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We present structural models for three different amyloid fibril polymorphs prepared from amylinyg_y9 (sequence SNN-
FGAILSS) and amyloid-B55_35 (AB25_35) (sequence GSNKGAIIGLM) peptides. These models are based on amide
C=0 bond and Ramachandran (-dihedral angle data from Raman spectroscopy, which were used as structural con-
straints to guide molecular dynamics (MD) simulations. The resulting structural models indicate that the basic struc-
tural motif of amylinyo_o9 and ABys_3s fibrils are extended [3-strands. Our data indicates that amylinyo_o9 forms both
antiparallel and parallel (3-sheet fibril polymorphs, while Af35_35 forms a parallel 3-sheet fibril structure. Overall, our
work lays the foundation for using Raman spectroscopy in conjunction with MD simulations to determine detailed
molecular-level structural models of amyloid fibrils in a manner that complements gold-standard techniques such as

solid-state NMR and cryogenic electron microscopy.

I. INTRODUCTION

Amyloid fibrils are filamentous, -sheet-rich protein ag-
gregates that are implicated in numerous diseases, includ-
ing Alzheimer’s, Parkinson’s, Huntington’s, and Type II
Diabetes.! Because of their insoluble and non-crystalline na-
ture, conventional structural characterization methods such
as X-ray crystallography and solution-state nuclear magnetic
resonance (NMR) spectroscopy cannot be used to determine
the molecular structure of fibrils.” Fortunately, advances in
solid-state NMR (ssNMR) and cryogenic electron microscopy
(cryo-EM) have enabled the determination of high-resolution
structures of amyloid fibrils prepared in vitro,>® as well as
those harvested from the tissues of patients.””!> These stud-
ies indicate that fibrils share a common conformational motif
known as a “cross-f3” structure, in which extended B-sheets
stack together with their strands aligned perpendicularly to
the fibril’s long axis.'>!# They also demonstrate that fibrils
exhibit polymorphism, where a given peptide is capable of
forming a variety of distinct fibril structures.>16

Despite the wealth of high-resolution structural informa-
tion gleaned from ssNMR and cryo-EM, these techniques are
not without their pitfalls. Solid-state NMR, for example, re-
quires high sample loads (> 10 mg),%!”"!® expensive isotopic
labeling schemes, and long spectral acquisition times that can
take several days.® To obtain high-resolution structural data,
both ssNMR and cryo-EM require relatively extensive sam-
ple preparation to ensure that fibrils are both homogeneous
and well-ordered. This can introduce bias in determining
the molecular structure of amyloids by preferentially select-
ing for the most abundant fibril polymorphs. In addition, it
can be difficult to resolve electron densities in cryo-EM or ob-
tain good chemical shift dispersion in ssSNMR for all but the
most well-ordered regions of fibrils. Disordered, dynamic, or
structurally heterogeneous regions, which could play impor-

tant roles in initiating aggregation, sequestering other proteins
into amyloid plaques, or aberrantly interacting with biological
cells, can be difficult to study with these techniques.

In contrast, vibrational methods such as Raman spec-
troscopy do not suffer from these pitfalls. Raman spec-
troscopy can be used to interrogate a wide variety of samples
with little preparation, including fibrils in solution,'>% gels,?!
and fibril films.?? Data acquisition is relatively fast and robust.
In addition, Raman spectroscopy can be used to quantify the
distributions of peptide bond and side chain dihedral angles
in amyloid fibrils.>!>>23 Similarly, polarized Raman mea-
surements can be used to determine the relative orientation
of chemical bonds and functional groups in fibrils.?>2® Thus,
the conformational sensitivity of Raman spectral features en-
ables the facile differentiation of fibril polymorphs,?!2323 as
well as the ability to robustly monitor the structural evolution
of oligomeric precursors that aggregate into fibrils.?’

However, despite its versatility and structural sensitivity,
Raman spectroscopy is generally considered to be a “low-
resolution” characterization method in the broader amyloid
community. One reason for this is because Raman spec-
troscopy has generally only been used to qualitatively eval-
uate fibril secondary structures rather than determining three-
dimensional models like sSNMR. We believe, however, that
structural parameters measured using Raman spectroscopy
(vide supra) can in fact be harnessed to determine detailed
molecular-level structural models of amyloid fibrils. We rec-
ognize that this can be accomplished by taking inspiration
from ssNMR, in which experimentally measured distances
and dihedral angles are used as constraints in energy mini-
mization procedures performed on structural models of amy-
loid fibrils using molecular dynamics (MD) simulations. '3

To test this idea, we investigated the molecular struc-
tures of three fibril polymorphs prepared from amylinyg_o9
and amyloid-By5_35 (APB2s_35) peptides. Amylinyg_»9,



which derives from residues 20 — 29 of the 37-amino acid
amylin peptide, forms fibrils implicated in the pathology
of Type II Diabetes.?®32.  Amyloid-Bys5_35 (APas_35) de-
rives from residues 25 — 35 of the 40-42 residue long
AB peptide.'*>* Fibrils formed from AB compose extracel-
lular plaques that have been implicated in the pathology as-
sociated with Alzheimer’s disease!*33 and Cerebral Amyloid
Angiopathy.3+3

Il. EXPERIMENTAL METHODS

A. Materials

Amylinyg_29 (sequence SNNFGAILSS) and AB)s5_3s5 (se-
quence GSNKGAIIGLM) were purchased from GL Biochem
(Shanghai, China) at 91% purity and used without fur-
ther purification.  Dimethylsulfoxide (DMSO) was pur-
chased at >99.8% purity from Supelco. Milli-Q grade wa-
ter (18.2 MQcm) was obtained from a Milli-Q® IQ 7000 Ul-
trapure Lab Water System from Millipore Sigma. Phosphate
buffer saline tablets were purchased from Sigma Aldrich.
Phosphate buffer solution was made from sodium phosphate
monobasic monohydrate and sodium phosphate dibasic an-
hydrous purchased from Fisher Scientific. Filters (0.45 um
pore-size) were purchased from Fisher Scientific. Mica
(Product No. 50, V1 Grade) and silicon substrates (Prod-
uct No. 21610 — 55) were purchased from Ted Pella Inc.
An ultra-sharp commercial Atomic Force Microscopy (AFM)
probe (160AC, OPUS by MikroMach) and a standard AFM
probe (PPP-NCHR, Nanosensors™) were both purchased
from NanoAndMore USA Corporation.

B. Sample Preparation

Two different fibril polymorphs were prepared from the
amylinyg_»9 peptide using a modified procedure based on that
developed by Madine et al.3® For both polymorphs, 2 mg of
peptide were first disaggregated in 20 uL of DMSO after incu-
bation at room temperature (22 °C) for 1 h. To prepare the an-
tiparallel 3-sheet polymorph (polymorph 1), 980 uL of water
was slowly added, followed by an additional 1 mL of sodium
phosphate buffer (20mM, pH 7.13). The final solution was
2 mL with a final DMSO concentration of 1.41 x 1074 mM,
10mM of buffer, and a peptide concentration of 1.13 mM.
To prepare the parallel (3-sheet polymorph (polymorph 2),
1980 uL of sodium phosphate buffer (100 mM, pH 7.13) was
slowly added to the sample. The final solution was 2 mL with
a final DMSO concentration of 1.41 x 10~*mM, 100 mM of
buffer, and a peptide concentration of 1.0l mM. The final
step for both polymorphs involved filtering solutions using a
0.45 pm pore-sized filter to remove any undissolved large ag-
gregates. All starting solutions were visually clear and both
samples were incubated at room temperature (22 °C). Aggre-
gates could be visually observed after 7 days of incubation for
polymorph 1 and 9 days for polymorph 2.

Parallel {3-sheet fibrils were also prepared from AQ)s_3s
peptide. This was accomplished by dissolving 2.12mg of
peptide in 1.06 mL of water. The resulting peptide solution
appeared visually clear. After this, 1.06 mL of 2x phosphate
buffer saline (PBS, pH 7.4) was slowly added to the sample
for a final peptide concentration of 1 mM. The solution was
gently mixed by carefully inverting the sample vial 3 times.
Aggregates could be visually observed shortly after preparing
the solution and was incubated at 37 °C for 3 days.

C. Sample Alignment Procedure using Drop Cast Deposition

Following incubation, fibrils were harvested from each
sample by centrifuging 500 uL of solutions for 1 h at 21300x g
(Eppendorf Centrifuge 5425). The supernatant for each sam-
ple was carefully decanted so that the pellet remained. The
pellet was washed twice to remove residual salt crystals by
sequentially resuspending it in water and centrifuging. Fol-
lowing this, the pellet was resuspended in 250 pL. of water.
Aliquots of each sample were then diluted, deposited onto a
silicon substrate, and allowed to dry in a dust free environment
to create a coffee ring®’ for polarized Raman measurements.

D. Raman Spectroscopy

Raman spectra were measured using a Horiba LabRAM
HR Evolution Raman microscope (Horiba Scientific) using
633 nm excitation from a Helium-Neon laser. The laser light
was focused on the sample using an infinity-corrected achro-
matic 100x objective (0.9 NA, MPLN100X, Olympus) with
the average power ranging from to 2.5 mW to 17.9 mW. Ac-
quisition times ranged between 30 — 360 s per spectrum.
Spectral acquisition parameters were carefully chosen to bal-
ance maximizing signal-to-noise and mitigating photodegra-
dation of samples. Under the illumination conditions used,
we observed no visual signs or spectral signatures of sam-
ple degradation (Figure S1). Amylinyg_79 polymorph 1
and Apps_3s fibril samples exhibited substantial fluorescence
backgrounds, which made it difficult to collect high signal-
to-noise Raman spectra. The scattered light was collected by
the focusing objective in a 180° backscattering geometry. The
scattered light was focused into a spectrometer and dispersed
using a 600 gr/mm grating. Spectra were imaged using a
Synapse EM CCD camera (1600X200-FV, Horiba Scientific).

For polarization measurements, fibrils were aligned so that
their long axis was parallel to the polarization of the laser
light, which we defined as the laboratory coordinate’s Z direc-
tion. The lab frame’s Y coordinate was defined to be along the
direction of the laser light’s propagation. A half-wave plate
was used to rotate the polarization of the incident light along
the X direction, but was removed for incident light polariza-
tion measurements involving the Z direction. As described
in detail by Adar,8 this was done to reduce artifacts intro-
duced by the half-wave plate. A polarizer was used to select
either the Z or X polarization component of the scattered light,
which was then focused into a spectrometer and dispersed us-



ing a 600 gr/mm grating. An optical scrambler was installed
before the spectrometer entrance to depolarize the scattered
light to minimize the polarization bias of the grating. Polar-
ized Raman measurements were made for the following four
incident and scattered light configurations: ZZ, ZX, XZ, and
XX (incident and scattered light, respectively).>® The instru-
ment was benchmarked with Raman polarization measure-
ments of cyclohexane to ensure that our measurements were
accurate. We found that the depolarization ratios measured
for cyclohexane on our instrument were within experimental
error of values reported previously in the literature.3%4°

E. Atomic Force Microscopy (AFM)

Samples were prepared for AFM imaging using a proce-
dure that was modified from Ostapchenko et al.*! Briefly, a
mica disc was exfoliated to create an atomically flat and clean
surface. A 10 puL aliquot (2.2 mg/mL) of fibril solution was
then deposited onto the disc. The sample was incubated on
the disc for 10 min in a dust free environment before being
washed 3 x with water. The sample was then wicked dry with
filter paper and dried overnight prior to imaging in a dust free
environment.

The AFM measurements were performed on an Asylum
MFP-3D-BIO AFM instrument (Oxford Instruments) in the
AC mode. Amylinyg_9 polymorph 1 (Figure 1a) was imaged
using an ultra-sharp commercial probe with a 26 Nm~! force
constant and 300kHz resonance frequency. Amylinyg_o9
polymorph 2 (Figure 1b) and A{3,5_ 35 fibrils (Figure 1c) were
imaged using a standard AFM probe with a 492 Nm~! force
constant and 330 kHz resonance frequency.

The images were analyzed with Gwyddion software (open-
source software for Scanning Probe Microscopy Data) and
the height traces obtained from Gwyddion were visualized
as graphs in Graphpad Prism 9. The average diameter for
each polymorph was calculated as the maxima of the height
trace across 19 or 23 individual fibril fragments (identified
visually). See SI for additional details and images (Figure S2).

I1l. COMPUTATIONAL METHODS
A. Molecular Dynamics (MD) Simulations

For the MD simulations, two 24-mer models of amylinyg_o9
protofibrils and one 24-mer model of an AB,s_35 protofibril
were constructed using VMD.*? For each model, a single B-
sheet containing 12 peptides was first built and then duplicated
and stacked on the initial 3-sheet. The putative fibril structures
were constructed based on Raman data. For amylinyg—_»o,
both an antiparallel and parallel 3-sheet fibril model were con-
structed, while only a parallel 3-sheet fibril was constructed
for APys_35. The a-carbons of the two stacked [3-sheets were
initially separated by 10 A for each model. Rather than solvate
these models with explicit solvent, we opted to use a general-
ized Born implicit solvent (GBIS) protocol with a dielectric

constant of 3.23, mimicking that of the interior of proteins,
and an ion concentration consistent with experimental sample
preparation. Implicit solvent enabled us to better approximate
the environment of an effectively infinite fibril. These models
consist of 3336 and 3720 atoms for amylinyo_29 and AB2s5_3s
fibrils, respectively.

During the minimization and equilibration simulations,
structural constraints obtained from the Raman experimental
data were applied to the 24-mer fibril models using NAMD’s
Collective Variable functionality. In particular, the {-angles
of the peptides were harmonically restrained about the ¢-
angle peaks we observe experimentally (150° amylinyg_29
polymorph 1 and 139° for amylinyg_29 polymorph 2 and
ABys_35). The angle between peptide carbonyl bonds and the
fibril long axis was harmonically constrained to the values ob-
tained experimentally. Additionally, the constraint force con-
stants were tuned to reproduce the experimentally obtained (-
angle and C=0 bond angle distributions. The fibril axes were
approximated in these models by using VMD to calculate the
inertial tensor of the o-carbons and extracting the principal
components. The fibril long axes were taken as the resulting
principal component perpendicular to the peptides. They were
calculated separately for every frame of the simulation trajec-
tories, as atomic fluctuations in the fibrils cause small changes
to the axis vectors.

The NAMD MD package was used to energy minimize and
simulate the fibril models. The all-atom CHARMM36m force
field was used to calculate potential energies and forces due
to its improved treatment of secondary structure compared to
CHARMM36.44 All simulations were performed under a
constant temperature and pressure of 298 K and 1 atm, respec-
tively. The Verlet velocity integration algorithm was used with
a time step of 1 fs, and the SHAKE algorithm was employed to
constrain heavy atom-hydrogen covalent bonds. Non-bonded
interactions were calculated for atom pairs using a cutoff of
12A, and a switching function was used at distances greater
than 10 A to truncate the potential. The particle mesh Ewald
method® was used to calculate long range electrostatics. Vi-
sual and quantitative analysis of MD simulations was per-
formed with Amber’s cpptraj tool*®*” and VMD.*?

The 24-mer fibril models were first energy minimized for
5000 steps with rigid backbone atoms using the conjugate gra-
dient minimization scheme. Following this, we released the
rigid backbone atoms and equilibrated the three fibril mod-
els for 2 ns with the aforementioned ¢- and C=0 bond angle
constraints for each polymorph taken from the Raman data.
Following these constrained equilibration simulations, we re-
leased all the constraints and ran another 2 ns to observe the
thermodynamic stability of the 24-mer fibrils. We collected ¢-
and C=0 bond angles, as well as inter-strand and inter-sheet
distances from the constrained and unconstrained simulations.
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FIG. 1. Representative AFM images of amylinyg_29 and AB3s5_3s5
fibrils. (a) AFM image of amylinyg_j9 polymorph 1 which is a 256
line image of 10 yum X 10 um size (4 um scalebar). (b) AFM image
of amylinyg_»9 polymorph 2, which is a 512 line image of 10 um
x 10um size (2 um scalebar). (c) AFM image of AB,s_3s fibrils,
which is a 256 line image of 10 pm x 10 um size (2 pm scalebar).
All images were measured in AC mode. Additional AFM images
can be found in the SI (Figure S2).

IV. RESULTS AND DISCUSSION
A. Choice of Peptide Systems to Study

We chose to study fibrils prepared from the amylinyg_o9
and Af,s_3s5 peptides because of their small, tractable na-
ture, which makes them ideal for quantitatively analyzing Ra-
man spectra without the need for complex isotopic labeling
schemes and performing detailed MD simulations. Studies
suggest that residues 20 — 29 form the amyloidogenic core of
amylin.*8-30 Fibrils prepared from amylinyg 29 can be poised
to adopt well-defined morphologies,”'~>* but there have been
conflicting reports on whether it forms parallel, antiparallel,
or mixed B-sheet fibril structures.’®32-5% Wildtype AB con-
sists of two predominate isoforms, the 40-residue Af3|_49 and
the 42-residue Afj_45. Although it is a less abundant iso-
form, AB»s_35 has also been found in the brain® and has been
shown to aggregate into 3-sheet structures.’*>° Despite this,
we are unaware of any known structures reported for AB2s5_3s
fibrils.

B. AFM Imaging

AFM imaging (Figure 1) reveals that the aggregated sam-
ples prepared from amylinyo_29 and A5 35 peptides resulted
in the formation of amyloid fibrils. The two polymorphs pro-
duced from amylinyg_o9 (Figure la, b) exhibit similar mor-
phologies, consisting of unbranched fibrils that are several mi-
crons in length. In contrast, the fibrils prepared from ABys5_3s
are shorter, being only several hundred nanometers to a few
microns in length.

C. Raman Spectroscopy Analysis

To further characterize the fibrils, we used Raman spec-
troscopy to investigate their molecular structures. As shown
in Figure 2, each polymorph exhibits unique spectral finger-
prints in the region between 1100 — 1700 cm~!. The most
structurally informative Raman bands in the spectra occur in
the Amide I, II, and III regions, located between 1600 — 1700
em™!, 1500 — 1600 cm~!, and 1200 — 1350 cm™!, respec-
tively. We examined these regions in detail to obtain structural
information about the fibrils by performing spectral deconvo-
lution analysis (see SI for details, Figures S4 and S5). The
results of this analysis are summarized in Table I, which lists
the Raman band assignments for the three polymorphs.

The most intense features in the spectra shown in Figure 2
occur in the Amide I region. The Amide I vibration consists
mainly of amide C=0 stretching.%®. Its structural sensitivity
derives from transition dipole coupling between neighboring
C=0 oscillators that produce a delocalized Amide I normal
mode.61:93-67-70 Coupling also results in characteristic “exci-
tonic splitting” patterns in the Amide I band that are diag-
nostic of different protein secondary structure elements. For
example, the Amide I band for canonical (infinitely long) par-
allel 3-sheets is predicted to split into two sub-bands, a high



TABLE 1. Band frequencies and assignments for the Amide I, II, and III regions of amylinyg_»9 and AB,5_35 fibrils

Amylingg_og (cm™1)? ABos_35 (cm™1)2 Band assignment® Reference
Polymorph 1 Polymorph 2
1207 1207 - Phe phenyl-C str Asher et al.%0
1220 - 1213 CH b, heavily mixed with NH ipb, CN str Moore & Krimm®!
1236 1225 1225 Amide III3 of fibrils Mikhonin ez al.2, Punihaole er al.?!
- 1241 1253 Amide 1113 of non-fibrillar species Mikhonin et al.%?
12820 1282 1279 CH b, heavily mixed with NH ipb, CN str ~ Moore & Krimm®!
- 1555 1557b Amide I Barth®
- 1586 - Phe CC ring str Barth®
1605 1606 - Phe ip ring str/ Phe CC ring str Asher ez al.®, Barth®
1633° 1630 1623 Amide I B of fibrils Moore & Krimm®!-63
- 1653 - Amide I of non-fibrillar aggregates Maiti e al.20, Apetri et al.?’
1671 1670 1671 Amide I A of fibrils Moore & Krimm®!-63
- 1677 - Amide I of non-fibrillar aggregates Maiti et al.20

“unless otherwise noted, the uncertainty is <=1 cm~1; 2

frequency A(0,0) mode and a low frequency B(m,0) mode
that are both Raman and IR-active.”'~"3 In contrast, the Amide
I band is predicted to split into four sub-bands for canoni-
cal (infinitely long) antiparallel B-sheet structures: the A(0,0)
mode, which is Raman-active and forbidden in the IR; the
B (0,7) mode, which is relatively weak in both Raman and
IR; the B, (m,0) mode, which is very strong in IR spectra; and
the B3 (7, ), which is essentially forbidden in IR and Raman
spectra.”!73 In practice, however, it can be difficult to dif-
ferentiate between parallel and antiparallel 3-sheet structures
using the Amide I band alone.”* This is because the Amide
I band depends on additional factors such as hydrogen bond-
ing patterns of the peptide bond C=0 groups, the registry of
B-strands, and the twist of the B-sheets.®>7>-77

The intense band at ca. 1670cm™! can be assigned to the
Amide T A(0,0) for all polymorphs. The B(w,0) mode oc-
curs near 1630 cm™! for both amylinyg_29 polymorphs and is
downshifted to ca. 1620cm™! in Ays_3s fibrils. We do not
observe Raman bands in any of the fibril spectra that can be
assigned to the B (0, w) mode characteristic of canonical an-
tiparallel 3-sheet structures. However, for amylinyg_29 poly-
morph 1, we observe a band at 1695 cm™! in the IR spectrum
(Figure S6), which we assign to the B (0, 7) mode. The pres-
ence of this band suggests that these fibrils are composed of
antiparallel 3-sheet structures (vide infra). We attribute the
absence of the B (0, ) mode in the Raman spectrum to the
fact that there is likely some local disordering of the {3-strand
registries in the amylinyp_9 polymorph 1 fibrils.

Spectral deconvolution analysis of the Amide I region of
amylinyg_y9 fibrils (Figure S4a,b) suggests the presence of
additional structures for polymorph 2 (Figure S4b). As dis-
cussed in detail in the SI, modeling the Amide I region be-
tween ca. 1600 — 1700 cm™~! of polymorph 2 with just two
bands (the Amide I A and B modes) yields a poor fit (Figure
S4c). In addition, adding only the 1677 cm™! band improves
the fit, but the Amide I B bandwidth becomes unphysically
large (Figure S4d). The most parsimonious, satisfactory, and
physically reasonable fit that we obtain is by incorporating
two additional bands at 1653 cm~! and 1677 cm ™! into the fit.

uncertainty is <+3 cm™!; ¢ip: in-plane; b: bending; str: stretching.

As discussed in detail below, we assign these bands to Amide I
modes deriving from a-helical (1653 cm~")??7 and PPII-like
structures (1677 cm™') from non-fibrillar aggregates present
in the sample.?"

The amylinyp—_p9 fibrils contain additional bands in the ca.
1600 — 1700 cm™! region. Both amylinyg_29 polymorphs ex-
hibit bands at ca. 1605cm™!, while polymorph 2 exhibits
an additional band at 1586cm™'. These bands can be as-
signed to the in-plane ring stretching modes of phenylala-
nine (Phe).®*%* For amylinyg_»9 polymorph 2, these bands
exhibit narrow linewidths, which we attribute to the Phe rings
adopting more well-defined conformations compared to poly-
morph 1 (vide infra). Amylinyg_p9 fibrils are also expected
to contain spectral contributions from asparagine’s (Asn) side
chain C=0 stretching mode.?*7%7% We see no evidence that
the Asn residues of amylinyg_»9 fibrils contribute significant
spectral contributions to the 1600 — 1700 cm™! region. How-
ever, to confirm that our assignment of ca. 1670cm~! bands
in amylinpo_»g fibrils is correct, we measured the Raman spec-
trum of a lyophilized powder of Asn. The Raman spectrum of
Asn (Figure S7) exhibits a strong band at 1640 cm™", which
can be assigned to the C=0O stretching mode of Asn side
chains. This suggests that the spectral contributions of Asn
side chains is negligible for the ca. 1670 cm~! bands that we
assign to the Amide I A(0,0) of the peptide backbone amide
groups.

The Amide II mode gives rise to a band located in the
1500 — 1600 cm ™" region. It consists of an out-of-phase com-
bination of NH in-plane bending and CN stretching. The
Amide II is typically strong in IR spectra, but weak in Ra-
man spectra excited with visible wavelengths. Interestingly,
Lee and coworkers'® suggest that the Amide II is enhanced
in the Raman spectra of parallel 3-sheet structures. As seen
in Figure 2, the Amide II is suppressed in the spectrum of
amylinyg_»9 polymorph 1 (Figure 2a), but appears in the spec-
tra of the other two fibril polymorphs (Figure 2b-c). This sug-
gests that amylinyg_29 polymorph 2 and AB,s_3s fibrils con-
sist of parallel B-sheet structures.

The most structurally-sensitive bands in the Raman spectra
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FIG. 2. Raman spectra of amylinyg_29 and AB,5_35 fibrils. (a)
Amyliny_s9 polymorph 1 fibrils. (b) Amylinyg_»9 polymorph 2 fib-
rils. (c) ABys_35 fibrils. All spectra were smoothed with a Savitzky-
Golay Filter®® using a 4" order polynomial over an 11-point window
for visual clarity. The original spectra can be found in Figure S3.

shown in Figure 2 occur between ca. 1200 — 1350 cm™! in

the Amide III region. The canonical Amide III band, as char-
acterized in N-methylacetamide, occurs at ca. 1315 cm~! and

originates from a vibration consisting of an in-phase combina-
tion of NH in-plane bending and CN stretching.®? In peptides
and proteins, however, the Amide III region is considerably
more complex, consisting of several bands that derive from
vibrations containing significant contributions of CN stretch-
ing, NH bending, and/or C4H bending motions. Asher and
coworkers,! have assigned the Amide III region of peptides
and proteins in detail, identifying three sub-bands called the
Amide III;, Amide I, and Amide III3. They have shown
that the Amide III3 is the most conformationally sensitive,®”
as its frequency can be correlated to the Ramachandran (-
dihedral angles of peptide bonds.6>3?

For f-sheet structures, the Amide III3 band occurs be-
tween ca. 1220 — 1240 cm™!, and it is easily identified due
to its relatively strong intensity (even with visible Raman
excitation) compared to other bands in the region.®? Based
on peak intensities from our spectral deconvolution analy-
sis (Figures S4 and S5), we assign the 1236cm™! band for
amylinyg_»9 polymorph 1, 1225 cm~! band for amylingg_29
polymorph 2, and the 1225cm ™! band for AB,s_35 fibrils to
Amide III3 modes that are diagnostic of amyloid fibril B-sheet
structures.?1-23:23-84

We capitalized on the structural sensitivity of the Amide
III3 band to determine the distribution of Ramachandran ¢-
angles for the amylinyo_»9 and Af,5_35 fibril peptide bonds.
To do this, we utilized the methodology of Asher and
coworkers,® which correlates the frequencies of the Amide
III3 band envelope to different -angles (see SI for details).
As shown in Figure 3, the (-angles for all the fibril poly-
morphs occur between ca. 120 — 160°. The distribution for
amylinyg_»9 polymorph 1 (Figure 3a) is centered at 151°, well
within the range of canonical antiparallel B-sheet structures.3
In contrast, the distributions for the other polymorphs are cen-
tered at ca. 140° (Figure 3b-c), indicating that they are com-
posed of parallel B-sheet structures.®® Based on its narrower
(p-angle distribution width, amylinyg_p9 polymorph 2 fibrils
exhibit a more well-defined conformation than amylinyg_s9
polymorph 1 or Af,s_35 fibrils. Additionally, we observe no
(-angle populations in the fibrils that suggest there are 3-turn
structures. This indicates that all three polymorphs consist of
extended (3-strands that assemble into [3-sheets.

We observe additional Amide III; bands between ca.
1240 — 1250 cm ! for amylinyg_29 polymorph 2 and ABys5_35
fibrils. The frequencies of these bands are upshifted beyond
the range that is typical of amyloid (3-sheet structures and
likely derive from non-fibrillar aggregates that we observe in
some of the AFM images for these two polymorphs (Figure
S2c-f). These bands correspond to (-angle distributions cen-
tered at either 156° (168°) or —28° (—40°) for amylinyg_o9
polymorph 2 (AB,s_3s) fibrils (Figure S8). Based on our as-
signments of the Amide I bands at 1653 cm™! and 1677 cm™!
(vide supra), the {-angle distributions for amylinyo_s9 poly-
morph 2 centered at 156° and —28° likely derive from o-
helical and PPII-like/disordered structures, respectively. In
contrast, our analysis of the Amide I region for Af3,5_3s fibrils
suggests that there are no a-helical or disordered structures
present (Figure S5). Thus, the Amide III3 band located at
1253 cm™! likely corresponds to non-fibrillar aggregates that
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the Amide III3 mode for amylingg_n9 and ABps_3s fibrils. (a)
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while (b) and (c) are composed of extended -strands oriented in an
{3-parallel sheet.

are rich in [3-strand-like structures with (-angles centered at
—168°.

D. Polarized Raman Measurements

We used polarized Raman spectroscopy to gain additional
structural insights on amylinyg_29 and Af,s_35 fibrils. Ra-
man anisotropy measurements on aligned samples can be em-
ployed to determine the relative orientation of chemical bonds
and functional groups in fibrils, as first demonstrated by Led-
nev and coworkers.”> We prepared anisotropic samples of
aligned fibrils for each polymorph using a drop coat deposi-
tion method.?>37 This method creates a “coffee ring” peptide
film that forms because the evaporation of the solvent pro-
duces shear forces that move fibrils in the center of the droplet
towards the perimeter.3’” As the fibrils approach the perimeter
of the droplet, they align themselves parallel to its edge with
a high degree of ordering.®’

We aligned the incident laser light to the edge of the coffee
ring for the polarized Raman measurements. We designated
a laboratory coordinate system (XYZ) where the Z-direction
corresponds to the long axis of the fibrils (tangent to the coffee
ring edge) and the Y-axis to the propagation direction of the
incident laser light (Figure 4 inset). Given the uniaxial sym-
metry of the fibrils, we only needed to acquire Raman spec-
tra using four different combinations of incident and scattered
light polarization configurations to obtain orientation infor-
mation of chemical functional groups: ZZ, ZX, XZ, and XX
(where the first and second letter indicate the direction of the
incident and scattered light, respectively, along the laboratory
coordinate system).3®

The polarized Raman spectra of the three different fibril
polymorphs are shown in Figure 4. As expected, the cross-
polarized spectra (ZX and XZ, shown in blue and purple, re-
spectively) overlap almost perfectly, indicating that there is
no photodamage of the samples, no artifacts introduced by
the different configurations of the polarization optics used (see
Experimental Methods for more details), and that no displace-
ments/rotations occurred in the samples during the measure-
ment. The ZZ (black) and XX (red) spectra show the largest
intensity variations. The most striking difference occurs with
the Amide I A(0,0) band, which is most intense in the ZZ
spectrum and very weak in the XX spectrum.

Quantitatively interpreting the polarized spectra to extract
orientation information requires knowing the Raman tensors
for particular vibrational normal modes. Fortunately, the Ra-
man tensor for the (delocalized) Amide I A(0,0) mode has
been determined. It is oriented parallel to the C=0 axis
of peptide bonds in B-sheet structures.®® Thus, the Amide T
A(0,0) band is an ideal spectroscopic marker to determine
the relative orientation of C=0O bonds in amylinyy_79 and
A§25,35 fibrils.

The theory to obtain orientation information from polar-
ized Raman spectra has been described in extensive detail
elsewhere.8-2 The key step is to determine the respective
most probable orientation distribution functions, N,,(0), for
the the Amide I A(0,0) tensor of each polymorph. The
method of finding N,,,(0) is described in the section Basic
Approach to Determine the Most Probable Orientation Dis-
tribution Function of the SI. Briefly, for systems such as fib-
rils with uniaxial symmetry, N;,,(6) can be estimated with
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reasonable accuracy by experimentally measuring two order
parameters called (P) and (P;).”*> As discussed in detail in
the SI, these order parameters can be determined from the in-
tensity ratios Ry = Izx /Izz and R, = Ixz/Ixx for the Amide I
A(0,0) mode (see Table S1 and S2 and Figures $9-S17).%

Figure 5a-c shows N,,,(0) for the Amide I A(0,0) ten-
sors. The distributions are normalized such that multiplying
Nyup(0) by sin® yields the preferred orientation distribution
of the tensors. As shown in Figure 5d-f, preferred orientation
distributions of the Amide I A(0,0) tensors for all the poly-
morphs are bimodal. The maximum probability for the dis-
tributions corresponding to the Amide I A(0,0) tensors occur
at ca. £10° and £15° for amylinyp_79 polymorphs 1 and 2,
respectively, and £11° for ABys_3s fibrils (Table II). These
values indicate that the 3-strands of the polymorphs are ori-
ented approximately perpendicularly to the fibril long axis,
which is the hallmark of the cross- architecture observed in
amyloids. The smaller peaks in the C=O bond angle distribu-
tions that occur at 90° can be attributed to local disordering of
the cross-{3 structure or because of misalignment of the fibrils
filaments in the coffee rings that we prepared. Based on the
relative intensities of the peaks, disordering and misalignment
accounts for roughly 19% for both amylinyg_»9 polymorphs
and 33% for AB,s_35 fibrils of the total probability for the
C=0 bond angle distributions.

E. Determining Force Constants for Harmonic Constraints.

The widths of the experimentally measured C=0 and ¢-
angle distributions can be used to determine harmonic con-
straints that can be applied in MD simulations. For example,
the probabilities of the experimentally measured {-angles can

be modeled using the Boltzmann distribution:

p(Weq)

p(¥i) o~ AG(vi)/RT (1

where p(y;)/p(We,) is the ratio of peptide bonds with (-
angles angles, ¢; and ()4, respectively. The angle, g, is
the “equilibrium” or minimum energy ¢-angle angle for reach
polymorph, while R is the molar gas constant, T is the tem-
perature, and AG(y;) = G(y;) — G(y,q) is the apparent Gibbs
free energy difference between ¢); and (),,. From eq. 1,
AG(y;), can be determined:

AG(y;) = —RT'In { ;((w":’j)] )

Eq. 2 can be used to determine an apparent free energy land-
scape for the fibril peptide bonds along the ¢-angle structure
coordinate. As shown in Figure 6, the apparent energy land-
scapes behave harmonically around ¢, and can be modeled
in terms of a simple torsional spring using Hooke’s Law:2*

1
AG(i) = S K(Vi = Vey)? 3)

where K is the torsional spring force constant, which reflects
the curvature of the harmonic potential wells. A similar ap-
proach can also be used to determine the torsional spring con-
stants for the C=0 bond angles. These distributions are more
complex, and, as shown in Figure 7, the potential energy land-
scapes are anharmonic. To calculate the force constants, how-
ever, we assume that the potential wells behave harmonically
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TABLE II. Summary of Raman-derived structural constraints for amylinyg_o9 and AB,5_35 fibrils

[3-sheet ¢ angle (°) x for ¢ (J/mol/deg) C=0 bond angle (°) K for C=0 (J/mol/deg)
Amylinyg_p9 Polymorph 1 Antiparallel 151 40.54 +10 43.07
Amylinyg_p9 Polymorph 2 Parallel 139 258.6 +15 18.63
ABas._3s fibrils Parallel 139 52.67 +11 32.72
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in the region between 5 — 20°, near the equilibrium bond an-
gles.

Table IT summarizes the force constants obtained from the
experimentally measured - and C=0 angle distributions. It
is important to note that fibril misalignment introduces addi-
tional uncertainty in determining the force constants for the
C=O0 bond angles, but not the Ramachandran ({-angles. The
effect of this greater uncertainty is that the apparent force con-
stants determined experimentally for the C=0 bond angles
are lower than in actuality. This means that the structural con-
straints applied in the MD simulations are relaxed and allows
a greater ensemble of fibril structures to be sampled in the tra-
jectories, effectively reducing the apparent resolution of our
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structural models.

F. Guided MD Simulations using Experimental Constraints
from Raman Spectroscopy.

We recognized that the C=0 and ¢-angle distributions
obtained from Raman measurements provide structural con-
straints that can be used to determine molecular structural
models of the amylinyo_29 and AB3,5_35 fibril polymorphs. To
accomplish this, we first manually constructed putative struc-
tures of the three different fibril polymorphs for MD sim-
ulations. These initial models were constructed by arrang-
ing 24 peptides in a two [3-sheets comprised of 12 peptides
per sheet. Using the Raman data as a guide, we constructed
B-sheets comprised of only extended (3-strands that were ar-
ranged in an antiparallel configuration for amylinyg_29 poly-
morph 1 and parallel configurations for amylinyg_29 poly-
morph 2 and ABys_35 fibrils. When initially constructing these
models, we only considered [3-sheet structures wherein the
strands were in-register and explicitly solvated these struc-
tural models in TIP3P%* before performing energy minimiza-
tion and equilibration runs. Upon performing the equilibra-
tion runs, we found that the As5_35 model was structurally
unstable since water molecules penetrated the interior of the
[-sheet and formed strong dipole-charge interactions with the
lysine (Lys) side chains.

Because of this, we employed a generalized-Born implicit
solvent with a dielectric constant set to 3.23 (appropriate
for the interiors of proteins)® for all three structural mod-
els. We reasoned that the use of implicit solvent was phys-
ically reasonable for our simulations since it better mimics
the bulk properties of real fibril systems that were examined
experimentally compared to the small, well-solvated [3-sheet
oligomers in the explicit solvent simulations. However, fol-
lowing the equilibration of these GBIS solvated models, we
found that the ABys_35 structure was still not thermodynami-
cally stable. Upon analysis of this structure, we observed that
the in-register arrangement of the (3-strands resulted in repul-
sive electrostatic interactions of Lys side chains, which caused
the 3-sheets to dissociate. To alleviate this problem, we offset
the 3-strands in the sheets by one residue. We found that this
resulted in thermodynamically stable structures, as it allowed
the Lys residues to form favorable hydrogen bonds with the
nearby Asn and serine (Ser) side chains (vide infra), rather
than the repulsive interactions that we previously observed.

Using an analogous approach to ssNMR, we restrained the
C=0 and ¢-angles of the fibril models during the energy min-
imization and equilibration simulation runs using the equilib-
rium angles and torsional force constants determined experi-
mentally from our Raman measurements. Figure 8 presents
representative snapshots from the resulting ensemble of fibril
structures for the three polymorphs from the MD simulations
that are consistent with the experimental data from the Ra-
man measurements. All three polymorphs are composed of
extended [3-strands that assemble into sheets. The strands for
amylinyp_29 polymorph 1 assemble into antiparallel B-sheets,
while those of polymorph 2 and Af35_ 35 form parallel B-sheet
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structures. For amylinyg_29 polymorph 1, hydrophobic con- isoleucine (Ile) residues within the same (3-sheet, while the
tacts occur between the side chains of Phe, alanine (Ala), and side chains of leucine (Leu), Ala, and Ile form hydrophobic
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zippers between [3-sheets (Figure S18a).

In contrast, the side chains of Ala, Ile, and Leu residues
are aligned down the length of the B-sheets for polymorph 2,
forming a string of hydrophobic interactions between neigh-
boring residues and hydrophobic zippers between opposite 3-
sheets, similar to polymorph 1 (Figure S18b and c). In ad-
dition, the side chains of Phe residues between neighboring
B-strands in polymorph 2 form rn-stacking interactions with
each other. This constrains the Phe rings so that they adopt
well-defined conformations, which is confirmed by the nar-
row bands observed for the Phe rings in the Raman spectrum
shown in Figure 2b.

For ABys_35, hydrophobic interactions occur between the
side chains of Ala an Ile residues within the same (3-sheet,
as well as Leu and Ile residues from opposite [3-sheets (Fig-
ure S19a). In addition, hydrogen bonding interactions are ob-
served between Ser, Asn, and Lys residues between neighbor-
ing 3-strands (Figure S19b).

All three polymorphs obtained from the MD simulation
exhibit structural features that are physically reasonable for
amyloid fibrils. The average inter-sheet distances for the three
structures are between 9.4 — 10.4A, and the average inter-
strand spacings are between 4.9 —5.1A (Table S3). These
values are in good agreement with the equatorial and merid-
ional spacings observed in experimental fiber diffraction data
of amyloid fibrils.”® Similarly, no unrealistic bond angle dis-
tortions or steric clashes are observed, and the (¢, ¢, ©) Ra-
machandran angles are all within allowed values (Table S4 -
S6). As aresult, we have greater confidence that the structural
models shown in Figure 8 are physically reasonable.

To further validate the models, we examined whether the
simulated fibrils were structurally stable. We tested this by
removing the structural constraints on the fibril structures and
then running additional simulations. The unconstrained struc-
tures held together during the simulation production runs and
did not dissociate. The C=0 bond distributions (Figure S20)
of the unconstrained structures are bimodal, exhibiting peaks
around +10 — 15° from the fibril axes, in good agreement with
our experimental data. Similarly, the median values for the (-
angle distributions (Figure S21) are close to our experimental
measurements. The distribution of amylinyp_29 polymorph 1
is unimodal and peaked near 147°. In contrast, the distribu-
tions for amylinyg_29 polymorph 2 and A(;s_35 appear bi-
modal, exhibiting a main peak around 139° (close to experi-
mental measurements) and a smaller peak that is downshifted
to ca. 120°. This indicates that the fibril structures corre-
sponding to amylinyg_29 polymorph 2 and AB,5_35 have both
slightly evolved compared to the original constrained struc-
tures. The reason for these discrepancies is likely due to the
limitations of our simulations since we could only model a
single protofilament segment. We hypothesize that the struc-
tures we simulated are more conformationally flexible (thus
allowing the (-angle distributions to evolve) since they are not
subjected to lattice packing forces of multiple protofilaments
that stabilize real amyloid fibrils.
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G. Comparison with Other Fibril Models

Early studies utilizing ssNMR and IR spectroscopy by
Landsbury and Griffin®23 suggested that amylinyy 59 fibrils
are composed of antiparallel 3-sheet structures. These finding
were later corroborated by Nielsen and coworkers®* who also
employed ssNMR to investigate the structure of amylinyg_o9
fibrils. The Landsbury-Griffin-Nielsen studies, however, have
been contradicted by others, who suggest that amylinyg_29
fibrils can also form parallel B-sheet structures. Middleton
and coworkers®® employed ssNMR and X-ray fiber diffrac-
tion to investigate amylinyg_o9 fibrils. Their analysis of 13C
cross-polarization MAS and RR ssNMR data revealed that
amylinyg_29 can form both parallel and antiparallel -sheet
fibril polymorphs, despite electron micrographs of their fibril
samples appearing morphologically homogeneous. Similarly,
Song et al.”’ published a recent cryo-EM study, which also
suggests that amylinyg_p9 fibrils can adopt parallel B-sheet
structures.

Our work corroborates the findings of Middleton and
coworkers3° that amylinyg_»9 forms both parallel and antipar-
allel B-sheet fibril polymorphs. Furthermore, the structures
that we determine for both polymorphs exhibit hydrophobic
zippers between the side chains of Leu, Ala, and Ile that are
consistent with ssNMR data obtained by both the Middleton
and Nielsen groups®%34. In addition, the B-sheets of both poly-
morphs also exhibit a slight twist around their fibril axes, in
agreement with the antiparallel 3-sheet structure reported by
Nielsen and coworkers®*. This agreement between our struc-
tural models and those derived from ssNMR data highlight
the utility and complementary nature of using Raman spec-
troscopy to quantitatively assess the molecular structures of
different amyloid fibrils.

Regarding AB5_35, we are unaware of any detailed fibril
structures being reported in the literature. In the case of the
full-length (1 — 40 or 1 — 42) wildtype AP peptide, residues
25 —29 adopt a bend structure that brings the two [3-sheets of
the fibril protofilaments together.18 In contrast, AB5_35 is too
small to adopt bend or turn structures. Its cross-f3 core struc-
ture resembles that of amylinyg_29 polymorph 2. Interestingly,
Ays_35 fibrils appear to be more structurally heterogeneous
than amylinyg_»9 polymorph 2 fibrils, as evidenced by the for-
mer’s broader {-angle distribution (c.f. Figure 3b and c). This
may be due to the difference in side chain composition of the
two peptides. Amylinyg_29 polymorph 2 adopts parallel 3-
sheets that allows Phe, Ala, and Leu side chains to be aligned
in-register between neighboring [3-strands, thereby allowing
hydrophobic and n-stacking interactions that make the fibril
structures more rigid. The MD simulations suggest that this
does not occur for Af3ys_35 fibrils since the side chains hy-
drophobic residues in the interior between the two (3-sheets
are more disordered (Figure S10). This side chain disordering
could give rise to the greater conformational heterogeneity ob-
served in the Raman spectra for Af3;s_35 fibrils compared to
amylinyg_»9 polymorph 2.



V. CONCLUSION

In this study, we present detailed molecular-level struc-
tural models of amylinyg_29 and ABys_35 fibrils determined
using MD simulations that are based on C=0 bond and ¢-
dihedral angle constraints measured by Raman spectroscopy.
The agreement between our fibril models of amylinyg_29 poly-
morphs 1 and 2 with those reported by the Landsbury,>?
Griffin,> Middleton,*® and Nielsen>* groups highlight the po-
tential to develop quantitative molecular structural models of
fibrils using Raman spectroscopy. It also highlights the fact
that our approach provides structural information that com-
plements gold-standard techniques such as ssNMR and cryo-
EM.

We believe that using experimental parameters measured by
Raman spectroscopy to guide MD is more powerful and syner-
gistic than using either technique alone. Namely, the bond and
dihedral angle parameters measured by Raman spectroscopy
provide structural constraints that help guide the construction
of starting models and narrow the conformational phase space
sampled over the course of the simulation production runs. In
addition, the MD simulations provide a powerful method to
visualize the three-dimensional structure of amyloid fibrils in
a way that cannot be appreciated by only inspecting the bond
and dihedral angle distributions measured by Raman spec-
troscopy. Finally, our work shows that Raman spectroscopy
can be used to quantitatively discriminate between different
fibril polymorphs.

We believe that our approach could be useful in refining
fibril structures determined by ssNMR or cryo-EM. This is
particularly true for refining disordered or dynamic regions of
fibrils, which are difficult to probe using ssNMR and cryo-
EM, that could play important roles in initiating aggregation
or aberrantly interacting with biological cells. For ssNMR, the
final ensemble of structures is visualized by selecting the top
10 or 20 most energetically favorable protein conformers con-
sistent with the experimental constraints applied in the MD
simulations. In cryo-EM, disordered, dynamic, or heteroge-
neous regions could result in poorly resolved electron densi-
ties that make it difficult to obtain any structural information at
all. In contrast, the widths of dihedral and bond angle distribu-
tions measured by Raman spectroscopy naturally give insights
into the structural dynamics and conformational heterogene-
ity of fibrils. This information can be directly incorporated
into simulations by parameterizing MD force fields with ex-
perimentally measured harmonic force constants, as described
above.

The Raman structural constraints used to parameterize the
MD simulations can theoretically be determined using either
non-polarized or polarized measurements. Although mea-
suring the C=0 bond angle distributions require polariza-
tion measurements on aligned samples, determining parame-
ters such as (-dihedral angles with Raman spectroscopy does
not. Thus, in theory, our approach does not inherently rely
on aligned fibril samples or polarization measurements. How-
ever, for this to be feasible, more structurally-sensitive Ra-
man spectroscopic markers need to be discovered to enable
the determination of higher-resolution fibril models. There are
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several reports describing Raman spectroscopic markers that
can be used to measure amino acid side chain dihedral angles.
However, these apply to only a handful of amino acids such
as glutamine, asparagine, and tryptophan.?!-242398.99 Discov-
ering a Ramachandran ¢-dihedral angle spectroscopic marker
would be especially powerful for constraining the structure of
the peptide backbone in fibrils. Work by Schweitzer-Stenner
and coworkers!%%10! describes an interesting approach to an-
alyze the Amide I band to determine both Ramachandran (-
and - angles. However, it remains unclear whether their
methodology can be applied to systems beyond tetrapeptides.

Obtaining site-specific structural information would also be
useful in developing our technique. Residue-specific struc-
tural information could conceivably be obtained through site-
specific labeling schemes of amide nitrogen and carbon atoms.
Since the pathophysiologically-relevant lengths of many amy-
loidogenic proteins, including amylin, are generally less than
50 amino acids, isotopic editing of peptides could be achieved
using solid-phase synthesis.”®192193 Isotopic labeling of the
peptide backbone carbon and nitrogen atoms would decou-
ple the NH bending, CN stretching, and C=O stretching
motions in amide vibrations.3! Isolating the corresponding
Amide I and III modes for individual residues could therefore
be achieved by determining the difference spectra between the
isotopically labeled and unlabeled fibril species.®! Thus, with
these current limitations, it is clear that follow-up studies are
needed to increase the utility of our methodology. Despite
this, however, we believe that our approach lays a foundation
towards potentially using Raman spectroscopy with MD to vi-
sualize the three-dimensional structures of amyloid fibrils and
other biological macromolecules.

SUPPLEMENTARY INFORMATION

Tables S1-S6 and Figures S1-S21. Description of additional
Raman spectroscopy methods, spectral processing and peak-
ing fitting methods, AFM methods, FTIR methods, and de-
termination of Ramachandran y-angle distribution and order
parameters.
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