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ABSTRACT: Many different proteins undergo misfolding
and self-assemble into amyloid fibrils, resulting in a range of
neurodegenerative diseases. The limitations of conventional
methods of structural biology for fibril characterization have
led to the use of polarized Raman spectroscopy for obtaining
quantitative structural information regarding the organization
of amyloid fibrils. Herein, we report the orientation of selected
chemical groups and secondary structure elements in aligned
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insulin fibrils, including S-sheets, which possess a high level of orientation in the cross-f core, and a-helices in the disordered
portions of the fibrils. Strong orientation of disulfide bonds in amyloid fibrils was also revealed, indicating their association with
the fibril core. The determined orientation of chemical groups provides strong constraints for modeling the overall structure of
amyloid fibrils, including the core and disordered parts. The developed methodology allows for the validation of structural
models proposed in the literature for amyloid fibrils. Specifically, the polarized Raman data obtained herein strongly agreed with
two insulin fibril models (Jiménez et al., Proc. Natl. Acad. Sci. U. S. A. 2002, 99, 9196—9201 and Ivanova et al,, Proc. Natl. Acad.
Sci. U. S. A. 2009, 106, 18990—18995) yet revealed significant qualitative and quantitative differences. This work demonstrates
the great potential of polarized Raman spectroscopy for structural characterization of anisotropic biological species.

B INTRODUCTION

Amyloid aggregation, a specific form of protein misfolding and
self-assembly, has been associated with several human diseases,
including Parkinson’s disease, Alzheimer’s disease, and type II
diabetes.' > Despite considerable diversity in the amino acid
sequence of the precursor proteins, amyloid fibrils share a
number of common structural features. Amyloid fibrils are
typically long, unbranched entities™ with the classic “cross-#”
structure in which individual strands in the f-sheets are aligned
perpendicular to the long axis of the fibri.>” To date, the
majority of structural information about amyloid fibrils has
come from solid-state NMR,® cryo-EM,” single-crystal X-ray
diffraction analysis,”'® electron paramagnetic resonance,'’ X-
ray and electron fiber diffraction, and scanning probe
microscopy.””” Structural information for a number of
amyloidogenic peptides has also been obtained by means of
infrared linear dichroism spectroscopy,”~"* deep UV reso-
nance Raman spectroscopy,” infrared spectroscopy,'>'*'” and
vibrational circular dichroism.”'® The vast majority of these
techniques and methods report on the fibril core structure,
whereas the organization of the remainder of the fibril
aggregate remains elusive. Recent tip enhanced Raman
(TER) spectroscopic studies have shown significant presence
of a-helical and unordered protein on the fibril surface.'”*’
Several detailed structural models have been reported for
amyloid fibrils,”' ~** including those formed from human
insulin.”*">° The models are typically based on a relatively
accurate structure determination of the core with much less
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information on the other parts of the fibril. One of the main
goals of this study is to verify the fibril structural models based
on polarized Raman spectroscopy of aligned fibrils.

Raman spectroscopy is a powerful nondestructive technique
for the structural characterization of proteins and protein
aggregates.”” Its advantages include high sensitivity to changes
in conformation and chemical bonding. Moreover, the
orientation of individual structural units in the sample can be
evaluated on the basis of polarized Raman measurements
conducted on an anisotropic sample of aligned species.
Polarization characteristics of Raman scattering are related to
the polarizability tensor and contain information regarding the
symmetry of chemical groups. Raman band anisotropy
measurements allow for retrieval of this information if the
Raman tensor is known.”* >’ Polarized infrared absorption and
Raman spectroscopies have been utilized for studying amyloid
fibrils. In particular, the orientation of the f-strands, tyrosine
and phenyl rings relative to the fibril axis has been
demonstrated."”'*** Additionally, inclination angles for specific
C=0 bonds with respect to the fibril axis of amyloid fibrils,
prepared from the core fragment (21-31 peptide,
[*’NFLNCYVSGFH*]) of f,-microglobulin, have been
reported.'>*
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The theoretical background of orientation measurements by
Raman spectroscopy has been extensively described in the
literature devoted to polarized Raman spectroscopic measure-
ments,”” and the general procedure for determining the order
parameters (P,) and (P,) has been developed in detail by
Bower.”' Only the second ({(P,)) and fourth ((P,)) coefficients
of the orientation function can be determined with polarized
Raman spectroscopy, from which the orientation distribution
can be estimated by calculating the most probable orientation
function, N,,,p(e).?’*%"m_42

A number of alignment techniques have been used for the
molecular orientation of fibrils, including methods utilizing
stretched polyethylene films as a matrix,*® shear flow
orientation of macromolecules,*** molecular combing,l‘?”w’45
and preparation of dried stalk samples.”®*> Among these
approaches, the method based on drop coating deposition
Raman (DCDR) spectroscopy’®™*® has been used with
polarized Raman spectroscopy to obtain structural information
on oriented amyloid fibrils.

In this work, we utilized polarized Raman spectroscopy of
aligned insulin fibrils to determine the orientation of individual
secondary structural elements, including f-sheets, a-helices and
“disordered” parts of the protein backbone as well as two
interchain disulfide bonds. Two structural models for complete
human insulin fibrils, which have been reported previously,”***
were evaluated on the basis of the results reported herein.

B RESULTS AND DISCUSSION

Polarized Raman Spectra of Aligned Fibrils. Polarized
Raman spectroscopy was utilized in this work for probing the
molecular organization of insulin fibrils. To determine the
orientation of specific chemical groups, anisotropic samples of
aligned fibrils were prepared using the drop coating deposition
method.**~** Briefly, approximately 20 yL of fibril suspension
was deposited onto aluminum foil and allowed to dry. It has
been shown that this simple method is extremely eflicient and
results in a high degree of fibril alignment.*’

Raman spectra were acquired using four polarization
geometries (XX, ZZ, XZ, and ZX), where the first and second
letters correspond to the incident and scattered light polar-
izations, respectively (Figure 1, Inset). The laboratory
coordinate system (XYZ) is defined in such a way that the Z-
axis corresponds to the main axis of the aligned fibrils and the
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Figure 1. Normalized polarized Raman spectra of oriented human
insulin fibrils.

Y-axis corresponds to the propagation direction of the incident
and scattered (collected) light.

Significant differences in intensity were observed for several
vibrational modes in the Raman spectra acquired using the XX
and ZZ polarization geometries. In particular, the bands in the
1575—1720 cm ™" and 480—550 cm ™" regions, corresponding to
the amide I°**! and disulfide stretching modes,> respectively,
exhibited major variations. To obtain qualitative information
regarding the degree of alignment, we calculated the orientation
parameter f, also termed the pseudo-order parameter, using the
following formula:*®

f=1- (IXX/IZZ)

where Ixy and I,; are the Raman intensities of the peak of
interest in the XX and ZZ spectra, respectively. For an isotropic
sample, f equals zero and increases as the molecular orientation
increases along the Z direction until it reaches 1 for a perfect
parallel orientation. We obtained f values of 0.88 and 0.91 for
the 1672 cm™ amide I band and 513 cm™ S-S stretching
vibration band, respectively.

Amide | Vibrational Mode. The amide I Raman band is
mainly associated with the C=O stretching mode, with
additional contributions from C—N stretching and Ca—C—N
deformation.”*™” It has been shown previously’”>*>" that
Raman spectra of amyloid fibrils in general, and the amide I
band in particular, are dominated by the contribution from the
fibril core, which has a well-ordered f-sheet structure with f-
strands arranged parallel or antiparallel to each other and
perpendicular to the long axis of the fibril. **° Consequently,
because of the cross-f structure of the fibril core, peptide
carbonyl groups are oriented nearly parallel to the main axis of
the fibril.'*** Specifically, the peptide carbonyl group angle of
13 + 5° relative to the fibril axis has been reported for insulin
fibrils."” Hiramatsu et al.'>*” determined the orientation of
various C=0 groups in fibrils prepared from the core fragment
(21-31 peptide) of f,-microglobulin (0° angle for two C=0
bonds and 27° angle for three C=O bonds in the f-sheet
region of fibrils). In addition, there is a 47° angle for the four
C=O0 groups in the random coil portion and a 32° angle for
the two C=O0 groups in the f-turn or f-bulge portions.

It is currently well accepted that the fibril cross-f core is
surrounded by randomly oriented protein regions with various
secondary structures, including a-helices, S-turns, and disor-
dered conformations.'*' ™% Using tip-enhanced Raman spec-
troscopy, we have recently found that the secondary structure
configuration and the amino acid residue composition are
different on the surface of two insulin fibril polymorphs.®*

The amide I normal vibrational mode depends on the C=0
hydrogen bonding, on the vibrational coupling between
adjacent amide units, and, consequently, on the protein
secondary structure.’”*>® Therefore, the decomposition of
the amide I Raman band on individual components allows for
the determination of the protein secondary structure
composition. The amide I region (1575—1720 cm™") of the
polarized Raman spectra was fitted using Gaussian and
Lorentzian functions, including three comoponents representing
the main secondary structural elements.’® Figure 2 shows the
band decomposition for the four polarized spectra with
different polarization geometries. The component at 1672
cm™ is assigned to the well-ordered f-sheet structure, whereas
the band at ca. 1655 cm™ is attributed to the a-helical
conformation. The component at approximately 1685 cm™
could reflect a composite contribution from PPII, a disordered
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Figure 2. Band decomposition of the amide I region of the polarized Raman spectra of insulin fibrils for various polarization geometries.
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Figure 3. Band decomposition of the S—S stretching vibrational mode region of the polarized Raman spectra of oriented insulin fibrils for various

polarization geometries.

structure. The bands at 1589, 1604, and 1616 cm™!, which
could be attributed to ring modes of Phe and Tyr residues,””**
were also included in the band-fitting protocol.

S—S Stretching Vibration. Protein Raman bands at 510 +
S, 525 + 5, and 540 + S cm™' could be assigned to S—S
stretching vibrations, v/(SS), in gauche—gauche—gauche (ggg),
gauche—gauche—trans (ggt) and trans—gauche—trans (tgt)
conformations of the C—C—S—S—C—C segment, respec-
tively.” "> Gaussian deconvolution of the Raman spectra of
naive insulin and isotropic insulin fibril powders in the 470—
580 cm™' range revealed that the ratio between the peak areas
assigned to the ggg and ggt conformations was approximately
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2:1. Therefore, two out of the three disulfides most likely
contribute to the 513 c¢m™' Raman band, whereas the
remaining S—S bond is responsible for the 530 cm™ band.
The positions of the disulfide bands in the Raman spectrum of
native insulin powder were in agreement with the literature
data.*>*® The Raman peaks at approximately 490 cm™ found in
the spectra of native insulin and isotropic insulin fibril powders
can be assigned to skeletal bending.”® On the basis of the crystal
structure of human insulin,”” we assigned the most intense peak
at 513 cm™ (S=S) to two disulfides ([B] Cys7-[A] Cys7 and
[B] Cys19-[A] Cys20) with a ggg conformation, whereas the
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Table 1. Calculated Intensity Ratios R, and R,, Order Parameters (P,) and (P,), and Lagrange Multipliers 4, and 4, for Amide I

and »(SS) Raman Tensors in Human Insulin Fibrils

Raman shift, cm™ R, R, (Py) (Py) 4 A Ry, a
1672 (p-sheet) 0.11 112 0.65 043 2.1 1.52 0.47 —-0.115
1655 (a-helix) 0.19 1.23 0.51 0.22 2.09 0.43 0.49 —0.131
1685 (PPII, disordered structure) 0.22 1.38 0.5 0.2 2.11 0.31 0.45 —0.172
513 v(SS) 0.1 123 0.69 0.46 2.3 1.6 0.47 —0.118
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Figure 4. (A) The most probable orientation distribution function N,,,() and (B) the calculated orientation distribution function N,,,,(6) sin(6) of
Raman tensors obtained for amide I Raman spectroscopic components and a disulfide Raman band of human insulin fibrils.

530 cm™! peak was attributed to the disulfide bond ([A] Cys11-
[A] Cys6) with a ggt conformation.

It is known that S—S stretching Raman bands have a very low
depolarization coeflicient, and the Raman tensor for the totally
symmetric stretching vibration of the disulfide bridge is
oriented parallel to the S—S bond.”*’* As shown in Figure 3,
the intensity of the band at 513 cm™" is very strong in the ZZ
orientation and weak in the XX orientation, indicating a high
level of orientation of the disulfide bonds with a ggg
conformation along the main axis of the insulin fibrils. To the
best of our knowledge, this is the first experimental observation
of a preferential orientation of disulfide bonds in amyloid fibrils.

Aromatic Amino Acid Residue Side Chains. The bands
at 643, 830, and 1209 cm™", which could be assigned to various
vibrational modes of the phenoxyl ring, and the bands at 1003
and 1032 cm™', which arise from phenylalanine residues, also
showed different Raman scattering intensity for XX and ZZ
configurations (Figure 1). It is well-known that aromatic
residues play an important role in the stability of protein
structures through the involvement of hydrogen bonds or in
the stabilization of amyloid fibrils as a result of 7—7 stacking
between aromatic residues.”® In addition, the Raman bands at
approximately 830—850 cm™' can be useful in determining the
local environment of the Tyr side chains. It has been shown
previously that the intensity ratio Ig5/Ig3, depends strongly on
the hydrogen-bonding state of the phenoxyl group.””

Orientation of Chemical Groups in Insulin Fibrils.
Quantitative interpretation of polarized Raman spectra (Figure
1) requires the Raman tensor of a particular band. In general, a
Raman tensor relates the polarization direction of the exciting
light to the polarization direction of the scattered light.”*”® A
Raman tensor corresponding to a particular vibrational mode
can be described in terms of three nonzero components
(principal axes) that can be determined using polarized Raman
spectroscopic measurements.”” The procedure for determining
the orientation of chemical groups based on polarized Raman
spectroscopy has been previously reported.””*>*" Briefly, this
method is based on acquiring four polarized Raman ipectra
(Iz Ix, Ixy and Iy;) in the backscattering configuration™ (see
the Supporting Information).

11315

The polarized Raman spectra of oriented fibrils are depicted
in Figure 1. Significant intensity variations are evident for
several bands in the ZZ and XX spectra. The fact that the
crossed-polarized spectra (ZX and XZ) overlap within the
experimental error confirms that no displacements and
rotations of the sample occurred during the measurements.
Most importantly, this result satisfies the conditions for the
application of the uniaxial model, which allows for quantitative
determination of the order parameters (P,) and (P,) from the
polarized Raman spectra.

The intensity ratios, R, = Ix/I;; and R, = Iy,/Ixx, of the
amide I band components and v(SS), together with the
corresponding values of the order parameters (P,) and (P,), are
summarized in Table 1.

A positive (P,) value indicates that PART is preferentially
oriented parallel to the fibril axis. In the case of the amide I
band, this result is in agreement with the data previously
reported for aligned amyloid fibrils studied by polarized
infrared and Raman spectroscopies. ' ***

We calculated the most probable orientation distribution
function, N,,,,(6), based on experimentally determined (P,) and
(P,) values and numerically calculated Lagrangian multipliers
(4, and A,) using a well-developed approach for quantitative
characterization of Raman tensor orientation,33’4o_42 where 0 is
the angle between the fibril axis and the principal axis of the
polarizability tensor. Because a uniaxial cylindrical symmetry
was assumed, multiplication of the most probable orientation
distribution function by sin(f) allows for the preferred
orientation with respect to the fibril axis to be obtained,
which corresponds to the maximum N,,,(6) sin(6) function
(Figure 4). The mean of this distribution function characterizes
the average orientation angle.gz’83

Orientations of C=0 Groups and Secondary Struc-
ture Elements. Figure 4A shows Nmp(ﬁ) associated with
various secondary structure components of the amide I band. In
each case, Nmp(e) is Gaussian, unimodal, and centered at 6 =
0°. Thus, it can be concluded that different structural
components are not randomly oriented but exhibit a certain
level of orientation. As expected, the f-sheet component (1672
cm™') showed the highest level of orientation among all the
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secondary structure elements. The distribution of orientation
was broader for the a-helix (1655 cm™) and PPII/disordered
structure (1685 cm™) than for the f-sheet. The N,,,(0) sin(0)
function of the 1672 cm™" band reached a maximum at 6 = 12°
with an average orientation angle of approximately 26°(Figure
4B). For the other two components of the amide I region,
representing a-helices (ca. 1655 cm™') and composite
contributions from PPII and disordered regions (near 1685
cm™'), the average orientation angles of PART were 33° and
35°, respectively.

The ultimate goal of the polarized Raman spectroscopic
study is to determine the orientation of chemical groups in an
amyloid fibril based on the orientation distribution functions
obtained for the polarizability tensors. The knowledge of the
orientation of the polarizability tensor relative to the
corresponding chemical group is required for this determi-
nation. The largest polarizability oscillation for the amide I
vibration of the isolated amide chromophore occurs along the
line that is in the plane of the peptide group and at an angle of
34° with respect to the peptide C=O bond.””** However,
Krim et al. has shown that vibrations of adjacent amide
chromophores are coupled and delocalized along the
polypeptide backbone.”"*> Furthermore, Asher and co-workers
have experimentally demonstrated that the amide I vibrational
mode exhibited noticeable interamide coupling in the a-helix
conformation.®*®” For this reason, it is more appropriate to
consider the amide I Raman tensor for f-sheet and a-helix
structures rather than that for the isolated peptide group. The
largest principal axis for the f-sheet amide I Raman tensor is in
the plane of the peptide bond and nearly parallel to the peptide
carbonyls.””*® Tt has also been shown for the a-helix that the
Raman tensor axis with the largest magnitude is parallel to the
helix main axis, whereas the other two tensor axes are
equivalent and perpendicular to the main axis.”” Thus, the
average and preferred angle distribution for f-sheet and a-helix
amide I Raman tensors obtained from experimental results
using the Nmp(Q) sin(f) function represent the C=O
orientation relative to the fibril axis.

The width of the orientation distribution function is used
typically to estimate the uncertainty in determining the most
probable orientation angle of a chemical group based on the
polarized Raman spectroscopic measurements.”” The half-
height half-width of the orientation distribution function is
about 15° for f-sheet and disulfide bonds in insulin fibrils
(Figure 4). A higher orientation variability of C=0 groups in
a-helix, disordered and PPII structures results in a broader
distribution (about 25°). In the case of a perfect alignment of
fibrils in an anisotropic sample and a single orientation of
chemical groups at a certain angle, the orientation distribution
function is expected to be unimodal and given by the delta
function centered at that angle. Several factors could result in
broadening the orientation distribution function including an
imperfect fibril alignment and multiple orientations of chemical
groups with respect to the axis of the fibril. For example, the
Eisenberg model predicts several different orientations of C=
O groups in the insulin fibril core.”* We used this prediction
data to build a corresponding orientation distribution function
assuming a perfect fibril alignment. The fact that there is an
excellent agreement between this modeled distribution function
and the function obtained experimentally (Figure 6A) indicates
that the obtained broadening of the most probable orientation
distribution function is indeed due to various orientations of
carbonyl groups. In other words, the width of the orientation

distribution function of C=0 groups in the insulin fibril core is
determined by the inhomogeneous broadening. The latter
could be potentially tested by the site-specific isotope
substitution of C=O groups and obtaining the orientation
distribution functions for uniquely oriented labeled groups.

To evaluate the orientation of C=0 groups for disordered
portions of fibrils, we used the Raman tensor for the amide I
mode proposed by Tsuboi and colleagues by investigatin§ the
Raman spectra of a uniaxial tetragonal aspartame.g As
mentioned previously, the angle of 34° has been reported
between this tensor and the peptide C=O bond for the
isolated amide chromophore.””** Once the angle between the
carbonyl group and the PART is known, the orientation order
parameters for the C=0 bonds, (P,)“° and (P,)“°, can be
calculated from the experimentally determined (P,) and (P,)
values using the Legendre addition theorem.

Figure 6B shows the most probable orientation distribution
function of C=0 groups in the disordered parts of an insulin
fibril (Figure 6B, red curve) calculated based on (P,)“° and
(P,)°. The function shows a binormal distribution for the C=
O group orientation with maxima at approximately 10° and
90°. This behavior can be explained assuming that at least two
populations of disordered elements might co-occur within the
fibril. These two populations consist of a similar number of
groups and exhibit very different orientations, namely parallel
and perpendicular to the fibril axis. As discussed in detail below,
this behavior of carbonyl groups in the disordered portion of an
insulin fibril qualitatively agrees with Eisenberg’s model,”* but
quantitative comparisons result in several possible limitations.
First, the 34° angle between the C=O0O group and the PART
reported for an isolated peptide group might not be a good
approximation for disordered peptide chains because of a
possible vibrational coupling between adjacent peptide groups.
Additionally, it has been shown that for a specific (P,), there is
a single most probable value of the order parameter (P4)mp.91
Therefore, the most probable value of the orientation order
parameter <P4>mpco was approximated from the associated
(P,)©.”% In this case, the resultant most probable distribution
function for the C=0 had a single maximum at approximately
34° and the average orientation angle of C=O was
approximately 45° (data not shown). Consequently, the
calculated most probable orientation distribution function of
the C==0 groups in disordered parts of the insulin fibril should
be considered as tentative.

Orientation of Disulfide Bonds. The R, and R, ratios as
well as the order parameters (P,) and (P,) for disulfide bonds
(513 cm™ Raman band) are presented in Table 1. The Nmp(ﬂ)
function is centered at 6 = 0° (Figure 4A) and the maximum of
the Nmp(ﬁ) sin(#) function is at @ = 12° (Figure 4B). The mean
distribution yielded an average orientation angle of 24°. It is
worth noting that these values are very close to those obtained
for the p-sheet component of the amide I band. It has been
shown previously that disulfide bonds remain intact and
preserve their conformation during insulin fibrillation.””
Assuming that the Raman cross-section of a disulfide bond is
independent of the conformation (6/(ys) = 6(g)), We conclude
that the two disulfide bonds ([B] Cys7-[AT Cys7 and [B]
Cys19-[A] Cys20) with ggg conformation are preferably
orientated at approximately 12 + 8° with respect to the fibril
axis. It should be noted that the 530 cm™ Raman band assigned
to the [A] Cysl1l-[A] Cys6 disulfide bond with ggt
conformation did not show a significant polarization depend-
ence. This result suggests that these S—S groups either do not
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have a preferred orientation or are oriented close to 90° relative
to the main axis of the fibril.

Tyrosine Residues. Raman tensors for several vibrational
modes of the tyrosine residue have been previously
reported.67’79 Each insulin monomer contains four tyrosine
and three phenylalanine residues, which do not necessarily have
the same orientation relative to the main fibril axis. Obtaining
information regarding the orientation of the individual side
chains would require site-specific labeling,” which we plan to
accomplish in the future. However, the approach described by
Tsuboi’””* allows for information regarding the average
orientation of the phenolic ring relative to the fibril axis to be
obtained. Using the polarized Raman intensity ratios (I;/Lyy)
of the bands at 643, 830, and 1209 cm™! and the known values
of the corresponding Raman tensors,”” the average orientation
angle of the phenolic ring normal is 60 + 10° relative to the
fibril axis.

Comparison to Existing Structural Models of Insulin
Fibrils. Despite the fact that polarized Raman spectroscopy
does not reveal the atomic-level structure, the obtained
orientations of the chemical groups provide significant
structural constraints and allow for the verification of the fibril
structural models proposed earlier. Our experimental data
suggest different orientations of individual secondary structure
elements, including S-sheets, a-helices and PPII/disordered
structures as well disulfide bonds and aromatic amino acid side
chains within the insulin fibrils. Dobson and colleagues™ have
proposed a hypothetical arrangement of the polypeptide chains
in the insulin amyloid protofilament (Figure SB) based on cryo-

Figure S. Structural models of the insulin fibril proposed by (A)
Eisenberg and co-workers®* and (B) Dobson and co-workers.”> A
model, built based on the structure of the LVEALYL peptide
microcrystal as a template of the core of a full-length insulin fibril,
offers the atomic-level resolution structure of the entire fibril and
predicts the orientation and configuration of the disulfide bonds, f-
strands, a-helices and disordered regions. B model, built based on
Cryo-EM data, qualitatively predicts the orientation of f-strands and
interchain disulfide bonds.

EM data. Their model is qualitative, ie., it does not provide
structural information with atomic-level resolution, but it
suggests that each insulin molecule occupies two S-strand
layers with the strands parallel to each other. One can imagine
that due to specific retentions two interchain disulfide bonds
should be oriented rather parallel than perpendicular to the
fibril axis, even though, Jimenez et al. specifically stated that
“orientations of the termini and disulfide bonds within the

curved structure are arbitrary”. We found a strong orientation
of two interchain disulfide bonds ([B] Cys7-[A] Cys7 and [B]
Cys19-[A] Cys20) along the main axis of the fibril that does
not contradict the model.

Eisenberg and co-workers have determined a limited set of
possible arrangements of peptides in the cross-3 structure,
depending on the organization of the fB-strands and p-sheets
with respect to one another.” The insulin fibril model has been
built based on the crystal structures of short amyloidogenic
peptides LVEALYL and LYQLENY, which constitute the
insulin fibril core.”* These peptide sequences are found in the B
and A chains of insulin, respectively. The proposed model
predicts the structural organization of the entire insulin fibril
(Figure SA). We utilized the model to determine the
orientation of disulfide bonds and the fibril core f-strands, a-
helical and disordered parts, and compare the results to those of
our polarized Raman spectroscopic study. Specifically, Figure 6

A B-sheet

Nip(8)sin(8),
from polarized Raman spectra

C=0 angle distribution,
based on Eisenberg's model

0 10 20 30 40 50 60 70 80 90
0 (degrees)

B PPIl and disordered regions
C=0 angle distribution,

from polarized Rama%
70

C=0 angle distribution,
based on Eisenberg's model

4/

40 50 60
0 (degrees)

0 10 20 30 80 90

Figure 6. Orientation of C=0 groups relative to the main fibril axis in
the f-sheet core (A) and disordered parts (B) of human insulin fibrils:
comparison of the polarized Raman spectroscopic data with those
predicted by Eisenberg’s model.”* The orientation distribution
functions obtained from the polarized Raman spectroscopic data
(black curves). Histograms and smooth Kernel functions (red curves)
represent the angle distribution predicted by the model. The data were
normalized for comparison.

shows the comparison of the carbonyl group orientation in the
fibril core (A) and disordered parts (B) of the fibril obtained
from the polarized Raman spectroscopic data and that
predicted by the model. The model-predicted angles are
presented in the form of histograms and smooth Kernel
functions (red curves). In the case of the fibril core (Figure
6A), the Kernel function showed a similar shape and close
position (maximum at 14° and average at 18°) to those of the
most probable distribution function (black curve, maximum at
12° and average at 24°) determined from the polarized Raman
spectroscopic data. This result indicates an excellent agreement
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between the results of our polarized Raman spectroscopic study
and Eisenberg’s model in the case of the fibril core.

On the basis of Eisenberg’s model, the angle distribution (red
curve) of peptide carbonyls in the PPII and disordered regions
with respect to the fibril axis has two maxima at approximately
25° and 72° according to the Kernel function shown in Figure
6B. The latter is in qualitative agreement with the most
probable distribution function (black curve) for C=0O groups
calculated based on the polarized Raman measurements. A
noticeable difference between the two distribution functions
(red and black curves in Figure 6B) might result from a
potential inaccuracy in calculating the angular distribution
function for C=0 groups based on the distribution function
obtained for the corresponding PART as discussed above.
Taking into account the composite contribution from
disordered regions and PPII, we conclude that there is a
qualitative agreement between the estimated distribution of the
C=0 group orientation based on polarized Raman measure-
ments and that obtained from Eisenberg’s model. The 1655
cm™" amide I sub-band assigned to a-helical structures showed
strong polarization dependence with the ZZ component being
four times the XX component. This result indicates that the a-
helices are well aligned and their orientation is close to the
main axis of the fibril. In addition to this qualitative estimation,
we calculated the average orientation angle for a-helix
carbonyls relative to the fibril axis to be 33° based on the
most probable distribution function. In contrast to our
conclusion, Eisenberg’s model predicts the average angle for
a-helix C=0 groups to be approximately 78°.

It is known that the frequency of the S—S stretching
vibrational mode correlates with the internal rotation about the
CS and CC bonds of the CCS-SCC moiety, which allows for
differentiating the ggg, ggt, and tgt conformations based on
Raman spectra.’”> The analysis of the S—S group orientation
based on polarized Raman spectroscopy is simplified by the fact
that the S—S stretching vibrational mode polarizability tensor is
parallel to the S—S group. Our experimental data imply quite
confidently that the two disulfide groups ([B] Cys7-[A] Cys7
and [B] Cys19-[A] Cys20) are parallel to each other and nearly
parallel to the main fibril axis. The most probable angle
between these two S—S groups and the fibril axis was estimated
to be 12°. This conclusion disagrees with Eisenberg’s model,
which predicts that the two disulfide bonds, [B] Cys7-[A] Cys7
and [A] Cys6-[A] Cysll, are parallel to each other and
oriented at approximately 72° with respect to the fibril axis. The
third S—S bond, [B] Cys19-[A] Cys20, possesses an orientation
at approximately 52°.

Our results clearly show that two interchain disulfide bonds
are highly oriented relative to the fibril axis. Moreover, their
orientation is parallel to the f-sheet component or, in other
words, to the peptide carbonyl groups in the S-sheet (Figure 4).
Such a strong and uniform orientation may indicate that these
S—S groups are part of the fibril cross-3 core. This observation
is in agreement with our recent hydrogen—deuterium exchange
data demonstrating that all of the disulfide bonds are located at
the edge of the hydrophobic fibril core of insulin fibrils.””
Furthermore, the tendency of Cys residues to participate in the
formation of f-sheet areas on the surface of insulin fibrils was
demonstrated with tip-enhanced Raman spectroscopy.'”

Overall, the comparison of the orientation of carboxyl and
disulfide groups evaluated on the basis of the polarized Raman
spectroscopy of aligned insulin fibrils and predicted by
Eisenberg’s model showed excellent agreement for the fibril

core carbonyls. At the same time, a significant difference was
found for the orientation of a-helices and disulfide bonds. The
model was built for the entire insulin fibril based mainly on the
determined crystal structures of short amyloidogenic peptides
LVEALYL and LYQLENY, which constitute the fibril core.”*
As a result, the fibril core structure was modeled accurately,
whereas the remainder of the fibril, including disordered
portions and a-helices, were not. We believe that polarized
Raman spectroscopy of aligned fibrils provides additional
structural constraints, which could allow for building a more
accurate model of the entire fibril.

B CONCLUSIONS

The conversion of proteins or peptides from their soluble
functional states into structures referred to as amyloid fibrils is
implicated in a large number of diseases. Atomic-level structural
characterization of amyloid fibrils is challenging because of the
limitations of solution NMR and X-ray crystallography when
applied to insoluble, noncrystalline protein aggregates.
Polarized Raman spectroscopy is uniquely suitable for probing
amyloid fibrils, which can be aligned with high efficiency in an
anisotropic sample. In this work, we demonstrated the great
potential of polarized Raman spectroscopy for obtaining
quantitative information regarding the organization of insulin
fibrils. We specifically focused on determining the orientation
of disulfide bonds, f-sheets, and a-helices relative to the fibril
axis. Some degree of orientation of the disordered portions of
the fibrils was also observed although the quantitative analysis
of these data was challenging because of the uncertainty in
determining an adequate polarizability tensor. In addition, the
polarization effect was evident for aromatic amino acid residue
side chains, but the averaging analysis was less informative in
this case because of the variety of orientations of individual
residues. The Raman scattering results allowed for the
calculation of the order parameters (P,) and (P,) as well as
the determination of the most probable orientation function for
the disulfide bonds and each secondary structure element. The
analysis of the obtained data indicated a high level of
orientation of f-strands perpendicular to the long axis of the
fibril and showed that the a-helical portions were also oriented,
although to a lesser extent. We demonstrated that the two
interchain disulfide bonds are an integral part of the fibril core
with a preferred orientation distribution centered at an angle of
approximately 12° to the fibril axis. The acquired data were
compared with proposed structural models of insulin fibrils.
The orientation of C=0 groups in the core of insulin fibrils is
centered at 12°, which is in excellent quantitative agreement
with Eisenberg’s model. At the same time, a significant
difference was found for the orientation of a-helices and
disulfide bonds. Two of the three insulin disulfide bonds were
found to be oriented nearly parallel to the fibril axis as predicted
by the qualitative Dobson model. Overall, the developed
approach provides unique information regarding the orienta-
tion of certain chemical moieties in amyloid fibrils, which is not
easily available from other structural methods, and offers
additional constraints for building a structural model of the
entire fibril.

B EXPERIMENTAL SECTION

Insulin Fibril Preparation and Orientation. Human recombi-
nant insulin (12643) was purchased from Sigma-Aldrich (St Louis,
MO) and used without further purification. Solutions of proteins,
prepared immediately before fibrillation, were prepared by dissolving
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protein powder in 1 mL of H,O to achieve a final concentration of 10
g/L. The pH of the solution was adjusted to 2.5 by the addition of
HCI. The solution was incubated at 65 °C for 24 h without agitation.
The prepared fibrils were washed with an acidic solution (HCl, pH
2.5) and centrifuged for 30 min at 12000 g at 25 °C. This washing-
spinning-resuspension procedure was repeated three times. Fibrils
were sonicated for S min and then resuspended in pure water (dilution
factor of 1:100, v/v). Aliquots (5—20 uL) of the fibril suspensions
were dropped onto aluminum foil and air-dried.

Briefly, a drop of diluted protein solution forms a so-called “coffee
ring” while drying.*””® Liquid evaporation causes a net liquid flow
producing a shear force that carries radially oriented fibrils toward the
perimeter of the droplet. Due to the geometric constraints, fibrils
moving close to the droplet periphery have to change their orientation
and align along the perimeter of the droplet, parallel to the outer edge
of the ring”” A detailed description of the sample preparation
procedure and sample orientation characteristics is given in SI.

Polarized Raman Spectroscopy. Spectra were recorded in the
backscattering geometry with a LabRam HR Evolution Raman
microscope (Horiba Jobin Yvon). A 785 nm diode laser was focused
on the sample with a 100x objective (0.9 NA-Olympus). A 785 nm
laser was utilized for excitation with the power adjusted to
approximately 10 mW. No damage or spectral modifications were
observed in samples under these conditions. A half wave plate was
used to select the polarization of the incident laser beam and a
polarizer was used to select the X or Z component of the scattered
beam. An optical scrambler was installed before the spectrometer
entrance slit to eliminate the polarization dependence of the grating.
For polarization measurements, the excitation laser was focused on the
edge of a dried droplet. Polarized Raman spectra were recorded for
different polarization geometries, XX, XZ, ZX and ZZ, where the Z
direction corresponds to the long axis of the fibrils and the Y-axis
corresponds to the propagation direction of the incident and scattered
light. The depolarization ratio was determined with polarized
measurements on isotropic human insulin films/powders.

Data Analysis. Data acquisition and processing were performed
using LabSpec6 software (Horiba Jobin Yvon). The spectra were
baseline corrected over the 300—1800 cm™' spectral range using a
polynomial baseline, followed by 7—11 points smoothing. From the
intensity ratios, R, and R, the order parameters, (P,) and (P,), and the
most probable orientation distribution, Nmp(ﬂ), were calculated by
applying a method previously described.*® The complete experiment
has been repeated two times for newly prepared samples and intensity
ratios, R, and R, were reproduced with 97% accuracy. All calculations
were performed in MATLAB (version R2104a).
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