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CONSPECTUS: When peptides are mixed with their mirror images in an equimolar ratio, two-
dimensional periodic structural folds can form, in which extended peptide strands are arrayed with
alternating chirality. The resultant topography class, termed the rippled f-sheet, was introduced as
a theoretical concept by Pauling and Corey in 1953. Unlike other fundamental protein structural
motifs identified around that time, including the a-helix and the pleated f-sheet, it took several
decades before conclusive experimental data supporting the proposed rippled S-sheet motif were
gained. Much of the key experimental evidence was provided over the course of the past decade
through the concurrent efforts of our three laboratories. Studies that focused on developing new
self-assembling hydrogel materials have shown that certain amphiphilic peptides form fibrils and
hydrogel networks that are more rigid and have a higher thermodynamic stability when made from
racemic peptide mixtures as opposed to pure enantiomers. Related interrogation of assemblies
composed of mixtures of L- and p-amphiphilic peptides confirmed that the resulting fibrils were
composed of alternating L/D peptides consistent with rippled B-sheets. It was also demonstrated
that mirror-image amyloid beta (Af8) could act as a molecular chaperone to promote oligomer-to-fibril conversion of the natural Af
enantiomer, which was found to reduce Af neurotoxicity against different neuronal cell models. With a cross-disciplinary approach
that combines experiment and theory, our three laboratories have demonstrated the unique biophysical, biochemical, and biological
properties that arise upon mixing of peptide enantiomers, in consequence of rippled S-sheet formation. In this Account, we give an
overview of the early history of the rippled f-sheet and provide a detailed structural description/definition of this motif relative to
the pleated f-sheet. We then summarize the key findings, obtained on three unique sets of aggregating mirror-image peptide pairs
through independent efforts of our three laboratories, and use these results to delineate the landscape of the rippled S-sheet
structural motif to inspire future studies. Peptide sequence parameters that favor rippled -sheet assembly are described, along with
the accompanying kinetic and thermodynamic properties, as well as the resulting emergent physical properties of the assemblies. The
Account then concludes with a brief overview of some key unresolved challenges in this nascent field. There is much potential for
future applications of this unique supramolecular motif in the realm of materials design and biomedical research. We hope this
Account will stimulate much-needed discussion of this fascinating structural class to eventually produce a fully quantitative, rational
framework for the molecular engineering of rippled f-sheets in the future.
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This paper confirmed the prediction that enantiomeric
P-sheet peptides coassemble into Pauling rippled f-sheets
with an alternating configuration of L/D peptides. This
paper also demonstrated that the coassembly of racemic
peptides mixtures into rippled f-sheets has a thermody-
namic advantage over the self-assembly of single
enantiomers into pleated f-sheets.

1. INTRODUCTION AND EARLY HISTORY

In the early 1950s, Pauling and Corey published three seminal
papers in which they defined the -sheet polypeptide structural
motif. These studies were based on theoretical structural
considerations and experimental X-ray diffraction data. The
“pleated” p-sheet arrangement of peptides composed of
canonical L-amino acids (AAs) was first reported in 1951.*
The initially reported pleated f-sheet motif was renamed the
“polar pleated” -sheet in a subsequent publication later in 1951,
in which the authors ironically stated that it was “unlikely [to be]
an important configuration for proteins.” In this second paper,
the authors introduced two new pleated f-sheet configurations,
termed parallel-chain (i.e., parallel) and antiparallel-chain (i.e.,
antiparallel), respectively, reflecting the pairwise relative
orientation of adjacent peptide strands in the sheet. In 1953,
Pauling and Corey published their final paper on the pleated
sheet, where they further refined the geometric parameters for
parallel and antiparallel pleated sheets, and also introduced the
concept of the “rippled” sheet.®

It is convenient to discuss the structure of the rippled f-sheet
in comparison to the pleated f-sheet, a structural fold that is
familiar to many readers. The pleated f-sheet can adopt either
an antiparallel or a parallel configuration. In both cases, the
constituent peptides adopt extended S-strand geometries that
pack into f-sheets in which the a-carbons are aligned cross-
strand in an “eclipsed”-like conformation as depicted in Figure
1A,B for a parallel pleated sheet. Adjacent rows of eclipsed Ca
carbons are projected above and below the plane of the sheet in
an alternating fashion. This gives the resulting f-sheet its
characteristic pleated appearance. Figure 1A,C shows that,
similarly to the Ca carbons, residue side chains are displayed
from both faces of the -sheet where they are aligned/eclipsed
within each row along the long axis of the sheet.

The rippled f-sheet is made of L- and D-peptides arranged in
an alternating L/D pattern. It is topographically distinct from
the pleated f-sheet, as the opposite chirality of the alternating L-
and D-peptide strands in the rippled sheet allows peptides to
align such that the a-carbons between any two adjacent peptide
strands are oriented to opposite faces of the rippled f-sheet
(Figure 1D). Similar to its pleated counterpart, the rippled sheet
can adopt either an antiparallel or a parallel configuration.
Interestingly, in Pauling and Corey’s original description of the
rippled sheet, they never defined the ripple in the rippled sheet.
That is, it is unclear what topographical feature of the sheet
resembles the appearance of a ripple. Unlike the pleated sheet,
where the pleats are easily described and visualized, ripples are
not obvious. There appear to be two different topographical
features that could have inspired the authors to introduce the
term “rippled sheet”. The first is the relative arrangement of Ca
carbons with respect to the plane of the sheet. As one traverses
the long axis of the f-sheet and traces a vector along a row of
adjacent Car carbon atoms, these atoms are positioned above
and below the plane of the sheet in an alternating fashion,
forming a ripple (Figure 1E). In contrast, the related carbonsina
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Figure 1. Parallel pleated sheet (A—C) and the parallel rippled sheet
(D—F) in different projections. All-L peptide strands are green, and all-
D peptides are blue; amino acid side chains are depicted as purple
spheres in C (pleated, on a vertical line) and F (rippled, on a “waved”
diagonal), leading to less steric repulsion. Similar steric requirements
are obtained for the antiparallel sheets. The sheet twist is not shown in
these idealized models, which were reconstructed using the Pauling-
Corey coordinates.’

pleated sheet are all positioned either on the top or bottom of
the sheet, depending on which row is viewed (Figure 1B). The
second feature involves the placement of the residue side chains
on either face of the sheet. In a rippled sheet, side-chain groups
adopt a “staggered”-like cross-strand conformation within the
sheet, orienting the side-chain groups in a zigzag configuration
that could also be thought of as giving the sheet its rippled
appearance (Figure 1F), contrasting the aligned arrangement of
side chains within a pleated sheet (Figure 1C). Thus, there are
two topographically distinct features that invoke the rippled
nomenclature, and each may contribute to the unique properties
of the rippled sheet, as discussed below.

The Pauling-Corey paper that introduced the rippled sheet in
1953 has been cited 291 times (Web of Science, 2020-08-11).
However, most of the citing papers appear not to be related to
rippled sheets. The term rippled is first noted in two back-to-
back papers published by Lotz and co-workers in 1974. In
studies combining electron diffraction and solid-state theory, the
authors concluded that polyglycine I adopts a rippled and not a
pleated antiparallel 3-sheet structure.”® This interpretation was
later corroborated by Moore and Krimm through a vibrational
analysis of polyglycine 1.” A qualitatively similar rippled f-sheet
was postulated in a later study that investigated peptide
networks formed upon mixing of poly(L)- and poly(p)-fS-
benzyl-aspartate.'® Similarly, precipitate formation, noted upon
the mixing of poly(r)- with poly(p)-lysine, was ascribed to the
formation of rippled sheets.'" The L- and D-peptides that were
used in the latter study were not of equal length, possibly due to
matters of sample availability. The structure was termed polar
pleated in the latter paper, which appears to be a misnomer, as
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the authors drew an antiparallel rippled sheet as the proposed
configuration, which would be more consistent with the
experimental outcomes that they discussed. Later, Lahav and
co-workers conducted insightful experiments to probe the
mechanism of amino acid biochirogenesis, that is, breaking of
mirror symmetry in the prebiotic world. Mass spectrometric
evidence was provided for the preferential formation of rippled
cross-f3 sheets in polymerization reactions of deuterium-tagged,
activated valine or leucine racemic mixtures.'” Similar
mechanisms appear to operate with phenylalanine.” Interest-
ingly, we also found valine, leucine, and phenylalanine are quite
prone toward rippled sheet formation (vide infra). Aside from
this handful of papers, very little work has been done on the
rippled sheet, especially in comparison to the a-helix and the
pleated f-sheet motifs.

2. RECENT ADVANCES

A systematic exploration of the rippled f-sheet as a novel
supramolecular design principle was predominantly performed
over the past decade by the three authors of this Account; our
key advances, developments, and insights are discussed below.

2.1. Rippled g-Sheet Validation with Model
Self-Assembling Peptides

In 20085, Goto et al. examined the influence of peptide chirality
on the assembly of a fragment of the 3,-microglobulin protein."*
They found that the L- and p-enantiomers of the 22-residue f3,-
microglobulin K3 peptide (S20—K41) formed mirror-image
twisted fibrils. Mixtures of the L- and D-K3 peptide also formed
fibrils, although the L- and D-peptide content in these fibrils was
not clear. They also observed that L-K3 fibril seeds only
promoted the assembly of L-K3 monomer peptides and not the
enantiomeric D-K3 monomers. Likewise, D-seeds only
promoted the assembly of D-monomers. The authors concluded
that a cross-reaction between the enantiomeric peptides was
disfavored due to the instability of the resulting mixed S-sheet,
thus refuting the prediction made by Pauling and Corey
regarding rippled f-sheets.

This precedent inspired the Nilsson group to study whether
mixtures of enantiomeric f-sheet peptides would self-sort to
form mirror-image L- and D- pleated f-sheets, consistent with
Goto’s work, or if they would instead coassemble into rippled j3-
sheets as predicted by Pauling and Corey (Figure 2). In order to

Figure 2. Schematic depiction of self-assembly of enantiomeric,
amphiphilic KFE8 peptides (blue is L-Ac-(FKFE),-NH,, green is D-
Ac-(FKFE),-NH,) into coassembled rippled f-sheet fibrils (top) or
self-sorted enantiomeric fibrils (bottom). Reproduced with permission
from ref 3. Copyright (2012) The American Chemical Society.
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address this question, Nilsson adopted the KFES peptide (Ac-
(FKFE),-NH,) originally designed by Lauffenburger and co-
workers.'® KFES is a member of a class of amphiphilic peptides
composed of alternating hydrophobic and hydrophilic amino
acids that can assemble to form f-sheet bilayer nanofibrils, in
which the hydrophobic side chains are sequestered in the
interior of the bilayer structure.'*~"® Nanofibrils of the L-KFE8
peptide initiallgr adopt a left-handed helical nanoribbon
morphology.'®"” The expectation was that the D-KFES peptide
would assemble into mirror-image right-handed nanoribbons
that should be easily differentiated from the left-handed fibrils of
L-KFE8 if mixtures of L- and D-KFE8 were to self-sort into
mirror-image pleated B-sheet nanoribbons formed by either
exclusively all-L or all-D peptide.

Accordingly, the self-assembly of L- and D-KFE8 and
mixtures of the enantiomeric peptides was examined.” As
expected, solutions of L-KFE8 formed left-handed helical
nanoribbons, and solutions of D-KFE8 formed right-handed
helical nanoribbons (Figure 3). Interestingly, equimolar
mixtures of L- and D-KFE8 did not produce mixtures of left-
and right-handed nanoribbons but, instead, formed nonhelical
tapelike nanofibrils. The unique morphology of fibrils,
particularly the loss of twist in fibrils formed from racemic
mixtures of L- and D-KFE8, was suggestive of a peptide
coassembly into rippled f-sheets.

Several spectroscopic tools were used to confirm that racemic
mixtures of KFE8 produced rippled S-sheets. First, fluorescence
resonance energy transfer (FRET) was used to confirm that the
fibrils contained both L- and D-KFES. L-KFE8 and D-KFES8
were, respectively, labeled with donor and quencher molecules;
the mixture of these peptides resulted in assemblies in which
donor fluorescence was completely abrogated, consistent with
coassembly of the peptides into mixed fibrils. Next, isotope-
edited infrared (IE-IR) spectroscopy was used to confirm that
the packing structure of the enantiomers within these mixed
fibrils followed Pauling’s predicted alternating L/D pattern for
rippled -sheets.” Selective carbonyl *C labeling of the L-KFE8
peptide indicated cross-strand coupling of the of the amide-1 IR
absorption peak in the self-assembled pleated S-sheet fibrils.
This coupling was lost when the labeled L-KFE8 peptide was
coassembled with unlabeled D-KFE8. This observation
provided clear evidence consistent with rippled pf-sheet
coassembly by L- and D-KFES.

The relative thermodynamics of rippled versus pleated S-
sheet assembly was examined using isothermal titration
calorimetry (ITC) to gain insight in the mechanistic basis for
rippled sheet formation by enantiomeric peptides (Figure 4).”
Cationic and anionic derivatives of KFE8 were prepared: L-KF8
and D-KF8 (L- and D-Ac-(FK),-NH,) and L-EF8 (L-Ac-(FE),-
NH,). These peptides fail to self-assemble due to charge
repulsion. However, equimolar mixtures of KF8 and EF8
coassemble due to charge complementarity. These properties
enabled the use of these peptides in ITC experiments in which L-
EF8 was mixed with either L-KF8 (to form pleated f3-sheets) or
D-KF8 (to form rippled -sheets). The formation of the rippled
f-sheets was thermodynamically preferred with an enthalpic
advantage of ~9 kcal mol™ relative to the pleated f-sheet
formation. The structural basis for this enthalpic advantage is
not yet understood, but it could be due to differences in the
cross-strand packing structure for rippled versus pleated f-
sheets.

The emergent properties of pleated (formed by enantiopure
L-KFE8) and rippled f-sheets (formed by an equimolar mixture

https://doi.org/10.1021/acs.accounts.1c00084
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Figure 3. (A) TEM image of left-handed helical nanoribbons of L-Ac-(FKFE),-NH, pleated f-sheets; (B) TEM image of right-handed helical
nanoribbons of L-Ac-(FKFE),-NH, pleated f3-sheets; (C) TEM image of nonhelical nanoribbons of coassembled L/D-Ac-(FKFE),-NH, rippled -
sheets. Reproduced with permission from ref 3. Copyright (2012) The American Chemical Society.

of L-KFES and D-KFES8) were also compared.20 Fibrils resulting
from the assembly of these peptides can form hydrogel
networks. Consistent with the findings of the Schneider group
with their MAX peptides (see Section 2.2), rippled f-sheet
nanofibrils of L- and D-KFE8 formed more rigid viscoelastic
hydrogel networks than the corresponding all-L or all-D pleated
P-sheet networks. Also, while the all-L pleated f-sheet fibrils of
KFE8 were completely degraded by trypsin, chymotrypsin, and
proteinase K within 5 d, L/D rippled S-sheets of KFE8 were
stable to degradation over the same time period. These findings
illustrate the unique properties of rippled f-sheets compared to
pleated f-sheets and are suggestive of novel applications for
rippled f-sheets as biomaterials.

The KFES8 peptide and the Schneider MAX peptides (see
Section 2.2) that have been shown to form rippled -sheets share
common sequence patterns of alternating hydrophobic/hydro-
philic amino acids. The amyloid f 16—22 fragment (AS(16—
22), Ac-KLVFFAE-NH,) was used to determine whether a
broader scope of peptide sequence patterns assemble into
rippled f3-sheets.”’ Equimolar mixtures of L- and D-AB(16—22)
aggregated at dramatically accelerated rates compared to
solutions of either enantiomer alone.”' In addition, the putative
rippled p-sheet L/D assemblies adopted a needlelike,
pseudocrystalline appearance, while the L- or D-pleated f-
sheets were twisted fibrils. IE-IR studies confirmed the L/D
alternating packing arrangement that characterizes rippled f-
sheets. Solid-state NMR (SSNMR) was used to determine
YF—13C distance correlations within these mixed fibrils that
further confirmed a rippled f-sheet architecture that agreed with
a predicted cross-strand packing model (Figure 5). As with
KFES$, arippled ff-sheet coassembly of L- and D-Af(16—22) was
found to be enthalpically favorable to pleated -sheet assembly
by ~2 kcal mol™ as determined by sedimentation analysis. A
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sedimentation analysis involves a quantification of monomer
concentration in a self-assembly mixture over time by the
separation of aggregates from monomeric peptide by ultra-
centrifugation. The monomer concentration at equilibrium can
be used to extrapolate equilibrium constants and comparative
free energies of self-assembly reactions. These findings suggest
that the coassembly of enantiomeric f-sheet peptides into L/D
patterned rippled f-sheets may be general, regardless of
sequence pattern.

2.2. Rippled Sheets from Self-Assembled g-Hairpins

Schneider et al. happened upon the rippled f-sheet while
designing hydrogels formed from self-assembling f-hairpin
peptides. These peptides are designed to undergo triggered self-
assembly into f-sheet-rich fibrils that become Ehysically cross-
linked, forming moderately stiff hydrogels.””” " If therapeutic
small molecules,*® proteins,” >’ nucleic acids, liposomes,”" or
even cells*** are present during self-assembly, they get directly
encapsulated into the gel network. The gels can be syringe-
injected to tissue, where they locally deliver their payload.>”*°
The sequence of one particular peptide, called MAX1, is shown
in Figure 6A.

Molecular chirality is a useful design tool in fabricating
hydrogel materials.”’ >’ For example, the proteolytic suscept-
ibility of the MAXI1 gel can be regulated by doping increasing
amounts of the enantiomeric peptide, DMAXI, into the gel
formulation. As increasing amounts of DMAX1 are added, both
the degree and the rate of degradation are attenuated, Figure 6B.
While studying the rheological properties of these gels an
unexpected and puzzling observation was made. Figure 6C
shows that gels prepared from enantiomeric mixtures are
characterized by nonadditive, synergistic enhancements in their
mechanical rigidities compared to hydrogels prepared from
either pure MAX1 or DMAX1 peptides alone.” The racemic gel
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Figure 4. Representative raw (A) and fit (B) ITC data for the injection
of L-KF8 into L-EF8, and representative raw (C) and fit (D) ITC data
for the injection of D-KF8 into L-EF8. Reproduced with permission
from ref 3. Copyright (2012) The American Chemical Society.

displays the greatest enhancement in storage modulus (G, a
measure of mechanical stiffness). Keeping in mind that each 1 wt
% gel contains the same number of peptides capable of assembly,
the racemic gel’s fourfold enhancement in rigidity is amazing
and possibly represented a new paradigm in materials design if
one could understand its origin. This observation sparked a five-
year quest to uncover the molecular, local, and network-level
basis for the enhanced gel stiffness that ended at the doorstep of
Pauling and Corey’s prediction of the rippled f-sheet.’

Pure MAXI1 gels are prepared by initially dissolving the
peptide in water, where it remains monomeric and unstructured,
until its assembly is triggered by adjusting the solution pH, ionic
strength, and/or temperature. Solid-state NMR shows that
MAXI1 assembles with high fidelity into monomorphic fibrils,
where it is folded into a well-defined fB-hairpin conformation
(Figure 7A).* Fibrils are composed of a bilayer of hairpins that
hydrogen bond along the fibril’s long axis. The bilayer is formed
by the association of the hairpins’ valine-rich faces, which shields
these hydrophobic side chains from water (Figure 7B)."
Hairpins adopt a syn-arrangement within each monolayer having
their B-turns on one side of the fibril but adopt an anti-
arrangement relative to hairpins across the bilayer. With respect
to the racemic mixture, transmission electron microscopy
(TEM) and fluorescence experiments showed that enantiomers
coassembled into mixed fibrils as opposed to self-sorting to form
enantiomeric pure fibrils (Figure 8).** Thus, it was hypothesized
that interactions made between enantiomers in the fibrillar state
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might be the basis for the observed enhancement of the racemic
gel’s rigidity.

Polymer theory predicts that the mechanical rigidity (G/,
storage modulus) of a semiflexible network depends on two
adjustable parameters, namely, the fibril bending modulus (x)
and the mesh size (¢) of the fibril network according to the
equation G' = K*/kTE, where k and T are the Boltzmann
constant and temperature.”’~** So, changes in either the mesh
size and/or the fibril bending modulus are responsible for the
enhancement in gel rigidity. The mesh size is directly related to
the number of cross-links in the fibrillar network. More cross-
links lead to a smaller mesh size and, correspondingly, a stiffer
gel. The bending modulus (k) describes the mechanical stiffness
of individual fibers in the gel network. Stiffer fibrils lead to more
rigid gels. Small-angle neutron scattering (SANS) ruled out that
changes in mesh size were at play, whereas diffusing wave
spectroscopy (DWS) conclusively showed that fibrils formed
from the coassembly of MAX1 and DMAX1 enantiomers were
more stiff than fibrils formed from either pure peptide.ﬁ'2 Thus,
the racemic hydrogel is more rigid than the gel made from either
of the pure enantiomers, because the individual racemic fibrils
are stiffer.

Molecular interactions between MAX1 and DMAX1 are most
likely responsible for the enhanced stiffness of the racemic fibrils.
Solid-state NMR, isotope-edited Fourier transform infrared
(FTIR) spectroscopies, and computation led to the molecular
model depicted in Figure 8 (at right). Here, the MAXI and
DMAXI1 enantiomers coassemble in alternating fashion along
the long axis of the fiber (only eight hairpins are shown). Unlike
pure MAXI1 fibrils, the enantiomers are arranged with an
antiorientation within each monolayer. Similar to MAX1 fibrils,
the hairpins adopt an antiarrangement across the bilayer. The
alternating arrangement of enantiomers along each monolayer
forms a rippled f-sheet using f-hairpins as opposed to single -
strands. Figure 9A shows two B-hairpins excised from a racemic
fibril monolayer. Their antiarrangement allows the formation of
an intermolecular, stereochemically mixed two-stranded parallel
sheet (one D-strand and one L-strand highlighted in yellow)
with bent intermolecular H-bonds. Rotating this model by 90°
allows one to see the rippled arrangement of Ca atoms. For
comparison, Figure 9B shows the Pauling-Corey model of a
parallel rippled sheet, where two f-strands form a series of bent
intermolecular H-bonds with the same rippled arrangement of
Ca carbons. The models in Figure 9C suggest that the molecular
origins leading to an enhanced stiffness for the rippled fibril
involves the energetically favorable packing of valine side chains
within the fibril’s core. The rippled sheet allows their staggered
arrangement, where the entire isopropyl group of one valine
nestles between the isopropyl groups of its valine neighbors
across the sheet. This allows tight packing that maximizes side-
chain/side-chain van der Waals interactions, stabilizing the
fiber’s hydrophobic core. Nested hydrophobic interactions such
as these are observed in the structures of naturally occurring -
sheet proteins, where they stabilize the folded state.” In
contrast, the valine side chains within the enantiomeric pure
MAXI fibrils interact in a head-to-head fashion, which does not
pack the interior of the fibril as efficiently as the nested
arrangement. Thus, the well-packed interior of the racemic
fibrils, with their nested valine side chains, results in their local
stiffening, which in turn, is responsible for the increased
mechanical rigidity observed for the racemic gel.
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Figure 7. (A) Image of MAX1 hydrogel and a schematic of its underlying fibril network. Solid-state NMR-based structure of the hairpins in their self-
assembled state; (B) an axial view looking down the long axis of a fibril showing the packing of the valine side chains (CPK rendering) in the interior of

the fibril’s bilayer.
Self / u
Assembly OR
DMAX1 MAX1 Self Sorted Co-Assembled \ ,l

Figure 8. A segment of the coassembled rippled f-sheet formed from an equimolar mixture of MAX1 and DMAXI. The structural model was derived

from solid-state NMR, isotope-edited FTIR, and computation.

2.3. Rippled Sheets in Amyloid # Chiral Inactivation

Amyloid f chiral inactivation (Af-CI) was developed by the
Raskatov lab as a molecular method to stimulate Af oligomer-
to-fibril conversion to suppress peptide neurotoxicity, using
mirror-image A as the molecular chaperone."”*”** The
approach was inspired by two seemingly unrelated insights:

1 From Crystals to Amyloids: The Stereochemical
Foundation of AS-CL

Racemates have a higher crystallization propensity than
enantiomers. This seems counterintuitive at first: why
should compounds crystallize better from equimolar
enantiomer mixtures? The answer comes from space-
group statistics. From the total of 230 space groups, only
65 can be populated through pure enantiomers, as the
other 165 contain inversion elements and need both
mirror-image molecules to generate the lattice.”” Because
of that, racemates are some 10-fold more likely to
crystallize than pure enantiomers.”” This phenomenon
proved beneficial for Raskatov et al. in their structure—
function studies of asymmetric catalysts. Frequently,
racemates would form crystals, under conditions where

pure enantiomers formed oils.”*""

2 The Af Aggregation-Toxicity Relationship.

is an important actor of Alzheimer’s disease
(AD).”> This peptide may adopt different conforma-
tional and aggregated states, often with vastly different
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properties.”* > In 2010, A oligomer-to-fibril conversion
o e 60 .

was shown to suppress Aff neurotoxicity, ~ suggesting that

Ap fibrils may act as a protective reservoir that scavenges

the more toxic Af forms.

Ap oligomers are dynamic and largely unordered, which may be
considered an oil-like behavior, whereas Af fibrils have a long-
range periodicity in the z-dimension and can, therefore, be
thought of as crystal-like (Figure 10). On the basis of arguments
presented under #1 (aforementioned), Raskatov hypothesized
mirror-image (“D-”; “all-D”) Af should promote Af oligomer-
to-fibril conversion. On the basis of arguments presented under
#2, it was further hypothesized this conversion should suppress
Ap toxicity."” The approach was buttressed through studies by
Nilsson and Schneider (see Sections 2.1 and 2.2), published
around that time.””

Aggregating peptides are challenging to study. A wide array of
techniques is required to understand the molecular processes.
The first study by the Raskatov lab focused predominantly on
Ap42, which is more aggregation-prone and more toxic than the
more prevalent, two amino acid shorter, AP40.°° L- and D-AB42
were synthesized, and their fibril formation kinetics were
measured using the Thioflavin T (ThT) fibril formation assay.
As expected, L- and D-Af42 displayed lag phases of comparable
duration, as well as very similar fibrillization ¢/, and final
fluorescence values." A mixing of the enantiomers led to the
disappearance of the lag phase (Figure 11, left). The fibrillization

https://doi.org/10.1021/acs.accounts.1c00084
Acc. Chem. Res. 2021, 54, 2488—2501


https://pubs.acs.org/doi/10.1021/acs.accounts.1c00084?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.1c00084?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.1c00084?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.1c00084?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.1c00084?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.1c00084?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.1c00084?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.1c00084?fig=fig8&ref=pdf
pubs.acs.org/accounts?ref=pdf
https://doi.org/10.1021/acs.accounts.1c00084?rel=cite-as&ref=PDF&jav=VoR

Accounts of Chemical Research

pubs.acs.org/accounts

DMAX1
Cc

MAX1

Rippled

Pleated

Figure 9. (A) DMAX1:MAX1 dimer excised from a racemic fibril monolayer. (B) The original Pauling-Corey model of the rippled parallel S-sheet.
Both are shown in two orthogonal projections, and Cax carbons are indicated with arrows. (C) Comparison of valine side-chain packing within the

hydrophobic cores of the rippled vs pleated -sheet fibrils.

AB42 pentamer | simulation

AB42 fibril | cryoEM

Figure 10. (left) An Af42 pentamer from an MD simulation.®’ (right) An Af42 cryoEM fibril structure.” Structures rendered from coordinates that
are either published (cryoEM fibril) or were generously provided by Dr. Urbanc (pentamer simulation).

t;/, and final fluorescence values were also lower, indicating
fibrils formed were structurally distinct. Similar trends were later
observed with the Af40 system (Figure 11, right).*® Fibrils from
racemic Af40 and AB42 had unique morphologies. Enantiopure
Af40 was approximately twofold wider than the racemic, and it
was twisted, whereas the racemic was flat.”> With Af42 the
racemic fibrils tended to be longer, less clumped, and more
threadlike than enantiopure. This is consistent with the study of
the KLVFFAE model peptide by Nilsson and co-workers.”'

In subsequent gel electrophoretic experiments that measure
ApA2 aggregation intermediates Af42 enantiomer mixing led to
the elimination of soluble Af oligomers (Figure 12A). This
protected neuronal model cells from AB42 toxicity, presumably
by removing the most toxic A3 species from solution.' "H NMR
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was used as an orthogonal technique to monitor changes in
solubility upon AB40 enantiomer mixing.”® L-AB40 could be
monitored without changes in the 'H NMR signal strength
(Figure 12B), which was used as a proxy for concentration of
soluble Af. The addition of 1 equiv of D-Af40 triggered the
precipitation of soluble Af, leading to a loss of more than 60%
soluble Af signal in ~40 min (Figure 12C). Similarly to the
Nilsson and the Schneider systems, AB-Cl is believed to operate
via a rippled f-sheets formation.

The LVFF central hydrophobic segment of Af is known to be
of high importance for Af fibrillization.** As discussed in
Section 2.1, Nilsson and co-workers found that mixing of the
KLVFFAE peptide with the mirror-image klvffae peptide
lowered the system solubility, consistent with trends by
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Figure 11. (left panels) ThT fibril formation kinetic curves for A$42; fibrils imaged at end point by TEM; scale bars: 200 nm. (top) L-Af42, (middle)
D-Af42, (bottom) racemic Af342. (right panels) ThT fibril formation kinetic curves for Af340; fibrils imaged at end point by TEM; scale bars: 100 nm.
(top) L-Ap40, (middle) D-AB40, (bottom) racemic AB40. Reproduced with permission from ref 1. Copyright (2017) Wiley-VCH.

Figure 12. (A) Photo-cross-linked L-, D-, and racemic Af42 separated by gel electrophoresis. (B) Monitoring of L-A$40 by 'H NMR shows no
changes in concentration over ca. 40 min (bottom to top). (C) Mixing of L- and D-Af40 in a 1:1 ratio triggers precipitation, with ~60% 'H NMR signal
loss over the same 40 min (bottom to top). Reproduced with permission from ref 1, copyright (2017) Wiley-VCH, and from ref 63, copyright (2019)

Wiley-VCH.

Raskatov et al.”" Intriguingly, the short A-derived mirror-image
tetrapeptide, Ivff, inhibits Af aggregation by binding to the
central hydrophobic cluster of A.° This shows that more than
just the central hydrophobic region is needed for Ap-CI to
operate.

To gain deeper, molecular level insights, density functional
theory (DFT) quantum-chemical calculations were per-
formed.®>**®” With the Pauling-Corey coordinates as a starting
point, diverse LVFFA:lvfta rippled dimers were generated. One
of those structures was found to be more stable than
LVFFA:LVFFA homochiral dimers from three published Af
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fibril structures.”® Since then, Raskatov found a rippled
antiparallel cross-# LVFFA:Iv{ta dimer that is even more stable
(Figure 13). Energetics may be different for more extended
sheets.”” DFT calculations conducted thus far only model the
isolated LVFFA fragment, not taking into account that there are
other segments within Af that may also form rippled interfaces,
which may bias the system toward the parallel rippled sheet or
other structures. Future experimental work may provide more
conclusive structural information on AS-CI fibrils. Also, more
work is needed to better understand the thermodynamic and
kinetic effects that govern the formation of rippled sheets in
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general, as the mechanism of AS-CI may be transferrable to
other intrinsically disordered peptides, such as amylin, as well as
other chemically similar systems.>®

3. KINETICS, THERMODYNAMICS, AND UNRESOLVED
CHALLENGES

The work from our groups transposes the rippled f-sheet from a
theoretical concept to an experimentally established supra-
molecular motif. However, much work is still needed. For
example, decades of studies have defined the structure,
thermodynamics, and kinetics of pleated p-sheet folding.
These data, which are essential to our understanding of peptide
and protein folding, misfolding, and aggregation behavior, have
yet to be collected for rippled sheets.

Data hinting that rippled sheets behave differently are just
now becoming available. Our laboratories, working with
different peptide sequences, have observed that fibrils prepared
from racemic mixtures form faster than the corresponding
enantiopure systems. For example, Figure 14A shows the
fibrillization kinetics for the Af42 peptide performed by the
Raskatov lab. Enantiomerically pure solutions of L- or D-Af42
display a characteristic lag phase and similar elongation phases.
In sharp contrast, the racemic mixture shows no observable lag
phase and an extremely fast rate of assembly leading to fiber
formation. Using enantiomers of Af(16—22), Nilsson’s lab
showed that rippled sheet assembly reaches equilibrium within 2
h, while it takes the pleated sheet longer than 3 d to come to
equilibrium (Figure 14B).”" Solutions become turbid as fibrils
are formed for this system. The inset qualitatively shows that the
racemic mixture is turning turbid at 30 min, whereas pure L-
AB(16—22) remains nearly clear. Figure 14C shows a time-
sweep rheology experiment from Schneider’s lab measuring the
evolution of gel rigidity by assembling MAX1 and DMAX
peptides. In addition to the racemic gel comprised of rippled
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fibrils being mechanically stiffer than the enantiomerically pure
gels, its initial rate of formation is faster.

Taken together, the data from Figure 14A—C suggest that the
activation energy that leads to rippled S-sheet fibrils is lower
than that leading to pleated sheets. This is schematized in a
proposed energy diagram in Figure 14D. Our understanding of
the mechanism(s) leading to the formation of rippled sheet
fibrils is sparse but might have similar features to amyloid fibril
formation for which much work has been done.”® For example,
the formation of rippled fibrils is likely under kinetic control.
The energy landscapes may be rugged and characterized by
thermodynamically disfavored nucleation events en route to the
transition state followed by a rapid energetically favorable
elongation phase.”’ The energy associated with traversing
AGzF p likely encumbers the stripping of water from polar
hydrogen-bond donors and acceptors, as new H-bonds are
formed during assembly, and the fixing of dihedral angles
associated with conformational rearrangements to form a critical
nucleus capable of fibril formation.”” Primary nucleation, during
the lag phase, may involve the formation of multimeric
assemblies (oligomers) that could be on-pathway intermediates
or off-pathway reversible or irreversible sinks.”* Nucleation can
also be secondary in nature, where new fibril growth is catalyzed
at the surface of already-formed fibrils.”* All of this is further
complicated by the possible formation of enantiomerically pure
and/or mixed intermediates and nuclei. Once a competent
nucleus is formed, elongation should be energetically downbhill,
most likely characterized by monomer addition,”” or even
preformed segments to the growing fibril with the complicating
factors of strand registry, direction (parallel vs antiparallel), and
mirror-image pairing.”® In addition, conformational selection
has recently been proposed to accelerate fibril formation upon
enantiomer mixing;*® future research may reveal other under-
lying reasons for this fascinating effect.
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The energy diagram in Figure 14D also predicts that the
ability of a racemic mixture to selectively coassemble into
rippled sheets (as opposed to self-sort into pleated sheets)
should be dependent on the relative activation energies and the
total energy available to the system. Figure 14E,F shows an
experiment where a racemic mixture of MAX1 and DMAX1 is
allowed to assemble into a fibrillar hydrogel under various
conditions that modulate either the total energy of the system or
the activation energies to effect changes in assembly pathway.
Experimentally, this is done by modulating the temperatures
and/or the protonation state of the peptide via changes in
solution pH. When the energy of the system (E) is greater than
the activation energy required to produce rippled fibrils

(AG] /p) but less than the activation energy needed to form

enantiomerically pure pleated sheets (AGE orAGg); a large
enhancement in the gel’s storage modulus (G’) is observed
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(Figure 14F, blue). Again, this is because stiff fibrils containing
only rippled sheets are formed. If the assembly is performed
under conditions where the value of E becomes increasingly
greater (black and orange data), the overall rate of gelation
becomes faster (Figure 14E), but the enhancement in gel rigidity
is increasingly diminished. This is presumably because a
population of peptides, which increases as E increases, can
now self-sort into enantiomerically pure fibrils, which are less
stiff.

With respect to thermodynamic stability, Nilsson showed by
ITC and sedimentation analysis that the formation of rippled
sheets is thermodynamically favored over the pleated alternative
(Figure 4 and Figure 14B, respectively).””' Furthermore,
Raskatov performed DFT calculations, showing that rippled f-
sheets formed by peptides with bulky hydrophobic side chains
are favored thermodynamically (Figure 13).°” The side-chain
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packing between sheets is also a consideration when packing
sheet interfaces and might prove to be important in designing
chiral inhibitors of amyloid formation.”” However, just like with
the kinetic aspects of rippled f-sheet assembly, more work is
needed to better understand the thermodynamic parameters
associated with those systems.

Lastly, there has been little work done investigating fibril
morphology for rippled systems. Polymorphism is indicated by
differing appearances of fibrils that arise from the same
monomeric constituents.”® Differences in peptide conformation
and packing arrangement within the different fibril types account
for polymorphic fibrillar structures.”” Under appropriate
solution conditions, a racemic mixture of peptide should be
able to form fibrils containing pleated [-sheets composed
exclusively of either all-L or all-D peptides as well as rippled j-
sheets composed of alternating L- and D-peptides; each fibril
type could have a unique structural morphology, leading to
overall polymorphism in the system.

Further, one might envision that “hybrid” fibrils could form
where a single fibril might contain segments of rippled and
pleated sheets along its fibril length leading to different
morphological appearances within a single fiber. Given the
complexity of possible assembly outcomes, it is surprising that
our laboratories independently observed only the formation of
monomorphic rippled fibrils. Although this monomorphic
behavior is currently only based on TEM and detailed structural
elucidation is needed, it is a provocative thought experiment as
to why this might be the case.

The rippled f-sheet is a fascinating structural motif whose
characterization lags significantly behind all other folds,
although its existence was predicted almost 70 years ago. This
unique structure represents an outstanding opportunity for
future studies as structural, kinetic, and thermodynamic
explorations are just beginning and are currently found
predominantly in the context of supramolecular fibrillization.
We invite our colleagues in structural biology, protein design/
engineering, materials, and other fields to discover the rippled -
sheet and help define and utilize this exciting motif.
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