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ABSTRACT: The surfactant-like peptide (Ala)s-(Asp) (AgD) is shown to self-assemble
into ultrathin (3 nm thick) nanosheets in aqueous solution above a critical aggregation
concentration. A combination of circular dichroism and FTIR spectroscopy and X-ray
diffraction shows that the nanosheets comprise interdigitated bilayers of the peptide with
pB-sheet conformation. The self-assembly can be modulated by addition of
hexamethylenediamine which is expected to interact with the anionic C terminus (and
C-terminal D residue) of the peptide. Multiple ordered nanostructures can be accessed
depending on the amount of added diamine. Nanosheet and bicontinuous network
structures were observed using cryogenic-TEM and small-angle X-ray scattering. Addition
of hexamethylenediamine at a sufficiently large molar ratio leads to disruption of the
ordered nanostructure and the formation of a solution of AjD—diamine molecular
complexes with highly charged end groups. The multiple acid-functionalized
nanostructures that are accessible in this system are expected to have many applications

in the fabrication of new nanomaterials.

B INTRODUCTION

The formation of free-floating ultrathin nanosheet structures
has been observed for several classes of systems including
assemblies with graphene or graphene oxide,"” two-dimen-
sional metal oxide sheets®* various exfoliated inorganic
structures,”’ g)olymeré and block copolymer crystals,” and
peptoids.” ™" Nanosheet formation by peptides is rarely
reported,'' ' although such structures offer the potential to
prepare functional nanostructures coated at high density with
bioactive amino acids.

Surfactant-like peptides (SLPs) have a remarkable ability to
self-assemble into different nanostructures, primarily due to
their amphiphilic nature. For example, they can aggregate into
high aspect ratio structures while displaying bioactive peptides.
SLPs are a class of amphiphilic peptide comprising a headgroup
which is a short sequence of charged residues attached to a
tailgroup of neutral residues.'”~'” Pioneering work on SLPs has
been conducted by the Zhang group including a series of
peptides with neutral amino acid tails (based on valine, alanine,
or glycine) and charged residues such as D (aspartic acid) or K
(lysine).”*>* We previously reported the unexpected observa-
tion that the SLP A(R self-assembles into free-floating ultrathin
(3 nm thick) nanosheets in dilute aqueous solution.'” At higher
concentration, the nanosheets wrap into helical ribbons and
nanotubes. Here we report on the self-assembly of the related
SLP A4D with oppositely charged headgroup compared to AR,
and we show that the self-assembly can be modulated by
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addition of diamine, expected to bind to the peptide C
terminus and the carboxyl group in the D residue.

The self-assembly of Ac—A;D—OH (N-terminal capped;
charge of —2 at pH 7) has been studied in phosphate-buffered
solution (PBS)** or in water.”' In PBS, light scattering revealed
a critical aggregation concentration (CAC), and above the
CAC, atomic force microscopy revealed extended structures
interpreted as nanotubes, or nanotubes with bulges (which
alternatively appear to be like bead aggregate structures).”* The
results were compared to those for peptide Ac—A;K—CONH,
which it is also claimed self-assembles into nanotubes.”* The
influence on the CAC and on the self-assembled nanostructure
was investigated for mixtures of Ac—A;D—OH and Ac—A4K—
NH,.” “Nanorope” structures were observed for the Ac—AD—
OH/Ac—AgK—NH, = 2:1 molar ratio mixture.”® A study using
circular dichroism to determine secondary structure found that
Ac—A¢D—OH adopts a mostly random coil structure in dilute
aqueous solution, with some f-sheet content at higher
concentration.”® Peptides including Ac—A;D—OH have been
used as surfactants in commercial Escherichia coli (E. coli) cell-
free systems to produce soluble G-protein coupled receptors.””
Another potential application involves nanovesicles for drug
delivery since Ac—A4D—OH has been reported to form
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nanovesicles and nanovesicle clusters under defined phosphate
buffered saline conditions (in contrast to the above-mentioned
works).”® This peptide has also been used along with a
zwitterionic surfactant to template the formation and
deposition (at nanotube or nanobelt walls) of gold nano-
particles.”” The influence of SLPs such as A¢D on the structure
of ternary mixtures with the lipid mono-olein and water has
been examined, and it was shown to be possible to tune the size
of the bicontinuous cubic phase lattice or to induce the
formation of an inverse hexagonal structure.”

Here we report on the self-assembly, and secondary
structure, of NH,—A;D—COOH. We note that this differs
from the peptide studied by Zhang et al. as it is uncapped at
both termini. We also investigate self-assembly in mixtures of
NH,—A,D—COOH with hexamethylenediamine (HEMED,
1,6-hexanediamine) and the effect of this diamine on peptide
conformation. The diamine is expected to form complexes with
AgD which will have a charge of +1 at pH 7 as it contains an
ionizable -NH, group at the N terminus, an aspartic acid
residue, and a carboxyl group at the C terminus. Diamines such
as tetramethylenediamine (putrescine) or pentamethylenedi-
amine (cadaverine) are important biogenic amines with a
variety of functions. Here, we chose to study the complexation
of A¢D with hexamethylenediamine from the same series of
short flexible amines.

The complexation of various amines including ethylene-,
tetramethylene-, and pentamethylene diamine and spermine
and spermidine with the anionic surfactant SDS has been
investigated, and it has been shown that enhanced adsorption at
the air—water interface results.>"*> However, to the best of our
knowledge, complexation of surfactant-like peptides with
diamines has not previously been examined. We show that
addition of hexamethylenediamine significantly modifies the
self-assembled nanostructure and that it is possible to produce
nanotape and platelet structures in this way. As far as we are
aware, platelet peptide nanostructures have not previously been
noted.

B EXPERIMENTAL SECTION

Materials. Peptide NH,—AAAAAAD—COOH, referred to as A¢D,
was custom synthesized by CS Bio Co. (Menlo Park, CA, USA) and
was received as the TFA salt variant. Purity was 99.87% by HPLC in
water/acetonitrile (0.1% TFA). Electrospray-ionization mass spectros-
copy (ESI-MS) indicated a molar mass of 559.33 g mol™" (559.59 g
mol™, expected).

Pyrene Fluorescence. Fluorescence spectra were recorded with a
Varian Cary Eclipse fluorescence spectrometer with samples in 4 mm
inner quartz cuvettes. The assays were performed using 1.3 X 10~ to
0.13 wt % AgD, in 2.3 X 107> wt % pyrene solution, and the same A¢D
concentration range with 2:1, 1:1, and 1:2 molar ratios to
hexamethylenediamine and 1.3 X 107* wt % pyrene solution. The
samples were excited at 4., = 339 nm, and the fluorescence emission
was measured for 4 = 360—500 nm.

Titration pH Measurements. A vial was filled with 1 wt % (17.88
mM) AgD to which aliquots of a 71.52 mM diamine solution were
added. pH was measured using a Mettler Toledo Five Easy FE20
instrument with a Sigma-Aldrich micro pH combination electrode, at
various points as more hexamethylenediamine solution was added,
until a ratio of 1:2 peptide:diamine was reached.

Circular Dichroism Spectroscopy. Circular dichroism (CD)
spectra were recorded using a Chirascan spectropolarimeter (Applied
Photophysics, Leatherhead, U.K.). The samples, with A;D always at
1%, were placed in a coverslip cuvette (0.2 mm thick), spectra
presented being with absorbance A < 2 at any measured point with a
0.5 nm step, 1 nm bandwidth, and 1 s collection time per step. The

CD signal from the background was subtracted from the CD data of
the sample solutions.

Fourier Transform Infrared Spectroscopy. Spectra were

recorded using a Thermo Scientific Nicolet ISS or a Nexus-FTIR
spectrometer, both equipped with a DTGS detector. In the former, a
PEARL liquid cell was used (sample contained between fixed CaF,
plates). In the Nexus spectrometer, 20 yuL of each sample was
sandwiched between two CaF, plate windows (spacer, 0.012 mm
thick). Spectra were scanned 128 times over the range of 900—4000
cm™.
Cryogenic Transmission Electron Microscopy. 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 (Q 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 gm. Just prior to use, grids were plasma cleaned
using a Gatan Solarus 9500 plasma cleaner and then transferred into
an environmental chamber of a FEI Vitrobot at room temperature and
100% humidity. Thereafter 3 mL of sample solution was applied onto
the grid, and it was blotted twice for 5 s and then vitrified in a 1/1
mixture of liquid ethane and propane at a temperature of —180 °C.
The grids with vitrified sample solution were maintained at liquid
nitrogen temperature and then cryotransferred to the microscope.

X-ray Diffraction. Measurements were performed on stalks
prepared by drying filaments of solutions A4D. The stalk for A;D
was prepared from a 1 wt % solution, but for the solutions containing
mixtures of A¢D with diamine, 5 wt % solutions were used. Solutions
of the mixtures were suspended between the ends of wax-coated
capillaries and dried. The stalks were mounted (vertically) onto the
four axis goniometer of an Oxford Diffraction Gemini Ultra
instrument. The sample—detector distance was 44 mm. The X-ray
wavelength was 4 = 1.54 A. The wavenumber scale (q = 47 sin /A
where 20 is the scattering angle) was geometrically calculated. The
detector was a Sapphire CCD.

Small-Angle X-ray Scattering. Collection of solution small-angle
X-ray scattering (SAXS) data was performed on the bioSAXS beamline
BM29 at the ESRF, Grenoble, France. Solutions containing 1 wt %
AgD or 1 wt % A¢D mixed with hexamethylenediamine were loaded in
PCR tubes in an automated sample changer. SAXS data were collected
using a Pilatus 1 M detector. The sample—detector distance was 2.84
m. The X-ray wavelength was 0.99 A. The wavenumber q=4nsinf /1
scale was calibrated using silver behenate.

Zeta Potential Measurements. The { potential was measured
using a Zetasizer Nano 2s from Malvern Instruments. A 1 mL aliquot
of sample was placed inside a disposable folded capillary cell. The
sample was left to equilibrate for 120 s before measuring the {
potential, using an applied voltage of 50.0 V. The results presented are
the average over three measurements.

B RESULTS

We first determined whether the addition of hexamethylenedi-
amine has any influence on the potential aggregation behavior
of A¢D via critical aggregation concentration (CAC) assays.
Pyrene is a dye whose fluorescence is sensitive to local
hydrophobic environment, widely used for such assays as in our
previous work for example on A;qRGD.”” Figure 1 shows results
from pyrene fluorescence CAC assays. A discontinuous increase
in intensity occurs at the CAC. A4D itself shows a CAC= 0.030
+ 0.005 wt % with a similar value for 2:1 A;D:diamine (in this
and the following where concentration ratios are given, they
refer to molar concentrations). The value for 1:1 AgD:diamine
mixtures is lower, CAC = 0.0063 + 0.003 wt %. This
presumably reflects the enhanced hydrophobicity resulting
from the screening of the charge on the carboxyl group on the
D residue and at the C terminus under these conditions. Most
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Figure 1. Critical aggregation concentration (CAC) assay using
concentration-dependent pyrene (first vibronic band) fluorescence, I;.

remarkably, however, the CAC for the 1:2 A;D:diamine system
appears to be entirely suppressed.

This influence of molecular conformation on this unexpected
phenomenon was examined using circular dichroism (CD)
spectroscopy. The measured spectra are shown in Figure 2a.
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Figure 2. (a) CD spectra for mixtures of A;D with hexamethylenedi-
amine for the solutions indicated (constant A;D concentration, 1 wt
%; ratios of AgD:diamine are molar ratios). (b) X-ray diffraction
intensity profiles for A¢D with hexamethylenediamine under the
conditions indicated. For the A;D profile, d-spacings (A) are indicated
as well as the 4.15 A spacing for two of the other samples. Stalks were
prepared from solutions with a constant A¢D concentration, 1 wt %.

The spectra for A¢D and 2:1 AgD:diamine exhibit minima near
220 nm and can be assigned to peptide p-sheet conforma-
tion.”**> In contrast, the spectrum for a 1:1 Ag4D:diamine
mixture is distinct with a maximum at 219 nm and a minimum
at 234 nm and is ascribed to disordered conformation and/or a
contribution from a turn structure.’® Remarkably, CD reveals
the absence of secondary structure for the 1:2 A¢D:diamine

mixture. This correlates with the results from the pyrene
fluorescence CAC assay for this sample which shows no break
point and thus no evidence for aggregation. These findings are
supported by FTIR (Supporting Information (SI) Figure S1)
which show a clear amide I' peak assignable to p-sheet
structure® ™ at 1625 cm™! for A;D and the 2:1 mixture.
However, this peak is replaced by a broad peak at 1644 cm™
for the 1:1 and 1:2 mixtures, which is due to unordered
conformation. Also evident is a small peak at 1700 cm™" for the
AgD and 2:1 mixture, which is absent for the other two
mixtures. This peak is assigned to C=0 stretch vibrations,””*’
and its absence for the 1:1 and 1:2 mixtures is likely due to
binding of the diamine. All spectra also have a peak at 1672
cm™ due to TFA counterions bound to the N terminus of the
peptide.”’ There are also shifts in the intensity of the amide II’
peak at 1550 cm™ due to N—H/C—N deformations upon
variation of diamine concentration.”” The FTIR spectra in the
3000—3800 cm™' range also show a dramatic transition
comparing the spectra for A¢D and the 2:1 mixture with
those for the 1:1 and 1:2 mixtures—the spectra in each pair
showing features similar to each other. In particular, the sharp
peak near 3290 cm™' for A;D and the high A¢D content
mixture can be ascribed to N—H stretching vibrations within
peptide chains (non-H-bonded), whereas this peak is absent
from the spectra for the 1:1 and 1:2 mixtures which contain a
broad peak near 3400 cm™" which is due to H-bonded N—H or
O—H stretch modes.””*

Confirmation of f-sheet structure is provided by fiber X-ray
diffraction (XRD). The isotropic scattering patterns were
reduced to one-dimensional intensity profiles as shown in
Figure 2b. A¢D exhibits a series of reflections from an alanine-
rich f-sheet structure which have unusually small f-sheet
spacings' ”**~* (here 5.23 A) along with the 4.72 A f-strand
spacing, and other peaks from the well ordered packing of the
alanine residues. The 2:1 mixture sample shows the same
features. In complete contrast, for the 1:1 and 1:2 A¢D:diamine
samples these f-sheet features are absent and instead there is a
broad halo in the XRD intensity profile corresponding to a d-
spacing around 5.5 A along with a peak corresponding to 4.15
A. These features can be assigned to unordered peptide.

The distinct aggregation behavior in the mixtures with
different diamine content was examined by cryogenic trans-
mission electron microscopy (cryo-TEM; Figure 3). Cryo-TEM
images for 1 wt % A4D reveal the presence of thin nanosheet
structures (Figure 3a and SI Figure S2) coexisting with irregular
continuous network-like structures. We previously reported the
formation of peptide nanosheets (under similar concentration
conditions) for the related peptide with cationic headgroup
AgR."> Nanosheet-like structures were also observed for
solutions of the 2:1 mixture although here with a more defined
width; i.e., nanotape-like structures are observed (Figure 3b and
SI Figure S3). For the 1:1 A¢D:diamine solutions there was
evidence for a high density of plate-like structures (Figure 3c
and SI Figure 4) as well as a region of irregular mesh-like
structure. To our knowledge, such platelets have not previously
been reported for self-assembling peptides. In contrast, no self-
assembled structures were imaged for the 1:2 A D:diamine
mixtures, consistent with the lack of a CAC and the absence of
observed secondary structure characteristics in the CD
spectrum.

Small-angle X-ray scattering (SAXS) was used to further
probe the nature of the self-assembled nanostructures in
solution. The corresponding measured intensity profiles with
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Figure 3. Cryo-TEM images: (a) 1 wt % AsD; (b) 2:1 A;D:diamine; (c) 1:1 A¢D:diamine. (Constant A¢D concentration, 1 wt %; ratios of

AD:diamine are molar ratios.)

model form factor fits are shown in Figure 4. The fit parameters
are listed in Table 1. The profile for 1 wt % A¢D is very similar
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Figure 4. SAXS data (open symbols) with model form factor fits (solid

lines). The fit parameters are listed in SI Table 2. For clarity, only
every fifth measured data point is shown.

to that previously reported for 1 wt % A4R."> The data can be
fitted to a “Gaussian bilayer” form factor,”* as described
elsewhere;*”~* this form factor describes the electron density
profile of a planar bilayer structure with three Gaussian
functions representing the electron density of the core (here,
hydrophobic A residues) and two for the surfaces (here,
hydrophilic D residues). Here, similar to the case of AGR,"” we
propose that AcD actually self-assembles into “monolayers”
with a core of interdigitated A4 chains and surfaces of D
residues (Figure S). This is consistent with the fact that the
layer thickness is determined to be 2.9 nm, which is slightly
larger than the estimated length of the chain in a parallel p-
sheet (7 x 0.32 nm* = 2.2 nm) indicating interdigitation of the

opposed chains (Figure 5) The low q part of the SAXS data for
the 2:1 A¢D:diamine mixture can also be fitted using the
Gaussian bilayer model, consistent with the cryo-TEM image
which shows flat and wrapped layered structures (Figure 3b).
At high g, a broad Bragg peak at q, = 2.9 nm ™' is observed,
corresponding to a structure with a periodicity d = 2.2 nm. This
is close to (but a little smaller than) the bilayer thickness
obtained from the form factor fits, but identical to the estimated
molecular length. Its presence suggests that some stacked layer
structures (as well as isolated “monolayer” nanosheets) exist in
the 2:1 mixture solution. The spacing of the stacked layer
structures is smaller than that of the nanosheets, indicating
complete interdigitation of the A¢D peptide chains in this case).
This Bragg peak was not accounted for in the form factor
fitting. The SAXS data for the 1:1 mixture show a scaling law-
type decay of the intensity at low g similar to that for the A;D
and 2:1 mixtures (Figure 4). Because the cryo-TEM image for
the 1:1 mixture shows flat platelets coexisting with irregular
mesh structures (Figure 3c), the Gaussian bilayer form factor
was supplemented with a contribution to allow for the mesh
structure. For this purpose, we used the “broad peak” function
(described in the footnotes in Table 1) to account for the
presence of a broad peak in the measured SAXS data centered
around g, = 0.64 nm™" (Figure 4). The SAXS profile for the 1:2
AgD:diamine solution showed a shape completely different
from those for the other solutions, in particular a lack of any
peak at higher g due to a bilayer form factor (Figure 4), and was
not fitted to a Gaussian bilayer form factor, consistent with the
absence of aggregated structures in the cryo-TEM images. The
SAXS profile for diamine alone (not shown) was not
distinguishable from background (as expected for a dilute
molecular solution).
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Table 1. SAXS Fitting Parameters (Fitted Using Gaussian Bilayer Form Factor*®)

sample t*/nm Ocorer Uoutb/ nm Veore:
AQD 29 0.5, 0.5 0.030
2:1 AgD:diamine 2.9 0.3, 0.3 0.027
1:1 AgD:diamine® 2.9 0.3, 0.3 0.0062

Vout” Gaussian polydispersity params ()° background”
0.010 N =0.20,06 =07 0.1
0.025 N=08,06=29 0.1
0.012 N=08,0=07 12

“Bilayer thickness. bWidth for core (lipid chain) electron density, 0., and outer (peptide) electron density, 6,,, Gaussian functions (fixed).
“Scattering contrast of hydrophobic core of bilayer (with respect to solvent) (arbitrary units). dScattering contrast of hydrophilic surface of bilayer
(with respect to solvent) (arbitrary units). “Gaussian peak height N and half-width o. FAs well as the constant fixed background, the radius of the
bilayer objects was fixed at S0 nm. Since this is much larger than , it does not influence the shape of the scattering profile. *An additional “broad
peak” function*® was included in the fit due to the observed mesh structure in the cryo-TEM images and the broad peak in the SAXS profile:

Iy

= - oy

The parameters fitted were I, = 13.1, £ = 2.7, qo = 0.64, m = 1.82, and p = 1.65.

(a)AD

| T

(b) A,D: diamine 2:1 (c) A;D: diamine 1:1

Figure S. Schematic of self-assembly process: A¢D versus AsD with
hexamethylene diamine. (a) A;D forms nanosheets 2.2 nm thick
comprising interdigitated molecules. (b) In the 2:1 mixture, binding of
some diamine molecules drives the formation of nanotape structures.
(c) For the 1:1 mixture, a higher degree of binding leads to platelets
coexisting with a disordered mesh structure. (d) For the 1:2 mixture,
H-bonding interactions between the peptide C terminus and the -NH,
groups at one end of the diamine molecules lead to complexes with
charged end groups as shown in solution, and these are not able to
undergo self-assembly due to electrostatic interactions.

The information on nanostructure provided by cryo-TEM
and SAXS (supported by the data on peptide conformation
obtained from CD, FTIR, and XRD data) leads to the proposed
schematic model shown in Figure 5. A¢D forms nanosheets 2.9
nm thick comprising interdigitated molecules. In the 2:1
mixture, binding of some diamine molecules (to the carboxyl
groups on the D residue and C terminus) drives the formation
of nanotape structures. For the 1:1 mixture, a higher degree of
binding leads to platelets coexisting with a disordered mesh
structure. At the molecular level, the peptide loses its fB-sheet
conformation. For the 1:2 mixture, FTIR shows the presence of
H-bonding interactions which stabilize complexes of one AsD
molecule with two diamine molecules (Figure S), leading to
highly charged species which due to electrostatic repulsion of

10391

the free diamine -NH, groups are stabilized in solution and do
not undergo self-assembly. Data from measurements of pH
titrating the hexamethylenediamine into A¢D are shown in SI
Figure SS and show that in the range up to around pH 10 the
carboxyl and diamine amine groups are expected to be ionized
since the pK, values of hexamethylenediamine are pK,, = 11.02
and pK,, = 10.24;°"°* however, for the 2:1 mixture the diamine
may not be fully charged; indeed the FTIR spectra suggest the
presence of H-bonding interactions between uncharged NH,
groups and COOH groups on the peptide. Note that the
peptide N terminus is not necessarily expected to be fully
charged for higher diamine content mixtures as its pK, is
typically considered to be approximately 8,°”°* although values
up to pK, 9.1 have been reported.”* { potential measurements
(SI Table S1) indicate the presence of negatively charged
species in all A;D:diamine mixtures and also show that the {
potential in the 1:2 A¢D:diamine mixture is higher than in 1:1
or 2:1 mixtures suggesting that the peptide N terminus remains
charged.

B CONCLUSIONS

In summary, A;D self-assembles into ultrathin (3 nm thick)
nanosheets above a critical aggregation concentration. The
nanosheets are bilayers comprising interdigitated antiparallel
A¢D molecules in a p-sheet arrangement, leading to the
covering of the nanosheet surfaces with aspartic acid residues.
The presentation of such acidic residues at high density on a
planar surface may be useful in future applications. It is
presumed that the high charge density at the surfaces stabilizes
a colloidal suspension of freely floating nanosheets.

Addition of a diamine is shown to be a valuable tool to
modulate the self-assembly behavior and is a route to prepare
acid-coated nanotapes and platelets upon addition of an
appropriate amount of diamine. Addition of further diamine
leads to the loss of f-sheet secondary structure and the
formation of platelets coexisting with a bicontinuous structure.
Upon addition of further amounts (two molar equivalents) of
diamine, the self-assembled structure (and secondary structure)
are lost completely and charged A;JD—diamine complexes are
stable as isolated species in solution. The tight packing of the
alanine residues (as evidenced by the very small f-sheet
stacking distance revealed by the XRD studies discussed above)
in A;D (and AR studied previouslylz) is believed to favor the
formation of densely packed nanosheets. The A4D nanosheets
have multiple possible uses as biocompatible materials or
substrates due to their functional bioactive and/or highly acidic
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nature. Acid-functionalized nanotubes, nanosheets, and plate-
lets also have great potential as templates to create new
nanomaterials.
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