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ABSTRACT: The ensemble of native, folded state was once
considered to represent the global energy minimum of a given
protein sequence. More recently, the discovery of the cross-$
amyloid state revealed that deeper energy minima exist, often
associated with pathogenic, fibrillar deposits, when the
concentration of proteins reaches a critical value. Fortunately,
a sizable energy barrier impedes the conversion from native to
pathogenic states. However, little is known about the structure
of the related transition state. In addition, there are indications
of polymorphism in the amyloidogenic process. Here, we
report the first evidence of the conversion of metastable cross-
a-helical crystals to thermodynamically stable cross-f-sheet-
like fibrils by a de novo designed heptapeptide. Furthermore,
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Stable cross-f sheet
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Peptide monomer

for the first time, we demonstrate at atomic resolution that the flip of a peptide plane from a type I to a type II' turn facilitates
transformation to cross-f structure and assembly of a dry steric zipper. This study establishes the potential of a peptide turn, a
common protein secondary structure, to serve as a principal gatekeeper between a native metastable folded state and the

amyloid state.

B INTRODUCTION

The aggregation of many intrinsically disordered as well as
globular proteins into insoluble fibrillar deposits with cross-j
architecture is the hallmark of various debilitating pathologies,
including Alzheimer’s, Parkinson’s, and Huntington’s dis-
eases.  Critical evidence suggests that several of the natively
unfolded sequences, en route to aggregation, populate an
intermediate oligomeric state rich in helix—helix associations,
whereas the intermediate state of globular proteins proceeds
via assembly of partially unfolded native-like structures and
many of them have helical conformation.”™® In a pioneering
work, Dobson and co-workers demonstrated that myoglobin, a
predominantly a-helical globular protein, not related to any
known disease conditions, converts to amyloid-like fibrillar
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aggregates with cross-f structure at high pH and elevated
temperature.” Subsequently, it has been indicated that above a
critical concentration the natively folded soluble proteins may
be metastable in nature and the corresponding Gibbs free
energy may represent a local minimum in the energy profile,
whereas amyloid fibrils are lower in energy (and thus more
favorable) and may actually represent a global minimum.'”"" A
recent report further suggested that the amyloid state can
populate different energy levels with novel structural features
and revealed the polymorphism within amyloid species.'”
Proteins can also assemble into crystal lattices composed of
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native metastable conformations.'>'* Thus, an in situ
characterization of the conformational conversion between
the native crystalline and cross-f ensembles is expected to
provide important atomic-level insights into the structural
factors affecting the relative stability of the metastable and
amyloid states and the nature of the transition state.'”~"’
However, the inability of intrinsically disordered pathologically
relevant sequences to form metastable crystalline assemblies
has so far hindered such deliberation. Moreover, the different
conditions required for in vitro fibril formation and
crystallization of natively folded proteins,””” in contrast to
the constant physiological conditions under which amyloido-
genesis progresses in vivo,"'* also comprise a major obstacle.
Significant advancements toward understanding the struc-
tural basis for amyloid formation came from the utilization of
minimal amyloidogenic fragments.'”™>' Most notably, the first
atomic resolution structure of amyloid cross-# spines was
deciphered by microcrystal X-ray diffraction of the
GNNQQNY heptapeptide, a truncated sequence of the
prion-determining domain of the yeast protein Sup35.*”
Recently, Mezzenga and co-workers studied several homolo-
gous hexapeptides demonstrating that amyloid crystals, rather
than amyloid fibrils, represent the true thermodynamic
minima.”’ Yet, a peptide aggregation system delineating the
atomic details of both the metastable state and amyloid fibers,
formed under physiologically relevant conditions and separated
only by the time scale of aggregation, is still unavailable. Here,
using a de novo designed heptapeptide sequence, we report the
first real-time observation and atomic resolution evidence of
the conversion of a metastable cross-a-helical crystal into
cross-f-like crystalline fibers. Furthermore, these experiments
allowed us to examine the role of the peptide turn, a common
structural feature in a protein loop, in determining the
transition of a native peptide into an amyloid structure.

B RESULTS AND DISCUSSION

Recently, we have demonstrated the ability of a short seven-
residue sequence, SHR-FF, to self-assemble into crystalline
supramolecular fibrillar structures (Figure 1a).”* To gain
further insight into the atomistic features of the SHR-FF
fibrillar assembly, we performed X-ray powder diffraction
(PXRD) analysis of the lyophilized fiber assemblies (Figure
1b). Furthermore, to eliminate the possibility of structural
reorganization during drying, the wide-angle X-ray scattering
(WAXS) spectra of the self-assembled nanofibers were also
recorded in their original mother liquor without lyophilization.
The PXRD and WAXS analyses revealed the same diffraction
profiles, both distinctly different from the predicted PXRD
pattern of the reported X-ray crystal structure (Figure 1b).**
The SHR-FF crystal was regrown under conditions native to
fibril assemblies as shown in Figure 1lc.

Single-crystal X-ray structural analysis revealed that the
peptide adopted an amphiphilic helical conformation, with
adjacent helical molecules interacting through z-stacking and
hydrophobic interactions, as reported earlier.”* These colum-
nar helical dimeric associations propagated along the c-axis and
were positioned perpendicular to the length of the crystal
(along the a-axis), revealing distinct cross-a architecture, as
determined by face indexing of the single crystal (Figure lc
and Figure S1). This architecture is similar to a recently
reported cross-a structure, though comprised of much shorter
peptides.”>*® The Fourier-transform infrared spectroscopy
(FTIR) signal of the dried crystals at 1658 cm™ also
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Figure 1. Supramolecular helical organization of SHR-FF. (a)
Chemical structure of the SHR-FF heptapeptide. (b) Experimental
WAXS (1) and PXRD (2) profiles of SHR-FF and a predicted PXRD
pattern (3) generated from the crystal structure shown in (c). Major
differences in peaks are highlighted with shaded bars. (c) Single-
crystal X-ray analysis of cross-a architecture of SHR-FF viewed
parallel (top) and perpendicular (bottom, represented as solvent-
accessible surface) to the length of the crystal. Blue and red denote
positively and negatively charged surfaces, respectively, and gray
denotes a hydrophobic surface.

supported the helical conformation (Figure S1). Since a
cross-a structure cannot account for the observed X-ray
scattering profile, it was concluded that SHR-FF could adopt
two distinct higher order self-assembled states. Additional
WAXS analysis established that the formation of a noncross-a
fibrillar state does not depend on the cosolvent or buffer
compositions (Figure S2).

To distinguish the boundaries between the two phases of
SHR-FF and ascertain their morphological differences, freshly
prepared SHR-FF solutions (5 mg mL™") were assembled at
different temperatures. Consistent with our diffraction studies,
two distinct types of self-assembled structures were evident by
optical and transmission electron microscopy (Figures 2a,b
and S3). At a low temperature (4 °C), SHR-FF assembly was
dominated by elongated flat tape-like microstructures, whereas
at a relatively elevated temperature (30 °C), it formed
nanofibers. We used microcrystal diffraction techniques to
determine the atomic structure of the fibrillar assembly (Figure
2¢c). Unlike the cross-a structure, the dihedral angles of the
peptide backbones, except for the a-aminoisobutyric acid
residues, reside in the allowed f-sheet region (Table S1). SHR-
FF adopted a looplike conformation highly resembling the
loop region of the atomic model of amyloid-f (1—42) fibrils
derived from NMR®’ as well as cryo-electron microscopy
studies”® (Figures 2c and $4). In contrast to cross-a assembly,
the SHR-FF strand formed a single intramolecular amide
hydrogen bond between serine and phenylalanine located near
the N-terminus, thus constituting a type II' S-turn. The
adjacent SHR-FF strands were parallel and exactly in register,
as seen in the Af fibrils®® and in the atomic structure of the
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Figure 2. Separation and characterization of different crystalline
phases. SHR-FF self-assembled structures at (a) 4 °C (scale bar, S0
um) and (b) 30 °C (scale bar, 200 nm). (c) Asymmetric unit
observed in the single-crystal X-ray analysis of the stable phase of
SHR-FF. The H-bondings are shown as yellow dotted lines. (d) View
of the packing of SHR-FF at a parallel (left) and perpendicular (right)
orientation relative to the long axis of the fibril. (e) The crystal lattice
exhibits distinct dry (red area) and wet interfaces (blue area). Water
molecules are marked as red plus signs. (f) Comparison of the WAXS
profiles of the cross-a (1, experimental; 2, predicted) and cross-f# (3,
experimental; 4, predicted) structures with the predicted PXRD data
obtained from the corresponding single-crystal X-ray analysis,
respectively.

amyloid cross-f spine”* (Figure 2d). The f-sheet-like layered
structure is stabilized by intermolecular amide H-bonding and
parallel-displaced stacking interactions involving phenylalanine
side chains, which play an important role in A aggregation.”
The individual sheet organized parallel to the fibril axis, thus
revealing a cross-f-like architecture (Figures 2d and S1). The
crystal lattice also exhibited distinct dry and wet interfaces as
observed in the crystals of amyloid-derived protein segments
(Figure 2e, red and blue areas, respectively).”” The dry
interfaces were stabilized by phenylalanine zipper and
hydrophobic interactions (Figure S5). Such a complementary
dry steric zipper is considered to be a fundamental structural
unit that provides exceptional stability to amyloid fibrils."” The
WAXS profiles of flat tape structures and the nanofiber
morphology showed an excellent correlation with the predicted
PXRD pattern of cross-a and cross-ff crystals, respectively,
confirming the existence of two different SHR-FF ensembles
corresponding to the two basic secondary structure modules
(Figure 2f). The atomic level structural similarity of cross-f-
like SHR-FF fibers to amyloid aggregates prompted us to study
the functional attributes of SHR-FF fibrillar aggregates. As
expected, these fibrils were highly stable, bound to the amyloid
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specific dye thioflavin T, and displayed nucleated polymer-
ization-like growth kinetics, a hallmark of amyloid fibrils
(Figure S6).

The finding that SHR-FF can alternatively exist as cross-a or
cross-f-like ensembles separated only by a thermal energy
barrier could serve as a paradigm for delineation of assembly
kinetics of two basic secondary structure modules. To
understand the relationship between the two ensembles states,
we prepared cross-a crystals at 4 °C and measured their WAXS
spectra at different temperatures over time. As shown in Figure
3a, the cross-a phases showed substantial stability at 37 °C, but
rapidly converted to cross-f-like structures and remained
stable when heated to 50 °C. The complete conversion of
cross-a crystal to cross-f fibrils confirmed that the former
represents a metastable state, a generic feature of native
polypeptide and protein assemblies. Further evidence for the
metastable nature of a cross-a phase was obtained by
measuring the equilibrium concentration of peptide monomers
in solution, showing the cross-B-fibrils to be more stable than
the native cross-a structures by 3.3 kJ mol™’, as illustrated in
the energy profile diagram (Figures 3b and S7).

In order to gain more insight into the relative stabilities of
alpha helical and non-alpha helical peptide structures in free
and crystalline forms, we modeled these systems by atomistic
molecular dynamics (MD) simulations. First, we simulated 10
separated peptides solvated in a physiological solution at
temperatures of 37, 50, and 70 °C. Every 10 ps, we calculated
RMSDs of all peptides best aligned with respect to the alpha
helical and non-alpha helical forms, taken from their crystalline
structures, and obtained a 2D histogram of their relative
populations. Figure 3¢ shows the distribution of RMSDs for
freely solvated peptides at 37 °C; distributions for higher
temperatures are shown in Figure S8. Each distribution has
two main populations of peptide conformations for the helical
(major) and non-helical (minor) conformations. As seen in
Table S2 and Figures 3c and S8, as temperature increases, the
population of helical conformation decreases and the non-
helical increases. There is a dramatic change of 10% from 37 to
50 °C, but only a slight change of 1% from 50 to 70 °C; 90—
95% of all peptides are always within these two regions. The
obtained results reveal that freely solvated peptides are
significantly more likely to assume conformations resembling
the helical (crystal) form than the non-helical form. At higher
temperatures there is a stronger presence of peptides in non-
alpha helical form because it is entropically favored.

Finally, we simulated Cross-a and Cross-f§ crystallites with
12 X 12 X 12 peptides (Note S1). On each facet, we allowed
the central 10 X 10 peptides to freely diffuse, while the
remaining peptides in the crystal were frozen. We calculated
RMSDs of each free peptide (best match) with respect to its
initial conformation. Figure 3d shows the evolution of RMSDs
averaged over the 100 respective peptides. Among the six
observed RMSD dependencies, peptides on two non-helical
and (partly) one helical facets largely preserve their initial
conformations, revealing that in the crystalline form the Cross-
B structure might be more stable than the Cross-a structure.

Next, we analyzed the structural reorganization in real time
by heating the SHR-FF helical ensembles, replicating the
WAXS kinetic experimental conditions. At 37 °C, all the
crystals grew in size via addition of monomers to the crystal
surfaces and maintained stability more than 12 h (Figure 3e
and Video S1). Upon increasing the temperature to 50 °C, the
crystals underwent dissolution by dissipating the monomers
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Figure 3. Kinetic studies of cross-a to cross-f-like structural conversion. (a) Real-time WAXS analysis of the conversion from the cross-a to cross-f
fibrillar state. The cross-a crystals persisted at 37 °C (black curves) and showed a sharp transition (colored curves) into the stable cross-f structure
(gray curves) upon increasing the temperature to 50 °C. Major differences in peaks are highlighted with a shaded bar. The data sets are vertically
offset. Inset: Kinetic profile of fibrils assembly generated by plotting the peak intensity at 0.475 A™" versus time. The temperatures corresponding to
different measurements are shaded with two different colors. (b) Schematic representation of the free energy profile of the metastable cross-a
crystals and thermodynamically stable cross-$ like fibrils. (c) A 2-D histogram of RMSD:s for 10 solvated peptides (90 ns) evaluated with respect to
their helical and f-strand-like conformations. The analysis was performed for 90 000 snapshots of individual peptides. Density = (counts/90 000).
(d) RMSDs of 100 peptides averaged for each crystal facet of two crystalline structures (1—3 represent cross-f3 facets and 4—6 represent cross-helix
facets, respectively). (e) Progressive images of the fibril formation (white circle) from the dissolution of metastable cross-a crystals on increasing
the temperature from 37 to SO °C (scale bar, 100 ym).

into the solution, whereas a subsection of the metastable particular structural rearrangement that accompanies this
structures transitioned into fibers in a spatially correlated transformation has not been identified. High-resolution X-ray
region, as marked by a white circle in Figure 3e (Video S2). crystal structures of both the metastable helical assembly and
This observation indicated that the nucleation of the cross-f thermodynamically stable cross-f fibrils allowed us to decipher
oligomers occurred in the region with the highest peptide the structural features involved in amyloid aggregation in
concentration and subsequently elongated, in accordance with atomic detail. Analysis of the structures revealed that the N-
a nucleated polymerization-like model. The kinetic profile terminal regions of both helical and cross-# assemblies have
delineated by real-time optical microscopy analysis correlated similar backbone and side chain conformations, stabilized by a
precisely with the WAXS kinetics (Figure 3a). The sharp conserved i to i + 3 H-bond (Figure 4a). The conformation is
transition in WAXS spectra during the heating process also classified as a type I turn in the helical assembly and a type II'
supported the nucleated polymerization-like growth (inset, turn in the cross-f assembly, as specified by their respective
Figure 3a). In addition, we studied the kinetics of fibril dihedral angles (Figure 4b). Such a peptide—plane-flip, in
formation starting from metastable cross-a crystals, and it which the conformation of a central peptide module changes
afforded almost the same kinetic profile as if the aggregation from one allowed structural region to a different one without
was initiated from peptide monomers (Figure S6). Most breaking intramolecular i to i + 3 H-bonding has been
importantly, the cross-a to cross-f transition did not require an identified in many homologous protein crystal structures.’’
increased temperature, but could proceed at constant However, peptide flip, as described here for SHR-FF, can
conditions in a time-dependent manner, thus resembling the transform a native backbone conformation into an amyloido-
pathological amyloid aggregation. At a constant 30 °C genic one. The important role of plane-flip in natural
temperature, the conversion required 7—8 days, as compared amyloidosis is also evident by the fact that the amino acid
to several at 50 °C. At 4 °C, the time scale was further residues most prone to turn-ﬂip,15 namely, proline, lysine,
prolonged to 10—12 months (Figure S9). glycine, serine, and asparagine, were primarily found in the
Most peptides and proteins can be coaxed under certain loop region of the atomic resolution structures of amyloid-f
conditions to assemble into amyloid fibrils; however a and Tau fibrils associated with Alzheimer’s disease.”**' In
366 DOI: 10.1021/jacs.8b10289
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Figure 4. Atomistic details of cross-a to cross-f} structural transition.
(a) Active flipping of peptide planes from type I to type II' S-turn.
Residues associated with plane flip are labeled as i to i + 3. (b)
Changes in the dihedral angles of the key i + 1 and i + 2 residues
during the transition from helical to f-sheet structure. (c) Schematic
illustration of the possible transformation mechanism of native helical
peptide conformation into cross-§ fibrils by p-turn peptide plane-

flipping.

addition, this observation also suggests a solution to the
conundrum associated with the binding of oligomer specific
antibody to all types of soluble oligomers prepared from
amyloid related proteins or peptides irrespective of the
sequences.19 Consistently, the turn represents a very common
secondary structure, and the turn-forming sequence having the
potential to flip is composed of a limited number of amino
acids common to many amyloidogenic peptides as discussed
above.

The transformation of native helical peptide structures to
their cross-f# assembly can be summarized as depicted in
Figure 4c. In a solution, SHR-FF exists mainly in a helical
conformation, as reported before™* and validated by MD
simulations. The facile conversion from a metastable crystalline
to fibrils state was observed in the temperature ranges from 4
to 30 °C and 50 °C, reached with a decreasing time duration
(Figure S9). The results indicate the formation of a metastable
helical oligomer in the early stages of nucleation, which
subsequently converts to the aggregation-prone oligomer by a
peptide plane-flipping. In addition, the concentration-depend-
ent kinetic assay provided further evidence for this process. As
shown in Figure S10, at a concentration of 5 mg mL™}, the
kinetics of cross-f fibril formation starting from either a
monomer or a cross-a crystalline structure comprised a
comparable f,,,. However, at a lower concentration (3 mg
mL™"), the kinetics of cross-# fibril formation starting from a
cross-a crystalline structure was notably faster than the same

367

process starting from the monomer. Thus, the presence of
preformed cross-helical nuclei reduced the overall ¢, ,, of SHR-
FF assembly into cross-f fibrils, consistent with the fact that
the nucleation event is a rate-limiting process. Alternatively,
the conversion of type I to type II' turn may proceed in the
monomeric state at higher temperatures (50 °C), where the
nonhelical peptide monomers may be more stable due to
entropic reasons (more open structure). It is important to
mention that the complete conversion of the metastable helical
conformation into cross-f fibrils may involve multiple energy
barriers, which are common in protein folding and amyloid
aggregation. > These cross-f3 oligomers underwent further
elongation, with the conformational conversion possibly
catalyzed by cross-§ oligomers or fibrils, in which metastable
helical assemblies serve as a monomer reservoir, as evident in
Figure 3e, a common characteristic of amyloid aggregation.

B CONCLUSION

In summary, we have identified a minimal peptide module that,
similar to many natural protein or peptide sequences,
demonstrates dynamic transformation between native crystal-
line state and cross-f# amyloidal state. This simple system
recapitulated the complex amyloid aggregation pattern
recognized in Alzheimer’s, Parkinson’s, and prion diseases.
Furthermore, it allowed us to decipher, for the first time, the
crucial role of the p-turn, the minimal regular secondary
structural motif abundant in both native proteins and amyloid
fibrils, as a transient intermediate in peptide aggregation. The
energetically favorable transformation between f-turn con-
formations, permissible in the Ramachandran plot, can convert
a native peptide backbone into an amyloidogenic sequence.

The X-ray crystallographic coordinates for structures
reported in this study have been deposited in the Cambridge
Crystallographic Data Centre (CCDC), under deposition
number CCDC 1569244, and in the Protein Data Bank with
PDB code SVSG.
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