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How does growth hormone releasing hexapeptide
self-assemble in nanotubes?

Héctor Santana,® Cesar L. Avila,” Ingrid Cabrera,“® Rolando Paez,? Viviana Falcon,?
Adalberto Pessoa Jr.® Nora Ventosa,“® Jaume Veciana,®® Rosangela Itrif
and Leandro Ramos Souza Barbosa*"

Growth hormone releasing peptide, GHRP-6, a hexapeptide (His-(p-Trp)-Ala-Trp-(p-Phe)-Lys-NH,, MW =
872.44 Da) that belongs to a class of synthetic growth hormone secretagogues, can stimulate growth
hormone secretion from somatotrophs in several species including humans. In the present study, we
demonstrate that GHRP-6 dispersed in aqueous solution, at pH 7.0, room temperature of 22 °C, is able
to form long nanotubes, which is evidenced by combining small angle X-ray scattering (SAXS),
transmission electron microscopy and molecular dynamics simulation results. Such nanotubes possess
inner and outer cross-sections equal to 6.7(2) nm and 13.4(5) nm, respectively. The mechanism of
peptide self-assembly was determined by molecular dynamics simulations revealing that the peptides
self-assemble like amphiphilic molecules in aqueous solution in a partially interdigitated structure. In this
case, the position of the positively charged amino terminus is located at the peptide—water interface,
whereas the neutral NH,-capped carboxy terminus remains buried at the hydrophobic core. In contrast,
the long side chain of Lys-6 stretches out of the hydrophobic core positioning its positive charge near
the cylinder surface. The peptide configuration in the nanotube wall comes from the interplay between
the hydrophobic interactions of the aromatic side chains of GHRP-6 and the electrostatic repulsion of its

Received 30th July 2014
Accepted 16th September 2014

cationic charges. On increasing the peptide concentration, the long nanotubes self-arrange in solution

displaying a bi-dimensional hexagonal-like packing in the SAXS curves, with a center-to-center distance

DOI: 10.1039/c4sm01693a
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1. Introduction

Molecular self-assembly is one of the most powerful approaches
nowadays to construct advanced functional biomaterials of
nanoscale dimension.”” Among several different molecules,
peptides are outlined as excellent building-blocks for nano-
technology applications, due to their well-known synthesis,
small size, chemical flexibility and versatility, biocompatibility,
biological recognition abilities and relatively easy chemical and
biological modifiability.*®> For instance, the structural
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of ~15 nm. Further, we also show that the nanostructure formed in solution is quite stable and is
preserved following transfer to a solid support.

properties of self-assembled peptides have been exploited due
to the formation of quite different structures such as nano-
tubes,*” nanospheres, nanofibers,® scaffolds,®'® nanoribbons,**
nanotapes,' hydrogels,>'* or even self-assembled vesicle-cap-
ped nanotubes that can be selectively disassembled by irradia-
tion as reported by Coleman et al.*®

Besides their nanotechnological relevance, self-assembled
peptides have also been implicated in health sciences for
therapeutic and diagnostic applications,"® as well as for
cosmetic applications.'” Some peptides also have the ability to
form fibers and gels, composed of elongated structures (like
micelles), which could be used for tissue engineering and
regenerative medicine applications.'®'®

In this scenario, Growth Hormone Releasing Hexapeptide,
GHRP-6 (Fig. 1), belongs to a class of synthetic growth hormone
secretagogues (GHSs), which stimulate growth hormone (GH)
release from somatotrophs in a dose-dependent manner in
several species including humans.* There are some indications
of a potential therapeutic option of GHRP-6 in the prevention
and treatment of heart failure,>®*' an effect that seems to be
related to an enhanced non-ischemic compensatory mecha-
nism and mediated via specific GH secretagogue receptors
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Fig.1 Schematic representation of GHRP-6.

rather than via the GH/IGF-1 pathway. Besides, a recent study
indicates that the combined administration of the GHRP-6
peptide and EGF (epidermal growth factor), which can protect
cells from apoptosis,*
recovery from amyotrophic lateral sclerosis (ALS),> although
further preclinical investigation must be carried out.>® Of note,
ALS is a central nervous system (CNS) disease characterized by
irreversible loss of spinal motor neurons with an evolution of
the patient to death in a few years,>*** with no effective treat-
ment reported until now.

In spite of the relevance of GHRP-6, there is a lack in the
literature concerning its probable self-organization in the
physiological environment. In this context, in the current study
we focus our attention on the properties of GHRP-6 self-
assembly in aqueous solution combining experimental and
molecular dynamics (MD) simulation data. The self-aggregation
features of GHRP-6 dispersed in phosphate buffer solution, at
pH 7.4, were investigated by the small angle X-ray scattering
(SAXS) technique combined with cryogenic and conventional
Transmission Electron Microscopy (Cryo-TEM and TEM) per-
formed on dried samples. SAXS is a low-resolution technique
that allows us to access both the shape and dimension of the
scattering object, whereas Cryo-TEM and TEM can reveal small
morphological changes as, for instance, twisted-to-helical
transition as reported elsewhere.>® The results revealed that
GHRP-6 peptides form elongated linear structures with inner
and outer cross-sections of 7 (1) and 13 (1) nm, respectively.
Such dimensions were used as constraints to infer the self-
assembly mechanism at the molecular level by MD. Interest-
ingly, MD evidenced a partially interdigitated peptide in a
nanotube-like configuration, resulting from the interplay
between the hydrophobic interactions of the aromatic side
chains of GHRP-6 and the electrostatic repulsion of the cationic
charges (Fig. 1). Knowledge of the peptide self-assembly
mechanism can pave the way for future bio-inspired materials
with potential technological applications.

resulted in an effective alternative for

2. Materials and methods
2.1 Sample preparation

GHRP-6 was obtained from BCN Peptides (Barcelona, Spain) as
the acetate salt and used as received. The GHRP-6 solutions
were prepared by dissolving the desired amount of peptide in 20
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mM phosphate buffer at pH 7.4. GHRP-6 concentration was
determined from UV-Vis spectrometric measurements at
280 nm, using the molar extinction coefficient obtained from
the amino acid composition (e;g0 = 11 120 M cmfl). For TEM
and Cryo-TEM analyses the samples were incubated at room
temperature of 22 °C for about one day prior to the measure-
ments. All reagents were of analytical grade and used without
further purification.

2.2 Transmission electron microscopy

TEM negative staining was performed as follows: an initial layer
on a copper grid was coated with carbon. The grid was
immersed in 20 pL of the sample and blotted after 1 min. The
grid was washed with water for 1 min and then blotted to
remove excess of the protein material. To enhance the contrast,
the grid was immersed in 2% (w/w) uranyl acetate and blotted
after 1 min. Examination was performed using a JEOL JEM-2000
EX transmission electron microscope (Jeol Ltd, Tokyo, Japan)
operating at 80 kv.

Cryo-TEM images were obtained using a JEOL JEM-2011
transmission electron microscope (Jeol Ltd, Tokyo, Japan)
operating at 120 kV. A small drop of the sample was placed on a
copper grid coated with a perforated polymer film. Excess
solution was thereafter removed by blotting with filter paper.
Immediately after film preparation, the grid was plunged into
liquid ethane held at a temperature just above its freezing point
(94 K). The vitrified sample was then transferred to the micro-
scope for analysis. To prevent sample perturbation and the
formation of ice crystals, the specimens were kept cold (77 K)
during both the transfer and viewing procedures. Samples
composed of 20 mg mL ™' of GHRP-6 peptides in phosphate
buffer solution, pH 7.4, were submitted to TEM and Cryo-TEM
measurements after incubation for about one day at tempera-
tures from 2 to 8 °C.

TEM and Cryo-TEM images were analyzed using Gatan
Digital Micrograph 1.8 software. The tools of this software
allowed us to measure both inner and outer cross-sections of
each aggregate independently. Accordingly, histograms and
corresponding Gaussian fits were obtained by using OriginPro
8.0. A total of 85 and 40 linear aggregates were analyzed through
Cryo-TEM and TEM images, respectively.

2.3 Small-angle X-ray scattering

Small Angle X-ray Scattering (SAXS) data from phosphate
buffer solutions containing GHRP-6 at 20, 30, 50 and 70 mg
mL ', pH 7.4, were obtained on the SAXS2 beamline at the
Laboratorio Nacional de Luz Sincrotron (LNLS, Campinas,
Brazil). The radiation wavelength was set to 0.148 nm and a
MarCCD (bi-dimensional  position-sensitive
detector) was used to record the scattering patterns. The
sample-to-detector distance was set to ~1000 mm allowing us
to explore a scattering vector interval from 0.11 to 3.3 nm *,
where g is the magnitude of the scattering g-vector defined by
q = (47™/2)sind (26 being the scattering angle). In this way, the
maximum Bragg distance accessible from our experimental
set-up was circa 60 nm. Samples were set between two mica

detector
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windows and a 1 mm spacer, handled in a liquid sample-
holder placed perpendicular to the incoming beam. The
obtained curves (data collection of 5 minutes) were normal-
ized by taking into account the X-ray beam intensity decrease
during the experiment. The scattering curve of the phosphate
buffer solution was subtracted from the sample's SAXS
curves, considering each sample's attenuation. All measure-
ments were taken at room temperature of 22 °C.

For the SAXS data analysis we assume here that the scat-
tering objects can be represented by hollow cylinders as nano-
tubes. It is noteworthy that such a cylindrical symmetry for the
peptide aggregates is further confirmed by molecular dynamics
simulations. Therefore, the SAXS intensity I(g) from a solution
of long cylinders such that L > 10D.s, where L and D, are the
cylinder length and cross-section diameter, respectively, can be
written as®**

I(q) = k n,, P(q) S(g), (1)

where 7, corresponds to the particle number density and k is a
normalization factor related to the instrumental effects. P(q)
and S(g) in eqn (1) are the scattering particle form factor and
structure factor, respectively. In our case, the P(g) function
parameters for long hollow cylinders are the inner and outer
cylinder radii, namely R;, and R, respectively, which define
the layer thickness (= Rout — Rin) comprising the peptides and
hydration water.>””® Furthermore, this model is implemented in
GENFIT software.” For a two-dimensional hexagonal lattice
with cell parameter a, the S(g) function is correlated with the
Bragg diffraction peak positions centered at®

Qi = (Ala(3)"*)(* + hk + i)' (2)

with 7 and & being the Miller indices. Therefore, in this case, the
scattering intensity exhibits Bragg peaks, whose positions in the
reciprocal space relative to the position of the first peak are 1,
V3, 2, v/7 and so on, corresponding to dyo, d11, dao, d21 inter-
planar distances, respectively (dpx = 270/qn).

Interestingly, Freiberger and Glatter®® described the scat-
tering intensity of the hexagonal-like arrangement exhibiting
pronounced Bragg peaks dependent on both the height and
width of the Bragg peaks. This was named as the multi-peak
model, first derived by Forster et al** and implemented in the
GIFT (Generalized Inverse Fourier Transform) software.*
According to such methodology, it is possible to derive the
number of coherent scattering cylinders and the degree of
disorder caused, for instance, by thermal fluctuations.?***

Here we made use of such methodology in such a way that
the fitting parameters to the SAXS experimental data are: the
cylinder cross-section dimension, the cylinder-cylinder
mean distance corresponding to the lattice constant a, and
the lattice vibrations related to the thermal vibrations. It is
noteworthy that thermal vibrations can be understood as
distortions on the lattice position of the rigid cylinders.*%"
Such distortions are understood as oscillations around an
equilibrium position, giving rise to a relative mean square
displacement, o;. Thus, the final fitting parameter is the total

This journal is © The Royal Society of Chemistry 2014
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mean square displacement, ¢,, which can be written as g, =
acy.** Finally, as in the proposed model the cylinder is much
longer than its cross-section dimension, the latter is
considered to be monodisperse.** A more detailed descrip-
tion of this model can be found elsewhere.?**

2.4 Molecular dynamics simulation

The self-organizing properties of the GHRP-6 peptide were
evaluated using coarse-grained molecular dynamics (CG-MD)
simulations using the MARTINI forcefield®* and its extension to
proteins,® as implemented in the Gromacs 4 package.* The
systems were simulated using a 20 fs timestep, under NPT
conditions using Berendsen thermostat and barostat.
Simulations were conducted starting from a random distri-
bution of the peptides on a cubic water box with phosphate ions
to neutralize the system and to mimic the experimental condi-
tions. Thus, following such a procedure, it is possible to get
more details on the peptide behavior during the self-assembly
process. Additional simulations were started from the peptide
aggregates reorganized into pentagonal arrangements.

3. Results

3.1 Cryo- and conventional transmission electron
microscopy

Cryo-TEM (Fig. 2A-C) and TEM (Fig. 2D) micrographs obtained
from samples composed of 20 mg mL * of GHRP-6, in the
presence of phosphate buffer at pH 7.4, reveal that bundles of
long linear structures are formed. Furthermore, magnification
of a part of such structures is displayed in Fig. 2B, evidencing a
lower electron density region along the longitudinal direction
with respect to the outer region of the peptide aggregate. Such a
finding can be associated with the formation of hollow aggre-
gates. This point will be better explored by means of SAXS
measurements and molecular dynamics simulations later in the
text.

Fig. 2E and F depict the inner and outer cross-section
dimensions of the linear aggregates with the best Gaussian fits
(solid lines) to the histograms for the Cryo-TEM and TEM
analyses, respectively. Such values as well as the corresponding
thicknesses of the aggregates are displayed in Table 1. As one
can observe from Fig. 2E and F, the distribution of the cross-
section dimensions of the GHRP-6 aggregates is quite mono-
disperse. According to TEM, the outer and inner dimensions are
14.2(6) and 7.0(7) nm, respectively (Fig. 2E), whereas the
thickness amounts to 3.6(3) nm. Regarding Cryo-TEM
measurements, the outer and inner cross-section dimensions
and the thickness are 11.9(8), 5.8(7) and 3.1(4) nm (Fig. 2F),
respectively.

With the aim of better evaluating the main structural
features of the peptide aggregate as well as the mechanism that
promotes its self-assembly, small-angle X-ray scattering experi-
ments and molecular dynamics simulation were thus carried
out, as follows.

Soft Matter
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Fig.2 Cryo-Transmission Electron Microscopy (A—C) and Transmission Electron Microscopy (D) images of GHRP-6, 20 mg mL~ in phosphate
buffer solution at pH 7.4. Inner (light grey) and outer (dark grey) cross-section distribution histogram for the linear aggregates obtained from the
analysis of TEM (E) and Cryo-TEM (F), respectively. The solid lines in E and F are the best Gaussian fits for each distribution. The adjustment

parameters can be appreciated in Table 1.

Table 1 Comparison of external and inner cross-sections of the
GHRP-6 self-assembled aggregate, as well as its thickness, obtained
using Cryo-TEM, TEM, SAXS and MDS (molecular dynamics simulation)
techniques with the associated standard deviation®

Cryo-TEM TEM SAXS MDS

External cross-section (nm)  11.9 (8) 142 (6) 13.4(5) 15.0
Inner cross-section (nm) 5.8 (7) 7.0 (7) 7.4 (2) 9.0
Thickness (nm) 3.1(4) 3.6(3) 3.0(2) 3.0

“ The values in parentheses represent the standard deviation.

3.2 SAXS

SAXS measurements were performed at peptide concentrations
ranging from 20 to 70 mg mL " at pH 7.4 in 20 mM phosphate

Soft Matter

buffer. Samples with smaller concentrations did not yield a
detectable SAXS signal after one day of sample preparation.
Fig. 3A shows the scattering curve from 20 mg mL ™" of GHRP-6
along with the best model fitting supposing that the peptides
self-assemble into long hollow cylinder-like aggregates, which
represent the hollow linear structures observed by electron
microscopy (Fig. 2). Of note, a homogeneous cylinder model
was also employed as an attempt to fit the experimental data.
Nevertheless, it failed to reproduce the broad peak centered at g
~ 0.75 nm™ " in the scattering curve (data not shown). Such a
broad peak is typical of the scattering of either hollow or core-
shell structures.*»*

According to the modeling, the cylinder inner radius and the
peptide-containing shell thickness resulted to be, respectively,
3.7(2) nm and 3.0(2) nm (inset in Fig. 3A), which indicated an

This journal is © The Royal Society of Chemistry 2014
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Fig.3 (A) Scattering curve from GHRP-6 at 20 mg mL™tin phosphate
buffer solution (open circles), pH 7.4, along with the best fitting
considering a long hollow cylinder-like model (solid line). A schematic
representation of the hollow cylinder cross-section can be appreci-
ated in the inset, within the main dimensions of the cylinder. (B)
Concentration-normalized SAXS curves of GHRP-6 at 30 (A), 50 (V)
and 70 mg mL~1 (<) at pH 7.4 in phosphate buffer. The arrows indicate
the position of the visible Bragg peaks. See text for further details.

outer cylinder cross-section of 6.7(2) nm, in good agreement
with electron microscopy results (Table 1). In this way, the
cylinder wall thickness of 3.0(2) nm determined by SAXS could
accommodate two GHRP-6 molecules partially stacked or
interpenetrated, considering that the extended length of the
GHRP-6 molecule is ~2 nm, calculated from the C, of His1 to
the C, of Lys6 as measured with VMD software, see Fig. 1. Thus,
it is possible that GHRP-6 behaves as a surfactant-like peptide,
i.e., it self-assembles in bilayers on the cylinder wall, resulting
in a nanotube-like aggregate with a total external diameter of
~13.4(5) nm. We will return to this point when discussing
molecular dynamics simulation results later on in the paper.

As the GHRP-6 concentration increases from 30 mg mL " to
70 mg mL " (Fig. 3B), it is possible to notice the appearance of
Bragg peaks at ¢ ~ 0.83 nm " and 0.96 nm ' in the normalized
SAXS curves (arrows in Fig. 3B). Interestingly, the SAXS curves'
profiles are not affected by increasing the peptide amount. One
should bear in mind that the peak position defines the average
distance among the interacting structures, which in the present
study is the hollow-cylinder center-to-center position. Thus, as
the Bragg peaks' position remains unaltered when the peptide
concentration increases, the mean distance between the center-
to-center hollow-cylinders also remains the same regardless of
the GHRP-6 concentration. Therefore, an increase in the
peptide concentration leads to an increase in the nanotube long
dimension, without affecting its cross-section.

Regarding the position of the Bragg peaks, if we consider the
first diffraction peak centered at ¢ ~ 0.83 nm ', the mean
distance between the interacting nanotubes would be smaller
than their cross-section with no physical meaning. On the other
hand, with the assumption that these two peaks (arrows in

This journal is © The Royal Society of Chemistry 2014
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Fig. 3B) correspond, indeed, to a second and third order of a
local hexagonal liquid-crystal packing, the first diffraction peak
should lie at g, = 0.48 nm ', which is very close to the
minimum of the hollow-cylinder form factor at ¢ ~ 0.5 nm "
(Fig. 4A). Thereby, the experimental diffraction peaks observed
atq ~ 0.83 nm ' and 0.96 nm™ " are related to the (11) and (20)
plane reflections of the hexagonal 2D-packing (Fig. 4A). The
dashed-vertical lines in Fig. 4 evidence the position of the first
three peaks from a hexagonal arrangement. In order to better
infer some physical parameters of the hexagonal packing, we
use the methodology developed by Freiberger and Glatter*® to
analyse the SAXS curves by retrieving the S(g) and P(q) func-
tions, concomitantly.

By doing so, Fig. 4A shows the best fitting (solid line) to the
SAXS data from 70 mg mL ' GHRP-6 dispersed in aqueous
solution along with the P(g) function (dashed line), as an
example, whereas Fig. 4B displays the resulting S(g) function,
with the following parameters: the lattice parameter, a =15.2
nm, the domain size D ~ 63 nm, and the mean lattice devi-
ation o, ~ 1.8 nm, whereas the cylinder cross-section was
13.4(5) nm, in accordance with the SAXS result. As one can
note, the main peak of the $(g) function is indeed coincident
with the minimum of the P(g) function. The corresponding
unit cell parameter a of 15.2 nm related to the center-to-
center distance between two adjacent hollow-cylinders (see
the scheme in the inset of Fig. 4A) indicates a water layer of
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Fig.4 (A) SAXS curves of GHRP-6 at 70 mg mL™! (open spheres) along
with the best fitting obtained using the hexagonal model described by
Freiberger and Glatter,*® fitting egn (1). In the inset one can see the
average center-to-center distance of each hollow-cylinder. The
dotted line (A) is the hollow cylinder form factor, P(q), whereas the
solid line in panel B is the cylinder—cylinder interference function, S(q).
In the inset of panel B one can see a schematic representation for the
average interacting hollow-cylinders within a domain, obtained using
the approach developed by Freiberger and Glatter.*® The dashed lines
show the correspondence between the peaks of the S(g) in B and the
experimental scattering curve.
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circa 1.4(5) nm separating two adjacent nanotubes (i.e. the
wall-to-wall distance), taking into account that the total
cylinder cross-section dimension is around ~13.4(5) nm.
Such a finding reveals a quite narrow water interface between
the hollow cylinders. Besides, the domain size (~63 nm) is on
the same order of magnitude as the lattice parameter a
(~15.2 nm), suggesting that there are a small number of
interacting cylinders, which is also justified by the broad
Bragg peaks (see the scheme in the inset of Fig. 4B). In fact,
using a rough approximation, from the domain size, D,
combined with the unit cell dimension, a, it is possible to
suggest that an average number of ~13 cylinders in solution
are short-range correlated giving rise to the hexagonal-like
pattern observed. It is noteworthy that the structural features
of the peptides remain unaltered, despite the changes in the
peptide concentration.

Furthermore, the intensities of the high-order reflections are
damped due to deviations from the ideal lattice positions.*
Such deviations can be mathematically modeled using the
Debye-Weller factor, as described elsewhere.** In the present
study, such deviations are mainly due to thermal fluctuations of
the cylinder's mean positions being equal to ~1.8 nm, in
accordance with the mean wall-to-wall distance among the
adjacent cylinders. Taking together, the SAXS results indicate
that the hollow-cylinders are interacting with an average
distance slightly larger than the hollow-cylinder cross-section
comprising a quite small bundle of cylinders.

The agreement between SAXS and transmission electron
microscopy results is quite remarkable, as shown in Table 1.
From TEM values obtained over dried samples and Cryo-TEM
data collected over quickly frozen samples without solvent
removal, we can infer that the GHRP-6 aggregates retain their
structure following transfer from aqueous solution to the solid
support.
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3.3 Molecular dynamics simulation

Modeling self-assembly of molecules at the atomic level
using computational techniques has remained a challenge,
due to the time scales needed to simulate the process, in the
order of micro to milli seconds, and the large number of
particles involved. In this regard, the development of coarse-
grained force fields using either implicit or explicit water for
the representation of the system made it possible to model
the self-assembly of lipids,*” peptides,*®**® and proteins.*®
Among all the coarse-grained models developed for proteins,
nicely reviewed by Tozzini*°, we chose the MARTINI force-
field**** which has been proven to be useful in reproducing
the assembly properties of several biomolecular systems.*
This coarse-grained force field offers the possibility to
perform unconstrained MD simulations of the assembly
process providing an unbiased sampling. Briefly, the force
field maps four heavy atoms into one interaction particle and
has been parametrized focusing on reproducing the partition
free energy between apolar and polar phases. The simplifi-
cations introduced in the representation of the system
provide a four-fold speed-up factor when compared with all-
atom simulations. In this work we use this effective time that
has been estimated based on the diffusion coefficient of
coarse-grained water compared to real water.

Fig. 5A-D depict the time evolution of a peptide solution
starting from random positions (Fig. 5A), showing that imme-
diately after 2 pus (Fig. 5D) a phase separation between GHRP-6
and water takes place. Furthermore, its cross-section has a
circular shape, resembling the structure assumed in SAXS data
analysis. Nevertheless, it is not possible, with such information,
to describe the peptide-peptide interaction that leads to such
an arrangement. This point will be better discussed later on in
the text.

Fig.5 Snapshots of the spontaneous aggregation of the GHRP-6 peptide in a simulation box at (A) O ns, (B) 150 ns, (C) 300 ns and (D) 500 ns. (E)
Backbone representation of the peptide in a cylindrical aggregate after 20 ps of simulation. (F) Cross-section of the cylinder after 20 ps of

simulation. The bar in figure E has a scale of 10 nm.
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To further evaluate the structural properties of the peptide
within a cylindrical arrangement, the peptide layer was repli-
cated using a cylindrical symmetry along the z-axis and simu-
lated for additional 100 ps (Fig. 5E and F). This procedure was
carried out to guarantee that such an arrangement is stable at
longer times, i.e. 100 ps. Interestingly, after a period of ~20 us
the structure is stable, and within the remaining 80 ps no
significant changes were found. In contrast to the smaller
system described above, an ordering of the peptide within the
hollow-cylinder becomes evident, as shown in Fig. 5F.
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The radial distribution function, g(r), is a powerful tool to
study the mean distance between different residues or even
atoms, in order to get further information on the peptide
organization within the cylinder wall. On this ground, Fig. 6A
shows the g(r) function from the cylinder's center of mass for
some relevant components of the system. The inner and outer
radii of the hollow cylinder, taken from the peaks in the
distribution of the outermost layer of the peptide, are 4.5 nm
and 7.5 nm respectively. The similitude in the cylinder's wall
thickness (3.0 nm), among all experimental and theoretical
approaches, is quite impressive, see Table 1. It thus suggests
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Fig. 6 (A) Radial distribution function g(r) from the cylinder's center of mass of selected peptide segments, see figure legend for further details.

(B) Probability density distribution of the angle formed between the peptide's longest axis and the radial vector. (C) Density map across the plane
perpendicular to the cylinder's long axis depicting the mean position of Hisl (blue), Lys6 (green) and PHO (red). (D) Probability density function
calculated for the GHRP-6 backbone end-to-end distance P(r). The mean distance is 1.53(6) nm averaged over time for all the peptides within the
nanotube. (E) Schematic representation of the arrangement of the peptides into the cylinder wall. Phosphate ions are depicted in red, the N-
terminus is depicted in cyan, while the Lys side-chain is shown in stick representation.

This journal is © The Royal Society of Chemistry 2014 Soft Matter
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that even though there might be a slight deviation in the
packing of the peptides, this simplified theoretical model is
able to reproduce the probable distribution of the peptide
within the nanotube wall. The external and internal walls of the
cylinder, corresponding to the peptide-water interface, are
preferentially populated with the amino terminus of the
peptide, while the amide-capped carboxy terminus remains
buried within the core of the cylinder. Although the core is
hydrophobic, as denoted by the absence of water between 5 and
7 nm in g{(r) (Fig. 6A), the positive charges of the amino group in
the side chain of Lys stretch out to the peptide-water interface
where it is neutralized by phosphate ions. The arrangement of
the Lys side chain is reminiscent of the snorkeling behavior
described in transmembrane helices embedded in lipidic
membranes.” An ordering of the peptides into the nanotube
wall is also noticed when analyzing the orientation of the vector
defined along the peptide chain as compared with that along
the radial direction, from the cylinder's center of mass up to the
peptide’s center of mass (Fig. 6B). Fig. 6B shows the probability
distribution function of the angle formed between these two
vectors for all peptides during the last 20 pus of simulation.
There are two peaks in the distribution, 0 and 7 radians, cor-
responding to the peptides pointing inside/outside the cylin-
der's center of mass, respectively. Such an analysis indicates
that the peptide is pointing parallel to the radial direction
(Fig. 6B).

Fig. 6C shows the electron density map along the cylinder's
cross-section, showing the N-terminus (blue channel) at the
water—-peptide interface, while the C-terminus (green channel)
is located in the core. Thus, taking together, these results
indicate that GHRP-6 behaves like an amphiphilic molecule in
solution, forming a partially interdigitated wall, where the N-
terminus is located at the peptide-water interface (His residue)
and the C-terminus at the core (Lys residue), while the positive
charges arising from NH; from the inner Lys groups are
neutralized by phosphate ions. Furthermore, Fig. 6D shows the
probability density function, P(r) calculated for the peptides
within the hollow-cylinder wall. The average value is 1.53(6) nm,
and one can notice an asymmetrical distribution for P(r)
(Fig. 6D).

It is noteworthy that the hexagonal arrangement for the
cylinders at higher concentrations, evidenced by SAXS, could be
explained based on the charge distribution within the cylinder
wall, ie., the positive His residues are neutralized by the
phosphate ions at the surface, favoring the cylinder—cylinder
interaction, giving rise to the hexagonal arrangement evidenced
by SAXS.

4. Discussion

There is a large amount of research dealing with the self-
assembly properties of peptides in solution due to the emergent
biotechnological applications.™”**** Interestingly, in a pioneer
study, Santoso et al.** studied the self-assembly properties of
surfactant-like peptides with different glycine (from 4 up to 10
residues) tails (corresponding to the hydrophobic portion) and
aspartic acid as the constituent of the negatively charged polar
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head group.** The authors evidenced that all studied molecules
formed either nanotubes or nanovesicles in solution. Moreover,
the polydispersity of these structures was dependent on the
length of the glycine tail,** and in general their cross-section
was found to be ~50 nm. In our case, GHRP-6 forms thinner
hollow-cylinders which are monodisperse in size.

Cenker et al.,” on the other hand, studied the influence of
trifluoroacetate (TFA) salt on the heptapeptide (Ala)sLys, which
has six alanine residues forming the peptide “hydrophobic tail”
and one lysine residue representing the polar head group. The
authors evidenced that the peptides self-assemble as hollow
cylinders with an inner radius of circa 26.0(1.3) nm and a wall
thickness <1.0 nm.* The self-assembly is highly cooperative and
the peptides are distributed in a two-dimensional crystal, which
is cylindrically bent,” with the peptide aligned along the
cylinder surface and perpendicular to the radial direction. Thus,
the observed small wall thickness is due to the relative position
of the peptide in the hollow cylinder wall. One should bear in
mind that although (Ala)sLys is an amphiphilic molecule, it
does not exhibit a surfactant-like behavior in the cylinder wall.
For instance, Middleton et al.” obtained similar results, when
they studied the architecture of peptide nanotubes formed by
the same heptapeptide (Ala)sLys using solid state nuclear
magnetic resonance, SSNMR, Fourier transform infrared spec-
troscopy, FTIR, and transmission electron microscopy, TEM.
The authors evidenced that the (Ala)sLys nanotubes had a cross-
section of ~23 nm, in accordance with the value observed by
Cenker et al* They also proposed that the peptides self-
assemble into nanotubes constructed from monolayers, the
inner water region and the cylinder wall thickness being equal
to 20 and ~3 nm, respectively.” In this case, the peptide is also
aligned along the cylinder surface, i.e., perpendicular to the
cylinder radial direction. Moreover, the authors were also able
to infer that the peptides are organized in a B-strand confor-
mation with a 4.7 A strand spacing (antiparallel B-sheets),”
compatible with the small cylinder wall.

In contrast, in the present study we clearly show that the
mechanism of self-assembly of short peptides is not general but
depends on the peptide amino-acid sequence. In our case, we
were able to show that GHRP-6 behaves as an amphiphilic
molecule such that the hexapeptide self-assembles parallel to
the cylinder radial direction in the non-aqueous environment,
forming a thinner nanotube with respect to others reported in
the literature.

5. Conclusions

In this study we combine bioinformatics with experimental data
to investigate how the growth hormone releasing hexapeptide,
GHRP-6, associates in aqueous solution. We experimentally
show that at 20 mg mL ™' GHRP-6 self-assembles into very long
hollow-cylinders that are at least a few hundreds of nm long
after 1 day of sample preparation. According to the SAXS tech-
nique, for larger peptide concentrations (>30 mg mL™"), the
shape of the long aggregates remains the same, but bundles of
nanotubes are disposed in a hexagonal arrangement in solu-
tion, with a very well defined center-to-center distance of
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~15 nm. Of note, neither twisted nor helical aggregates were
observed by electron microscopy as often proposed for amyloid-
like peptides.”® Furthermore, according to molecular dynamics
simulations a peptide orientation along the cylinder-shell was
proposed to be perpendicular to the cylinder surface, similar to
an interdigitated bilayer as depicted in Fig. 6E. Thus, GHRP-6
can be considered as an amphiphilic hexapeptide with two
charged groups at physiological pH (corresponding to the NH;
groups at the N-terminus and the Lys side chain) located in the
ends of the polypeptide chain and one hydrophobic core
composed of four residues (p-Trp-Ala-Trp-o-Phe) (Fig. 1). Such a
composition is probably responsible for the interdigitation,
since both charges were partially exposed to water (Fig. 6E).
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