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Amphipathic peptides with amino acids arranged in alternating patterns of hydropho-
bic and hydrophilic residues efficiently self-assemble into p-sheet bilayer
nanoribbons. Hydrophobic side chain functionality is effectively buried in the interior
of the putative bilayer of these nanoribbons. This study investigates consequences
on self-assembly of increasing the surface area of aromatic side chain groups that
reside in the hydrophobic core of nanoribbons derived from Ac-(XKXE),-NH, pep-
tides (X = hydrophobic residue). A series of Ac-(XKXE),-NH, peptides incorporating
aromatic amino acids of increasing molecular volume and steric profile
[Hph],
1-naphthylalanine [1-Nal], 2-naphthylalanine [2-Nal], or biphenylalanine [Bip]) were

(X = phenylalanine  [Phe], homophenylalanine tryptophan  [Trp],
assessed to determine substitution effects on self-assembly propensity and on mor-
phology of the resulting nanoribbon structures. Additional studies were conducted to
determine the effects of incorporating amino acids of differing steric profile in the
hydrophobic core (Ac-X;KFEFKFE-NH, and Ac-(X1 sKFE)-NH, peptides, X = Trp or
Bip). Spectroscopic analysis by circular dichroism (CD) and Fourier transform infrared
(FT-IR) spectroscopy indicated p-sheet formation for all variants. Self-assembly rate
increased with peptide hydrophobicity; increased molecular volume of the hydropho-
bic side chain groups did not appear to induce kinetic penalties on self-assembly
rates. Transmission electron microscopy (TEM) imaging indicated variation in fibril
morphology as a function of amino acid in the X positions. This study confirms that
hydrophobicity of amphipathic Ac-(XKXE),-NH, peptides correlates to self-assembly
propensity and that the hydrophobic core of the resulting nanoribbon bilayers has a
significant capacity to accommodate sterically demanding functional groups. These
findings provide insight that may be used to guide the exploitation of self-assembled

amphipathic peptides as functional biomaterials.
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1 | INTRODUCTION

Amphipathic peptides composed of alternating hydrophobic and
hydrophilic amino acids have a strong propensity to self-assemble
into amyloid-like g-sheet nanoribbons.* This sequence pattern results
in peptide side chains to be effectively segregated on opposite faces
of the p-strand (Figure 1). In an aqueous environment, the p-sheet
nanoribbons are formed by face-to-face lamination of two fS-sheets.
The lamination effectively buries the hydrophobic functionality of
the side chains in the interior of the fp-sheet bilayer, leaving the
hydrophilic side chain groups exposed to the aqueous environment,
thus resulting in highly water-soluble nanoribbons that can grow to
micrometers in length. The nanoribbon architecture and properties
allow for inventive applications that include tissue engineering® ¢
and therapeutic drug delivery.”"** Although many applications of
self-assembled amphipathic peptide nanoribbons were reported,
fundamental questions regarding structure and function of these
biomaterials persist, limiting the ability to rationally design next-
generation materials with precisely tuned emergent properties.

The hydrophobic functionality of s-sheet peptides plays a critical
role in driving self-assembly into $-sheet bilayer fibrils and also influ-
ences the emergent properties of the resulting materials.*>=*” In our
previous reports, we characterized the function of hydrophobic and
aromatic character in the X position in varying amphipathic sequence
patterns for Ac-(XKAE),-NH,, Ac-(AKXE)>-NH,, Ac-(XKXE),-NH,, and
Ac-(XK),-NH, peptides.t®'®%” We conducted substitution analyses
using both aliphatic and aromatic amino acids along with non-natural
residues (Ala, Val, Leu, lle, phenylalanine [Phe], cyclohexylalanine
[Cha], and pentafluorophenylalanine [Fs-Phe]). We reported that self-
assembly propensity increased as the hydrophobicity of X increased.
However, the aromatic character at X did not appear to strongly influ-
ence self-assembly propensity. Interestingly, the peptides with aro-
matic residues did have unique fibril morphologies compared with
nonaromatic peptides.

Herein, we seek a more thorough understanding of the rela-
tionship between the characteristics of aromaticity of the X residue
in  Ac-(XKXE),-NH, and mono- and di-substituted derivatives

Ac-(XKXE)-NH,
B-Strand Monomer

FIGURE 1

Ac-X;KFEFKFE-NH, and Ac-(X1,sKFE),-NH,, respectively. We con-
ducted an analysis of peptides that vary in exposed surface area of
aromatic X side chain groups using natural and non-natural amino
acids: specifically, phenylalanine (Phe), homophenylalanine (Hph), tryp-
tophan (Trp), 1-naphthylalanine (1-Nal), 2-naphthylalanine (2-Nal), and
biphenylalanine (Bip). It was found that each of these peptides
successfully self-assembled, although some variation in nanoribbon
morphology was observed. It was also found that the rate of self-
assembly for these peptides increased as the hydrophobicity of the X
residue increased.

Collectively, these studies indicated that amphipathic peptide
self-assembly is tolerant to aromatic changes within the hydrophobic
core of the putative #-sheet bilayer nanoribbons. Insight into the ste-
ric packing of the hydrophobic core of amphipathic peptide
nanoribbons will facilitate elucidation of design principles for applica-
tion of these materials in applications, including drug delivery, that
require packaging of cargo in the interior of the bilayer. For example,
peptide nanoribbons were recently used to harbor hydrophobic drug-
like molecules within the bilayer core for cellular delivery.**?%21 Thus,

this work is of significant interest for new biomedical applications.

2 | RESULTS AND DISCUSSION

21 | Experimental rationale and peptide design

The aims were to determine the influences of aromatic side chain
functionality with increasing molecular volume and steric profile
within the hydrophobic core of amphipathic pg-sheet bilayer
nanoribbons. Amphipathic peptides, (XZXZ),, with nonpolar X resi-
dues and polar Z residues have a high propensity to self-assemble into
p-sheet bilayer nanoribbons.? In order to gain further insight into the
relationship of the X residue and the properties of the resulting self-
assembled materials, we conducted an analysis of peptides that varied
in exposed surface area of the X side chain. Specifically, we synthe-
sized Ac-(XKXE),-NH, peptides in which all X residues were globally
and systematically replaced with aromatic amino acids with increasing

B-Sheet Bilayer

Schematic illustrating self-assembly of amphipathic Ac-(XKXE),-NH, peptides into s-sheet bilayer fibrils. The hydrophobic side

chains (X, green) are buried in the interior of the s-sheet bilayer with the hydrophilic side chain (Lys and Glu) exposed to the aqueous
environment. When X = Phe, the distance within the bilayer is 10 A whereas 4.7 A between B-strands. The g-sheet bilayer axis is perpendicular

to the page
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hydrophobicity and exposed molecular volume. In addition, we report
the self-assembly behavior with replacement of a Phe in only one or
two residues, Ac-X,KFEFKFE-NH, and Ac-(X;sKFE),-NH,, respec-
tively, with either Trp or Bip. Self-assembly of these peptides was
characterized in order to assess the relationship between molecular
volume/hydrophobicity of the core amino acids and self-assembly
propensity as well as to examine the tolerance for accommodation of
increased steric bulk in the hydrophobic core of the nanoribbon
bilayers.

Previous works showed that the aromatic/nonaromatic character
of X substituents in Ac-(XKXE),-NH, and related peptides exerted a
dramatic effect on the assembly properties.'®?? Therefore, in this
study, we opted to use only aromatic substituents in order to remove
aromaticity as a variable: specifically, two natural, Phe and Trp, and
four non-natural, Hph, 1-Nal, 2-Nal, and Bip, residues. The hydropho-
bicity and molecular volume of the residues are listed in increasing
order in Figure 2.

Of the amino acids utilized herein, Phe is the least hydrophobic
(partition coefficient [r] of 1.79) and the smallest exposed volume of
the substituents utilized herein (168.03 A%).2% The additional methy-
lene carbon in Hph results in a moderate increase in both hydropho-
bicity and volume relative to Phe (x=210 and 186.89 AS,
respectively). The indole side chain of Trp provides further increases
in both hydrophobicity and exposed volume (x = 2.25 and 202.39 A3,

%1%

Trp

T=179 =210 =225
168.03R° 186.89R> 20239’
1-Nal 2-Nal
=308 =315 n=>3@
21960AR° 21882R° 250.61A

FIGURE 2  Structures of amino acids incorporated in the X
position of Ac-(XKXE),-NH, variant peptides: phenylalanine (Phe),
homophenylalanine (Hph), tryptophan (Trp), 1-naphthylalanine (1-Nal),
2-naphthylalanine (2-Nal), and biphenylalanine (Bip). Relative
hydrophobicity is indicated in the form of partition coefficients ()
between octanol and water relative to glycine (defined as having a
partition coefficient of O on this scale).?® Higher = values correspond
to higher hydrophobicity. The calculated van der Waals volume for
each amino acid is also shown in order to indicate the degree of
change in steric profile for each amino acid

Peptide

respectively). The naphthyl side chains of 1-Nal and 2-Nal have similar
hydrophobicity (xr =3.08 and 3.15, respectively) and molecular
volume (219.60 and 218.82 A3, respectively) but differ in the spatial
orientation of the side chain. Lastly, the Bip amino acid does not have
a reported hydrophobicity coefficient. However, we assumed that the
4,4'-bicyclic ring substitution of the Bip amino acid results in the
greatest hydrophobicity (x = 3.15) and exposed volume of the substit-
uents considered herein (250.61 A3). This collection of amino acid
substituents represents a 1.5-fold increase in molecular volume (from
smallest to largest) and a dramatic range of hydrophobic character
that allows assessment of these variables on the self-assembly of this
class of amphipathic peptides.

In addition to peptides in which the hydrophobic amino acids are
globally replaced, a series of peptides with targeted substitutions were
also explored. Structural models based on molecular dynamics simula-
tions indicate that Ac-(FKFE),-NH, peptides adopt an out-of-register
antiparallel g-sheet packing structure (Figure 3).2% Thus, the side chain
of the N-terminal residue of nanoribbons (position 1, X;) is exposed to
the agueous environment and also has unsatisfied hydrogen bond
donor/acceptor groups. The remaining hydrophobic residue side
chains are paired and buried within the bilayer core of the resulting
nanoribbons. We hypothesized that substitution of Phe residues in
the Ac-(FKFE),-NH, peptide with either Trp or Bip would have vary-
ing effects on self-assembly that is dependent on the position of sub-
stitution. We chose Trp and Bip as their fully substituted sequences
(Ac-(XKXE)»-NH,) were the least and most hydrophobic relative to
Ac-(FKFE),-NH, (Table 1). It was expected that substituting Phe 1 with
either Trp or Bip (giving Ac-X;KFEFKFE-NH,, peptides) would be well
tolerated because this residue (X4 in Figure 3) is unpaired in the puta-
tive nanoribbon materials. Conversely, it was expected that replace-
ment of both Phe 1 and Phe 5 (giving Ac-(X; sKFE)-NH, peptides in
which X = Trp or Bip) would potentially alter the self-assembly prop-
erties more dramatically because the Xs side chains are proposed to
be paired cross-strand in the nanoribbon bilayer sheets; substitutions
at X5 should thus be more sensitive to steric effects when the volume
of this side chain is increased.

Peptides were synthesized using standard Fmoc solid-phase pep-
tide synthesis methods as N-terminal acetyl and C-terminal amide
sequences as previously described.'*?42> Relative peptide hydropho-
bicity was estimated by high-performance liquid chromatography
(HPLC) analysis. A comparison of HPLC retention times under identi-
cal stationary and mobile phase conditions gives reasonable estimates
of relative hydrophobicity: longer retention times correspond to
higher hydrophobicity with reverse phase stationary phase materials
(Table 1 and Figures S1-510). As expected, the Phe-containing
peptide had the earliest retention time of 12.50 min. However,
Ac-(WKWE),-NH, had an earlier retention time (12.83 min) than the
Ac-(HphKHphE),-NH, peptide (13.58 min), which would not be
predicted based on the literature hydrophobicity coefficients for the
constituent amino acids of these peptides.?® This earlier retention
time for Trp is possibly due to the hydrogen bonding capabilities of
the indole side chain that may offset the increased side chain hydro-
phobicity. HPLC analysis indicated that the Ac-(1-NalK1-NalE),-NH,
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FIGURE 3

Proposed packing mode for antiparallel out-of-register amphipathic Ac-X,KFEFKFE-NH; and Ac- (X, sKFE),-NH, peptides with

tryptophan (Trp) and biphenylalanine (Bip) substitutions at position 1 (X;) or at positions 1 and 5 (Xs). As shown schematically in this diagram, the
position 1 substituents are unpaired cross-strand whereas the position 5 substituents are self-paired

TABLE 1  Amphipathic peptide sequences and HPLC retention
times

Peptide Sequence HPLC retention time (min)

1 Ac-(FKFE),-NH, 12.50

2 Ac-(HphKHphE),-NH, 13.58

3 Ac-(WKWE),-NH, 12.83

4 Ac-(1-NalK1-NalE),-NH, 14.32

5 Ac-(2-NalK2-NalE),-NH, 14.32

6 Ac-(BipKBipE),-NH, 15.00

7 Ac-WKFEFKFE-NH, 12.68

8 Ac-(WKFE),-NH, 12.65

9 Ac-BipKFEFKFE-NH, 13.19

10 Ac-(BipKFE),-NH, 13.68

Abbreviation: HPLC, high-performance liquid chromatography.

and Ac-(2-NalK2-NalE),-NH, peptides had identical retention times
(14.32 min). As expected, despite the lack of known hydrophobicity
coefficient, the Ac-(BipKBipE),-NH, peptide was the most hydropho-
bic of the series (retention time of 15.00 min). Thus, the order of
hydrophobicity of the Ac-(XKXE),-NH, peptides studied herein
increases in the order: X = Phe < Trp < Hph < 1-Nal ~ 2-Nal < Bip.
The hydrophobicity of Ac-X;KFEFKFE-NH, and Ac-(X;sKFE)-
NH,, (X = Trp or Bip), was also assessed by HPLC analysis (peptides
7-10, Table 1). It was found that the Ac-WKFEFKFE-NH, and Ac-
(WKFE)2,-NH, peptides had similar retention times of 12.68 and
12.65 min, respectively. In comparison, the Ac-(FKFE),-NH, and Ac-
(WKWE),-NH, peptides had slightly different retention times of
1250 and 12.83 min, respectively. The Ac-BipKFEFKFE-NH,
(13.19 min) and Ac-(BipKFE),-NH,, (13.68 min) peptides were signifi-
cantly more hydrophobic than the parent Ac-(FKFE),-NH, peptide,
but the Ac-(BipKBipE),-NH, peptide

less hydrophobic than

(15.00 min). Thus, this series of mono- and di-substituted variants had
a narrower range of hydrophobicity than the global variants (peptides
1-6, Table 1).

2.2 | Characterization of Ac-(XKXE),-NH, variant
peptide self-assembly

Previous studies on the self-assembly of Ac-(XKXE)-NH, peptides in
water indicate that self-assembly of these peptides occurs very
rapidly.*¢1%2425 The increased hydrophobicity of some of the peptide
sequences discussed herein, particularly 1-Nal and 2-Nal and Bip-
containing peptides, resulted in reduced solubility in water. It was
found that the addition of a small amount of hexafluoroisopropanol
(HFIP) (5% by volume) to self-assembly solutions effectively solubi-
lized all peptides.}®?® Self-assembly of each peptide was initiated by
dissolution of the lyophilized peptide in HFIP followed by dilution in
water to 5% HFIP in water at 0.2-mM peptide concentrations. Self-
assembly was allowed to proceed at room temperature. As described
below, the inclusion of HFIP as a co-solvent (even at 5% v/v) had a
decelerating effect on the self-assembly of these amphipathic pep-
tides.*® Thus, self-assembly was monitored over a period of 24 h to
ensure complete assembly of each peptide studied herein.

Peptide self-assembly was initially determined as a function of
B-sheet peptide secondary structure using circular dichroism (CD) and
Fourier transform infrared (FT-IR) spectroscopic techniques.?242>
CD spectra were recorded immediately after sample preparation at
25°C to monitor formation of s-sheet secondary structure over a span
of 24 h at time points of 0, 1, 2, 4, 12, and 24 h (Figures 4 and 7). FT-
IR spectra were recorded at room temperature after the peptides
were allowed to assemble for 24 h (Figures 5 and 7).

A CD spectrum that is characteristic of s-sheet nanoribbons was
observed for Ac-(FKFE),-NH, with a strong maximum at 195 nm and
minimum at 205 nm (Figure 4A).24?>27 However, the CD spectra for
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FIGURE 4 Circular dichroism spectra in 5% hexafluoroisopropanol/water at time periods of 0, 1, 2, 4, 12, and 24 h for amphipathic Ac-
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FIGURE 5 Fourier transform infrared spectra for Ac-(XKXE),-
NH,, peptides in which X = phenylalanine, homophenylalanine,
tryptophan, 1-naphthylalanine, 2-naphthylalanine, or biphenylalanine.
Each peptide exhibits a characteristic amide | signal at ~1618 cm™?!
indicating $-sheet secondary structure for all variants

all other Ac-(XKXE),-NH,, derivatives were found to deviate dramati-
cally from canonical s-sheet nanoribbon spectra. These changes in CD
spectra are likely due to handedness, aromaticity, interchromophore
distance, and relative orientation of peptide side chains as observed

with our previous studies using Nap-1 and Nap-2 Ac-(XKAE),-NH,

derivatives. 28 Finally, the HFIP co-solvent slows f-sheet secondary
conformation as evidenced by an intensification of the CD signal over
a 24-h time period for peptides with HPLC retention times from
12.50 to 13.68 except Hph (Figures 4 and 7 and Table 1).

The minute change of an additional g-alkyl carbon in the Hph resi-
due resulted in a significantly different CD spectrum for the Ac-
(HphKHphE),-NH, variant (Figure 4B). A minimum at 220 nm and a
maximum at 195 nm correspond to classical g-sheet structure. The
lack of signal at ~205 nm for the Ac-(HphKHphE),-NH, peptide
implies that n-stacking or S-sheet distortion?? is dramatically altered
relative to the Ac-(FKFE),-NH, peptide. The additional degrees of
freedom afforded by the g-alkyl carbon in the Ac-(HphKHphE),-NH,»
peptide thus had fairly dramatic effects on p-sheet packing during
self-assembly. This is also evident because the pg-sheet signal is
essentially unchanged over 24 h even in the presence of the HFIP
co-solvent, indicating that the kinetics of self-assembly is dramatically
accelerated for the Ac-(HphKHphE),-NH, peptide. CD analysis, thus,
suggests that increasing the length of the Phe side chain by addition
of one alkyl carbon potentially stabilizes p-sheet formation for the
amphipathic Ac-(HphKHphE),-NH, peptide relative to the parent
Ac-(FKFE),-NH,.28

The CD spectrum for Ac-(WKWE),-NH, diverges dramatically
from canonical p-sheet patterns, although it is similar to data
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previously reported for a (WKWE),W-derived linear peptide that was
described as -sheet.® Initially, the CD spectrum had a broad mini-
mum at 210 nm that possibly reflects a mixture of a-helix and g-sheet
structures due to the inhibitory effect of the HFIP co-solvent on self-
assembly (Figure 4C).3! Over time, the signal evolved to feature a min-
imum at 208 nm (possibly an amide n — =* transition) and a maximum
at 220 nm (possibly = — n* transition of interacting indole functional-
ity).3? These CD patterns are similar to those previously observed in
Trp-containing p-hairpin peptides and are indicative of a strong
negative-positive exciton-coupled band between Trp-Trp chromo-
phores within the -hairpin.33-37 Thus, the CD spectrum of the Ac-
(WKWE),-NH, peptide is consistent with an assembled state in which
Trp residues interact. Because electronic effects from the Trp residue
dominate these spectra, f-sheet structure requires validation using
complementary FT-IR analysis (discussed below). However, it is inter-
esting that the Ac-(WKWE),-NH, peptide appears to exhibit overall
peptide hydrophobicity and assembly behavior that is kinetically more
similar to that of Ac-(FKFE),-NH, (occurring over 24 h) than to that of
Ac-(HphKHphE),-NH,, despite the larger molecular volume and
hydrophobicity of Trp relative to Hph side chains. The effect of a
change in position of the Hph side chain by a single carbon unit
appears to be even more dramatic in this light.

The 1-Nal- and 2-Nal-containing peptides also exhibited CD spec-
tra that deviate from classical S-sheet signatures. The CD spectrum
for Ac-(1-NalK1-NalE),-NH, features a single minimum at 230 nm;
this minimum is likely indicative of aromatic stacking between 1-Nal
(Figure 4D).38%° The CD
(2-NalK2-NalE),-NH,, displayed a minimum at ~210 nm and a maxi-

side chains spectrum for Ac-
mum at 230 nm (Figure 4E); as with the 1-Nal-containing peptide, this
CD spectrum is consistent with aromatic interactions between
2-naphthyl side chains in 2-Nal.***2 The HFIP co-solvent did not
appear to impair the kinetics of self-assembly for these peptides,
because no change in signal intensity was observed over 24 h. CD
spectra of the 1-Nal and 2-Nal peptides are dominated by electronic
effects from interaction of the naphthyl side chains, making unambig-
uous assessment of f-sheet structure difficult without confirmation
by other spectroscopic methods (see FT-IR analysis below).

Lastly, the Ac-(BipKBipE),-NH, peptide also displayed a unique
saddle-like CD signature (Figure 4F). The Ac-(BipKBipE),-NH, CD
spectrum had minima at 202 and 222 nm, consistent with the charac-
teristic Cotton effect for biphenyl-containing compounds.**** Elec-
tronic effects from the biphenyl side chain dominate the spectrum
and suggest self-assembly via interaction of aromatic groups, although
assignment of f-sheet structure for these assemblies requires addi-
tional spectroscopic analysis (as described below). The HFIP co-
solvent had no effect on evolution of signal intensity over time,
suggesting that this peptide (as well as the Hph, 1-Nal, and 2-Nal pep-
tides) is sufficiently hydrophobic (or possess other unique packing
effects) to enable rapid assembly even in the presence of organic co-
solvents with disaggregant properties.

UV spectra were also collected for the molecular assemblies of
each peptide derivative (Figure $29). The nanoribbons had absorption
signals between 250 and 300 nm consistent with presence of the

acids, with Ac-(HphKHphE),-NH, and  Ac-
WKFEFKFE-NH, exhibiting the weakest absorbance in this range.#>4¢
The mono-substituted, di-substituted, and fully substituted Bip deriv-

aromatic amino

atives had an overlaying peak at 250 nm. We also observed a long tail
over 600 nm that is consistent with elongated =-stacking or scattering
effects from large molecular assemblies.*”

FT-IR analysis of peptides in the amide | region is not sensitive to
electronic effects in the same way that CD spectroscopy can
be. Therefore, FT-IR analysis was used to confirm S-sheet secondary
structure for putative assemblies of each variant peptide (Figure 5).
S-Sheet peptides have a characteristic amide | stretch between 1615
and 1635 cm~ 1172425 As previously reported, the Ac-(FKFE),-NH,

peptide has an amide | stretch at 1618 cm ™!

, consistent with p-sheet
self-assembly (Figure 5). Each of the other peptides assessed herein
also had FT-IR spectra consistent with g-sheet self-assembly, with
amide | stretches from 1616 to 1620 cm™ L. Thus, FT-IR analysis
confirms that each Ac-(XKXE),-NH, variant, regardless of side chain

volume or hydrophobicity, effectively forms S-sheet structures.

2.3 | TEM analysis of nanoribbon morphology for
Ac-(XKXE),-NH,, peptides

CD and FT-IR are useful tools for characterizing secondary structure
that cannot, however, independently confirm the presence of self-
assembled p-sheet structures. Imaging methods such as transmission
electron microscopy (TEM) can be used to confirm assembly of pep-
tides into higher order nanoribbon/fibril materials and to characterize
the morphology of these materials.*”*® Accordingly, TEM analysis
was used to characterize the self-assembled materials derived from
Ac-(XKXE),-NH, peptides.

As previously reported, the Ac-(FKFE),-NH, peptide assembled
into nanoribbon fibrils.261%2425 | eft-handed helical nanoribbons
(pitch of 19.1+1.3nm) were observed to coexist with flat
nanoribbons (Figure 6A); both morphologies had an average ribbon
width of 8.8 + 0.8 nm (Table 2). The helical nanoribbons are present in
solution at early time points (minutes to hours) with the flat
nanoribbons becoming dominant after extended incubation periods.
The evolution of helical fibrils into flat nanoribbons was elucidated
with short amphiphilic peptides*’; therefore, it can be presumed that
the helical structures represent kinetic products whereas the flat
nanoribbons are thermodynamic products.>®>!

Assemblies of variant Ac-(XKXE),-NH, peptides display subtle
morphological differences relative to assemblies of the parent Ac-
(FKFE),-NH, peptide. Ac-(HphKHphE),-NH, assemblies (Figure 6B)
appeared as 7.6 = 1.3-nm width nanoribbon fibrils that lacked the reg-
ular helical structure observed at early time points with the Ac-
(FKFE),-NH, peptide. Instead, Ac-(HphKHphE),-NH, nanoribbons
were either flat or gently twisting, without any regularity in the pitch
or frequency of the twist. Ac-(WKWE),-NH, fibrils were predomi-
nately flat nanoribbons with a width of 7.3 + 1.6 nm (Figure 6C). The
TEM images for the 1-Nal variant displayed densely packed fibrils that
were primarily flat loosely coiled nanoribbons with widths of 8.2
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FIGURE 6 Transmission electron microscopy images of Ac-(XKXE),-NH, peptide nanoribbons. (A) X = phenylalanine;
(B) X = homophenylalanine; (C) X = tryptophan; (D) X = 1-naphthylalanine; (E) X = 2-naphthylalanine; and (F) X = biphenylalanine

TABLE 2 Nanoribbon morphological
differences among variant aromatic

Ac-(XKXE),-NH,

amino acids (X) Phe Hph Trp Bip 1-Nal 2-Nal
Width (nm) 88+0.8 7.6+13 7316 55+09 82+12 89+11
Helical pitch (nm) 19.1+1.3 N/A N/A N/A N/A N/A

Ac-X;KFEFKFE-NH,

AC'(X1Y5KFE)'N Hz

Trp
Width (nm)

53+15

Bip Trp Bip
29+05 73+15 32+03t0100+1.1

Abbreviations: 1-Nal, 1-naphthylalanine; 2-Nal, 2-naphthylalanine; Bip, biphenylalanine; Hph,
homophenylalanine; N/A, not applicable; Phe, phenylalanine; Trp, tryptophan.

+ 1.2 nm (Figure 6D). The 2-Nal peptides assembled into nanoribbons
with similar morphology to the 1-Nal peptides, with widths of 8.9
+ 1.1 nm (Figure 6E). Lastly, Ac-(BipKBipE),-NH, assembled into
densely packed helical nanoribbons that were significantly thinner
(5.5 = 0.9 nm) than the other variants (Figure 6F).

The reason for this subtle variation in fibril morphology as a func-
tion of the identity of the hydrophobic residues in Ac-(XKXE),-NH,
peptides is not clearly understood. The fact that morphology does
vary, even subtly, implies that the volume and orientation of the side
chain groups in the hydrophobic bilayer of these assembled materials
do exert an influence on peptide packing within the g-sheet that is
manifested in the overall structure of the assembled material. How-
ever, both the 1-Nal and 2-Nal Ac-(XKXE),-NH, peptides had near

identical morphologies to those previously observed with Ac-(XKAE),-
NH,. These findings indicate that the internal Phe residues may
enhance fibril formation as indicated in the CD spectra but not affect
fibril morphology (Figure 3). Presumably, out-of-register side chain
packing of the peptides can directly influence nanoribbon morphology

as a function of hydrophobicity in the aqueous environment.

24 | Self-assembly of mono- and di-substituted
Ac-X1KFEFKFE-NH; and Ac-(X; sKFE)-NH, variants

The effect of steric factors on the self-assembly of Ac-(FKFE),-NH,-
derived peptides was also assessed by more subtle mono- and
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di-substituted Phe 1 and Phe 1/Phe 5 variants. Ac-X,;KFEFKFE-NH,
and Ac-(X4 sKFE)-NH, peptides in which X is either Trp or Bip were
prepared for these studies (Table 1, peptides 7-10). As previously
stated, Trp and Bip were chosen due to their relative hydrophobicity
to Ac-(FKFE),-NH.. In addition, the positions for these substitutions
were chosen due to the differential effects these positions have on
core side chain packing based on the putative structure of the g-sheet
materials.2”*®>! The Phe 1 side chain is presumably unpaired whereas
the Phe 5 side chain self-pairs cross-strand within the pg-sheet
(Figure 3). Thus, substitutions at position 5 of Ac-(XKXE),-NH, pep-
tides should exert a more dramatic effect on self-assembly than sub-
stitutions at position 1. In order to maintain consistency with the
assessment of peptides 1-6, self-assembly of peptides 7-10 was also
assessed in 5% HFIP/water (v/v). Substitutions with Trp and Bip were
explored to assess the effect of both subtle and extreme changes in
molecular volume and hydrophobicity.

The mono-substituted Ac-WKFEFKFE-NH, peptide effectively
self-assembled into #-sheet materials as evidenced by CD and FT-IR
analyses (Figure 7A,C). The CD spectrum for this peptide was similar
to that of Ac-(FKFE),-NH, p-sheet nanoribbons, with minima at
205 and 220 nm and a maximum at 195 nm. As with the Ac-(FKFE),-
NH, peptide, the HFIP co-solvent decelerated the kinetics of self-
assembly, which required ~24 h to reach equilibrium. FT-IR analysis
confirms that Ac-WKFEFKFE-NH, forms S-sheet structured materials
(Figure 7C). Thus, spectral evidence suggests that Phe 1 — Trp substi-
tution has only minimal impact on the self-assembly of this variant.

The di-substituted Ac-(WKFE),-NH, variant exhibited a slightly
modified CD pattern likely due to more extensive electronic effects
from the cross-strand interaction of Trp 5 residues within the hydro-
phobic bilayer (Figure 7B). The CD spectrum of Ac-(WKFE),-NH, fea-
tured prominent minima at 202 and 218 nm that intensified over
24 h. Comparatively, the Ac-(WKWE),-NH,, peptide induced a Cotton
effect with a large coupling at 208 nm that appeared after 4 h and
intensified over time (Figure 4C).>2 The FT-IR spectrum for
Ac-(WKFE),-NH, was consistent with p-sheet structure, with an
amide | stretch at 1620 cm™? (Figure 7C). It was observed that the

doubly substituted Ac-(WKFE),-NH, exhibited a more dramatic inten-
sification of CD signal over time relative to the mono-substituted Ac-
WKFEFKFE-NH, peptide, consistent with a more dramatic effect on
self-assembly by substitutions that fall within the core of the bilayer
as opposed to the edge of the bilayer.

Bip substitution had a more dramatic effect on self-assembly of
Ac-(FKFE),-NH,-derived peptides than did Trp substitution. Phe
1 — Bip substitution (Ac-BipKFEFKFE-NH,) provided a peptide that,
similar to the parent peptide and to Ac-WKFEFKFE-NH,, had a CD
spectrum with minima at 202 and 218 nm that intensified dramatically
over 24 h (Figure 8A). The magnitude of this change was 10-fold
greater for Ac-BipKFEFKFE-NH, than was observed for either Ac-
(FKFE),-NH5 or Ac-WKFEFKFE-NH,. Thus, dramatic changes in the
side chain steric profile at position 1 in these amphipathic sequences
can significantly alter the kinetics of self-assembly even though this
side chain is presumably unpaired in the context of assembled
nanoribbons (Figure 3).2* The FT-IR spectrum for Ac-BipKFEFKFE-
NH, indicated an amide | stretch at 1618 cm™%, consistent with
S-sheet self-assembly.

Incorporating a second internal Bip substitution at Phe 5 (Ac-
(BipKFE),-NH,) again altered the self-assembly of this peptide relative
to the parent peptide and the mono-substituted Bip 1 variant. The CD
spectrum for the Ac-(BipKFE),-NH, peptide initially featured only a
single minimum at 218 nm; over a period of 24 h, a second prominent
minimum at 205 nm (attributed to n-stacking of the Phe side chains)
was also observed. This suggests that rearrangement of the packing
orientation of the side chain groups can occur within the bilayer core
over time. The increased hydrophobicity of the Ac-(BipKFE),-NH,
peptide accelerated the kinetics of self-assembly, with only minor
intensification of the CD spectral signals over time (Figure 8B). Unlike
the previously described mono- and di-substituted variants, the Ac-
(BipKFE),-NH, CD signal was seemingly unaffected by the HFIP co-
solvent. The FT-IR spectrum confirmed g-sheet structure with an
amide | stretch at 1620 cm™? (Figure 8C).

TEM images of the mono- and di-substituted peptides were
obtained to confirm self-assembly and to assess the fibril morphology

(A) oh  AcWKFEFKFE-NH, (B) 20 Ac-(WKFE) -NH, (C) 1622
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2h
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(@)}
o
3 S | !
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e 2 Iy
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— ~——- ) - s
-1000
190 200 210 220 230 240 250 260 190 200 210 220 230 240 250 260 1700 1680 1660 1640 1620 1600

Wavelength (nm)

FIGURE 7
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(A) Circular dichroism (CD) spectra of Ac-WKFEFKFE-NH,, in 5% hexafluoroisopropanol (HFIP)/water over 24 h; (B) CD spectra

for Ac-(WKFE),-NH, in 5% HFIP/water over 24 h; and (C) Fourier transform infrared spectra for Ac-BipKFEFKFE-NH, and Ac-(BipKFE),-NH,»

(24 h, 5% d,-HFIP/D,0)
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of the p-sheet structures. The fibril morphology for Ac-WKFEFKFE-
NH, was very similar to Ac-(FKFE),-NH, (see Figures 6A and 9A for
comparison). In addition to helical nanoribbons that were ~8 nm in
width, however, thinner, twisted nanoribbons that were 5.3 + 1.5 nm
wide were also observed (Figure 9A). The Ac-(WKFE),-NH, peptide
had a combination of twisted helical nanoribbons and flat nanotapes
with widths averaging 7.3 + 1.5 nm (Figure 9B). It is evident by these
changes in fibril morphology that location of the increased side chain

PeptideS - WILEY- 2%

surface area influences the packing mode for f-sheet fibrils because
the N-terminal substitution had relatively minimal effects compared
with the internal substitutions at position 5.

The fibril morphologies for the Bip variants differed more dramat-
ically from the parent peptide. Images of the Ac-BipKFEFKFE-NH,
peptide indicated unique bundling of the fibrils that were 2.9
+ 0.5 nm in width, roughly corresponding to the width of a single
B-strand peptide (Figure 9C). These thinner fibril types may result

(A) 0 AcWKFEFKFE-NH, (B) 200 Ac-(WKFE) - NH, (©) 1622
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> ‘TA-ZOO
= 5
£ 50 £
©
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N je2)
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= — A~ - -~ J -
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FIGURE 8 Circular dichroism (CD) and Fourier transform infrared (FT-IR) spectra for the mono- and di-substituted biphenylalanine (Bip)
variants (0.2-mM peptide). (A) CD spectra of Ac-BipKFEFKFE-NH, in 5% hexafluoroisopropanol (HFIP)/water over 24 h; (B) CD spectra for Ac-
(BipKFE),-NH, in 5% HFIP/water over 24 h; and (C) FT-IR spectra for Ac-BipKFEFKFE-NH, and Ac-(BipKFE),-NH, (24 h, 5% d»-HFIP/D,0)

FIGURE 9 Transmission electron
microscopy images for the mono- and di-
substituted assembled materials. (A) Ac-
WKFEFKFE-NH,; (B) Ac-(WKFE,)-NH,;
(C) Ac-BipKFEFKFE-NH,; and (D) Ac-
(BipKFE,)-NH,
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from blockage of edge-to-edge alignment of p-sheets that must
account for nanotape widening by the sterically demanding Bip resi-
due that is at the exposed edge of the putative antiparallel g-sheet.
Interestingly, the high degree of bundling of these fibrils may also be
due to exposure of the hydrophobic Bip residue; bundling may occur
in order to desolvate this functionality.?* Lastly, the Ac-(BipKFE),-
NH, peptide assembled into several morphologies ranging from very
thin ribbons averaging 3.2 + 0.3 nm in width to wider nanoribbons
averaging 10.0 + 1.1 nm in width (Figure 9D). Changes in p-sheet
packing due to incorporation of a single internal Bip residue appar-
ently facilitate self-assembly into wider nanoribbons. Wang et al.
observed a similar phenomenon when aliphatic residues of varying
steric bulk were seen to alter the morphology of self-assembled mate-
rials from amyloid-inspired peptides.?’

Changes in fibril morphology as a function of mono- or di-
substitution of Phe with more sterically demanding residues are
clearly sensitive to the position of substitution. Introducing steric bulk
within the center of Ac-(FKFE),-NH, g-strands has a more dramatic
overall effect on assembled nanoribbon morphology than introduction
of steric bulk at the exposed N-terminal residues. The comparative
morphologies for the self-assembled Ac-WKFEFKFE-NH, and Ac-
BipKFEFKFE-NH, peptides were similar. Conversely, the morphol-
ogies of self-assembled materials derived from the Ac-(WKFE),-NH»
and Ac-(BipKFE),-NH,, peptides were dramatically different. This indi-
cates that changes in positions in which cross-strand pairing within
the p-sheet structure is affected are highly influential on emergent
nanoribbon structure. Conversely, the exposed N-terminal residue
presumably does not participate in cross-strand pairing between
p-strands but rather functions to mediate interactions between
B-sheets, which exerts more subtle effects on overall fibril structure.
Finally, no association between CD spectra and fibril morphology was
observed with the current and previous studies.1®1819:2425 Therefore,
future studies will focus on eluding spectroscopic associations with
fibril morphology among (XZXZ),, patterned peptides, with X being a
hydrophobic residue and Z hydrophilic.

A final set of experiments was conducted to determine the influ-
ence of HFIP and temperature on the self-assembly process.>® In
these experiments, the Ac-(WKFE),-NH, peptide was used as a repre-
sentative peptide. Solutions of Ac-(WKFE),-NH, (5% HFIP/water,
0.2-mM peptide) were assembled 50°C and 70°C for 96 h in both
open and closed containers. These higher temperatures were used to
assess the effect of HFIP evaporation over the course of the assembly
process (the boiling point of HFIP is 58.2°C) and also to determine
whether the observed fibrils for this peptide are likely to be thermo-
dynamic products or kinetically trapped assemblies. Assessment of
the assemblies formed at both temperatures and in open or sealed
containers indicated that assemblies were spectroscopically indistin-
guishable from those assembled at room temperature in 5% HFIP/
water. In addition, TEM images (Figure S30) also show that these
assemblies appear to be the same as those observed at room temper-
ature (Figure 9B). Evaporation of HFIP and/or higher temperatures

had no impact on the observed structures.

3 | CONCLUSION

Amphipathic peptide self-assembly is sensitive to changes within the
hydrophobic core of the putative -sheet bilayer nanoribbons. Herein,
we reported that Ac-(XKXE),-NH, peptides with hydrophobic amino
acids of increasing surface area and hydrophobicity (X = Phe, Hph,
Trp, 1-Nal, 2-Nal, or Bip) effectively self-assemble in all cases, demon-
strating that the hydrophobic core of the resulting bilayer
nanoribbons has a great capacity to accommodate packing of even
very large side chain groups. Interestingly, subtle differences in mor-
phology were observed as a function of hydrophobic X residues with
no association to spectroscopic outcomes. This suggests that aro-
matic/hydrophobic packing effects can also elicit changes in -sheet
packing (presumably via strand registry or strand twisting) that give
rise to the observed variation in nanoribbon appearance. In addition,
these studies also confirm that self-assembly kinetics is accelerated as
the hydrophobicity of the core X amino acids increases. These studies
clarify the structural tolerances of amphipathic g-sheet peptide self-
assembly and provide insight into the capacity for appending cargo
into the hydrophobic core of these self-assembled nanoribbon archi-
tectures. As such, we aim to investigate the nanoribbon properties
with appending cargo under physiological conditions as potential bio-
materials and therapeutics. In addition, future studies will focus on
evaluation of the molecular basis for the variation in nanoribbon
structural morphology as the structure of the core hydrophobic X resi-
dues is altered and on understanding how these changes relate to the

emergent properties of the self-assembled materials.

4 | EXPERIMENTAL METHODS
4.1 | Peptide synthesis, purification, and
characterization

Peptides were synthesized on a microwave-equipped Liberty Peptide
Synthesizer (CEM®) using standard Fmoc protection and HBTU/HOBt
activation chemistry as previously described.'®?42> Briefly, rink amide
resin (Advanced ChemTech, 100-200 mesh, 0.2 mmol gfl) was used
as the solid support to provide C-terminal amide peptides. Peptides
were treated with 20% acetic anhydride in dimethylformamide (DMF)
to give N-terminal acetyl sequences. Side chain deprotection and
cleavage from the solid support were accomplished by treatment with
trifluoroacetic acid (TFA), triisopropylsilane (TIPS), and water
(95:2.5:2.5, v/v/v) (room temperature, 1 h). Cleavage solutions were
concentrated to 10% of the reaction volume after which peptides
were precipitated in ethyl ether and isolated by centrifugation; precip-
itated peptides were washed by resuspension in ether. The isolated
solid peptide was then dissolved in DMSO for purification by HPLC.
Purification of synthetic peptides was conducted using a
Shimadzu LC-AD HPLC instrument over a reverse phase C18 station-
ary phase (Waters, BEH300, 10 pm, 19 x 250 mm). A binary gradient
of acetonitrile and water with 0.1% TFA at 10 ml min~* was used as
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the mobile phase, and eluent was monitored by UV absorbance at
215 and 254 nm. Fractions were collected and lyophilized and then
analyzed by analytical HPLC (reverse phase C18, Waters, BEH300,
10 pm, 4.6 x 250 mm) to confirm purity (Figures S1-S10). Peptide
identity was confirmed by matrix-assisted laser desorption ionization-
time of flight (MALDI-TOF) mass spectroscopy (Figures S11-520). Ac-
(FKFE)2-NH, m/z 1162.28 (1162.34 calcd for [MH]"), m/z 1185.25
(1185.32 calcd for [MNa]*), m/z 1201.20 (1201.43 calcd for [MK]™).
Ac-(HphKHphE),-NH, m/z 1219.58 (1219.45 calcd for [MH]1), m/z
1241.57 (1241.43 calcd for [MNa]™), m/z 1257.55 (1257.54 calcd for
[MK]™). Ac-(WKWE),-NH, m/z 1319.51 (1319.49 calcd for [MH]"),
m/z 1341.50 (1341.47 calcd for [MNa] "), m/z 1357.47 (1357.58 calcd
for [MK]™"). Ac-(1-NalK1-Nal-E),-NH, m/z 1363.47 (1363.58 calcd for
[MH]"), m/z 1385.46 (1385.56 calcd for [MNa]'), m/z 1401.43
(1401.67 calcd for [MK]'). Ac-(2-NalK2-Nal-E),-NH, m/z 1363.54
(1363.58 calcd for [MH]), m/z 1385.51 (1385.56 calcd for [MNa]™),
m/z 1401.47 (1401.67 calcd for [MK]'). Ac-(BipKBipE),-NH, m/z
1467.17 (1467.73 calcd for [MH]"), m/z 1489.16 (1489.71 calcd for
[MNa]*), m/z 1505.13 (1505.82 calcd for [MK]*). Ac-WKFEFKFE-
NH, m/z 1202.85 (1202.38 calcd for [MH]"), m/z 1224.85 (1224.36
caled for [MNa]*), m/z 1240.83 (1240.47 calcd for [MK]'). Ac-
(WKFE),-NH, m/z 1241.78 (1241.42 calcd for [MH]), m/z 1263.49
(1263.40 calcd for [MNal™"), m/z 1279.47 (1279.51 calcd for [MK]™).
Ac-BipKFEFKFE-NH, m/z 1239.59 (1239.44 calcd for [MH]"), m/z
1261.53 (1261.42 calcd for [MNa]*t), m/z 1277.51 (1277.53 calcd for
[MK]™). Ac-(BipKFE),-NH, m/z 1314.87 (1315.54 calcd for [MH]™),
m/z 1336.85 (1337.52 calcd for [MNa] ™), m/z 1352.81 (1353.63 calcd
for [MK]"). See Figures S1-520 and Table S1 for HPLC and MALDI-
MS data.

4.2 | Peptide self-assembly

Peptide self-assembly was initiated in a solution of water and
1,1,1,3,3,3-HFIP (95:5, v/v) (pH 3-4 as a consequence of residual TFA
from HPLC purification). Self-assembly was analyzed at a peptide con-
centration of 0.2 mM quantified according to previously described
protocols.4?425 Lyophilized peptides were dissolved in an acetoni-
(60:39.9:0.1, v/v/v) to

unassembled peptide state. Thus, peptides were analyzed under acidic

trile:zwater:TFA  mixture maintain  an
conditions (pH 3-4) due to residual TFA. As such, all peptides had a
net charge of +2 from the lysine side chains. Meanwhile, protonation
of the glutamic acid side chains resulted in a neutral charge.

Peptide concentrations were determined from these solutions by
analytical HPLC analysis and correlation of HPLC peak area to a stan-
dard curve constructed for each peptide (see Figures $21-528 for
standard curves). Standard concentration curves were prepared as
described previously, and integrated peak areas were correlated to
absolute peptide concentration by amino acid analysis (AlBiotech,
Richmond, VA). Aliquots of the desired peptide quantity were frozen,
lyophilized, and used immediately in self-assembly studies. Self-
assembly was initiated by dissolving lyophilized peptides in HFIP
followed by addition of water to give a peptide concentration of

0.2 mM (final solvent composition of 5% HFIP by volume); solutions
were treated by vortex (1 min) and sonication (5 min) to give optically
transparent, homogenous solutions. Self-assembly was characterized
using CD, FT-IR spectroscopy, and TEM imaging as described in the

following sections.

43 | CD spectroscopy

CD spectra were recorded on an AVIV 202 CD spectrometer. Spectra
were obtained using a 0.1-mm path length quartz cuvette (Hellma) at
25°C from 260 to 190 nm with a 1.0-nm step, 1.0-nm bandwidth, and
a 3-s collection time per step. Spectra were collected at O, 1, 2, 4,
12, and 24 h for each sample. Background subtraction with 5% HFIP/
water, conversion to molar ellipticity, and data smoothing with a least

squares fit were performed using the AVIV software.

44 | UV-Vis spectroscopy

UV-Vis spectra were obtained using a Shimadzu UV-
2401PC/2501PC. Prior to UV analysis, peptides were dissolved in
HFIP, diluted with water, and assembled as described previously. Sam-
ples were allowed to assemble for 24 h (0.2-mM peptide). Spectra
were obtained in 1-ml cuvettes with a 10-mm path length from
700 to 190 nm, a sampling interval of 1.0 nm, a slit width of 2.0 nm,

and using single scan mode.

4.5 | FT-IR microscopy

FT-IR spectra were obtained using a Shimadzu 8400 FT-IR spectrome-
ter. Prior to FT-IR analysis, TFA counter-ions were removed from the
purified peptides through anion exchange by dissolving the peptides
in 40% ds-acetonitile/D,O (v/v) with 1% DCI followed by lyophiliza-
tion. The lyophilized peptides were dissolved in 5% d,-HFIP/D,O with
0.1% DCI (0.2-mM peptide). The peptides were treated by vortex
(1 min) and sonication (5 min) to give a homogenous and transparent
solution. An aliquot (70 pl) was placed on 25-mm x 4-mm CaF, plates
(International Crystal Labs). Spectra were obtained using the Happ-
Genzel method from 1550 to 1750 cm~* with a 2-cm™~? resolution
(512 scans).

4.6 | Negative-stain TEM and electron diffraction

Fibril morphologies of the assembled peptide materials were charac-
terized by TEM analysis. An aliquot of each assembled peptide (10 pl)
was applied to 200-mesh carbon-coated copper grids. After standing
for 30 s, excess fluid was removed by capillary action. Peptide fibrils
were then stained by applying 10 ul of 5% uranyl acetate to the grid
for 2 min; excess fluid was removed by capillary action. The peptides

were washed with water for 1's (10 pl), then the remaining solvent
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was removed by capillary action, and the grids were allowed to dry
prior to imaging. Electron micrograph images were obtained using a
Hitachi 7650 TEM in high-contrast mode at an accelerating voltage of
80 kV. Fibril dimensions were measured in ImageJ (http://rsbweb.nih.
gov/ij/).2*?> The reported dimensions are the average of at least
100 measurements on distinct fibrils for each self-assembled peptide.
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