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Surfactant-like peptide gels are based on cross-3 amyloid fibrils
Abhinaba Das,? Ordy Gnewou, Xiaobing Zuo, ® Fengbin Wang®* and Vincent P. Conticello®*

Surfactant-like peptides, in which hydrophilic and hydrophobic residues are encoded within different domains in the peptide
sequence, undergo facile self-assembly in aqueous solution to form supramolecular hydrogels. These peptides have been
explored extensively as substrates for the creation of functional materials since a wide variety of amphipathic sequences
can be prepared from commonly available amino acid precursors. The self-assembly behavior of surfactant-like peptides has
been compared to that observed for small molecule amphiphiles in which nanoscale phase segregation of the hydrophobic
domains drives the self-assembly of supramolecular structures. Here, we investigate the relationship between sequence and
supramolecular structure for a pair of bola-amphiphilic peptides, Ac-KLIIIK-NH, (L2) and Ac-KIIILK-NH, (L5). Despite similar
length, composition, and polar sequence pattern, L2 and L5 form morphologically distinct assemblies, nanosheets and
nanotubes, respectively. Cryo-EM helical reconstruction was employed to determine the structure of the L5 nanotube at
near-atomic resolution. Rather displaying self-assembly behavior analogous to conventional amphiphiles, the packing
arrangement of peptides in the L5 nanotube displayed steric zipper interfaces that resembled those observed in the
structures of B-amyloid fibrils. Like amyloids, the supramolecular structures of the L2 and L5 assemblies was sensitive to
conservative amino acid substitutions within an otherwise identical amphipathic sequence pattern. This study highlights the
need to better understand the relationship between sequence and supramolecular structure to facilitate the development

of functional peptide-based materials for biomaterials applications.

Introduction

Peptide-based materials have been the focus of significant
research effort for over three decades.’* The intellectual
driving force for these investigations has been the creation of
functional nanomaterials, e.g., hydrogels, that mimic the level
of structural control observed in native proteins and protein
assemblies.? Like protein folding, it has been postulated that the
chemical information encoded within designed peptides can
direct the formation of supramolecular structure through a
hierarchical process that involves propagation of sequence
information across length-scales. While sequence-structure
correlations have been established for reliable prediction of
native protein structure, most notably through the
development of data-driven, deep learning algorithms such as
AlphaFold and RoseTTAFold,* ¢ a comparable degree of success
in atomically accurate prediction of supramolecular structure,”
which is a prerequisite for the reliable design of peptide-based
materials, has been difficult to achieve.812

The macromolecular architectures of designed peptides, i.e.,
chain length, composition, and sequence, are much less
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complex than that of typical proteins, which, in theory, should
facilitate the de novo design of peptide-based materials.
Structural analyses of designed peptide filaments at near-
atomic resolution revealed that the cohesive interactions
between protomers in the assemblies often resulted from a
combination of richly and sparsely designable interfaces.'% 11
The presence of sparsely designable interfaces poses a
significant challenge to the molecular design of filamentous
peptide assemblies since they arise from the additive effect of
relatively weak local interactions.!® These interactions may not
be a priori predictable from statistical analyses of the frequency
of occurrence of interfacial interactions within proteins in the
PDB.13-15 |n addition, the vast sequence space accessible to even
short synthetic peptides is prohibitively difficult to
systematically sample through experimentation, which has
prompted the development of design rules that can simplify the
process.®

The limited length of designed peptides necessitates that
sufficient chemical information be encoded into relatively short
sequences to specify the formation of a stable and unique
supramolecular structure. These two considerations, i.e.,
thermodynamic stability and structural specificity, can be
antagonistic in the context of peptide-based materials design.
Thermodynamic stability is a pre-requisite for the fabrication of
peptide-based materials that can persist under a range of
conditions such as those that would be required for applications
as hydrogel biomaterials.2 Consequently, the sequences of
peptide-based materials are designed to maximize the
thermodynamic stability of a supramolecular structure.
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However, a strong thermodynamic driving force for self-
assembly can lead to folding frustration,'” in which the
observed structure of the assembly depends strongly on the
initial conditions.' 18 Changes in assembly conditions can result
in the formation of different structural polymorphs that may be
difficult to reliably predict or reproducibly control. In contrast,
structural specificity originates from the introduction of defined
intra- and inter-molecular interactions into a peptide sequence
to bias self-assembly toward a desired supramolecular structure
through a combination of positive and negative design.1®
However, sequence-structure correlations that would lead to
predictable design are not well established for synthetic
peptide-based materials, which can result in emergent self-
assembly behaviour that results in the formation of unpredicted
structures.1® 1 Similar self-assembly behaviour is observed for
amyloidogenic peptides, especially in vitro.** The richly
designable cross-f3 interface of B-amyloids is compatible with a
potentially wide range of sparsely designable quaternary
interactions, which can result in extensive structural
polymorphism despite high thermodynamic stability.1?- 1°-21

Here, we investigate the relationship between sequence and
supramolecular structure for a pair of bola-amphiphilic peptides
derived from semi-conservative mutagenesis of the designed
sequence Ac-KIIIIK-NH,.2224 The latter exemplifies the principles
of surfactant-like peptide design, in which polar and apolar
residues are encoded in different domains in the peptide
sequence. Previous studies on this peptide and structurally
related bola-like sequences have demonstrated that polar
patterning promoted self-assembly into ordered
supramolecular structures, e.g., nanosheets, nanotubes,
nanoribbons, and nanofibers.2> The formation of different
supramolecular structures was
surfactant-like packing model in which amino acid substitutions
induced changes in lamellar curvature on the meso-scale. In this
study, we propose an alternative explanation in which
symmetry breaking in bola-like peptide sequences introduces
localized changes in interfacial packing interactions within and
between protofilaments composed of cross-f fibrils. Cryo-EM
analysis?® of a nanotube derived from self-assembly of a bola-
like peptide Ac-KIILK-NH, (L5) provided insight into the
structures at near-atomic resolution. The structural
arrangement of peptides in the assembly resembled the
structured packing interfaces within B-amyloids. In addition, we
demonstrate that alteration of the peptide sequence resulted
in @ morphological transition between filaments and lamellae
despite conservation of peptide length, composition, and polar
sequence pattern. These results suggest that the self-assembly
behaviour of bola-like surfactant peptides is a surprisingly
complex process in which the observed supramolecular
structures would have been difficult to reliably predict a priori
based on our current knowledge of peptide sequence-structure
relationships.

rationalized based on a

Results and discussion

2| J. Name., 2012, 00, 1-3

Peptide Ac-KIIlIK-NH, displayed a typical bola-like peptide
sequence pattern in which identically charged polar residues
View Article Onlin
flank a longer apolar domain. In contrqﬁ&ﬁq&%&gﬁ}%@aﬁ a-
amphiphiles, bola-like peptide sequences have a net
directionality due to the peptide backbone.?” The self-assembly
behaviour of bola-peptides has been previously explored in
different sequence contexts. For peptides having highly
symmetric, quasi-palindromic sequences, e.g., Ac-KIIlIK-NH,,
self-assembly resulted in the formation of lamellar sheets or
wide-diameter nanotubes (Fig. 1).22-2% 28-30 previously reported
spectroscopic evidence supported B-sheet formation within the
assemblies of Ac-KIIIIK-NH, and closely related derivatives.31-33
Since equal numbers of hydrophobic isoleucine residues were
exposed at the surface of the filament, bifacial sheet stacking of
cross-f3 fibrils should promote symmetric lamination with a
concomitant reduction in sheet twisting.3%3¢ Small-angle
neutron scattering (SANS) measurements performed on
assemblies of Ac-KIIIIK-NH, were fit to a 2D model in which the
lamellar thickness corresponded to the length of the peptide.??
A monolayer model (Fig. 1) was proposed for the self-assembly
of Ac-KIlIIK-NH; in which nanoscale phase separation of the
central hydrophobic domain drove formation of wide-diameter
polymorphic nanotubes, which was confirmed by electron
microscopy measurements. This process was hypothesized to
mimic the self-assembly behaviour of more conventional bola-
amphiphilic surfactants.3’

Monolayer model of nanotube formation

Cross-B fibril

" Nanotube formation

H-bonding ; \;‘ 1) o

1 LT BT
AR S

]

% Sheet lamination : s
Helical coiling

Shell thickness = peptide length

Fig. 1 Monolayer packing model for self-assembly of bola-like
peptides Ac-KIIIXK-NH, (X =1, L). The degree of curvature induced
within the monolayer depends on the surface asymmetry of the
cross-f fibril, which constitutes the fundamental structural subunit
of the monolayer.

Previously, Lu, Xu, and coworkers,3> 33 reported the self-
assembly behaviour of a series of peptides Ac-KIIIXK-NH,; in
which different amino acid residues were substituted into the
fifth position of the sequence. When leucine replaced isoleucine
at the last site in the hydrophobic block, the resultant peptide,
Ac-KIIILK-NH; (L5), formed high aspect-ratio, narrow-diameter
nanotubes.3? This difference in behaviour between the two
peptides was rationalized in terms of the influence of the
isoleucine to leucine substitution on the curvature of the

This journal is © The Royal Society of Chemistry 20xx
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resultant lamellae. Despite similar hydrophobicity, leucine
residues display different stereochemical properties with
respect to the core isoleucine residues. Nanotube formation
was envisioned to arise from formation of asymmetrically
substituted monolayer lamellae. This surface asymmetry was
proposed to induce tighter coiling than observed for assemblies
of the more symmetric parent peptide, which resulted in a
narrow diameter tubular filament. Unbalanced surface stresses
in assemblies of soft materials have been demonstrated to
induce coiling or scrolling of lamellae into tubular structures.38
This effect has been described previously for collagen-mimetic
peptide nanosheets that displayed surface asymmetry.3® To
investigate the effect of these mutations on supramolecular
structure, we have re-examined the self-assembly behaviour of
the peptide L5. In addition, a related peptide, Ac-KLIIIK-NH; (L2)
was prepared as a retro-peptide analogue of L5 in which the
peptide sequence was reversed. This pair of peptides was
expected to display a similar degree surface asymmetry within
a putative cross-f3 monolayer. However, the unique Leu residue
would be placed on opposite sides of the corresponding
lamellae that resulted from [-sheet formation. We
hypothesized that self-assembly of L2 and L5 would result in the
formation of similar supramolecular structures, which would
provide a test of the previously proposed monolayer model and
provide further insight into the self-assembly behaviour of
surfactant-like peptide-based materials.

Peptides L2 and L5 were prepared using solid-phase peptide
synthesis (Figs. S1 and S2) and were assembled from aqueous
solution (32 mM) for two weeks using the preparative
conditions previously described, which resulted in the
formation of self-supporting hydrogels (Fig. S3).32 Circular
dichroism (CD) spectropolarimetric measurements indicated
that the peptides adopted a B-sheet conformation (Fig. S4),
which was consistent with previous structural analyses of L5. In
each case, negative-stain TEM imaging provided evidence for
the formation of supramolecular assemblies (Fig. 2a). TEM
images of L5 agreed with previously published reports in which
narrow diameter nanotubes (~8 nm) were observed to form
upon incubation at ambient temperature.3? In contrast, TEM
imaging of assemblies derived from peptide L2 revealed the
presence of flat ribbon-like assemblies of variable diameter and
length. The formation of morphologically similar nano-ribbons
has been observed for surfactant-like peptide displaying
different polar sequence patterns.*% 41 Notably, in TEM images
of the L2 assemblies (Fig. 2a), small filaments can be seen
emerging from the ends of the nano-ribbons, which was
consistent with the predictions of the monolayer model (Figure
1), in which lamination of thin cross- fibrils (~2 nm thickness)
resulted in formation of lamellae.

Synchrotron small-angle and wide-angle X-ray scattering
(SAXS/WAXS) measurements on solutions of the peptide
assemblies confirmed the results from TEM imaging (Fig. 2b).
The SAXS intensity profiles for L5 indicated that the momentum
transfer (q) decayed based on the relationship | ¢ g1 (for g <
0.02 A1), whereas, for L2, the observed decay in g could be fit

This journal is © The Royal Society of Chemistry 20xx
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to | oc g2 (for g < 0.02 Al). The difference in the respective

power law exponents was consistent with the formation of
iew _Ucle?nlme

filamentous assemblies for L5 and Ianb%@[oﬁ%%é% /]5560 6&2.
The scattering intensity of the L5 was fit to a hollow cylinder

model. The estimated values for the inner radius (~20 A) and
wall thickness (~18 A) predicted an outer diameter of ~76 A,
which agreed well with the corresponding value reported from
TEM measurements and a previous SANS analysis.3?

In contrast, the scattering intensity data in the Guinier region
(gmaxR: < 1.3) for the L2 assemblies could be fit to a model for
sheet-like forms (Fig. S5). An average value for the sheet
thickness (t) was estimated to be ~53.6 A for the L2 assemblies.
The estimated lamellar thickness for L2 was significantly larger
than the projected length of the peptide in an extended -sheet
conformation (~21 A), which indicated that stacking of lamellae
occurred. The latter result suggested that the peptide packing
was more complex than that predicted from the monolayer
packing model proposed from SANS analysis of Ac-KIIIIK-NH,
(Fig. 1), in which the peptide length defined the thickness of the
lamellar monolayer. The SAXS data for L2 was fit to a lamellar
model using the values of average sheet thickness derived from
the Guinier analysis (Fig. S5). A better fit of the experimental
scattering data was obtained when a correction was applied for
polydispersity in sheet thickness (Fig. 2b). For both peptide
assemblies, a strong diffraction peak was observed at a g value
of 1.3 A%, correspondingtod=4.7 A, which was associated with
the hydrogen-bonding distance within a cross-f fibril structure
(Fig. S6). While different morphologies were observed for the
L2 and L5 assemblies, the supramolecular structures of the two
different peptides were based on a common core. AlphaFold-
Multimer*? predicted a parallel cross-p fibril to be a common
component of these peptide assemblies, which was consistent
with the WAXS analysis. We propose that alterations in sheet
packing could account for the differences in morphology that
are observed between the L2 and L5 sequences.1” 43

b)

q~2 — Lz expt
——L2_Lamellae_sim

o ——L2_Lamellae_fit2

——L2_Lamellae_fitt
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Fig. 2 Representative negative stain TEM images (a) and
synchrotron small-angle X-ray scattering (SAXS) measurements (b)
of L2 and L5 assemblies. The L2 scattering curve was simulated or
fit using a lamellar model (sim: t = 53.6 A; fitl: t = 50 A; fit2: t =

50.0*%(1.004£0.20)). The L5 scattering curve was simulated using
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either a hollow cylinder model or an all-atom model derived from
the cryo-EM structure.

In the proposed monolayer model for peptide self-assembly
(Fig. 1), surface asymmetry influences the degree of monolayer
curvature since the variant residues are located only on one side
of the parallel B-sheet. Greater curvature would result from
increased asymmetry between the two lamellar surfaces.
Tighter coiling of the supramolecular assemblies was postulated
as the driving force for a structural transition from the lamellar
structure of the symmetric Ac-KIllIIK-NH, to a filamentous
structure for the mono-substituted derivative L5. However, the
TEM and SAXS analyses of L2 did not support this proposed
model for peptide self-assembly, since a similar degree of
surface asymmetry, albeit on the opposite sheet face, resulted
in a significant difference in morphology between the L2 and L5.

To provide insight into the mechanism of peptide assembly,
cryo-EM analysis was employed to determine the structure of
the L5 nanotube at near-atomic resolution (Fig. 3a). The
reference-free 2D class averages indicated the presence of a
population of peptide nanotubes of uniform diameter. Single-
particle helical reconstruction generated a three-dimensional
density map into which a reliable atomic model could be built
(Fig. 3b).25 4445 The reconstruction process involved testing all
possible symmetries that could be indexed from the averaged
power spectrum (Fig. S7). A prominent layer-line was observed
at 1/4.9 A in the averaged power spectrum of the L5 nanotube
assemblies, which was attributable to the packing of strands in
a cross-pB fibril (Fig. 3b).%¢%8 The correct solution yielded
recognizable features in the density map that were consistent
with the presence of the L5 peptide (Fig. 3b). Based on the
map:map Fourier Shell Correlation (FSC) (Fig. S8), the resolution
of the reconstructed volume for the L5 nanotubes was
estimated to be 2.7 A. The structure of the L5 nanotube
exhibited C5 rotational symmetry with a helical rise of 4.94 A
and a twist of -1.77 degrees (Fig. 3b-c). The well-resolved
peptide side-chain density and clear separation of the cross-f3
strands supported this symmetry assignment. The asymmetric
unit (ASU) of the L5 nanotube was based on three peptides (Fig.
3d), which formed the structural repeat of three symmetry
independent cross-f fibrils that defined five protofilaments
within the structure. The five protofilaments propagated along
a set of left-handed 5-start helices (Fig. 3c). The protofilament
cross-sectional thickness at its widest point measured ~27 A,
and the diameter of the lumen was estimated as ~40 A. The
filament outer diameter of ~81 A compared well to estimates
from fitting of the SAXS (~76 A) to a hollow-cylinder model (Fig.
2b). An all-atom model derived from the cryo-EM structure was
employed to simulate the SAXS intensity profiles observed for
the L5 nanotube and accurately captured the main oscillation
peak at 0.12 A1 (Fig. 2b).

In contrast to the predictions of the monolayer packing model
(Fig. 1), the structure of the L5 nanotube closely resembled the
reported structures of amyloid assemblies, in which cross-p3
fibrils interacted through the formation of steric zipper

4| J. Name., 2012, 00, 1-3

interfaces (Table 1).%° The slight left-handed twist of the 5-start
(-1.77°) protofilaments in the L5 nanotube occurred within the
typical range observed for cross-3 pr%ﬂfi{@_q&ﬁ%ﬁ%ﬁéid
fibrils.'” For comparison, a twist of -3.2° was observed for the 2-
start protofilaments within a representative 3-amyloid such as
the ABY42 type | structural polymorph (PDB: 7Q4B).>° While
paired helical filaments are the most commonly observed
morphology for amyloid-like fibrils, higher numbers of
protofilaments have been observed in the structures of
assemblies derived from native!® 5158 and designed!® peptide
sequences. Several amyloid structures have been determined in
which the protofilaments are composed of multiple peptides
within the ASU. For example, the cryo-EM structure of a
nanotube derived from self-assembly of an undecapeptide
247DLIIKGISVHI?? (PDB: 5W7V) from TDP-43 RRM2 contained
three protofilaments based on an ASU containing nine
symmetry independent peptides for a total of twenty-seven
cross-f fibrils.>*

Table 1 Structural comparison between L5 and AB*#? type | amyloid

filaments
L5 AR42 (Type 1)
Shape complementarity 0.72 0.75
Inter-strand distance 49 A 483 A
Inter-sheet distance 109 A 10.7A

Page 4 of 13
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The cross- fibrils in the protofilaments resulted from stacking
of asymmetric units (ASUs) through axial hydrogen bonding
interactions and were aligned in-register and parallel. The
interdigitation of the side chains observed in the trimeric ASU
of L5 was representative of an amyloid cross-$ fold (Fig. 3e-f).17
49,59 Two chains (labelled chains A and B in Fig. 3f) were tightly
mated through a dry, steric-zipper interaction involving
residues lle2(A), lle4(A), lle3(B), and Leu5(B). The distance
between these two closely mated sheets, ~11 A, was typical for
amyloid sheet stacking interfaces.’®¢ The polar face-to-back
sheet interface between chains A and B was characteristic of
Class 4 amyloid steric zippers (using the nomenclature
introduced in Sawaya, et al.).>® In contrast, chain C lay at angle
to the binary interface between chains A and B in the ASU of L5.
The interdigitated packing of the hydrophobic sidechains of
residues lle2(A), Leu5(B), and Leu5(C) mediated a ternary
interaction between the three peptides in the ASU. This lateral

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 (a) Representative raw cryo-EM micrograph of L5 peptide nanotube assemblies. (b) Cryo-EM density map of the 3D reconstruction
is shown on the left. The cross-sectional density map is shown on the right with the atomic model built into the map. In both cases, a
single protofilament is highlighted in orange. (c) Helical net diagram for the L5 nanotube in which the unrolled surface lattice is viewed by
convention from the outside of the filament. (d) A ribbon diagram of a cross-section corresponding to three layers of the L5 structure is
on the upper left. The symmetry independent peptides in one ASU are highlighted. (e) A schematic view of a single layer of the structure
is depicted below in which the positions of sidechains and the direction of the strands is indicated. (f) The packing of steric zipper interfaces
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is shown on the right for interfaces within and between ASUs. (g) AlphaFold-Multimer prediction of the structure of an oligomer of Ac-

KIILK-NH; in which colouring is based on pLDDT. The graph depicts the predicted aligned error (PAE) on a per residue basis.

association was further reinforced by an interaction
between the sidechains of Lys6(B) and lle3(C) on the
opposite face of chain A. The arrangement of peptides within
the ASU may be additionally stabilized through a network of
hydrogen bonding interactions between polar groups
including the N-terminal acetyl groups (A, B), the C-terminal
amide groups (B, C) and the sidechain of Lys6(A) (Fig. 3f). A
steric zipper-like motif was also observed between chain B
and chain C’ at a protofilament interface. Interdigitation of
sidechains of Lys1(B), lle2(B), lle2(C’), and lle4(C’) resulted
from a face-to-face sheet packing interaction corresponding
to a Class 1 amyloid steric zipper. The two peptides were
offset across the stacking interface presumably to alleviate a
potential repulsive electrostatic interaction between Lys1(B)
and Lys6(C’) that would have resulted from an in-register
alignment. The chemical properties that governed the
stability of the L5 nanotubes, such as buried surface area and
shape complementarity between sheets, closely resembled
those observed between peptide segments of similar length
at cross-B interfaces within a representative amyloid
structure (Table 1).

Since the cryo-EM structural analysis of the L5 nanotube
indicated that the chain packing within the ASU was
comparable to those observed in cross-sectional layers of 3-
amyloids, it stands to reason that the intra- and inter-
molecular interactions that stabilize the packing
arrangement within the nanotube should resemble those
that stabilize the internal interfaces within cross-f3 amyloids.
Analysis of hydrophobic and electrostatic surfaces of the L5
cross-sectional layers indicated that the apolar and polar
residues segregated into spatially distinct domains that were
stacked in register between adjacent rungs of the ladder-like
structures (Fig. 4a-b). The bola-like polar sequence pattern
should favour this spatial arrangement when the individual
peptides are packed as parallel strands in minimally twisted
cross-B fibrils. Similar packing arrangements are observed
within amyloid structures, in which polar and apolar residues
sequester into different spatial domains.l” Unlike many
amyloid structures, in which polar residues can be localized
in the hydrophobic core leading to charge frustration,’ the
block-like sequence of the L5 peptide promoted nanoscale
segregation between polar and apolar domains. The charged
Lys sidechains were positioned at the solvent contacting
outer surface and inner lumen, while the stacking of
hydrophobic residues occurred in the interior of the
assembly. The solvent-accessible surface area (SASA) buried
at the axial interfaces between rungs of the L5 nanotube
(~5000 A2 or ~1000A2/protofilament) was comparable to
segments of amyloid structures of comparable length (Fig. 4c
and Table 1).

6 | J. Name., 2012, 00, 1-3
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sequestration of hydrophobic residues in the core domain of
the filament provided the main energetic driving force for
self-assembly. The mean stabilization free energy per
residue ( AG°esique) Of —0.96 kcal/mole for L5 was more
energetically favourable than the mean value of AG® esigue (~
—0.5 kcal/mole) observed for amyloid fibrils,62 which is
indicative of a strong per-residue driving force for self-
assembly. However, the stabilization free energy per chain
(AG®ehain) Of —5.76 kcal/mole for L5 was significantly less
stabilizing than the mean value of AG°yan (ca. —24
kcal/mole) determined for amyloids. The sequence of the L5
peptide is much shorter than those of most structurally
characterized cross-f3 amyloids, which necessitates that the
AG® esique Must be very energetically favourable to promote
self-assembly of the nanotube.

cross-sectional confirmed that the

I o b)

rung top face

Polar contact
Hydrophobic contact

rung bottom face rung top face rung bottom face

e

.

e,
s%“f*’.sz’/

Stabilization energy per residue

AG/resicue

Area enclosed (5160 A2)
between two consecutive axial rungs

Fig. 4 Analysis of peptide interactions within cross-sectional
of the L5
representation of two aligned rungs of L5. (b) Electrostatic

layers nanotube. (a) Hydrophobic surface
surface representation of two aligned rungs of L5. (c)
Representation of buried axial surface area at cross-sectional
layers of L5. (d) Stabilization energy distribution maps of cross-
sectional layers of the L5 nanotube. Residues are coloured by

calculated individual values of AG® csigue-

The AG’esique aNd AG°chain values for the L5 nanotube are
comparable to the corresponding values determined for the
structures of amyloid assemblies derived from relatively
short peptides containing protofilaments composed of
multiple peptides in the ASU, e.g., uperin-3.5 (AG® esidue = —
0.6 kcal/mole and AG®.in = —7.64 kcal/mole) and TDP-43247-
251 (AG®residque = —0.85 kcal/mole and AG°q.in = —8.33

This journal is © The Royal Society of Chemistry 20xx
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kcal/mole).>* >> The less favourable value of AG°.i, for the
L5 nanotube suggested that self-assembly should be
reversible. Upon incubation of a 10-fold dilution of the
nanotube preparation, the filaments dis-assembled and
could no longer be detected using TEM or SAXS
measurements. We propose that these bola-like peptide
sequences behave similarly to functional amyloid-like
assemblies, in which reversible self-assembly behaviour is
commonly observed. Thermodynamic analysis of functional
amyloids indicated that free energy of stabilization of the
fibrillar structures is much less than that for most pathogenic
amyloids for which self-assembly is typically irreversible.'”

The accurate design of supramolecular structure constitutes
a significant challenge to the development of peptide-based
materials for applications. Most of the early research on
peptide-based materials focused on the design and
structural analysis of B-sheet filaments.53-%° These peptides
are attractive substrates for materials design since the
directional hydrogen bonding between B-strands provides a
strongly stabilizing and designable interaction that can be
encoded within short sequences that are amenable to
preparative-scale synthesis. These research efforts also drew
inspiration from concurrent structural analyses of amyloid
fibrils,”% 72 which display high thermodynamic stability that
derives from a cross-p structure?® similar to that envisioned
for designed B-sheet assemblies. Notably, like L2 and L5,
many amyloidogenic peptide sequences form hydrogels
upon fibrillation.”2

Recent advances in cryo-EM, solid-state NMR, and
microcrystal electron diffraction3 have enabled structural
determination on amyloid assemblies at near-atomic
resolution, which has resulted in a proliferation of high-
resolution atomic models.”® These studies revealed that the
amyloid structural landscape was far more complex than a
conventional representation of the cross-f filament.*3
Structural polymorphism is quite common within the lateral
packing interfaces of the cross-f fold and amyloid structure
was shown to depend strongly on the experimental
conditions under which the peptides were assembled. In
contrast, fewer structural analyses of designed [-sheet
assemblies have been performed at near-atomic
resolution.1l: 7476 However, the results of these studies
provided evidence for the presence of polymorphism in
which the population of different species depended on
experimental conditions. These analyses have demonstrated
that the principles of peptide design are imperfectly
understood at present with respect to the relationship
between sequence and supramolecular structure for
synthetic peptide-based materials.

Cryo-EM structural analysis of the L5 nanotube provided
evidence for the similarity in self-assembly behaviour
between surfactant-like peptide-based materials and
amyloidogenic peptides. The cross-sectional layers of the L5
nanotube consisted of intra- and inter-protofilament

This journal is © The Royal Society of Chemistry 20xx
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interfaces based on different types of steric zipper
interactions. These layers stack through hydrogen-bonding
interactions to form an amonid—IiIﬁ%ﬂg%ﬁ@jﬁiﬁ%&%é@nis
respect, the structure of the L5 nanotube can be understood
in terms of the structural principles revealed from high
resolution structural analyses of amyloid fibrils. In the latter,
a richly designable and highly conserved cross-p interaction
parallel to the fibril axis is combined with sparsely designable
and structurally equivocal lateral packing interfaces within
the cross-sectional layers.”” The well-known propensity for
polymorphism in amyloid structures is a consequence of this
potential ambiguity in lateral packing.

Remarkably, the cryo-EM structural analysis of L5 suggested
that the peptide self-assembled into a homogeneous
population of nanotubes despite the potential for packing
polymorphism. The mean stabilization free energy per chain
(AG®chain) calculated for the L5 nanotubes was more
consistent with those calculated for functional amyloids, in
which self-assembly behaviour was often observed to be
reversible.'” The self-assembly of L5 was demonstrated to be
reversible upon dilution, which was consistent with the
calculated values of AG°w.in for the L5 interface (Fig. 4d).
Reversible self-assembly provides the opportunity for error
correction and relaxation to the most thermodynamically
favourable structure. The selective self-assembly of L5 into a
monomorphic nanotube might be considered as an example
of molecular frustration in which the intentional
introduction of repulsive and attractive interactions into
peptide sequences enables a greater degree of
supramolecular structure control. This principle has been
previously employed for the design of multi-domain
peptides, in which the extent of self-assembly can be
controlled through manipulation of the balance of attractive
and repulsive forces through changes in peptide sequence
and assembly conditions.”8-8!

Experimental

Materials and methods

Peptides L2 (Ac-KLIsK-NH;) and L5 (Ac-KIsLK-NH,) were obtained
from GenScript USA, Inc. (Piscataway, NJ) at 2 95% purity. Stock
solutions of peptides were prepared by solubilizing the purified,
lyophilized peptides in aqueous solution at a concentration of 32
x 103 M. The pH value of the peptide solutions was measured as
~4.0. The resulting solutions were incubated at ambient
temperature for 2 weeks to achieve equilibrium. During this
period, the initially clear solutions transformed into self-
supporting hydrogels.

Circular Dichroism (CD) spectropolarimetry

CD measurements were performed on a Jasco J-1500 CD
spectropolarimeter using 0.20-mm thick quartz plates from
Hellma USA Inc (Plainview, NY). Three spectra were collected
and averaged in a wavelength range from 190 to 260 nm at
a scanning range of 100 nm/min with a bandwidth of 2 nm

J. Name., 2013, 00, 1-3 | 7


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4fd00190g

Open Access Article. Published on 17 February 2025. Downloaded on 2/21/2025 12:32:20 PM.

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

(ec)

Faraday Discussions

and a data pitch of 0.2 nm. Peptide concentration was
determined spectrophotometrically at 214 nm using molar
extinction coefficients calculated from the amino acid
composition of the respective peptides.8? Samples were
diluted to ~ 25 mM prior to acquisition of CD data.

Negative stain TEM analysis

TEM grids were prepared using 10-15-fold dilutions of
peptide in aqueous solution at pH 4.0. Samples of the
peptide solutions (4 uL) were deposited onto a 200-mesh
carbon-coated copper grid from Electron Microscopy
Services (Hatfield, PA). After 90 s of incubation on the grid,
excess liquid was wicked away, leaving a thin film of sample.
Uranyl acetate negative stain, 4 uL of a 1% solution was
deposited onto the thin film. After 1 min, the remaining
moisture was wicked away, and the grid was dried overnight
in a desiccator. Electron micrographs were captured on a
JEOL JEM-1400 transmission electron microscopy equipped
with a LaB6 filament operating at an accelerating voltage of
80 kV.

Synchrotron small-angle/wide-angle
(SAXS/WAXS) measurements

X-ray scattering

SAXS/WAXS measurements were performed at the 12-ID-B
beamline of the Advanced Photon Source at Argonne National
Laboratory. A SAXS/WAXS simultaneous setup was utilized, and
the sample-to-detector distances were set such that the overall
scattering momentum transfer (g) range was achieved from 0.003
to 2.4 A1, where q = 4msin(8)/A, with 26 denoting the scattering
angle and A denoting the X-ray wavelength. The wavelength was
set at 0.9322 A during the measurements. Scattered X-ray
intensities were measured using a Pilatus 2 M (DECTRIS) detector
for SAXS and Pilatus 300K for WAXS. SAXS/WAXS measurements
were performed on aqueous solutions of the peptide assemblies
in quartz capillaries at concentrations of approximately 32 mM in
sodium acetate buffer (10 mM, pH 4.0) at 25 °C. The 2D scattering
images were converted to 1D SAXS curves through azimuthally
averaging after solid angle correction and then normalizing with
the intensity of the transmitted X-ray beam using the software
package at beamline 12-ID-B. The 1D curves of the samples were
averaged and subtracted with the background measured from
the corresponding buffers. The choice of the model to fit the data
was justified by negative-stain and cryo-EM observations. The
simulated SAXS curves were calculated using the programs
CRYSOL and Pepsi-SAXS with fitting to all-atom cryo-EM structural
models. To reproduce the SAXS features for the all-atom model
of the L5 nanotube, an atomic model was generated from the
cryo-EM reconstruction in which the length:diameter aspect ratio
was approximately 10:1.

Cryo-EM imaging and analysis

A sample of the L5 peptide assemblies was applied to glow-
discharged lacey carbon grids and vitrified using a Leica plunge
freezer. Grids were imaged on a Titan Krios (300 keV, Thermo
Fisher) with a K3 camera (Gatan). A total number of 5,292

8| J. Name., 2012, 00, 1-3

micrographs were collected under electron counting mode at
1.08 A per pixel, using a defocus range of 1-2 pm with ~50

View Article Online

electrons/A? distributed into 40 fractioBé‘j\{l&g%ﬁ%g%td?go@d

CTF estimation were done in cryoSPARC.23 A few million particles
were automatically picked using “Filament Tracer” with a shift of
11 pixels. Next, non-peptide junk particles and particles in low-
resolution averages were removed by multiple rounds of
reference-free 2D classifications. Particles having clear 2D
average patterns were then selected. All possible helical
symmetries were calculated from an averaged power spectrum
of the raw particles and then were tested by trial and error in
cryoSPARC until recognized peptide features, such as clear
separation of B-sheets and good side chains densities, were
observed.?® The final volumes were then sharpened using local
sharpening and DeepEMhancer available in cryoSPARC. Data
collection statistics are listed in Table S1.

Model building

The L5 nanotubes reached ~2.7 A resolution according to
map:map FSC (Fig. S8). Since the filaments are made of only
B-sheets, the hand of the cryo-EM map cannot be
determined directly, which is unlike cryo-EM maps that
contain an a-helix, in which the hand is obvious when the
resolution is 4.5 A or better. In published cross-B structures,
the parallel B-sheets typically have a left-handed twist.84
However, this observation may not be deducible to short
peptides. Therefore, we performed model building for both
hands of the map. First, the model was manually adjusted in
Coot?® and then real-space refined in PHENIX.8® The model
fits the map in the left-handed cross-f protofilament with
better RSCC and better hydrogen bonds within B-sheets.
Therefore, we suggest that the map has a left-handed twist
in the 5-start helices (Fig. 3c). The refinement statistics of the
L5 nanotubes are shown in Table S1.

Structural prediction

The colabfold implementation®” of AlphaFold-multimer v2
was employed for prediction of oligomeric structures of the
peptides (16 copies). The following parameters were
employed in the structural prediction: templates, none,
MSAs, single sequence;®® recycles, 12; and seeds, 4. The
highest ranked models, based on ipTM scores, were used to
generate the atomic models of the oligomers. As controls,
the following peptide sequences having different polar
patterns were employed as controls: IIKKIL, KKIIIL, IIILKK, and
IKIIKL. Except for the highest ranked model predicted for
KKIIIL, no peptide sequences displayed an ordered cross-f3
structure with high pLDDT (= 0.8) or high ipTM (= 0.6) scores.
ZipperDB® was employed to calculate the energy values for
formation of steric zipper interfaces for L2 and L5
(https://zipperdb.mbi.ucla.edu/). The calculated Rosetta
energy unit scores for L2 (-28.12 kcal/mol) and L5 (-27.13
kcal/mole) were well below the energetic threshold for
formation of stable steric zipper interfaces. The hydrophobic
and electrostatic surfaces for the L5 nanotube cross-sections

This journal is © The Royal Society of Chemistry 20xx
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were calculated using ChimeraX.’® The values for the
stabilization energies and the stabilization energy
distribution maps were calculated using the method from
https://people.mbi.ucla.edu/sawaya/amyloidatlas/.'”

Conclusions

Here, we examined the self-assembly behaviour of a L2 and
L5, a pair of bola-amphiphilic peptides. Polar sequence
patterning was employed as a principle to guide the design
of B-sheet forming peptides that were capable of nanoscale
phase segregation. While polar patterning could drive
peptide self-assembly through sequestration of the
hydrophobic domains, we observed morphological
differences between the L2 and L5 assemblies could not be
rationalized using a previously proposed model based on
principles derived from surfactant self-assembly, e.g., Fig. 1.
The experimental data supported the hypothesis that
amyloid-like behaviour dominated the properties of these
materials. Like amyloidogenic peptides, the self-assembly
behaviour of L2 and L5 exhibited a significant sequence
dependence despite identical length, composition, and polar
sequence pattern. The sensitivity of supramolecular
structure to sequence substitutions for these bola-like
peptides was consistent with the known role of disease-
related mutations on the self-assembly landscape of
pathological amyloids.®! It has been well documented that
mutagenesis or covalent modification of amyloidogenic
peptides drives the self-assembly of alternative structural
polymorphs. We recently described a similar phenomenon
in the cryo-EM analysis of cross-a filaments, in which semi-
conservative mutagenesis resulted in the formation of
different supramolecular structures despite the presence of
common core conformation.'® This behaviour differs from
that observed for highly designable protein folds, in which
native structure is resistant to disruption from semi-
conservative mutagenesis.

AlphaFold-Multimer*? and ZipperDB?°® predicted that L2 and
L5 sequences could adopt a parallel cross-f3 fold and form
stable steric zipper interfaces. The experimental data also
support a common core structure of a B-sheet filament for
the L2 and L5 assemblies. Therefore, the formation of
lamellae versus filaments for L2 versus L5 must result from
subtle differences in local packing interfaces between f3-
sheets that are propagated hierarchically into distinct
supramolecular structures. The geometries of these packing
interactions are difficult to predict a priori as they only
emerge at longer length scales where the cumulative effect
of many such local interactions along the contour length of
the filament mediates association into higher order
structures. Unfortunately, the lamellar structure of the L2
assembly was not amenable to single particle
reconstruction, which precluded a more detailed structural
analysis that would have provided further insight into the
factors that determined its preference for lamellae versus
filaments.

This journal is © The Royal Society of Chemistry 20xx
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Additionally, our results suggest that the plethora of

structural information available from high-resolution
\/\ewArEcle nline

analysis of amyloid fibrils can pote%llyoi{bf&r/&; desien
of synthetic peptide-based materials that self-assemble

through the formation of cross-f3 fibrils. However, structural
determination at near-atomic resolution will be critical to
develop an understanding of the relationship between
sequence and supramolecular structure. These methods of
structural analysis, particularly cryo-EM helical
reconstruction, need to be more widely applied to the study
of designed peptide filaments. The construction of a larger
database of high-resolution structures of filamentous
assemblies can provide a starting point from which more
reliable principles can be formulated for peptide-based
materials design.
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Data Availability Statement for “Surfactant-like peptide gels are based on cross-3
amyloid fibrils”, Das, et al.

The reconstruction map of the L5 nanotube was deposited in the Electron Microscopy Data Bank with accession numbers of EMD-
46060. The corresponding filament model was deposited in the Protein Data Bank with accession numbers of 9CZ3. Additional
data that support the findings of this study are provided in the Supporting Information or are available from the lead author upon
request.
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