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Structural Polymorphs Suggest Competing Pathways for the
Formation of Amyloid Fibrils That Diverge from a Common
Intermediate Species

Lauren E. Buchanan<"# Michat MajL:T, Emily B. Dunkelbergert:8, Pin-Nan Cheng", James
S. Nowick', and Martin T. Zanni*+

‘Department of Chemistry, University of Wisconsin-Madison, Madison, Wisconsin 53706-1396,
United States

TDepartment of Chemistry, University of California-Irvine, Irvine, California 92697-2025, United
States

Abstract

It is now recognized that many amyloid-forming proteins can associate into multiple fibril
structures. Here, we use two-dimensional infrared spectroscopy to study two fibril polymorphs
formed by human islet amyloid polypeptide (hIAPP or amylin), which is associated with type 2
diabetes. The polymorphs exhibit different degrees of structural organization near the loop region
of h1APP fibrils. The relative populations of these polymorphs are systematically altered by the
presence of macrocyclic peptides which template B-sheet formation at specific sections of the
hIAPP sequence. These experiments are consistent with polymorphs that result from competing
pathways for fibril formation and that the macrocycles bias hlAPP aggregation toward one
pathway or the other. Another macrocyclic peptide that matches the loop region but extends the lag
time leaves the relative populations of the polymorphs unaltered, suggesting that the branching
point for structural divergence occurs after the lag phase, when the oligomers convert into seeds
that template fibril formation. Thus, we conclude that the structures of the polymorphs stem from
restricting oligomers along diverging folding pathways, which has implications for drug inhibition,
cytotoxicity, and the free energy landscape of hIAPP aggregation.
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The spontaneous self-assembly of soluble proteins into amyloid fibrils is implicated in the
pathology of various neurodegenerative and endocrine diseases such as Alzheimer’s,
Parkinson’s, and type 11 diabetes.1 =3 As a result, it is imperative to understand the
mechanisms by which fibrils form in order to determine how their formation can be
prevented. However, such studies are complicated by the intrinsic structural heterogeneity of
amyloid fibrils.

Amyloid fibril polymorphs, in which a single protein sequence can self-assemble into
different tertiary and quaternary structures, are a common occurrence. A wide range of
amyloidogenic proteins have been observed to form multiple fiber morphologies, including
amyloid-g (AB),* tau,10 human islet amyloid polypeptide (hIAPP),11-14 insulin,1® a-
synuclein,16-18 transthyretin,1%-21 and immunoglobulin light chains.20:22.23 While most
studies of amyloid polymorphs have focused on fibrils formed /n vitro, structural
heterogeneity has been demonstrated for amyloid fibrils extracted from the diseased tissues
of both humans and animals.1020.22 There is even increasing evidence that different fibril
morphologies can have different levels of cytotoxicity!’ that may account for varying
phenotypes, or strains, within each amyloid disease.6:17:19.24 Sych results suggest that the
search for effective therapeutics must take one of two approaches: either find specific
inhibitors of each individual polymorph, as a single small molecule or peptide inhibitor may
not be capable of inhibiting the full range of amyloid polymorphs that form 7 vivo,2° or
identify a species common to all polymorphs in the amyloid aggregation pathway that can be
targeted for inhibition.

The structural heterogeneities between amyloid fibril polymorphs can be classified
according to three main features: differences in the number of protofilaments that comprise
the fiber, differences in the relative arrangement of the protofilaments, and differences in the
substructure of the protofilaments themselves (varying polypeptide conformations).28 Fibrils
with different morphologies can be observed even in the same preparation,13.1° although
their formation is highly sensitive to growth conditions. Often, the predominant fibril
morphology can be selected /n vitro by adjusting pH, temperature, peptide concentration, or
buffer composition, including adding additional salts or metal ions.#® The first two types
of polymorphism can be identified using imaging techniques such as transmission electron
microscopy (TEM) and atomic force microscope (AFM), which show individual
protofilaments that form larger assemblies with twisted or linear arrangements, different

Biochemistry. Author manuscript; available in PMC 2019 February 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Buchanan et al.

Page 3

symmetries, and varying sizes’~9:11-13.15.16.21.27 However, the third type of polymorphism is
generally not apparent to imaging techniques.”11:15.16

High resolution structural techniques, such as X-ray crystallography and solid-state nuclear
magnetic resonance (sSNMR), have resolved atomic-scale differences in the structures of
polymorphs.’-9:16.21.28-30 X _ray diffraction studies revealed that even short hexapeptide
fragments can form at least eight distinct fibril structures.3132 In ssSNMR, homogeneous
samples are required to obtain a precise structure. Because amyloid polymorphism is self-
propagating and it is very difficult for one polymorph to convert into another,”: a single
polymorph can be prepared by carefully controlling the aggregation conditions and
sonicating the resulting fibrils to seed additional fibril growth.”-14 Using this approach, a
structural model for one polymorph of hlAPP, the system studied here, was determined,
which is shown in Figure 1A.124 The model shows a disordered loop connecting an N-
terminal B-sheet extending from residues 8 to 17 and a C-terminal S-sheet from residues 28
to 37. While our understanding of the structural and pathological differences of amyloid
fibril polymorphs has increased greatly, as summarized in several excellent review articles,
24,33-35 the requirement for static, homogeneous samples has precluded mechanistic studies
into the origins of the polymorphs with regards to their secondary structures. Detailed
molecular-level aggregation mechanisms are critical if a common species is to be identified
for inhibition. Many previous mechanistic studies have used AFM or TEM to study how
nanometer-sized units assemble into large supramolecular structures such as multi-stranded
cables or twisted ribbons.”"15:36 |n the case of A, it has been suggested that secondary
nucleation events may play an important role in how oligomers and protofilaments co-
operatively aggregate into fibrils.37-38 Thus, formation of polymorphic structures is sensitive
to starting aggregation states, i.e., monomer vs oligomer concentration, as well as the
solution composition.39 Similar observations have been made for hIAPP using
hexafluoroisopropanol (HFIP), which disaggregates amyloid fibrils at high concentrations
and accelerates nucleation at lower concentrations.#041 Most atomic-scale information about
polymorph assembly comes from molecular dynamics simulations. One set of simulations
identified more than 15 fibril structures that differ by which residues end up in a S-sheet
conformation.#2 The simulation studies emphasized the importance of side-chain
interactions as well as the exposure of individual residues to solvent.#243 Thus, to further
develop mechanistic models of polymorph formation, there is a need for experimental data
that precisely probes protein secondary structure and can resolve different polymorph
structures.

In this report, we use 2D IR spectroscopy, isotope labeling, and macrocyclic S-sheet
peptides to investigate polymorph formation in hIAPP. Vibrational couplings and
environmental frequency shifts make infrared spectroscopy a sensitive probe of protein
secondary structure. 13C-180 labeling of the backbone carbonyl provides residue-level
specificity by shifting the frequency of the amide | mode by ~66 cm™1.44 If the labeled
residue lies in a region that adopts an in-register conformation such as a parallel S-sheet or
stacks of turns,#>46 it will create a linear chain of vibrationally coupled oscillators. The
frequency of the coupled linear chain is shifted from the local mode frequency by twice the
coupling strength,4748 and its intensity scales with the number of residues involved in the
vibrational mode.#? Moreover, since the coupling strength depends on the exact distance and
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orientation between residues, peak frequencies are sensitive to structural variations. 2D IR
has improved spectral resolution and sensitivity over linear IR spectroscopy because the
signal strengths scale more strongly with the transition dipole moment, enhancing signals
from isotope labels and suppressing solvent backgrounds.>0:51 Previously, we used 2D IR
spectroscopy and isotope labeling to study a peptide drug inhibitor,>2 deamidation of hIAPP,
53 and the kinetics of fibril formation.>4-56 In all of these studies, the ability to resolve
individual residues provided molecular insights that would be difficult to obtain by other
techniques.

MATERIALS AND METHODS
hIAPP Synthesis and Purification.

13¢180-Labeled alanine, glycine, phenylalanine, leucine, and valine were prepared from
commercially available 13C-labeled Fmoc-protected amino acids (Cambridge Isotope
Laboratories) and 180 water in a procedure previously reported.5” hIAPP was synthesized
on a CEM Libertyl automated microwave peptide synthesizer using PAL-PEG-PS resin to
produce an amidated C-terminus and incorporating the labeled amino acid where required.>8
Standard trifluoroacetic acid cleavage and deprotection protocols were followed. Crude
peptide was dissolved overnight in dimethyl sulfoxide to form the disulfide bond between
Cys-2 and Cys-7. The peptide was purified via reverse-phase high-performance liquid
chromatography (HPLC) with a Vydac C18 column using 0.125% HCI solution (Buffer A)
and 0.125% HCI in an 80/20 acetonitrile/water mixture (Buffer B). HPLC purification was
run with a gradient of 1% Buffer B per minute.

hIAPP was dissolved in deuterated HFIP (d-HFIP) to fully disaggregate the peptides and
deuterate the amide groups. d-HFIP was removed by lyophilization, and aggregation was
initiated by dissolving the dry sample in deuterated buffer (20 mM Tris, pD = 7.4).
Experiments were performed in D,O/deuterated buffer to eliminate absorption from the
water bend. Additional background subtraction is not necessary due to nonlinear scaling of
signal strengths in 2D IR spectra.?? The final total peptide concentration was 0.5 mM for
pure hIAPP samples or 1 mM for samples containing equimolar hlAPP and macrocycle.

2D IR Spectroscopy.

The 2D IR experimental setup comprises a single box ultrafast amplifier (Solstice, Spectra-
Physics) and a commercial optical parametric amplifier (TOPAS, Light Conversion Ltd.).
The signal and idler beams are focused onto a AgGas; crystal to generate fs mid-IR laser
pulses centered at ~6 xm and subsequently split into pump and probe pulses. The pump
pulse travels through a germanium-based acousto-optic modulator (AOM) pulse shaper,
enabling shot-to-shot delay scanning and phase cycling.>”:5% The beams are focused onto the
sample at a cross geometry, and the signal emitted in the probe direction is measured using a
mercury cadmium telluride (MCT) array detector. The second frequency axis is obtained by
Fourier transform of the time-domain trace measured at each array pixel. More detailed
description of the data acquisition process can be found elsewhere.®’
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RESULTS

Shown in Figure 1B,C are 2D IR spectra of hIAPP 13C180-labeled at Val17 or Ala25,
respectively. The conditions used to collect these spectra were previously reported®® and are
reproduced here as a control experiment. Val17 and Ala25 were selected because, according
to the ssSNMR structural model* and 2D IR line shape measurements,®° they reside on
opposite sides of the loop (Figure 1A). Val17 lies in the N-terminal S-sheet while A25 is at
the beginning of the C-terminal sheet, although the NMR model suggests that Ala25 does
not adopt a B-sheet structure itself.14

Spectra were collected after at least 5 h of aggregation to ensure that the fibrils had fully
formed. The largest features in the 2D IR spectra are the pair of peaks at 1620 cm™1, which
are the characteristic -sheet features created by the unlabeled residues.%1 Monitoring
aggregation kinetics at 1620 cm~1 is complementary to ThT binding assays (Figure S1) but
does not provide site-specific information. The isotope-labeled features appear below 1600
cm™1; their lineshapes and their cross peaks to the unlabeled modes provide information on
the solvation and structural heterogeneity of the labeled residue, while their frequencies
report on the secondary structure at that position.

Val17 exhibits a single-labeled peak at 1578 cm™! (Figure 1B). The presence of a single,
well-resolved peak for Val17 indicates that this residue resides within a well-ordered region
of hIAPP and does not have any structural variations measurable with our technique. In
contrast, Ala25 exhibits two labeled modes, which appear at 1585 and 1570 cm™2 (Figure
1C). Isotope dilution experiments, in which fibrils are formed using 25% labeled and 75%
unlabeled peptides, have a single peak for Ala25 (Figure 1D). Isotope dilution eliminates the
effects of coupling, revealing frequency shifts caused by environmental effects such as
hydrogen bonding or solvation.50:55:62.63 Thys, observing a single peak upon dilution
indicates that the two peaks are caused by two different magnitudes of coupling. Since
couplings are dictated by backbone geometry, the peaks must be caused by polymorphs
whose structure differ at Ala25, with the 1585 and 1570 cm™1 peaks created by roughly -5
and —12 cm~1 of coupling. At Val17, the structure is the same to within the resolution of the
spectra.

Closer inspection of the Ala25 modes rules out a competing explanation for the double
peaks: environmental fluctuations. Mobile water molecules within the fibril core have
previously been seen to create multiple closely spaced peaks in 2D IR spectra of Ag fibrils.
28,64 However, the spacing between these peaks was much smaller than the 15 cm™1
difference observed here. Additionally, the formation and breaking of hydrogen bonds with
this water on the picosecond time scale also created cross peaks between the isotope peaks,
which are not seen here between the 1570 and 1585 cm~1 modes (Figure S3, top), nor do
cross peaks become apparent as a function of waiting time (Figure S3, bottom). Moreover, if
hydration was the source of the two peaks, they would both still be observed in the dilution
studies because hydrogen bonding is independent of coupling. Thus, the only other
alternative for these two peaks is ruled out by our experiments.
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As stated above, the relative amounts of amyloid polymorphs are often influenced by growth
conditions.33:65:66 We find that changing the fibril preparation conditions alters the relative
intensities of the two Ala25 peaks but has no effect on Vall17. In the presence of 2.5% HFIP
(Figure 1E), only the 1585 cm™ peak appears for Ala25. Thus, we conclude that hIAPP
fibrils can adopt two different structures in the region of Ala25, whose relative abundance is
influenced by growth conditions. Shown in the Supporting Information are an additional 4
residues that we have labeled for 2D IR in this study (Figure S2). Polymorph structures may
also be present at Leu27, which exhibits a weak double peak that has also been observed
previously.>® This is not unlikely due to the proximity of Leu27 to Ala25. A very weak
second peak may also be present at Gly33. However, in both Leu27 and Gly33, the higher
frequency isotope peak is approximately 10x weaker than the lower frequency peak,
suggesting that the more coupled structure predominates at these residues. Here, we focus on
Ala25, where the polymorph signals are most prominent and appear in nearly equal
intensities.

It is not unexpected that hIAPP forms polymorphs; many amyloid-forming proteins have
been reported to form structural polymorphs. Indeed, under similar conditions to those used
here, TEM images exhibit multiple fibril morphologies that differ by characteristic fibril
twists, although the differences in secondary and tertiary structure within those fibrils are not
known.12.13 Infrared frequencies are sensitive to structural changes at a single residue or
across a few strands, while the TEM images capture periodic twists over tens of nanometers.
A correlated 2D IR and TEM study could determine whether Ala25 is responsible for the
twist of h1APP fibrils, but specialized and extensive TEM measurements are needed to reach
this conclusion. Ala25 is located at the interface between the disordered loop and the C-
terminal B-sheet, according to ssNMR.14 Indeed, two models were found to be consistent
with the sSNMR constraints, differing primarily in the structure near Ala25. Although these
fibers were formed under very different conditions than those used here, structural
differences like these could be the origin of the differences in 2D IR signals.

The results presented so far establish a spectroscopic marker for the identification of hIAPP
polymorphs via structural differences at Ala25. To gain mechanistic insights into polymorph
formation, we make use of macrocyclic peptides specially designed to recognize and interact
with specific fragments of the hIAPP sequence. Macrocyclic peptides, which comprise two
antiparallel g-strands connected by &-linked ornithines that mimic S-turns, were designed to
recognize B-sheet segments of hIAPP (Figure 2A). In the presence of monomers, they can
template B-sheet formation and thereby act as seeds for fibril formation.>® The residues of
the recognition strand were chosen to span key regions of hlAPP fibrils (Figure 2B): two
macrocycles target primarily the N-terminal S-sheet (hIAPP1;_17 and hlAPP15_51), one
targets the partially disordered loop (hIAPP,1_»7), and two target the C-terminal B-sheet
(h|APP26_32 and h|APP31_37).

In the top row of Figure 3, we show 2D IR spectra of the isotope-labeled region for fibrils of
pure Vall7 and Val17 mixed with each of the macrocyclic peptides at a 1:1 ratio. Regardless
of which macrocycle is present during aggregation, the frequency of the isotope label is
unchanged. As mentioned above, the label frequency depends on many factors, including
strength of coupling, structural disorder, and environmental effects.25:3349.67 Thys, the
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similarity of the peaks indicates that backbone structure of the amyloid fibrils at the N-
terminal B-sheet is invariant at Val17. Moreover, the addition of macrocyclic peptides does
not appear to change the macroscopic structure of hlAPP fibrils, as exhibited in our previous
work with this system.%6

Similarly, the frequencies of the Ala25-labeled modes are unaffected by the addition of
macrocyclic peptides. Figure 3G-L shows 2D IR spectra collected for Ala25-labeled
peptides, all of which have the same two isotope-labeled peaks. Thus, the backbone structure
of each polymorph within the C-terminal B-sheet at Ala25 is also unaffected by the
macrocycles. We know that the macrocycles interact with hIAPP during aggregation because
every macrocycle alters the kinetics of amyloid formation, as previously reported.>®
Therefore, the Ala25 and Val17 results indicate that hIAPP fibrils adopt the same fibril
structures, regardless of whether they form in the presence of macrocycles or in buffer alone.

While the macrocycles do not change the polymorph structures, they do alter the relative
population of each polymorph that is formed during aggregation. Shown in the bottom row
of Figure 3 are diagonal intensity slices that illustrate the relative intensities of the two
Ala25 isotope peaks. These slices contain comparable information to linear IR spectra but
exhibit improved resolution due to the increased sensitivity of 2D IR signals. The slices are
fit to pseudo-Voigt functions,8 and the areas of each isotope peak are used to determine the
relative populations of each polymorph. For solutions of pure hlAPP lacking any
macrocycles (Figure 3M), the two Ala25 peaks have approximately equal peak areas, with a
low-frequency to high-frequency ratio of 0.89. This ratio indicates that there are roughly
equal populations of polymorphs with the less coupled polymorph being slightly favored. In
contrast, four of the five macrocycles clearly promote the formation of one polymorph over
the other. Macq1_17 and Maczy_37 both have low-to-high peak area ratios of 0.48, indicating
that formation of the less coupled polymorph is strongly favored in their presence. In
contrast, Mac15_p1 and Macyg_3» have peak area ratios of 1.34 and 1.90, respectively. Thus,
formation of the more strongly coupled polymorph is favored in their presence. Only one
macrocycle, Macq_p7, results in polymorph populations that are similar to that pure hIAPP
sample.

The areas of each polymorph peak illustrate a correlation in the ratio of polymorphs to the
region of the hIAPP sequence that the macrocycles target. Macys_»1 and Macyg_3» target
sections of the N- and C-terminal S-sheets, respectively, which lie close to the partially
disordered loop. They increase the intensity of the lower frequency peak. Mac1_17 and
Macz;_37 target residues farther from the partially disordered loop, near the ends of the N-
and C-terminal B-sheets, respectively, and favor the formation of the higher frequency peak.
As noted above, Macy1_»7, which targets the disordered loop region, does not alter the
polymorph ratio.

DISCUSSION

The data presented here is consistent with different aggregation pathways for each
polymorph which diverge from a common oligomer species, as shown in Figure 4. The
mechanism outlined in Figure 4 draws upon previous experimental and computational
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studies that have established the presence of a stable oligomeric species. The mechanism of
hIAPP aggregation has been studied using ThT, CD, and electron paramagnetic resonance
measurements.2:69-73 Through a series of 2D IR studies that include measurements on
single-, double-, and penta-labeled peptides, alongside TEM, cross-linking, kinetic
modeling, and molecular dynamics studies, we have established that hlAPP aggregation
proceeds through an oligomeric intermediate prior to forming amyloid fibrils,56.74-76
Oligomers have a structure that is unique from the fibrils: they have in-register peptides
likely to be in a parallel B-sheet, that spans residues 23-27 (Figure 4 “FGAIL intermediate™)
and may extend as far as residues 18-32. These oligomers are on-pathway intermediates in
the formation of hIAPP fibrils.”> To form the fibrils, the FGAIL B-sheets of the oligomers
must rearrange into the disordered loop of the fibrils. Breaking the oligomeric S-sheets is
energetically unfavorable and creates a free energy barrier. Concentration dependent studies
and kinetic modeling puts this barrier at >3 kcal/mol.”® The barrier causes the oligomers to
be long-lived, with near-constant populations during the lag time, as observed in kinetics
measurement. The oligomers also have a well-defined secondary structure in region Leul2—
Alal13.7* We have suggested that the tertiary fold of the oligomer structure resembles the
general fold of leucine rich repeat proteins.’# This oligomer structure is also observed in the
presence of vesicles, indicating that membrane catalyzed fibril formation follows a similar
pathway.

Consistent with the experiment, we propose that the oligomer is the branching point from
which polymorphs are ultimately formed. Two of four possible pathways for fibril formation
are shown in Figure 4. These two pathways diverge starting at the oligomer with each route
leading to a different fibril polymorph. Polymorphism is not observed in the structure of the
oligomeric intermediate,¢:74 indicating that the crucial nucleation steps occur after the
intermediate has formed. The difference in the two routes is the location at which the s
sheets of the fibril begin to form: either near the central FGAIL S-sheet, as shown in route A
for residues 15-21 (yellow), or near the termini, as shown in route B for residues 31-37.
Nucleation at 26-32 and 11-17 (not shown) creates analogous pathways, initially forming
short B-sheets either near to, in the case of 26-32, or far from, in the case of 11-17, the
FGAIL region.

This model is derived from the macrocycle data, assuming that the macrocycles template 5-
sheet formation of the residues with which they are designed to interact. The experiments
establish that Mac15_»1 and Macyg_32, Which are designed to template S-sheet formation
near the FGAIL region of hIAPP, predominately generate fibrils with the lower frequency
peak at 1570 cm™1 (Figure 30,Q). In contrast, Mac11_17 and Macs;_37 are designed to
template B-sheets near the termini of hIAPP and result in fibrils with the higher frequency
peak at 1585 cm™1 (Figure 3N,R). When no macrocycles are present, no one pathway is
preferred and equal populations of the two polymorphs result.

The proposed mechanism is consistent with previously published kinetics.>® Macrocycles
Mac11-17, Maci5-21, Macyg_32, and Macs;_37 increase the rate of fibril formation with a
decrease in the lag time. A shorter lag time is consistent with macrocycles initiating S-sheet
formation in the oligomer, lowering the transition state free energy, and thereby catalyzing
fibril formation. The pathway that is catalyzed is evidenced by increased intensity of the
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corresponding peak in the 2D IR spectrum. In contrast, macrocycle Macy;_»7 slows fibril
formation and extends the lag time by 3-times. A longer lag time is consistent with Macy1_y7
stabilizing the oligomer to create a higher activation energy. As Macy,_p7 overlaps with the
FGAIL sequence, it will template and stabilize the oligomer but not the fibrils. Macy1_»7
does not alter the ratio of the polymorphs, showing no preference for any of the aggregation
pathways. This supports the conclusion that the oligomeric intermediate must be a common
step in all four folding pathways and therefore occurs prior to the transition state structures
from which the pathways diverge.

The molecular structures of the dimers shown in Figure 4 are taken from replica exchange
molecular dynamics (REMD) simulations of hIAPP dimers.?8 As described above, the
oligomer has been seen experimentally and what is known about its structure mostly
matches the illustration. The transition state structure between the oligomer and the fibrils
has not been observed experimentally, presumably, because it is present at low
concentrations, as is typical for transition state structures. REMD simulations identified
potential transition state structures, consisting of a partially or fully disordered FGAIL S
sheet and the beginnings of the S-sheets of the fibril, such as the ones shown in Figure 4.
The free energies of these structures were calculated to be higher than both the oligomer and
the fibril,” due to the FGAIL B-sheet being partially disordered and fibril g-sheets not yet
fully formed. In our proposed mechanism, the macrocycles seed the formation of one of
these transition state structures, thereby lowering the barrier to fibril formation, along that
pathway, and catalyzing the formation of a polymorph. Macy1_p7 does not match the g
sheets for any of the transition state structures and, so, only acts on the FGAIL oligomer
and, thus, slows rather than accelerates fibril formation.

Amyloid fibril formation has historically been considered a nucleation event in which some
number of peptides assemble into an oligomer, that once formed, templates the addition of
monomers to form fibrils. Models are now being considered that account for long-lived
oligomers.37:75 Under the conditions used in our laboratory, standard nucleation models do
not fit hIAPP kinetics.”® Formation of the oligomer is consistent with nucleation, but a free
energy barrier must be incorporated into the model that represents the structural
transformation of the oligomer into the structure of a seed that can template monomers; the
oligomer itself cannot seed monomer into fibril. Thus, the oligomer concentrates and aligns
the peptides, bringing into proximity the residues that ultimately form the B-sheets found in
the fibrils. The length of the lag time is set not by the nucleation of the oligomers themselves
but by the subsequent formation of either the N- or C-terminal sheets within the transition
state. Thus, the structural transition is more akin to a protein folding event, with a free
energy barrier set by the forces between the peptides within the oligomer assembly. The
macrocycles enable the structural transformation of the oligomer and thereby lower the free
energy of the transition state. The data is not consistent with the macrocycles acting on the
monomers directly, because the kinetics are still sigmoidal.3:21:56

It is widely thought that the most cytotoxic species in amyloid formation are oligomeric
intermediates.””:”8 The oligomeric intermediate discussed here is a probable candidate for
cytotoxicity.?6 Because hIAPP fibrils are not toxic, the polymorphs themselves are probably
not directly responsible for the toxicity of hIAPP. Thus, for hIAPP, we predict that a single
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inhibitor targeting the oligomer would decrease toxicity and prevent all polymorphs from
forming. Other amyloid proteins might diverge directly from the monomer’® in which case
each pathway would have a unique oligomeric structure and multiple inhibitors might be
needed to prevent fibril formation.

CONCLUSIONS

The critical finding in this Article is that the pathways to different fibril polymorphs diverge
from the oligomer state of hlAPP. Polymorphic structures of hIAPP fibrils are known to
exist from TEM, NMR, and X-ray experiments,11-14 but our data provides mechanistic
insights into the structural origin of fibril polymorphs. We do not know at what point other
amyloids diverge, but the strategies provided in this study may find their use in studying
polymorphs of other amyloid forming proteins. Ag has a similar number of residues, a
similar fibril fold as hIAPP, a structured intermediate, and polymorphs.”9:80 2D IR
experiments on Ag similar to those reported here for hIAPP might provide the mechanistic
information needed to create a unified theory for its aggregation and cytotoxicity. The
branching point of fibril polymorphs have implications for drug inhibition development and
cytotoxicity, as discussed above, as well as for probing the free energy landscape that
dictates amyloid fibril formation.
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Figurel.

Structure and 2D IR spectra of Val17- and Ala25-hlAPP. (A) Structure of hlAPP fibrils
derived from ssNMR.16 Spectra and diagonal intensity slices of (B) Val17 and (C) Ala25
fibrils. Spectra of Ala25 fibrils (D) diluted 1:3 with unlabeled hIAPP and (E) formed in
2.5% HFIP. The diagonal slices were fit with pseudo-\Voigt functions. The isotope peaks fits
are highlighted in red and blue, and the unlabeled peak fits are given in green. The fitting
routine and parameters are given in the Supporting Information.
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Figure 2.

(A) General design of macrocyclic S-sheet peptides, including the “recognition” g-strand,
the “blocking” B-strand (with the Hao unit in blue), and the &linked ornithine turns (in
green). (B) Sequence of hlAPP-labeled by its secondary structure. The black arrows indicate
the B-sheet regions determined by ssNMR,14 while the light gray extension of the C-
terminal arrow indicates residues that exhibit S-sheet-like coupling in 2D IR spectra.
Sequences targeted by the recognition strand of the macrocycles are listed.
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Figure 3.
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Macrocyclic peptides do not change fibril structure but systematically alter the distribution
of Ala25 polymorphs. 2D IR spectra of Val17-labeled hIAPP (top row) and Ala25-labeled

hIAPP (middle row) are mixed with stoichiometric macrocycles. A single Vall7 peak

is

observed regardless of which macrocycle is used to seed fibril formation. Ala25 exhibits two

peaks that appear at the same frequencies in all sample preparations, but their relative

intensities depend on the macrocycle used to seed fibril formation. Diagonal slices of Ala25
(bottom row) show altered ratios of the two polymorph peaks, highlighted in blue and red,
which were fit with pseudo-Voigt functions. The fitting routine and parameters are given in

the Supporting Information.
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Figure 4.
Schematic mechanism of hlAPP aggregation leading to two different polymorphs. The

structures were obtained from REMD simulations of dimeric hlAPP and NMR structures of
the fibrils. Folding pathways proceed from disordered monomers through an intermediate
with a B-sheet in the FGAIL region (residues 23-27, highlighted in red). The folding
pathway diverges after the intermediate, likely via the transition state that nucleates fibril
aggregation. In pathway A, the F transition state has the nucleation site close to the FGAIL
region (here, residues 15-21, highlighted in yellow). Eventually, fibrils form giving rise to a
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peak at 1570 cm™1. In pathway B, the g transition state is characterized by the nucleation
site far from the FGAIL region (here, residue 31-37) and the FGAIL region in the formed

polymorph becomes a part of a partially disordered loop that gives rise to a peak at 1585 cm
-1
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