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ABSTRACT
Here, we performed spectral simulations of the amide-I vibrational spectra for three proposed fibril structures of the human islet amyloid
polypeptide, which is involved in type II diabetes. We modeled both the overall absorption and two-dimensional infrared spectra for these
structures. We further analyzed the isotope-labeled spectra, including the variation between structures. The analysis suggests that the infrared
spectra of the cryo-electron microscopy structure provide the best match with experimental data. We further simulated isotope-labeled dilu-
tion spectroscopy investigating the correlation between the predicted spectral peak shift and the coupling between the amide units. While this
correlation works in most cases, failures were observed when the isotope-labeled spectra were broad compared to the coupling or exhibited
structure. These findings will be useful in the quest for potential toxic fibril formation intermediates.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0082322

I. INTRODUCTION

Amylin is a hormone produced in the pancreas.1 It is also
denoted as human islet amyloid polypeptide (hIAPP) and plays a
role in type II diabetes.2–6 In the normal function, it travels to the
brain, where it suppresses the appetite.1 When amylin becomes over-
produced in a diabetic patient, it starts accumulating and forms
plaques composed of fibers formed by aggregated hIAPP. These
plaques are likely not the toxic species as demonstrated by toxicity
experiments,7 but rather nucleating oligomers8 or intermediates9,10

are responsible for the toxicity. The evidence of such protein folding
intermediates has been reported with the help of two-dimensional
infrared spectroscopy (2DIR).11 Still, no such oligomers nor folding
intermediates have been isolated or identified. The goal of this paper
is to examine the infrared spectroscopy of several proposed struc-
tures for the already aggregated structures12,13 as an understanding
of these will be crucial for using infrared spectroscopy to study the
potential oligomers.

Amyloids can appear in many other organs of the human body
as either a symptom or a cause of (degenerative) diseases.14 As of
yet, at least 50 diseases are recognized that are characterized by the

deposition of amyloids.15,16 These diseases include Parkinson’s dis-
ease, Huntington’s disease, rheumatoid arthritis, and spongiform
encephalopathy.17–21 A similar mechanism for the pathology, such as
that of type II diabetes, may thus be possible in these diseases. There-
fore, the understanding of the hIAPP system may provide valuable
insights for a whole range of diseases.

It has been shown by various studies that hIAPP fibrils are
polymorphic in nature.22–25 From solid-state nuclear magnetic res-
onance (ss-NMR) studies, two possible structures for the Aβ1−40
fibrils, named 2fold26 and 3fold,27–29 were proposed. These struc-
tures were modeled with molecular dynamics and spectral model-
ing,12 and the results were compared to experimental data. Since
then, several primarily experimental two-dimensional infrared stud-
ies utilizing site-specific isotope-labeling7,11,30–33 have been applied
to learn more about the structure and formation of the fibrils.

Recently, cryogenic electron microscopy (cryo-EM)34 has seen
a rapid development allowing increasingly accurate structure deter-
mination with the method. In 2020, a new structure of hIAPP
fibrils was determined with cryo-EM.13 This structure has the pro-
tein databank entry 6Y1A. So far, the infrared spectroscopy of this
structure has not been modeled. It is therefore still unclear what
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consequences this has for the quest of identifying the missing inter-
mediates using Fourier Transform Infrared (FTIR) spectroscopy and
2DIR spectroscopies.

In this paper, we will present our computational examination
of the infrared spectroscopy of the cryo-EM structure. For consis-
tency, we repeat the examination of the 2fold and 3fold structures
previously performed12 but under identical conditions as the exam-
ination of the cryo-EM structure. A significant difference from the
previous study is that we include only residues 13–37 as the coordi-
nates as the remaining residues are not resolved in the 6Y1A cryo-
EM structure. We follow a common computational spectroscopy
simulation protocol35 combining molecular dynamics,36 vibrational
frequency mapping,37 and spectroscopic modeling using response
functions.38

Isotope-labeling is a powerful tool to add site-specific res-
olution to infrared spectroscopy of proteins.39–45 We follow an
isotope-labeled protocol,30,46,47 where spectra are determined for
both systems where all copies of a specific residue are isotope-labeled
and systems where only a dilute population of isotope-labels of that
same residue is present. In both cases, the absorption of the isotope-
labeled units is expected to be sufficiently shifted to red to effectively
decouple the vibrations from all of the unlabeled residues. However,
in the dilute case, the isotope-labeled units are also too distant from
each other to be coupled, and ideally, this diluted isotope-labeled
experiment should provide the spectrum of the base unit. When cou-
pling with the other residues is present, a spectral shift arising from
that coupling is expected.47 In the simplest approximation, assuming
a linear alignment of the residue, this shift is 2J, where J is the cou-
pling between neighboring residues in the linear arrangement. If the
transition-dipole coupling (TDC) model is assumed, the shift will
be 2ζ(3)J, where ζ is the Riemann zeta function and 2ζ(3) ≈ 2.404.
In more general cases, the shift can be approximated by the signed
sum of all couplings of one residue with all others,48 also denoted as
the coupling strength. The observed shift between fully site-specific
isotope-labeled samples and dilute site-specific isotope-labeled sam-
ples is, thus, very sensitive to the aggregation pattern of the protein
strands, which makes isotope-labeled Fourier Transform Infrared
(FTIR) spectroscopy and 2DIR spectroscopy ideal for the examina-
tion of structures and dynamics within the aggregation processes of
proteins.

The remainder of this paper is organized as follows: In Sec. II,
we describe the applied methods for simulating the dynamics and
spectroscopy of the three proposed fibril structures. In Sec. III, we
first present the predicted overall spectra of the simulated structures
followed by an analysis of the isotope-edited spectroscopy. Finally,
in Sec. IV, we summarize the conclusions and provide an outlook.

II. METHODS
The three structures for human islet amyloid polypeptide

(hIAPP) fibrils were the 2fold and 3fold ss-NMR-based structures12

as well as the recent cryo-EM structure (6Y1A).13 To make the
simulations as comparable as possible, we reduced all structures
to the sequence—ANF LVH SSN NFG AIL SST NVG SNT Y—as
reported in the cryo-EM structure.13 Here, Ala13 is the first residue
included and Tyr37 is the last. The 2fold, 3fold, and cryo-EM struc-
tures contain 10, 18, and 16 identical strands, respectively. The
simulated structures are shown in Fig. 1. Each strand contains

FIG. 1. (a) 2fold, (b) 3fold, and (c) cryo-EM structures of islet amyloid polypeptide
fibrils used in the present simulations. The colors indicate the different amino acid
types according to the standard coloring scheme of VMD.49

five asparagine (N) units, which have a primary amide in the side
chain.

The structural dynamics of the three structures were deter-
mined using molecular dynamics. The GROMACS-4.6.336 pro-
gram was employed using the Optimized Potentials for Liquid
Simulations–All Atoms (OPLS-AA)50 force field for the peptide
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and the extended simple point charge model (SPC/E) model for
water.51 The temperature was kept constant at 300 K using the V-
rescale algorithm. The pressure was kept fixed at 1 bar using the
Parrinello–Rahman algorithm.52 The classical dynamics were calcu-
lated using 2 fs time steps with the Verlet algorithm. For long-range
electrostatic forces, the particle mesh Ewald method53 with a 1 nm
cut-off radius was used. For the production run, snapshots of the
structure were saved at 20 fs intervals with a total of 50 000 time steps
providing one nanosecond of simulations time for each structure.

The Hamiltonians for the amide I vibrations were constructed
using a frequency mapping procedure37 using the AmideImaps
program.54 The total time-dependent Hamiltonian is

H(t) = ∑
i

̵hωi(t)B†
i Bi +∑

j≠i
Jij(t)B†

i Bj −
Δ
2∑i

B†
i B†

i BiBi

−∑

i
μ⃗i(t) ⋅ E⃗(t)(B†

i + Bi), (1)

where ωi is the frequency of residue i, B†
i and Bi are the Bosonic cre-

ation and annihilation operators for an amide I vibration on residue
i, Jij represent the coupling between the amide I vibrations on two
different residues, and Δ is the anharmonicity, which was set to be
16 cm−1 for all amide I vibrations. The coupling with the external
electric field, E⃗, is governed by the transition dipole μ⃗i of each amide I
vibration. The frequency mapping developed in the Skinner group55

was used including the mapping developed for side chains. A cut-
off radius for the electrostatic interactions of 2 nm was employed,
and the frequency shift from nearest neighbors along the backbone
was included through a Ramachandran angle-based map.56,57 The
long-range couplings were modeled with the transition-dipole cou-
pling (TDC) model,58 while the nearest neighbor couplings along
the backbone were described using a Ramachandran angle-based
map.56,57 This simulation protocol has been demonstrated to work
well for proteins.59,60

Spectral simulations were performed using the Numerical Inte-
gration of the Schrödinger Equation (NISE).38,61,62 In this algorithm,
the response functions governing the spectra are calculated directly
in the time-domain and the quantum dynamics of the amide I vibra-
tions propagated for each time step are calculated by solving the
time-dependent Schrödinger equation assuming the Hamiltonian to
be time-independent for that brief time delay. This treatment has the
advantage that it both accounts for non-adiabatic dynamics63 as well
as non-Gaussian fluctuations.64,65 The spectra are finally obtained
through a Fourier transform of the respective response functions. A
more elaborate discussion of the procedure can be found in recent
review papers.35,66,67

Isotope-labeled spectra were calculated in two different ways.
The spectra, corresponding to the full isotope-labeling of a specific
residue in all strands of the structures, were done by excluding all
other residues in the Hamiltonian. This approximation requires that
the isotope shift is large enough to separate the vibrational frequency
of the specific residue sufficiently out of the main amide I band, such
that the coupling with other residues can be neglected. This approx-
imate procedure has the advantage over explicit isotope-labeling by
shifting the frequency of the labeled sites that the result does not
depend on the explicit label used (13C, 18O, or both). From the
literature, it is known that 13C labeling results in a −41 cm−1 sys-
tematic frequency shift42 and 13C18O labeling results in a −66 cm−1

systematic frequency shift.30 Additionally, the calculations are faster
as the spectrum of the isotope-labeled residue is the only thing that
needs to be calculated. The spectra corresponding to the isotope-
labeling of a specific residue in a small fraction of the strands
(dilute isotope-labeling) were obtained by repeating the previous
procedure, but setting all couplings between the residues to zero,
effectively treating them as if they were independent. In this way,
the extreme dilute limit is simulated, as we average over the situa-
tion where the specific residue is isotope-labeled only in one of the
strands at a time. With 18 strands as the largest number (in the 3fold
structure), this, thus, corresponds to a maximum concentration of
5% of the labeled species.

III. RESULTS AND DISCUSSION
We first calculated the FTIR spectra of the full structures. These

spectra are shown in Fig. 2 together with the second derivatives.
The spectra of the three structures are quite similar; however, the
cryo-EM spectrum is narrower and has a high-frequency sideband
peaking at 1700 cm−1. The 2fold and 3fold spectra both exhibit
a shoulder at 1658 cm−1 as highlighted by the second-derivative
spectra. The main peaks are located at 1630, 1628, and 1625 cm−1

for the 2fold, 3fold, and cryo-EM structures, respectively. The sim-
ilarity of the 2fold and 3fold structures can be understood from
the fact that in these structures, the secondary structural elements
are at the same position within the structures. The cryo-EM struc-
ture seems to exhibit less disorder resulting in a slightly narrower
FTIR spectrum. The spectral shape for the cryo-EM structure is in
slightly better qualitative agreement with spectra reported in the
literature32 even the spectral width for all three models is larger
than the experimental observation. When comparing the over-
all spectra with previous experiments, it should be acknowledged
that only the residues from Ala13 to Tyr37 were included in the
current simulations and that the fibril structures are significantly
shorter than those used within previous experiments. This smaller
size likely leads to finite size effects resulting in more disorder
at water exposed strands and a more limited effect of exchange
narrowing.

We examined the effect of inter-strand couplings by calcu-
lating the spectra without coupling between the different strands
(not-shown). Neglecting these couplings resulted in 10–16 cm−1

blue-shifts of the spectra as compared to the full spectra demon-
strating that the spectroscopically relevant states are delocalized over
multiple strands and that infrared spectroscopy is sensitive to the
strand arrangement and not only the structure of the individual
strands.

We proceeded to examine the overall 2DIR spectra for zero
waiting time obtained using the perpendicular laser polarization.
This polarization is known to enhance cross-peaks and structural
information for β-sheet structures.68,69 For the spectra presented in
Fig. 3, it is clear that the 2fold and 3fold structures are very simi-
lar, as even minor differences are observable when examining the
details. The spectrum of the cryo-EM structure is slightly narrower.
From the FTIR or 2DIR spectra alone, it will be difficult to distin-
guish between the three structures from the other structures, as the
spectra of the 2fold and 3fold structures are hardly distinguishable
from each other. The spectral shape for the cryo-EM structure is in
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FIG. 2. Absorption spectra (top) and the corresponding second-derivative spectra
(bottom) calculated for the three structures with 2fold in black, 3fold in red, and the
cryo-EM structure in blue.

better qualitative agreement with spectra reported in the literature32

than that of the 2fold and 3fold structures.
Diagonal cuts through the 2DIR spectra are presented in Fig. 4

together with the broadband pump–probe spectra calculated by inte-
grating the 2DIR spectra over ω1. The similarity between the spectra
of the NMR structures is very clear in both the diagonal cuts and the
pump–probe spectrum. The pump–probe spectra further highlight
the spectral component seen in the absorption spectra as shoulders
at 1658 cm−1 for the NMR structures and the peak at 1700 cm−1 for
the cryo-EM structure.

Isotope-labeled spectroscopy is sensitive to local structure and
dynamics. For dilute isotope-labels, the absorption peak position
is expected to be determined by the average site frequency but
shifted, with this isotope shift depending on the choice of isotope.
In Fig. 5, the average diagonal frequencies for all backbone residues
are shown without applying a specific isotope shift. The lines are
running averages over three consecutive residues meant as a guide
to the eye for observing correlations. For many sites, the differ-
ence between the average frequencies for the different structures is

FIG. 3. Calculated 2DIR spectra for the three structures with perpendicular polar-
ization at zero waiting time. The equidistant contour lines are drawn at each 10%
of the maximal signal in each figure.
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FIG. 4. Diagonal cuts through 2DIR spectra of Fig. 3 (top) and the calculated broad-
band pump–probe spectra for the three structures with perpendicular polarization
at zero waiting time (bottom). 2fold is plotted in black, 3fold is plotted in red, and
the cryo-EM structure is plotted in blue.

small, and measuring the peak position in an isotope-labeled exper-
iment cannot be expected to distinguish between the structures. For
example, the Ile26 and Leu27 (for Leu27, the symbol for 2fold is per-
fectly hidden behind that of 3fold in Fig. 5) residues will provide
no insight in such an experiment. The Asn21 and Gly24 residues
would reveal sufficient information to distinguish between the three
structures.

Assuming a Gaussian distribution of the frequencies for each
amide I site, the standard deviation of the frequency fluctuations
can be expected to correlate with the standard deviation extracted
from a Gaussian fit to the experimental isotope-labeled spectrum of
that site. The calculated standard deviation of the fluctuating site
frequencies is presented in Fig. 6 for each site. The lines are run-
ning averages over three consecutive residues meant as a guide to the
eye for observing correlations. The most evident observation is that
the standard deviation is generally lower for the cryo-EM structure,
especially in the segment starting around Val17 and ending at the
Ile26. This is a direct reflection of the lower flexibility of the cryo-EM

FIG. 5. Average frequencies predicted for each amide I unit along the backbone.
The lines are running averages over three consecutive residues.

structure as compared to the 2fold and 3fold structures. The lower
variation in site frequencies for the cryo-EM structure can partially
explain the narrower spectrum.

We define the (interchain) coupling strength as Si = ∑jk Jjk
ii

(1 − δjk),70 where the signed sum runs over all peptide chains and
i labels a specific amide I site. The coupling, Jjk

ii , here denotes the
coupling between identical sites numbered by i on different pep-
tide chains labeled j and k. The coupling strength, thus, quantifies
the coupling between vibrations corresponding to the same residue
on different chains. This quantity is of particular interest when
comparing spectra with full isotope-labeling of a specific residue

FIG. 6. The standard deviation of the frequency fluctuation predicted for each
amide I unit along the backbone. The lines are running averages over three
consecutive residues.
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and spectra with dilute isotope-labeling, where, for example, just
10% of the strands are labeled resulting in spectra of uncoupled
residues. The coupling strength is expected to correlate with the fre-
quency shift observed between these full and dilute isotope-labeled
experiments.12 This correlation relies on the formation of delo-
calized exciton states involving vibrations with parallel transition
dipoles in the full isotope-labeled case. The calculated coupling
strengths are summarized in Table I and depicted in Fig. 7. The cou-
pling strengths for the 2fold, 3fold, and cryo-EM structures were
corrected with factors 1.25 (20/16), 1.2 (36/30), and 1.14 (32/28),
respectively, to account for the lack of periodic boundary conditions
in the molecular dynamics simulations. (These factors are given by

2NS
2(NS−NF) , where Ns is the number of strands in each structure and
NF is the fold symmetry numbers, which is three for the 3fold struc-
ture and two for the other structures.) The lines in Fig. 7 are running
averages over three consecutive residues meant as a guide to the eye
for observing correlations. In Table I, the coupling strength is also
compared with the peak shift Δωi extracted from simulated full and
dilute isotope-labeled absorption spectra, where a negative number
corresponds to a red-shift of the full isotope-labeled absorption peak.
This comparison reveals that the coupling strength indeed is corre-
lated well with the calculated peak shift; however, it is also clear that
the correlation is not strong enough to allow a direct determination

of the coupling strength from the experimental data. This is because
the simple relationship only applies when one neglects disorder in
frequency fluctuations and transition-dipole orientations, which are
visibly present in the fibrils. The specific case of Leu16, where a sig-
nificant difference between the coupling strength and the frequency
shift can be observed, will be discussed later.

We found the absorption and 2DIR spectra of the 2fold and
3fold structures to be very similar. This can be understood due to
their similarity in the secondary structure. When examining the
coupling strength, it becomes apparent that these are very similar
in the central His18 to Val32 region, but much more variation is
observed in the C-terminal region. Isotope-labeled experiments in
this region would, thus, offer the possibility of distinguishing these
two structures. The cryo-EM structure exhibits large differences
in coupling strengths from the NMR structures at many residue
positions including, for example, His18, Ser20, Asn22, Val32, and
Ser34.

For a more direct comparison with existing isotope-labeled
experiment data,12 the results were plotted for the sites for which
experimental data are available in Figs. 8 and 9. This time the cal-
culated frequencies were shifted to match the effect of the 13C18O
isotope-labeled shift12 and the systematic error expected from the
used frequency map60 resulting in an overall red-shift of 50 cm−1.

TABLE I. Overview of coupling strengths Si and isotope dilution peak shifts (Δωi) for all backbone sites in the three
structures.

2fold 3fold cryo-EM

Residue Si (cm−1
) Δωi (cm−1

) Si (cm−1
) Δωi (cm−1

) Si (cm−1
) Δωi (cm−1

)

Ala13 −6.8 −11.3 −10.7 −12.9 −8.9 −12.9
Asn14 −10.5 −15.2 −14.4 −15.7 −14.4 −15.4
Phe15 −10.8 −16.2 −13.7 −15.2 −12.3 −13.3
Leu16 −11.7 −13.2 −10.7 −13.7 −13.7 −25.1
Val17 −8.9 −8.8 −4.5 −5.9 −14.3 −16.4
His18 0.3 −1.7 −2.2 −1.3 −13.0 −16.3
Ser19 −0.9 0.1 0.6 −0.4 −6.1 −7.5
Ser20 −0.1 −0.4 0.1 0.8 −14.8 −15.9
Asn21 0.7 0.3 −0.5 −1.1 4.7 7.0
Asn22 0.2 0.2 −0.2 0.2 −13.2 −13.2
Phe23 −0.6 −1.3 0.7 0.9 2.1 8.1
Gly24 −1.6 −1.7 −4.0 −3.7 3.6 2.1
Ala25 −6.9 −9.9 −8.6 −10.3 −14.4 −17.3
Ile26 −8.2 −11.5 −12.3 −13.8 −14.5 −16.7
Leu27 −11.7 −13.6 −12.7 −14.2 −13.1 −11.8
Ser28 −11.1 −10.5 −12.3 −13.9 −5.6 −16.8
Ser29 −10.0 −11.1 −10.3 −14.0 −13.5 −14.6
Thr30 −11.8 −11.3 −12.0 −14.3 −14.0 −16.0
Asn31 −12.2 −14.3 −12.6 −17.6 −14.7 −16.2
Val32 −12.0 −13.5 −10.5 −13.5 4.8 4.8
Gly33 −9.7 −15.2 −1.0 0.9 3.9 5.1
Ser34 −9.7 −9.8 −2.8 −14.6 −14.5 −17.3
Asn35 −11.9 −14.9 −1.6 −1.4 −9.6 −13.2
Thr36 −6.7 −3.9 −0.3 1.6 −10.6 −15.0
Tyr37 −6.6 −13.5 −10.2 −13.3 −8.2 −12.0
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FIG. 7. Coupling strength Si predicted for each amide I unit along the backbone.
The lines are running averages over three consecutive residues.

For the spectral widths, the experimental standard deviation is
estimated using an assumption of a Gaussian distribution.12 The
comparison between experiment and simulation does not provide
a perfect match for any of the structures. However, general trends
as the observation of lower average frequency and small spectral
with for Ala25 are in best agreement with the cryo-EM model. Inter-
estingly, the simulated frequency standard deviations are generally
smaller than the experimental observations. This may suggest larger
structural variations in the experimental system, which could also
arise from an inhomogeneous distribution of structures.

Below, the spectra for a few of the more noteworthy isotope-
labels will be presented and discussed. For all the spectra, the

FIG. 8. Average frequencies predicted for selected amide I units along the back-
bone and compared with experimental peak positions from Ref. 12. The simulated
frequencies are shifted by 50 cm−1 compared to Fig. 5 to account for the
isotope-labeling and a systematic shift from the mapping.60

FIG. 9. The standard deviation of the frequency fluctuation predicted for selected
amide I units along the backbone and compared with experimental peak widths
from Ref. 12.

FIG. 10. Fully isotope-labeled (black) and diluted isotope-labeled (red) spectra for
Leu16. The top panel contains 2fold spectra, the middle panel contains 3fold, and
the bottom panel contains cryo-EM.
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frequency used is the unshifted one, and for comparison to the
actual experimental data, a shift corresponding to the specific label
should be used along with a 20 cm−1 blue-shift corresponding to the
systematic error from the mapping method.60

In Fig. 10, the spectra for Leu16 (the pink residue closest to the
N-terminus in Fig. 1) are presented. The shift upon isotope dilution
is similar in the three cases. For the cryo-EM structure, a double peak
structure is seen. This explains the exceptionally large shift reported
in Table I. Essentially, the coupling in this case does not only result in
a shift but also an increase in the relative intensity of the lower peak.
The shift reported in Table I is between the extracted peak posi-
tions and, in this case, is not a good indicator of the actual coupling
strength.

The isotope-labeled spectra for Gly24 are shown in Fig. 11. For
Gly24, the difference between the average frequencies for the 2fold
and 3fold structures is expected to be quite significant. However, the
spectra are also quite broad and a two-peak structure is apparent.
The spectrum for the cryo-EM structure on the other hand is distin-
guishable as the absorption is at a higher frequency and the peak is
very narrow. The difference can be easily understood as Gly24 (cen-
tral white unit in Fig. 1) is in the center of the cryo-EM structure,
while it is located on the water exposed side of both the 2fold and
3fold structures.

FIG. 11. Fully isotope-labeled (black) and diluted isotope-labeled (red) spectra for
Gly24. The top panel contains 2fold spectra, the middle panel contains 3fold, and
the bottom panel contains cryo-EM.

In Fig. 12, the spectra for Leu27 (the pink central residue in
Fig. 1) are presented. For this residue, the isotope-labeled spectra
for the three structures are very similar. This suggests that the local
environment and couplings are essentially identical in these struc-
tures. Still, of course, this unit may be interesting for identifying
intermediates as they could behave differently from the fully formed
fibril.

In Fig. 13, the spectra for Gly33 (the white residue closest to
the C-terminus in Fig. 1) are presented. Here, the 2fold structure
exhibits a red-shift due to the coupling, while the 3fold structure
is rather insensitive and the cryo-EM structure gives a blue-shift.
This spectral variation suggests that this residue is well suited to
distinguish between the three structures. The large variation can
be understood as this residue is still in the fairly well protected
β-sheet of the 2fold structure, while that part of the 3fold structure
is more disordered, and in the cryo-EM structure, it is located in
the outer turn region, explaining the positive value of the coupling
strength.

In Fig. 14, the spectra for Ser34 (the yellow residue closest to
the C-terminus in Fig. 1) are presented. The difference between the
2fold and 3fold spectra is, similarly to Gly33, quite significant. The
reason is probably the same as again this Ser34 residue is still part of
the β-sheet in the 2fold structure, but not in the 3fold one. For the

FIG. 12. Fully isotope-labeled (black) and diluted isotope-labeled (red) spectra for
Leu27. The top panel contains 2fold spectra, the middle panel contains 3fold, and
the bottom panel contains cryo-EM.
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FIG. 13. Fully isotope-labeled (black) and diluted isotope-labeled (red) spectra for
Gly33. The top panel contains 2fold spectra, the middle panel contains 3fold, and
the bottom panel contains cryo-EM.

cryo-EM spectra, the coupling induced shift is a red-shift as the unit
is the first residue of the C-terminal β-sheet. The difference between
the peak shift observed for the 3fold structure and the calculated
coupling strength (see Table I) can be understood as the absorp-
tion peak is very broad and the coupling essentially induces a small
deformation, which displaces the top of the peak.

In the discussion, the terminal groups have been left out. This is
because one should be cautious about the quality of the modeling for
these groups. The frequency mappings are not as well developed or
tested56,71 for these groups as for the internal groups. Furthermore,
the simulated system was truncated near the termini and this may,
of course, affect the local structure.

When comparing these results with experimental data, it
should be kept in mind that the fibril structures may depend on the
conditions under which they were produced and there could be a
coexistence of different structures. In the simulations, we assume the
proposed structure but do not account for the effects of the presence
of buffer or salt concentrations. The mappings employed were tested
against regular protein spectra60 and gas-phase peptides71 and for
isotope-labels,30 and it is well known that the details depend on the
choice of force field and mappings. However, the overall trends are
expected to be correctly predicted.

FIG. 14. Fully isotope-labeled (black) and diluted isotope-labeled (red) spectra for
Ser34. The top panel contains 2fold spectra, the middle panel contains 3fold, and
the bottom panel contains cryo-EM.

IV. CONCLUSION

In this paper, we compared the amide-I infrared spectroscopic
properties of three proposed amyloid fibril structures. We found that
the overall absorption spectra of the two NMR-based structures were
more similar to each other than that of the cryo-EM-based struc-
ture. This similarity can be attributed to the local structure similarity
imposed by the constraints obtained from the NMR experiments.29

Still, some variation is seen in the two-dimensional spectra, and only
when doing isotope-labeling, sensitivity to the tertiary structure is
seen.

We found that in most cases, the coupling strength corre-
lates well with the spectral shift observed between full and dilute
isotope-labeling spectra. A few notable exceptions are observed, in
particular, for Leu16, where a double peak feature resulting from
local heterogeneity may result in misinterpretation of the isotope-
labeled experiment for the cryo-EM structure. For Ser34, a similar
issue is observed for one of the NMR structures, where deforma-
tion of the spectral peak results in an apparent shift that is much
larger than the coupling strength. For broad and structured isotope-
labeled peaks, caution should, thus, be taken when interpreting
experimental isotope dilution spectra.
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A comparison of the isotope-labeled spectral peak positions
and widths with experiments suggests a slightly better match
between the cryo-EM structure and the reported infrared data. How-
ever, the simulated peak widths for the isotope-labels are quite
consistently narrower than the experimental numbers reported in
Ref. 12. This could be an indication that more loose structures or a
more heterogeneous distribution of structures exists under the given
experimental conditions. We propose that isotope-labeled dilution
experiments on the units His18, Ser20, Asn22, Val32, and Ser34
provide good discrimination between the three different structures
examined here.

The data provided here may further be useful for discriminating
between possible fibril structures and structures of folding interme-
diates or oligomers that have been proposed to be the toxic species
involved in type II diabetes. Future steps could also predict and
model such intermediate structures based on, for example, large-
scale molecular dynamics simulations on dissolved monomers and
oligomers.
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