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n of protein structural transitions
through entire amyloid aggregation processes in
water using 2D-IR spectroscopy†

So Yeon Chun,‡ab Myung Kook Son,‡bcd Chae Ri Park,bcd Chaiho Lim,ab

Hugh I. Kim, *bcd Kyungwon Kwak *ab and Minhaeng Cho*ab

Amyloid proteins that undergo self-assembly to form insoluble fibrillar aggregates have attracted much

attention due to their role in biological and pathological significance in amyloidosis. This study aims to

understand the amyloid aggregation dynamics of insulin (INS) in H2O using two-dimensional infrared

(2D-IR) spectroscopy. Conventional IR studies have been performed in D2O to avoid spectral congestion

despite distinct H–D isotope effects. We observed a slowdown of the INS fibrillation process in D2O

compared to that in H2O. The 2D-IR results reveal that different quaternary structures of INS at the

onset of the nucleation phase caused the distinct fibrillation pathways of INS in H2O and D2O. A few

different biophysical analysis, including solution-phase small-angle X-ray scattering combined with

molecular dynamics simulations and other spectroscopic techniques, support our 2D-IR investigation

results, providing insight into mechanistic details of distinct structural transition dynamics of INS in water.

We found the delayed structural transition in D2O is due to the kinetic isotope effect at an early stage of

fibrillation of INS in D2O, i.e., enhanced dimer formation of INS in D2O. Our 2D-IR and biophysical

analysis provide insight into mechanistic details of structural transition dynamics of INS in water. This

study demonstrates an innovative 2D-IR approach for studying protein dynamics in H2O, which will open

the way for observing protein dynamics under biological conditions without IR spectroscopic

interference by water vibrations.
Introduction

Amyloid proteins undergo self-assembly to form insoluble
brillar aggregates with a common architecture of unbranched,
highly ordered b-sheets. For many amyloid proteins, brils and
intermediates such as oligomers are associated with various
human diseases, known as amyloidosis.2,3 The complex bril-
lation process of amyloid aggregation is affected by diverse
biological factors, as it involves dynamic structural heteroge-
neity and diverging mechanisms, making it challenging to
understand and control. Therefore, much effort has been
undertaken to understand the structural details of the oligo-
meric species at an early stage of the brillation process at the
molecular level.4–9 Among various amyloid proteins, insulin
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(INS), a critical hormone that regulates glucose homeostasis, is
associated with injection localized amyloidosis in type II dia-
betes.10 INS is prone to form amyloid bers under various pH,
concentration, salt, buffering agent, and temperature condi-
tions.11 INS is also known to form polymorphic amyloid brils
depending on aggregation conditions.12,13 Therefore, under-
standing the mechanisms of INS brillation in various experi-
mental conditions is necessary for developing therapeutic
strategies for amyloidosis.

To study amyloid-associated protein dynamics, tremendous
efforts have been made to track the appropriate structural
dynamics of the intermediates generated in the aggregation
processes by using spectroscopic techniques such as X-ray
crystallography and nuclear magnetic resonance (NMR) spec-
troscopy,14–16 which monitor protein structural dynamics on
timescales from nanoseconds to years. In particular, protein
dynamics on subnanosecond timescales can be studied by
infrared (IR) spectroscopy, utilizing nine characteristic IR
absorption bands inherent in proteins, specically amide A, B,
and I–VII. Among these, the spectral lineshape and frequency of
the amide I band, primarily the C]O stretch vibrations of the
peptide linkages, are exceptionally sensitive to secondary
structural elements of a protein. Therefore, time-resolved amide
I IR spectroscopy with high temporal resolution (<ps) is one of
© 2022 The Author(s). Published by the Royal Society of Chemistry
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the most incisive tools for studying protein dynamics in
condensed phases. Despite these advantages, the spectral
overlap between the H–O–H bending mode of H2O (dH–O–H,
1650 cm�1) and the amide I mode (nC]O, 1600–1700 cm�1)
prohibits the direct application of various IR spectroscopic
techniques to the studies of proteins dissolved in ordinary
water. Most IR studies have thus been performed in D2O to
avoid spectral congestion, and they have been undoubtedly
successful in determining and monitoring protein structure
and dynamics.17,18 In addition, solution NMR, one of the most
extensively used methods in protein dynamics studies, typically
uses 10% D2O to stabilize the magnetic eld strength and lock
the eld-dependent frequency. However, nuclear quantum
effects19–21 arising from tunneling, nuclear delocalization, zero-
point energy differences, and other H–D isotope effects22 could,
in general, inuence the properties of proteins.23,24 For example,
it was reported that the stability of folded proteins in D2O
differs from that in H2O, leading to different aggregation
rates,22,23,25–27 especially in the brillation of amyloid proteins
since water plays a key role in modulating the transition free
energy of amyloid nucleation.28–30 Furthermore, the use of D2O
could result in substantial changes in the couplings between
heavy water and protein vibrations due to the frequency shis of
water bending and stretching modes upon H–D exchange,31,32

which would alter the energy transfer and vibrational relaxation
processes. Therefore, the IR spectroscopy of a protein in heavy
water could differ from that in ordinary water, implying that an
extra layer of caution is necessary when generalizing the IR
spectroscopic results on protein folding–unfolding or aggrega-
tion processes in D2O.

Over the past two decades, two-dimensional IR (2D-IR)
spectroscopy, an IR analog of 2D-NMR, has become a power-
ful tool for studying protein dynamics.17,33 In a 2D-IR spectrum,
off-diagonal peaks produced by vibrational couplings provide
Fig. 1 Fibrillation process kinetic analysis of INS in H2O and D2O at 17 m
intensity of 490 nm. (b) CD spectra of INS in H2O and D2O during fibrillat
coil) from analysis of CD spectrum using BeStSel server.1 (d) TEM imag
(bottom).

© 2022 The Author(s). Published by the Royal Society of Chemistry
information about the spatial and chemical connectivity
between two oscillators. Furthermore, the real-time monitoring
of 2D-IR diagonal and off-diagonal peaks and their lineshapes
enables the rates of conformational transitions, vibrational
relaxation, and local solvent uctuations. In addition, the
nonlinear dependence of the 2D-IR signal on oscillator
strengths makes the contrast between strongly and weakly IR-
absorbing modes more prominent than those of linear IR
spectroscopy, oen resulting in an enhanced spectral resolu-
tion.18,34–36 Because of these advantages of 2D-IR technique with
an improved spectral resolution, it was used to identify inter-
mediates during amyloid protein aggregation processes and
track the mechanism of amyloid bril formation at the molec-
ular level.37,38 More importantly, the improved temporal reso-
lution enables the selective gating of slowly decaying signals in
the time domain. For example, the vibrational lifetime of the
protein amide I mode, which is in the range from 0.5 to 1 ps
depending on secondary structures and the extent of solvent
exposure,32,39–41 is substantially longer than that of the dH–O–H of
H2O (�170 fs). As a consequence, there is the Goldilocks time
window during which the protein 2D-IR signal remains strong
without interfering with water contributions, which allows one
to measure the 2D-IR spectra of proteins selectively even in H2O.

In this work, we investigated the distinct amyloid brillation
processes of human INS in H2O and D2O using 2D-IR spectros-
copy. In addition to addressing fundamental questions regarding
the isotope effects of D2O on protein dynamics, we aim to
understand the causes of the different amyloid aggregation
kinetics of INS in H2O and D2O. We observed a slowdown of the
brillation process of INS in D2O compared to that in H2O. Here,
we show that this difference in INS brillations originates from
the distinctively different tertiary structures of INS in H2O and
D2O. Various ancillary spectroscopic and biophysical techniques
allowed us to gain further insights into the details of the
g mL�1 concentration. (a) The plot of ThT fluorescence spectra at the
ion. (c) The ratio of secondary structures (b-sheet, a-helix, and random
e after the fibrillation process (�28 h) of INS-H2O (top) and INS-D2O
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structural transitions during the initial stage, nucleation and lag
phase, and bril elongation process of INS in water.
Results and discussion
Kinetics of insulin brillation

The brillation kinetics of INS (17 mg mL�1) in H2O and D2O
were examined using the standard thioavin T (ThT) uores-
cence assay method (Fig. 1a). The stiff rise of ThT uorescence
intensity is an indication of the formation of brils. Interest-
ingly, under our experimental conditions (INS-H2O at pH ¼ 2.1,
INS-D2O at pD ¼ 2.1, 50 �C, and 25 rpm for incubation), the
brillation (�16 h) of INS in H2O occurs earlier than that (�20
h) in D2O (ESI Note I). This observation was further conrmed
by the measured circular dichroism (CD) spectra, which
exhibited a slightly faster conversion of a-helix-rich INS into b-
sheet brils in H2O than in D2O (Fig. 1b, c, S1, Tables S1 and
S2†).42 However, no signicant difference in bril morphology
was observed in TEM images of INS brils formed in H2O and
D2O (Fig. 1d). We observed that the brillations of INS in H2O
occur faster than those in D2O at different experimentally
measured pH (pHM) values (HCl (DCl)–KCl buffer solution, pHM

¼ 1.7, 2.1, and 2.5).
To understand this result, we noted that D2O molecules

could form a stronger deuterium bond (D-bond) between D2O
molecules, which induces a greater number of D-bonds per
Fig. 2 Linear IR of INS during fibrillation and waiting time (TW) dependen
of INS in H2O and D2O obtained during incubation. The raw linear IR spec
overlap of H–O–H bending mode of water and protein amide I band at
spectra of H2O, INS-H2O, and diagonal slice 2D-IR spectra of INS-H2O (to
fs (bottom).

4484 | Chem. Sci., 2022, 13, 4482–4489
molecule than H-bonds per H2O in water.22,23 Thus, the entropic
cost of dissolving a solute molecule in D2O is, in general, higher
than that in H2O. Accordingly, D2O effectively increases the
hydrophobic interactions between amino acid residues in INS,
thereby increasing the thermodynamic stability (DGu, free
energy of unfolding) and enthalpy of unfolding (DHu) of INS.24,26

The helical propensity of INS in D2O lasts longer than that in
H2O, which was observed in the time-resolved CD spectra and
supports this supposition (Tables S1, S2 and Fig. S5†).25,26

Linear IR and 2D-IR spectroscopy of insulin brillation

To investigate the distinct structural dynamics of INS, which
induce different brillation kinetics in H2O and D2O, we exam-
ined the amide I IR absorption spectra of INS aer subtracting
the solvent spectrum from the raw spectrum (ESI Note II†). For
the INS-water solution, such solvent background correction
should be performed carefully because the H2O bending signal
substantially overlaps with the amide I band of INS and because
the two vibrations could mix via H-bonding interactions. When
INS is dissolved in D2O, the H–D exchange processes of the
peptide N–H groups should be completed before the IR
measurements (ESI Note III). The different brillation rates in
H2O and D2O observed in the ThT uorescence assay and CD
spectroscopy could also be conrmed using linear IR spectros-
copy. The time-resolved IR spectra of INS (Fig. 2a) suggest that
the conformational transition from an a-helix-rich structure
t 2D-IR spectra of INS. (a) Area-normalized linear IR absorption spectra
tra of two solvents (H2O and D2O) and INS-solvent, showing the signal
1650 cm�1, are shown in the left. (b) Spectra comparison of linear IR
p) and 2D-IR spectra of INS-H2O at a waiting time of 100, 250, and 400

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(�1658 cm�1 in H2O and �1649 cm�1 in D2O) to a b-sheet-rich
brillar structure (�1629 cm�1 in H2O and �1620 cm�1 in
D2O) occurs faster in H2O than in D2O.43–45

We next carried out 2D-IR measurements of INS sampled
intermittently from the incubation vessel (Fig. 2b, ESI Note IV†).
It is known that the molar absorption coefficient of the amide I
vibration is larger than that of H2O.46,47 Therefore, 2D-IR spec-
troscopy, whose signal is proportional to the fourth power of the
vibrational transition dipole moment, is quite useful for dis-
tinguishing the strong amide I mode of INS from the H2O
signal.48,49 However, the 2D-IR spectra at waiting times (Tw)
shorter than 200 fs are still governed by the signal from H2O.
Other undesired pump-induced heating signals contributed to
the 2D-IR spectra aer 300 fs.39 Because the lifetime of dH–O–H of
H2O (�170 fs) is much shorter than that of the amide I vibration
(0.5–1 ps), the H2O signal rapidly decreases as the pump-probe
delay time Tw increases. From these experimental observations,
the ideal range of Tw for selective 2D-IR measurements of
protein amide I modes is from 200 to 300 fs (Fig. 2b).50

The 2D-IR diagonal slice spectra at Tw ¼ 250 fs reveal the
distinctive difference in INS structures (Fig. 3). The dominant
features in the 2D-IR spectra of INS in H2O and D2O in the early
stage of incubation (�2 h) are the broad peaks at 1660 cm�1 and
Fig. 3 2D-IR spectra of INS during fibrillation. Spectra comparison of lin
(bottom) of INS-H2O (a) and INS-D2O (b) obtained during incubation at a
INS-D2O obtained during incubation at a waiting time of 250 fs are show

© 2022 The Author(s). Published by the Royal Society of Chemistry
1651 cm�1, respectively, which correspond to the a-helix in
native INS. The characteristic features of the b-sheets appear in
the INS-H2O 2D-IR spectrum at �1627 cm�1 only aer 16 h of
incubation. However, D2O delays the conversion of INS from an
a-helix to a b-sheet. More specically, the 2D-IR peak associated
with the b-sheets at �1616 cm�1 becomes noticeable aer 20 h
of incubation. Surprisingly, the 2D-IR diagonal slice spectra at
an early stage of INS brillation in H2O and D2O differ from
each other, suggesting distinctly different initial structures. In
H2O, the broad featureless peak at 1660 cm�1 is due to the a-
helix (Fig. 3a). The spectrum in D2O exhibits additional nt

(�1642 cm�1) and nk (�1680 cm�1) peaks that reect the pres-
ence of b-strands in addition to the a-helix (Fig. 3b and S13†).51

These 2D-IR results strongly suggest that INS proteins tend to
form dimers in D2O with antiparallel b-sheets.52–54

Aer the brillation process was completed, we conrmed
the antiparallel b-sheet structures of INS brils in H2O and D2O
using the 2D-IR technique; we used the main diagonal b-sheet
peaks at 1627 and 1616 cm�1, respectively, weak high-frequency
diagonal peaks at approximately 1673 and 1665 cm�1, respec-
tively, and the cross-peaks (Fig. S14†).51,55,56 Thus, despite the
different structures of INS in the early stages of brillation, we
ear IR spectra and diagonal slice 2D-IR spectra (top) and 2D-IR spectra
waiting time of 250 fs. The diagonal slice 2D-IR spectra of INS-H2O and
n in the right (INS-H2O: 2, 16–20 h, INS-D2O: 2, 20–24 h, 1 h interval).

Chem. Sci., 2022, 13, 4482–4489 | 4485



Fig. 4 Solution phase SAXS analysis of INS (INS-H2O (blue), INS-D2O (red)) and theoretical structures of INS obtained with MD-simulation. (a)
Experimental SAXS scattering profiles of INS 2 mg mL�1 in pH (pD) ¼ 2.1. (b) Guinier plot obtained from short q range of scattering profile. (c)
Normalized Kratky analysis of INS. (d) c2–Rg diagram of INS-H2O and INS-D2O from the MD-simulated 22 000 conformations, obtained with
CRYSOL. Filled colored circles at the bottom left are the 14 000monomer conformations and filled red circles are the candidate structures of INS
monomers with the smallest c2 values. Empty colored circles at the top right are the 8000 dimer conformations and empty red circles are the INS
dimers with the smallest c2 values. (e) Candidate structures of INS-H2O and INS-D2O obtained with CRYSOL of MD-simulated monomer, dimer
structure pools. 3 structures with the smallest c2 structures were used as candidate structures.
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found no signicant difference in the nal bril structures even
with 2D-IR spectroscopy.

From these experimental ndings, we believe that the
distinct initial structures of INS in H2O and D2O induce the
difference in nucleation kinetics. INS proteins are known to
exist in complex forms under physiological conditions. There-
fore, the dissociation of dimers into monomers is required for
nucleation and subsequent prebril formation, followed by
amyloid brillation under acidic conditions. Thus, the presence
of INS dimers in D2O could be a factor delaying the initial
nucleation step and the overall brillation process.
Table 1 Monomer/dimer ratio of MD-simulated candidate structures
calculated using OLIGOMER. The smaller the c2 is, the more accurate
the experimental and MD-simulated data matches

c2 Monomer fraction Dimer fraction

INS-H2O 0.54 100.0% (�7.9%) 0
0.56 100.0% (�0.4%) 0
0.68 86.6% (�1.5%) 13.4% (�1.1%)
0.69 90.5% (�1.6%) 9.5% (�1.1%)
0.71 89.1% (�1.6%) 10.9% (�1.1%)

INS-D2O 0.49 93.4% (�1.9%) 6.6% (�1.5%)
0.5 88.9% (�2.3%) 11.1% (�1.6%)
0.5 92.4% (�1.9%) 7.6% (�1.5%)
0.51 90.6% (�2.1%) 9.4% (�1.6%)
0.54 98.0% (�106.9%) 2.0% (�2.4%)
Structural dynamics of INS in the early stages of amyloid
brillation

Although it is plausible that the enhanced hydrophobic interac-
tions in D2O could stabilize the intermolecular b-sheet structure
in the INS dimer,57,58 it is necessary to investigate the initial
structures of INS at a low concentration of 2 mg mL�1 (25 �C) to
estimate the average sizes using solution-phase small-angle X-ray
scattering (SAXS). The 1D SAXS proles of INS in H2O and D2O
are shown in Fig. 4a. The radii of gyration (Rg) obtained from the
Guinier analysis of I(q) are 12.41 � 0.99�A and 12.38 � 0.92�A for
INS in H2O and D2O, respectively (Fig. 4b). Kratky analysis of the
SAXS proles (Fig. 4c), which provide information about the
exibility and structural disorder of a given protein, suggest that
INS in H2O and D2O adopt similar globular conformations.59 The
observations that the experimentally determined Rg values of INS
are slightly larger than that of the INSmonomer (Fig. S15,†�11.6
�A from the 3E7Y PDB structure)12 and that the Rg of INS in H2O is
slightly larger than that in D2O indicate the presence of mixed
forms of INS with complex structures.
4486 | Chem. Sci., 2022, 13, 4482–4489
Then, we studied the structures of INS by carrying out MD
simulations. Noting that the SAXS results show the presence of
a heterogeneous structural mixture of INS, we performed
simulated annealing MD simulations to generate 14 000
monomeric and 8000 dimeric structures. Then, the represen-
tative candidate structures were selected by comparing them
with experimental scattering proles (Fig. 4d).60 We found that
the fraction of INS dimers in D2O was approximately 10%,
whereas it was nearly zero in H2O (Table 1). Additionally, the
simulated candidate structures of monomeric INS exhibited an
enhanced helical propensity in D2O compared to those in H2O
(Fig. 4e and Table 2). The dimers in D2O formed intermolecular
b-sheet structures, which is consistent with our 2D-IR results. At
a low INS concentration of 2 mg mL�1 in the SAXS measure-
ments, a relatively small fraction of the proteins could form
dimers, while increased dimer formation was expected at the
© 2022 The Author(s). Published by the Royal Society of Chemistry



Table 2 Rg and helicity of INS monomer (3E7Y PDB structure, Fig. S15, ESI) and candidate structures of INS-H2O and INS-D2O (Fig. 5)

INS monomer

H2O D2O

Exp. avg MD-1 MD-2 MD-3 Exp. avg MD-1 MD-2 MD-3

Rg (�A) 11.6 12.41 11.71 11.67 11.64 12.38 11.41 11.30 11.42
Helicity (%) 56 — 37.3 29.4 43.1 — 43.1 43.1 49.0

Edge Article Chemical Science
high concentration of 17 mg mL�1 used in the 2D-IR experi-
ments. As discussed earlier, the brillation of INS is still faster
in H2O than D2O even at low concentrations (1 and 2 mg mL�1)
of the protein (ESI Note I†), indicating that the difference in the
brillation mechanisms of INS in two water solvents revealed by
the 2D-IR spectroscopy remains valid even for comparatively
low protein concentration solutions.
Fig. 5 Fibrillation kinetics diagram of INS, based on kinetic and
structural analysis. INS-H2O (blue) and INS-D2O (purple).
Kinetic control in INS bril assembly by H2O and D2O

Many protein assemblies in vivo are diffusion-controlled reac-
tions, where the transport rate of the protein (i.e., the diffusion
coefficient of the protein) is critical for determining the reaction
rate.61–63 As D2O is more viscous than H2O, the INS diffusion
coefficient (DINS) is smaller in D2O than in H2O. Thus, we also
considered the potential effects of the distinct viscosities of H2O
and D2O on the brillation kinetics of INS (ESI Note V†). The
brillation processes of INS (1 mg mL�1) in H2O and D2O were
examined aer the protein was fully denatured (i.e., monomeric
highly disordered state, Fig. S17†) using sodium dodecyl sulfate
(SDS 50 mM, 50 �C, 75 rpm) to conrm the effect of denaturation
on protein brillation.

Interestingly, we found that the brillation of INS was no
longer signicantly more accelerated in H2O than in D2O when
the initial INS proteins were in a fully denatured state before
incubation (Fig. S18†). This result indicates that the brillation
kinetics of INS are dominantly affected by the unfolding tran-
sition of the INS monomer or dimer under our experimental
conditions (H2O at pH ¼ 2.1, D2O at pD ¼ 2.1, 50 �C, 1–17 mg
mL�1 INS) rather than by viscosity-dependent diffusion
processes. In addition, time-resolved monitoring of INS bril-
lation with FT-IR further supports our supposition that the
initial denaturation process, which is independent of protein–
protein collision, is the critical step during INS brillation
(Fig. S19†).

Then, we measured the stability of INS before bril forma-
tion using differential scanning calorimetry (DSC) (Fig. S20†
and Table 3).64 The thermal transition temperature (T0),
enthalpy (DHu), and entropy (DSu) upon INS unfolding in H2O
were 59.55 �C, 42.53 kJ mol�1, and 128.3 J K�1, respectively. The
T0 of INS in D2O (61.83 �C) was slightly higher than that of H2O,
Table 3 Thermodynamic analysis of INS unfolding based on DSC
thermograms

T0 (�C) DHu (kJ mol�1) DSu (J mol�1 K�1)

INS-H2O 59.55 42.53 128.3
INS-D2O 61.38 46.99 140.8

© 2022 The Author(s). Published by the Royal Society of Chemistry
which implies that the protein was stabilized by enhanced
hydrophobic interactions and dimer formation. The INS
exhibited a slightly larger DHu (46.99 kJ mol�1) and DSu (140.8 J
K�1) in D2O than in H2O, indicating the increased thermal
stability and the propensity of INS dimer formation in heavy
water. This result also conrms that the dissociation of the
dimer to monomers followed by the formation of a partially
unfolded INS intermediate in D2O requires a higher free energy
cost than that in H2O. Based on the nucleation-growth mecha-
nism, the formed nuclei interact with partially unfolded
monomers to elongate and form prebrils. This delayed
formation of partially denatured monomeric intermediates
further delays the elongation process of INS brillation in D2O,
which is consistent with the 2D-IR observation that the slow
brillation of INS in D2O results from the dissociation of INS
dimers followed by the delayed denaturation of each INS
monomer in D2O.
Conclusions

We investigated the effects of deuterated aqueous environ-
ments on the protein dynamics associated with amyloid
brillation of INS. The brillation process occurs slowly in
D2O compared with that in H2O. Using the advantage of 2D-IR,
the amide I band of INS, which is a diagnostic signature of
protein secondary structure, can be measured in H2O without
spectral congestion and interference by water bending vibra-
tions. The ability to suppress the water background signal
using time-selective 2D-IR spectroscopy enabled investiga-
tions into different structures of INS that were hard to resolve
by other spectroscopic measurements (e.g., ThT uorescence,
CD, and IR spectroscopy). Dimer formation of INS in D2O
induces a delayed structural transition required for the
Chem. Sci., 2022, 13, 4482–4489 | 4487
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subsequent protein nucleation process at an early stage of
brillation (Fig. 5). The SAXS, MD, and DSC results provide
additional insight into mechanistic details of the protein
structural transitions involved in each brillation step. Unex-
pectedly, we found substantial kinetic isotope effects on the
amyloid brillation of INS. This result highlights the impor-
tance of using H2O instead of D2O in various time-resolved IR
spectroscopic studies of protein dynamics. We anticipate that
the present work will shed light on the mechanism of
amyloidosis under physiological conditions through the use of
nonlinear IR microspectroscopy with improved spatial and
temporal resolution.
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