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The self-assembly of peptide-nanotubes formed by an L-
glutamic acid-based bolaamphiphile is shown to proceed via a
remarkable mechanism where the peptide conformation
changes from f-sheet to unordered. The Kkinetics of this
process are elucidated via X-ray scattering and UV circular
dichroism methods. The reverse transition from “unordered”
to B-sheet structures is triggered by UV radiation.

Amphiphilic peptides have attracted much interest due to their
remarkable ability to self-assemble into a large variety of
nanoscopic polymorphs with impressive potential for designing
soft materials applicable in biotechnology.' In most cases, these
compounds mimic surfactant molecules with a single polar head
of hydrophilic amino acids and a longer tail made from the
association of nonpolar amino acids or the ester linkage of
hydrocarbon chains. " ? Interesting exceptions to this traditional
single-headed layout are the so-called bolaamphiphiles, where a
hydrophobic core appears flanked by two hydrophilic moieties at
both ends of the chain.® This double-headed design gives rise to
special properties and makes the description of aggregation
phenomena in bolaamphiphiles more complex than in their
single-headed counterparts.* In contrast to the extensive literature
on the self-assembly of conventional amyloid peptides," > work
on bolaamphiphilic peptides is limited although a few studies
involving L-glutamic acid terminated sequences have been
reported in the last decade.'®'? From this work, it has emerged
that the chiral nature of L-glutamic acid head groups induces the
formation of helical and tubular structures.'> As a rule, however,
these studies have focused on morphological aspects and used ex-
situ techniques, mainly electron and atomic force microscopy, to
reveal the organization of self-assemblies. A major drawback of
such approaches is their inherent limitation in understanding the
behaviour of these species in solution and in providing accurate
information on the internal structure of the resulting polymorphs.

Here, we use small-angle X-ray scattering (SAXS) and
synchrotron radiation circular dichroism (SRCD) to examine the
structure and the self-assembly pathway of an amino acid-based
bolaamphiphile, the linear octamer EFL,FE (E = L-glutamic acid,
F = L-phenylalanine and L = L-leucine). The hydrophobic region
of the sequence is composed of four leucine repeats, an aliphatic
amino acid often found in molecular zippers in protein
aggregates.'* ' This aliphatic core is complemented by two
phenylalanine moieties which are designed to assist lateral
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association due to m—m stacking interactions between aromatic
rings.'® The polar heads are made from L-glutamic acid moieties
endowed with carboxyl groups. We found a remarkable and
unexpected pathway of nanotube formation in which initial -
sheet structures are disrupted.

The EFL,FE bolaamphiphile is not soluble in water at neutral
pH, presumably due to the relatively low pKa (= 4.1) of its polar
heads.'? In this case, we dissolved the bolaamphiphile in 20 mM
NaOH aqueous (or D,O) solutions. The critical aggregation
concentration (cac) has been measured through a pyrene
fluorescence assay, as described elsewhere,'” providing cac ~
0.03 wt% (ESI, Fig. SI). EFL,FE solutions were studied at
concentrations above the cac, and left to equilibrate during a
period between 10 and 12 days to ensure full self-assembly of the
nanostructures. Cryo-TEM has been used to probe the change of
self-assembled nanostructures.'™ ' Representative Cryo-TEM
images from 0.1 wt% EFL,4FE solutions (Fig. 1A) display flat
membranes extending to a few hundred square nanometres
(inset, Fig.1A). At higher concentration (1 wt% EFL,FE, Fig. 1B)
remarkable morphological changes appear and a large number of
peptide nanotubes (PNTs) populate the sample. The high contrast
between dark edges and bright cores indicates organization into
hollow tubes, presumably made from scrolling of peptide sheets
(inset, Fig.1B). The diameters of the tubes have been measured in
the range 20 - 30 nm and their lengths have been found to easily
reach the micrometre scale (E£SI, Fig.S2).

C

| 0.1 wt%

Fig. 1 Cryo-TEM micrographs showing self-assembly into well-defined
flat sheets (A) or PNTs (B), depending on peptide concentration indicated
in wt%. Insets scale bars: 100 nm.

This journal is © The Royal Society of Chemistry [year]

[journal], [year], [vol], 00-00 | 1



o

@

2

S

25

30

3

&

40

45

ChemComm

(A) (B)

F 0.1 wi%
r

Intensity [arb.un.]

- =k
¢ Time: 10 day:

r Ll |

0.1 1
q[nm’"]

Intensity [arb. un.]
b R b R s R B i R i B i R B B L i |

oy

oy

r Conc.: 1 wt%

r
Ll Lol

0.1

1
q[nm’]
Fig. 2 SAXS data from solutions at the indicated incubation time and
concentration. Red lines represent model fits using bilayer and cylindrical
shell form factors as indicated in the text.

To get deeper structural information, we performed in situ
synchrotron SAXS experiments. The SAXS curves in Fig.2A for
solutions in the range (0.1- 1) wt% EFL4,FE show different
features according to peptide concentration. For samples
containing 0.1 and 0.5 wt% peptide, the curves are characterized
by an initial intensity decay ~ q2 which is ascribed to the
presence of flat nanostructures.® Data from these formulations
have been fitted using the bilayer form factor proposed by Pabst
et al.*' Inspecting the parameters resulting from the best fits (£SI,
Table 1), we observe that membrane thicknesses are ~ 3.3 nm,
consistent with the molecular length of an octapeptide chain in a
[-sheet conformation (8 x 0.34 nm = 2.72 nm)** plus monolayers
of Na' ions partially buried into hydrophilic interfaces (Na
diameter ~ 0.37 nm).? Therefore, we conclude that EFL,FE
membranes are organized into monolayers where paired
backbones appear oriented perpendicular to the outer surfaces. At
1 %wt EFL,FE, SAXS shows oscillations in the low g region,
highlighting a typical signature of tubular structures. To describe
this domain, we have used a combination of the previous bilayer
form factor plus a long cylindrical shell form factor (details in
ESI.*® The component associated to flat sheets reveals a
thickness similar to that found in dilute samples, thus suggesting
that peptide monolayers also appear in the mixture at higher
concentration. Structural parameters associated to the cylindrical
shell show the formation of nanotubes with average inner radius
of 9.2 + 1.6 nm, consistent with the sizes observed in cryo-TEM
images. Interestingly, nanotube shells are found to be about 0.5
nm thicker than flat membranes, suggesting the wrapping into
tubular geometry leads to stretching of peptide walls and/or a
thicker counterion layer around the nanotubes.

We also prepared a second group of samples to investigate the
time evolution of PNT formation. In this case, the concentration
has been fixed at 1 wt% and solutions have been prepared over a
period of days previous to SAXS experiments. In Fig. 2B, SAXS
data from samples with aging times between 30 minutes and 10
days reveal remarkable differences upon aging. Data from fresh
mixtures are fully described by the bilayer form factor, showing
that organization into sheets is an early step in the self-assembly
pathway. Also, the thicknesses of the resulting membranes are
very close to those observed in dilute formulations, indicating
ordering into monolayers (ESI, Tablel). On the third day,
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however, oscillations at low ¢ become more evident and a proper
description of the data requires inclusion of the cylindrical shell
form factor in the fit. The structural parameters (ESI, Tablel)
show that average nanotube radius decreases with time, ranging
from 10.5 nm (day 3) to 9.6 nm (day 10). In addition, nanotube
shells become slightly thicker upon incubation, increasing from
3.3 nm (day 3) to 3.8 nm (day 10). Observations performed on
time scales longer than 10 days also revealed the signature of
PNTs, with the same structural parameters derived above (ESI,
Fig. S4).

The secondary structure has been probed using FTIR
spectroscopy (ESI, Fig. S5). The amide [ range is characterized
by a sharp peak centred at 1620 cm™ accompanied by a shallow
broad band around 1685 cm’, indicating anti-parallel S-sheet
conformation.’* 2> Intense broad resonances around 1460 cm™,
likely ascribed to scissoring modes of CH, groups in glutamic
acid side-chains,®® are not present in samples containing PNTs
(ESI, Fig. S5). Anti-symmetric stretching vibrations of COO
moieties? near 1565 cm™ exhibit a strong decrease upon aging,
possibly indicating neutralization of these species (ESI, Fig. S6).
XRD measurements performed on dried stalks show that the
crystal structure of the nanotubes is an orthorhombic unit cell
with lattice parameters ¢ = 31.15 A, b = 11.17 A and ¢ = 9.82
(ESI, Fig.S7 and table 2). The amide-I region of the FTIR spectra
(ESI, Fig. S4), measured for solutions containing only
membranes, is similar to that measured for solutions containing
mixtures of membranes with PNTs. However, a decrease in
intensities of the characteristic FTIR bands upon increasing time,
suggests a decrease of f-sheet content (ESI, Fig. S6).

CD data in the far-UV region allows more detail on the
secondary structure of the self-assembled objects to be elucidated
(ESI, Fig. S8). Dilute solutions, containing only membranes,
exhibit features expected for A-rich structures with a strong
maximum at 199 nm, traditionally ascribed to 7— 7" transitions,?’
and a minimum at ~ 222 nm. In contrast with these f-sheet rich
spectra, data from mixtures containing PNTs exhibit spectra
dominated by an intense negative rotation at 199 nm and shallow
maxima at 183, 208 and 217 nm (ESI, Fig. S8). These spectra, in
shape and magnitude, resemble those associated to unordered
structures,’® with an additional contribution from the stacking of
phenylalanine residues. The CD spectra show that the ordering of
peptides in the nanotube walls is dominated by interactions
between F residues rather than by the formation of of S-sheets.”
The exact mechanisms leading to S-sheet-to-unordered transitions
and subsequent formation of PNTs remain elusive; however,
electrostatic repulsions between peptide chains and condensation
of Na' onto glutamate units likely play a major role. The absence
of wrapped structures in the dilute regime can be ascribed to the
abundance of OH’ radicals competing for Na®, which might
hinder condensation of counter-ion layers. This process likely
enables electrostatic repulsions between charged carboxylic
groups, stabilizing a flat conformation. On the other hand, at
higher concentrations, the buffering capacity is exhausted and
OH radicals are consumed, enhancing condensation of Na'.
Indeed, the decrease of OH moieties is attested by a reduction of
pH observed at high concentration. SAXS experiments in control
samples dissolved in ethanol solutions (1:1 H2O:ETOH)
indicated the formation of irregular aggregates, presumably
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fractal structures, and no regular self-assemblies were observed
after long time incubation. Also the secondary structure of these
aggregates is dominated by S-sheet features (ESI, Fig. S9). Thus,
the presence of additional counter-ions seems to be a necessary
s condition for the formation of PNTs. In addition, samples initially
dissolved into NaOH which were further neutralized by addition
of an equal amount of HCI exhibited the presence of nanosheets,
but no PNTs were observed, even though the secondary structure
shows some "unordered" aspects (ESI, Fig. S10). In this case,
10 condensation of Na' is presumably prevented due to competition
between Cl” anions and glutamate units for cationic species.
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Fig. 3 CD spectra of EFL4FE solutions monitored over a period of days.
Inset: time-course of S-sheets fraction fitted by a simple exponential.

We also examined the time evolution of the secondary structure
using CD. Spectra were measured for a 1 wt% solution over
several days to correlate the formation of PNTs with the CD
signature. In Fig. 3, we observe that conversion from f-sheet into
unordered-like conformations takes a period of days. Fresh
samples have been found to be dominated by f-sheets (red curve
in Fig. 3), consistent with unfolded membranes indicated by
SAXS results. The high sensitivity of CD technique reveals that
unordered structures appear earlier than PNTs are detected in
s SAXS measurements. Indeed, a decrease of the intensity of the

negative band at 199 nm is noticed after 1 day, suggesting

bending of membranes already in the initial stages of aggregation

(green curve in Fig. 3). To provide a more quantitative

description of the time-course of the “f-to-unordered” transition,
30 we have estimated the fraction of f-structures from the ellipticity
at 199 nm (details in ESI). The time-course, inset in Fig. 3, is
described by a simple exponential decay with characteristic time
~ 8.5 days, in agreement with increasing oscillations observed in
SAXS data.

Solutions containing PNTs have been submitted to intense
ultraviolet irradiation during synchrotron radiation circular
dichroism (SRCD) experiments. In Fig. 4, we show a series of
SRCD spectra from a series of measurements in the synchrotron
beam. The major features of the scans are the changeover of the
40 peculiar minimum at 199 nm into an intense maximum and two

remarkable isochroic points at 191 and ~ 206 nm. In the first

spectrum, the system is dominated by unordered conformations
as expected for tubular assemblies. Nevertheless, upon successive
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irradiation, this conformation is gradually replaced by the

4s characteristic profile of f-structures, indicating now an
“unordered-to-/" transition. The fraction of f-structures has been
calculated and the relationship between p-content and
accumulated UV scans has been found to be well-described by a
parabolic function (inset Fig. 4).
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Fig. 4 Scan series of CD spectra showing changeover of unordered-like
secondary structures into [-structures upon synchrotron ultraviolet
irradiation. Inset: evolution of S-structures fraction fitted with a parabolic
function.

50

55
To investigate if the origin of this transition could be associated
to thermal effects introduced by the intense flux of synchrotron
beamline, we conducted temperature-controlled assays using a
lab CD machine (ESI, Fig. S12). Despite a decrease in the
60 intensity of [0] at 199 nm, we found that temperatures up to 90°C
do not promote conversion into f-sheet structures; thus,
disregarding the hypothesis that heating is responsible for the
changeover shown in Fig. 4. In addition, thermal changes
observed in the spectra have been found to be reversible upon
6s cooling, a phenomenon not observed in samples exposed to
intense UV-irradiation (ESI, Fig. S13). Putting these findings
together, we hypothesize that the unordered to p-structure
transition is due to photo-degradation induced by intense UV
irradiation, possibly through oxidation of F side-chains.*® This
70 process likely changes the charge balance leading to
destabilization of unordered architectures, followed by quick
reorganization into f-sheet structures driven by strong
hydrophobic interactions. Similar phenomena have been
previously observed in X-ray triggered transitions in peptide
75 filament networks.*!

Summarizing, we have demonstrated the formation of PNTs
by an exclusively amino acid-based bolaamphiphile in alkaline
solution. The unique combination of high-resolution SAXS and
CD measurements reveals an intimate relationship between

s0 secondary structure and morphology, and their evolution in time.
For the first time, to our knowledge, the formation of nanotubes
by the disruption of P-sheet structures has been observed.
Interestingly, intense ultraviolet irradiation has been found to
photo-degrade these weakly-coupled conformations in PNTs and
trigger the reverse phase transition. Counter-ion condensation and
affinity between Na' ions and carboxylate groups at glutamic acid
moieties are likely a driving forcing leading to scrolling into
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tubular structures and could be used in the future to control
formation of peptide nanotubes.

This work was supported by FAPESP (No. 2014/03515-8 and
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