 13.
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For 0.07 wt% R3L;,, the o-helical content f, is, respectively,
98%, 43% and 20% at pH 9, 12 and 13. The CD spectra
therefore indicate a high o-helical content at pH 9, but a
substantial loss of this conformation at higher pH. This turns
out to significantly affect the self-assembled nanostructure,
which we then elucidated using the powerful combination of
cryogenic-TEM (TEM: transmission electron microscopy), TEM
and SAXS (small-angle X-ray scattering).

Fig. 2 shows representative cryo-TEM images revealing
branched nanotubes in a 0.04 wt% solution of R3;L,, at pH 9.
The nanotube wall thickness measured from the cryo-TEM
images was ~3 nm. The nanotube diameter was (16.4 £ 1.7) nm,
as calculated from the average of the values plotted in the
histogram in the inset in Fig. 2c. These branched nanotubes are
very similar to those previously reported by us for 0.04 wt%
R;Ly1, at pH 1,>! which we proposed are built from o-helical
antiparallel peptide dimers arranged perpendicular to the
nanotube wall. The branching is believed to result from the
increased energetic penalty of charged residues at nanotube
ends at low pH. Increasing the concentration to 0.07 wt% R3L,
at pH 9, the o-helical secondary structure is retained as
confirmed by CD (Fig. S1, ESIT), but the self-assembly of the
peptide into branched nanotubes is disrupted, leading to the
coexistence of a nanotube network with more loosely folded
peptide sheet-like structures as revealed in the cryo-TEM
images in Fig. S2 (ESIt).

SAXS was used to probe the nanostructure in more detail via
measurements on solutions in basic aqueous solutions at the
same concentrations used to prepare samples for cryo-TEM.
The SAXS curves measured at pH 9, 12 and 13 for 0.04 and
0.07 wt% R;L,, are displayed in Fig. 3 and Fig. S3 (ESIt)
respectively. The SAXS data provide form factors which yield
information on the self-assembled nanostructure in situ in
solution. The fit parameters are listed in Table S1 (ESIt). The
data at pH 9 show well-defined oscillations, which result from
interference scattering from the nanotube walls, and these
features were fitted to a model of a hollow cylinder (long
cylindrical shell) consistent with a nanotube structure (also
revealed by cryo-TEM, Fig. 2). The nanotube scattering oscillations
are superposed on a background which is due to scattering
from small clusters visible in the cryo-TEM images and/or
unassociated peptides. The SAXS data for the samples at pH
12 and pH 13 show distinct features, with a power-law scattering
at low g, which is due to the presence of fractal-like structures,
also revealed by cryo-TEM and TEM, to be discussed shortly. The
SAXS data was measured out to high g, in order to probe possible
peptide secondary structure. A peak corresponding to a spacing
d =11.2 A is apparent in the data in Fig. 3 for the peptide at pH 9
(and at d = 11.0 A at pH 7). This is consistent with the expected
diameter of a o-helix.®*®* This peak is lost at higher pH,
consistent with the loss of a-helix secondary structure revealed
in the CD spectra in Fig. 1 and also via FTIR spectra, to be
discussed shortly.

Structural parameters obtained from the SAXS fitting for
0.04 wt% peptide solution at pH 9 provide a nanotube diameter
equal to 2 x [(5.3 +3.7) + 2.8] = 18 + 5.6 nm, which compares

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Measured SAXS intensity profiles (open symbols) fitted with form
factors (solid lines) corresponding to nanotubes at pH 7 and pH 9, and
spherical shells at pH 12 and pH 13 with a fractal-like background scatter-
ing term at pH 9, 12 and 13 only.

very well with 16.4 £+ 1.7 nm calculated from the average of the
nanotube diameters plotted in Fig. 2c. As previously discussed
by us, the nanotube wall thickness corresponds closely to the
length of R3L;, estimated using average residue spacings,®* I =
(0.15n) + (0.34p) = 2.82 nm (~3 nm) where n = 12 (number of L
residues in the a-helix) and p = 3 (number of R residues). Our
results are in agreement with a model for the nanotubes that
have walls built from a single layer of o-helical antiparallel
peptide dimers.

Increasing the pH from 9 to pH 12 and 13 at 0.04 wt% R3L;,,
leads to the self-assembly of the peptide a-helices into globular
structures, decorated by well-defined particles (ascribed as
phase-separated domains, see below). Cryo-TEM images shown
in Fig. 4, Fig. S4 (ESIT) (0.04 wt% R;3L,, at pH 12) and Fig. 5
(0.04 wt% R3L;, at pH 13) display several representative

This journal is © The Royal Society of Chemistry 2021
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(a—d) Cryo-TEM images for the branched nanotubes observed at 0.04 wt% RzL;» at pH 9. The inset in (c) shows the distribution of nanotube

examples of cryo-TEM images obtained for such globular
structures, along with the cross-section profiles of the image
contrast from boxes selected to contain particles decorating
the globular structures. Fig. 4f and 5d show histograms for
aggregate sizes measured from all the cryo-TEM images.
Values averaged over the histograms in Fig. 4f and 5d show
that the average size of the globular structures is (23.8 &+ 5.9)
nm at pH 12 and (29.8 + 7.6) nm at pH 13 respectively. The
globular structures become slightly elongated at pH 13 (Fig. 5).
Fig. 4d, e and Fig. 5¢ show the plots of the contrast averaged
within a rectangular box enclosing particles decorating
the surface of the globular aggregates. All the profiles are con-
sistent with particles that are 3 nm in width. TEM was used to
support the results from Fig. 4 and Fig. S4 (ESIt). Representative
TEM results obtained for at 0.04 wt% R;L,, at pH 12 are displayed
in Fig. S5 (ESIt). The images show the self-assembly of the
a-helices into spherical aggregates, (54.4 + 14.9) nm, decorated
with 3 nm width particles. Additional cryo-TEM images for
more concentrated samples (0.07 wt% RsL;,) at pH 12 and
13 are displayed in Fig. S6 and S7 (ESIt) respectively. These reveal
particle-decorated globular particle structures as for the 0.04 wt%
samples. The size of the phase separated domains obtained from
cross-sections of the cryo-TEM images is 3.2-3.7 nm (Fig. S6 and
S7, ESIt), with an overall vesicle size in the range 20-40 nm
(histogram shown in Fig. S7, ESIT). The vesicle size is consistent
with the parameters from the core-shell sphere modelling of the
SAXS form factor (Table S1, ESIY).

The cryo-TEM images in Fig. S7a-c (ESIT) for a 0.07 wt%
solution show that the peptide self-assembles into somewhat
elongated globular structures similar to those discussed
above for 0.04 wt% R3L;, at pH 13 (Fig. 5). The size of such
globules, averaged over the values plotted in Fig. S7e (ESIt) is
(27.5 £ 6.0) nm. Fig. S7d (ESIf) shows the plots of the
contrast profile averaged within boxes enclosing particles
decorating the surface of the globular particles in Fig. S7a

Soft Matter, 2021,17, 3096-3104 | 3099
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Fig. 4 (a—c) Cryo-TEM images for 0.04 wt% RsL, at pH 12; (d and e) line contrast profiles from the rectangular masks enclosing particles, as indicated by
arrows in (b and c). The colours of boxes in (b and c) correspond to the same colour plots for contrast profiles in (d and e). (f) Size distribution of
aggregates, measured from the whole set of cryo-TEM images. The relative contrast scales in (d and e) extend from dark (lower) to light (upper).

distance /nm

0 40
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Fig. 5 (a, b and e) Cryo-TEM images for 0.04 wt% RsLi, at pH 13; (c) contrast profiles from rectangular mask enclosing particles, as indicated in (b). The
colours of boxes in (b) correspond to the same colour plots of contrast profiles in (c), (d) size distribution of aggregates, measured from the whole set of
cryo-TEM images, (e) magnification of area inside the square in (b). The relative contrast scale in (c) extends from dark (lower) to light (upper).

(ESIt). This reveals that the vesicles are decorated with 3 nm-
size particles.

The observed particle formation within the vesicle
membrane suggests a phase separation process, reminiscent
perhaps of lipid raft formation with coexisting domains of less

3100 | Soft Matter, 2021, 17, 3096-3104

ordered and more ordered peptides. In order to obtain molecular
level information on the origin of such structures, we turned to
FTIR spectroscopy to probe the ordering within the R;L;, chains,
including side chain and hydrogen bond ordering. FTIR spectra
for samples at 0.04 and 0.07 wt% are shown in Fig. 6 and Fig. S8

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sm02095h

Open Access Article. Published on 10 February 2021. Downloaded on 5/24/2026 11:06:48 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Absorbance

) 1453
1400
wavenumber / cm”’

1655
1600

1672

1800

View Article Online

Soft Matter

——pH 13
(b) pH 12
—pH9 ——-/”\\\\\__
o [ / E
o
(=
: /// 4 ‘
[ -
o -
2 ;
< / \
2871 2930 2959
2800 2900 3000

A
wavenumber / cm

Fig. 6 FTIR spectra for 0.04 wt% solutions of RsL;, at the pH values indicated, in regions of the spectra corresponding to (a) amide |, (b) CH/CH,/CHs
deformation modes. The positions of main peaks are delineated. Spectra are offset vertically for clarity.

(ESIt) respectively. In the amide A/amide III region the spectra
show a large peak near 1453 cm™ ', due to N-H stretch modes.”*”
In the amide I range, sensitive to peptide conformation, the peak
at 1655 cm ™! is consistent with the o-helical conformation also
revealed in the CD spectra (Fig. 1).”°>%¢ An additional peak at
1672 cm ' is mainly due to TFA counterions bound to the
peptide.®”"®® The peak due to o-helical conformation is greatly
reduced in intensity at pH 12 and pH 13, i.e. in the vicinity of the
isoelectric point.

Additional valuable insights are provided by the FTIR spectra
in the region sensitive to CH,/CH; stretching vibrations, around

(@)pH9

ordered
peptide
(b) pH 12,13 particles
) @
/ ‘ 3nm
disordered

peptide

¢

e,

Scheme 1 Schematic summarizing proposed models for ordered and
phase separated morphologies observed at different pH values. (a) Nano-
tube network at pH 9, showing nanotube wall built from RsL;, dimers, wall
thickness ~ molecular length, (b) phase-separated vesicle membranes
with ordered particles within matrix comprising conformationally disor-
dered peptides.

This journal is © The Royal Society of Chemistry 2021

2800-2960 cm ™ ". The spectra shown in Fig. 6 and Fig. S8 (ESIY)
contain a broad band centred around 2930 cm ™' due to CH/CH,,
stretching modes.”””" More prominent are peaks at 2871 and
2959 cm™ " which can be assigned to CH; end group symmetric
and asymmetric stretch vibrations respectively.”®”! Considering
the molecular structure of R3L;,, (Scheme S1, ESIt) these can be
assigned to vibrations of the leucine side chain methyl groups.
Remarkably, these peaks are much weaker in spectra measured
at pH 12 and pH 13, i.e. close to the isoelectric point. This, along
with the loss of the a-helical FTIR peak (and consistent with CD
spectra and the loss of the 11 A a-helix peak in the SAXS data,
Fig. 3) suggests that at this pH, a significant fraction of peptides
are present in a disordered conformation. We associate this with
the majority of the structure within the vesicle membranes. We
propose that the observed small particles decorating the vesicles
are associated with small ordered peptide domains, since the
cryo-TEM indicates that these domains are approximately on a
size scale that corresponds to the length of the molecule in an
ordered o-helical conformation. We thus tentatively associate
these domains with small clusters of R;L,, dimers.

Discussion and conclusions

We summarize proposed models based on our observations in
Scheme 1. Networks of nanotubes are formed at pH 9, as clearly
revealed by cryo-TEM. The nanotube walls comprise opposed
dimers of a-helices oriented perpendicular to the long axis of
the nanotube in the network forming a unique ‘“cross-o”
nanotube structure. The peptide charge is +3 at pH 9 and thus
the nanotubular network structures are coated with charged
arginine residues on the inner and outer surfaces. The a-helices
are presumably paired in an opposed configuration to minimize
the electrostatic repulsion between arginine residues, as well
as maximizing the regular packing of hydrophobic leucine
residues. The formation of the tubular network structure as
opposed to (open-ended) nanotubes, is ascribed to the unfavorable
electrostatic penalty that would result from charges at the ends of
uncapped nanotubes.

Soft Matter, 2021,17, 3096-3104 | 3101
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A very different morphology to a nanotube network is
observed near the pK, of the arginine residues (pK, = 12-13
expected), comprising hollow globular structures decorated
with small particles. Based on the loss of a-helical conformation
detected in SAXS profiles and CD and FTIR spectra, we ascribe
this structure to a phase separated structure with the majority
of the system comprising unordered peptide with significant
disorder in the leucine hydrophobic chains (detected by FTIR).
The unordered “matrix” coexists with small domains (ca. 3 nm
in diameter, i.e. corresponding to the length of a peptide dimer)
comprising phase separated regions of ordered peptide. The
unordered peptide domains presumably comprise uncharged
peptides due to the loss of the arginine charge at the pK,, a small
fraction of peptide that is still charged may form the minority
domains. The phase separation resembles that of lipids asso-
ciated with formation of lipid rafts, however in the case of R;L,,
the transition from ordered to disordered conformation of the
leucine residues coupled to the change in the charge on the
arginine residues (loss of charge as pH is increased to the pkK,
value) is likely to be the driving force for the proposed phase
separation process. In other words, we propose that the presence
of coexisting ordered and disordered leucine hydrophobic
chains, rather than lipid chains, that may be at the origin of
the phase separation.

Phase separated structures within lipid membranes, called
lipid rafts, are well known”>”’* and “raspberry” morphology
systems comprising agglomerated particles have also been
observed for casein (milk protein) micelles”>”® (so-called) and
phase-separating triblock copolymer particles in solution.”
However, in our case the decorated globular particles are
hollow (as revealed by SAXS) and so we do not refer to them
as raspberry structures. We are not aware of prior reports on
this type of morphology or phase separation process in a purely
peptidic system and here we suggest that this process is due to
conformational disordering of leucine side chains brought
about by pH-dependent changes in electrostatic interactions
of the attached arginine residues.

In summary, peptide R;L;, forms a remarkable range of
nanostructures, dependent on pH. In our recent Communication,
we showed that it forms nanotubes (at pH 2-4) or nanotubular
networks (at pH 1) in acidic aqueous solutions.”® Here we show
that nanotube network structures are formed at pH 7 and pH 9,
and we present new data showing the o-helical conformation of
the peptide in the nanotubes, for the first time from synchrotron
SAXS with an extended g range covering the spacing associated
with a-helical structures, as well as CD and FTIR spectroscopy.
This provides a unique combination of structural and spectro-
scopic probes of the a-helical structure. At pH values close to the
pK, of the arginine residues (expected pK, = 12-13), particle-
decorated vesicles (or “patchy vesicles”) are formed.

It is remarkable that a simple SLP R3L;, forms nanotubes,
this being very distinct from the formation of nanotubes from
coiled coil aggregation of other a-helical peptides with signifi-
cantly longer and more complex sequences such as designed
heptad repeats.***""****7% In these structures, the nanotube is
usually formed from the presence of a hollow core within
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aggregates of parallel (or somewhat offset) coiled coils.
However, nanotubes have been reported for other surfactant-
like peptides including A¢K”®®" and AgR,*! although in this
case they are based on B-sheet structures and, to the best of
our knowledge, R;L;, is only SLP reported to date to have an
a-helical nanotube structure. The arginine-coated nanotube
network and decorated vesicle nanostructures formed by
R;L;, may have a range of valuable applications in biocatalysis,
antimicrobial material development or targeted delivery,
among others.
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