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Abstract

Amyloid fibrillation kinetics of proteins associated with neurodegenerative dis-

eases has been extensively studied using Raman spectroscopy. The normaliza-

tion factor for the spectra is crucial for obtaining correct kinetics of Raman

indicators, especially vibrational band intensities. Here, we compared the con-

centration dependences between the absorption at 280 nm in UV–vis spectros-
copy and the phenylalanine (Phe) Raman band intensity at 1003 cm�1 in

amyloid fibrillation kinetics of lysozyme. The former exhibits better perfor-

mance as normalization factor. Using this new normalization factor, the effect

of pH value on the transformation of hen egg-white lysozyme (HEWL) tertiary

and secondary structures was studied subsequently. With increasing acidity,

the unfolding of tertiary structures and the transformation of secondary struc-

tures are significantly accelerated. Notably, the populations of various second-

ary structures in the final state remain in the pH < 2.0 solutions, indicating

that the branching ratios of “on-pathway” to amyloid fibrils and “off-pathway”
to gel-like aggregates are independent on the pH value in the range of 1.1–1.9.
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1 | INTRODUCTION

Specific functions of proteins in living organisms are
associated with their unique structures. In some specific
conditions, proteins can undergo denaturation and self-
assembly to form amyloid fibrils, thereby causing some
human neurodegenerative diseases.1–3 During past
decades, various kinetics of protein amyloid fibrillation
have been investigated with thermal and acid
treatments,4–7 additions of metal ions such as Zn2+,8

Cu2+,9,10 Fe3+,11 and Mn2+.12,13

Among these studies, hen egg-white lysozyme
(HEWL) has been most widely used as a model globular

protein because of its association with hereditary sys-
temic amyloidosis in humans.14–18 HEWL has 129 amino
acid residues and consists of two structural domains, α
(Lys1-Asn39, Ser86-Leu129) and β (Thr40-Ser85), includ-
ing six Trp, three Tyr, and three Phe residues. HEWL has
a molecular weight of approximately 14.3 kDa and a pre-
dominantly α-helical conformation (�45%) in native
state, and its structural stability in aqueous solutions is
mainly through hydrophobic interactions and hydrogen
bonding. Thus, the pH value can severely affect protein
structural stability in aqueous solutions in principle. Al
Adem et al. used ThT fluorescence spectroscopy and
transmission electron microscopy to characterize the

Received: 25 January 2024 Revised: 19 March 2024 Accepted: 16 April 2024

DOI: 10.1002/jrs.6674

J Raman Spectrosc. 2024;55:787–796. wileyonlinelibrary.com/journal/jrs © 2024 John Wiley & Sons Ltd. 787

https://orcid.org/0000-0002-0264-0146
mailto:xzhou@ustc.edu.cn
mailto:slliu@ustc.edu.cn
mailto:slliu@ustc.edu.cn
https://doi.org/10.1002/jrs.6674
http://wileyonlinelibrary.com/journal/jrs


HEWL aggregates formed in acidic (pH 3) and physiolog-
ical (pH 7.4) environments.19 They found that non-
fibrous aggregates dominated at pH 7.4, whereas fibrils
were slowly formed at pH 3.0. Venkataramani et al.20

and Lewis et al.21 verified that the significant transforma-
tion of HEWL secondary structures only occurred at
pH < 2, and the denaturation temperature tended to be
lower under more acidic conditions, by means of
Fourier transform infrared (FTIR) spectroscopy, dynamic
light scattering, and Raman spectroscopy. However,
only a few pH conditions were measured previously, such
as pH 2, 3, 4, 7, and 12.22,23 Especially, within the pH
range of less than 2.0, no systematic study has been
performed to study the pH-dependent kinetics of
protein tertiary and secondary structure transformation
to date. Therefore, it is insufficient to in-depth under-
stand the HEWL denaturation mechanism with the
action of acids.

Many experimental techniques have been successfully
applied to identify and separate protein aggregates
formed in the amyloid fibrillation kinetics of HEWL,
based on imaging, scattering, spectroscopy, and calori-
metric methods.24 Among these techniques, Raman spec-
troscopy shows a unique and powerful ability to achieve
detailed information of protein conformational
transformations.25–29 A number of Raman indicators
have been summarized in Table 1, such as peak intensi-
ties, Raman shifts, full width at half maximum (FWHM)
of specific vibrational bands, and even intensity ratios of
correlated peaks (e.g., I1340/I1360).

38 These indicators are
generally sensitive to protein tertiary and secondary
structures,39 and hence, their evolution kinetics can accu-
rately reflect the information of structural changes during
protein denaturation processes.

To accurately monitor the time-dependent changes of
the above indicators, especially those of peak intensity,
normalization of Raman spectra is one of the crucial
data-processing steps, as the protein denaturation is usu-
ally accompanied by the significant change of protein
concentration due to aggregation and precipitation pro-
cesses. A previous investigation proposed that the peak
intensity of Phe band at 1003 cm�1 was insensitive to
micro-environment and exclusively depended on the pro-
tein concentration.40 Consequently, it has been used as
the normalization factor of Raman intensities.41–43 How-
ever, using high-resolution Raman vibrational spectros-
copy, Xing et al. observed an obviously broadened
bandwidth of this indicator in HEWL amyloid formation
kinetics with thermal and acidic treatment,44 implying
that the presupposed consistence between the protein
concentration and the Phe intensity could be questioned.

Herein, we re-investigate the relationships between
the Phe band intensity and the HEWL concentration
with thermal and acidic treatments (65�C and pH 1.9). In
contrast, the UV–vis absorption spectroscopy of protein is
recorded simultaneously. By comparing the kinetic
curves of the Phe band intensity, the UV–vis absorbance
at 280 nm, and the protein concentration in superna-
tants, the absorbance at 280 nm exhibits the best consis-
tence with the protein concentration and thus can be
used as a more appropriate normalization factor for
Raman spectroscopy. Subsequently, Raman spectroscopic
analyses are conducted for the HEWL aqueous solution
in thermal amyloid fibrillation kinetics under three acidic
conditions of pH = 1.1, 1.9, and 2.7, using this new nor-
malization factor. The specific pH effects on the evolution
kinetics of the HEWL secondary and tertiary structures
are unraveled.

TABLE 1 The commonly used Raman indicators for the HEWL in aqueous solutions.

Groups Raman shift/cm�1a Assignment Raman indicator

S-S 508 (511) Stretching of disulfide bond Intensity30

Trp 759 (759) Coupled vibrations of in-phase breathings of
benzene and pyrrole

Intensity30,31

N-Cα-C 932 (935) Stretching of N-Cα-C in the α-helical structure Intensity32–35

Phe 1003 (1003) Ring breathing of benzene in the Phe amino
residue

FWHM33,34

Trp 1340 & 1360
(1340 & 1360)

Fermi resonances between the fundamental in-
plane N1 = C8 stretching and combination
bands of ring out-of-plane deformations

Intensity ratio I1340/I1360
32,36

Amide I 1658 (1671) The coupling mode of the C=O and C-N
stretching vibration and a small amount of N-H
in-plane bending vibration

Peak position34,37

aThe values in parentheses are the Raman shifts of the mature fibrils.
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2 | EXPERIMENTAL

2.1 | Solution preparation

HEWL was purchased from Sangon Biotech (Shanghai)
Co. Ltd. and was used without further purification. Simi-
lar to the previous studies,15,18,45 amyloid fibrillation of
the lysozyme aqueous solution was conducted in thermal
and acidic conditions, where the pH values of solution
were respectively adjusted to 1.1, 1.9, and 2.7 by adding
hydrochloric acid. The lysozyme solution with an initial
concentration of 20 mg/mL was sealed in twenty 5-mL
glass vials and then was incubated in a thermoshaker
incubator at 65�C without agitation. At each specific
incubation time, one vial of the protein solution was
taken out and centrifuged at 12,000 g for 20 min to sepa-
rate supernatant and insoluble aggregates. The superna-
tant was directly used for Raman and UV–vis absorption
spectroscopy assays, while the insoluble phase was dried
and weighed.

2.2 | Raman spectroscopy

Spontaneous Raman scattering spectroscopy was per-
formed as described previously.44,46,47 A continuous-wave
laser (Verdi V5, 532 nm, Coherent) with the power of
5 W was used as an excitation laser, and the Raman light
was collected and dispersed by a triple monochromator
(Triple-Pro, Acton Research) equipped with a liquid-
nitrogen-cooled CCD detector (Spec-10:100B, Princeton
Instruments). The acquisition time for recording each
spectrum was 20 s, and the identical measurements were
repeated for 15 times in same conditions. As a result, the
averaged Raman spectra at each incubation time were
achieved with better signal-to-noise ratios. Moreover, the
spectrum of hydrochloric acid solution was measured in
identical conditions as the background (in Figure S3),
and the reported Raman spectra of protein were modified
by subtracting the background and then being normal-
ized to eliminate the influences of protein concentration,
where the available normalization factor was discussed
in the following sections. In current experiments, the res-
olution of Raman spectra was �1 cm�1. The Raman
shifts were calibrated using the standard spectral lines of
a mercury lamp. Notably, as confirmed in our previous
experiments with the confocal micro-Raman
spectrometer,44 Raman spectra of the supernatant after
incubation for more than 200 h were almost identical to
those of the gelation after lyophilization. Consequently,
Raman spectroscopy assay of the supernatants can
exhibit the conformational transformation of protein sec-
ondary and tertiary structures.

2.3 | Ultraviolet–visible absorption
spectrum

A commercial UV–vis spectrometer (UV-2550, Shi-
madzu) was used to measure UV–visible absorption spec-
tra of the supernatant at each incubation time in the
wavelength range of 200–500 nm. To avoid saturation
absorption caused by excessive concentrations of pro-
teins, the supernatant was diluted 20 times prior to spec-
troscopy assays. Dilutions and spectra measurements
were done at room temperature.

3 | RESULTS AND DISCUSSION

3.1 | Accurate determination of
lysozyme concentration in supernatant

In thermal and acidic conditions, proteins can self-
assemble into aggregates such as amyloid fibrils
and gels.48–50 Considering the low solubility of these
aggregates, the protein concentration in the incubated
solution is significantly reduced with time. By weighing
the masses of protein solution and precipitate at each
incubation time, we can calculate the concentration of
lysozyme in the supernatant using the following
Equations (1) and (2).

Ct ¼ C0 �V0�ms tð Þ½ �=V t ð1Þ

V t¼V0� m0�mtð Þ=ρH2O ð2Þ

where C0 and Ct, m0 and mt are the protein concentra-
tions (in the unit of mg/mL) and the total masses of solu-
tion (in mg) at the initial and specific incubation times,
respectively, and ms(t) is the mass of precipitate (in mg)
after centrifugation and drying at a certain incubation
time, V0 (= 5 mL) and Vt are the solution volume before
and after incubation, and ρH2O (= 997.048 mg/mL) is the
density of the solvent water at 25�C. Notably, it was
found that small amounts of solvent water evaporate dur-
ing the incubation period, leading to the slight reduction
of solution volume and mass, which needs to be cali-
brated with Equation (2).

The incubation time-dependent concentration of the
protein in the supernatant at pH 1.9 is exhibited in
Figure 1. Obviously, there is a lag phase followed by a
monotonically attenuation. The lag duration is approxi-
mately 21 h in the current conditions, implying that olig-
omers formed at the early stage are soluble, whereas
insoluble aggregates are produced after incubation for
�21 h, which generally agrees with the previous AFM
conclusions.44
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3.2 | Variation of the absorbance at
280 nm during the HEWL amyloid
fibrillation

UV–visible absorption spectroscopy is a commonly used
method for protein analysis.51–54 In HEWL, the amino
acid residues with aromatic rings, such as Trp, Phe, and
Tyr, have remarkable absorptions in the near UV wave-
length region, for example, the molar extinction coeffi-
cients (ε) are 5.59 � 103 L�mol�1�cm�1 for Trp monomer
at 278 nm, 1.36 � 103 L�mol�1�cm�1 for Tyr at 274 nm,
and 0.20 � 103 L�mol�1�cm�1 for Phe at 258 nm.
Figure 2A shows the UV–visible absorption spectra of the
lysozyme aqueous solution at pH 1.9 in the native state
and the final state after incubation for 196 h, as well as

those of three amino acid monomers. In the wavelength
range of 240–700 nm, a unique absorption with the cen-
ter at 280 nm is observed for the native HEWL and the
incubated protein, and moreover, its profile is virtually
unchanged except for a marked decrease in intensity.
Compared with the spectra of amino acid monomers, the
absorption band at 280 nm of the protein is mostly con-
tributed by Trp and Tyr residues. In addition, accompa-
nying with the protein denaturation, the absorbance at
280 nm decreased significantly.

Figure 2B shows the variation curve of the absor-
bance at exact 280 nm of the supernatant at pH 1.9 dur-
ing amyloid fibrillation process, as well as that of the
protein concentration. The perfectly consistent curves
indicate that the absorbance at 280 nm exclusively
depends on the protein concentration during amyloid
fibrillation process and is insensitive to conformational
changes of lysozyme. In other words, this absorbance is
an excellent normalization factor for the protein concen-
tration when comparing Raman spectra of denaturing
proteins.

To access the versatility of this normalization factor,
we conducted an additional experiment with a lower ini-
tial concentration of protein (2 mg/mL), where the other
experimental conditions were identical, such as pH value,
incubation temperature, and volume of glass vial.
Although the aggregation pathways of HEWL were
slightly changed because of the concentration effect
under these conditions, a great consistence was also
obtained for the concentration and the absorbance, pro-
viding solid evidence for the generality of this normaliza-
tion factor. The additional experimental results are
shown in Figures S1 and S2.

FIGURE 2 (A) UV–vis absorption spectra of the HEWL aqueous solution at pH 1.9 in the native state (in black) and the final state after

incubation for 196 h (in red), as well as those of Trp, Phe, and Tyr amino acid monomers with the concentration of 0.5 � 10�3 mol�L�1;

(B) time-dependent curve of the normalized absorbance at 280 nm in UV–vis absorption spectra (in black) and the normalized concentration

of the supernatant solution (in red) during thermal incubation at pH 1.9.

FIGURE 1 Time-dependence of the protein concentration in

the supernatant at pH 1.9 during the thermal incubation.
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3.3 | Evolution kinetics of the Phe peak
at 1003 cm�1 in Raman spectra

Figure 3 shows the recorded Raman spectra of HEWL in
the native state and the final state after incubation for
196 h with thermal and acidic treatments (65�C, pH 1.9).
Obviously, all peak intensities are apparently reduced
after incubation because of the formation of aggregates.
Additionally, a peak position shift of the amide I band, as
well as the increase of the intensity ratio, I1340/I1360, is
obviously visible after incubation, indicating the transfor-
mation of protein structures.

To verify the reliability of the Phe band intensity as
normalization factor, we compared its evolution kinetics
with the protein concentration. Considering that there
are three overlapped peaks in the range of 990–
1040 cm�1 as shown in the partially magnified Raman
spectrum of Figure 4A,B, we used three-peak fitting to
achieve the individual profile of the Phe peak centered at
1003 cm�1. A slightly increased FWHM of the peak was
observed from 3.2 cm�1 in the native state to 3.7 cm�1 in
the final state after incubation, in line with the unfolding
of protein tertiary structures and previous conclusions.44

Moreover, the temperature-dependent behavior of this
FWHM was reported to be a typical sigmodal curve.39

Notably, the change trends in Figure 4C,D are inconsis-
tent with that of protein concentration, thereby remind-
ing us to re-assess the rationality and reliability of its role
of normalization factor for protein concentrations.

Figure 4C,D shows time-dependent curves of the peak
area and peak height of the Phe band from 0 to 196 h,
respectively, in which the change curve of the protein
concentration is also plotted. For the sake of comparison,
these curves are all normalized to their initial values.
Unsurprisingly, the area and height curves both follow
the similar trend as the protein concentration in superna-
tants. However, in the details, there are slight differences.
The peak area of the Phe band initially essentially

unchanged and then monotonically decreases with single
exponential decay. The lag phase lasts up to �16 h as
shown in Figure 4C, and the attenuation rate is slower
than that of the protein concentration. On the other
hand, the variation of the Phe peak height maintains a
mono-exponential decay from start to end. Although the
decay rate is close to that of the concentration change,
the lack of the lag phase indicates that it cannot reflect
accurately the lysozyme concentration in the superna-
tant, especially in the early stage of incubation when the
unfolding of protein tertiary structures occurs and
the soluble oligomers are mostly formed. Given the
unsatisfactory performance of the Phe indicator, using
the Phe band intensity as the normalization factor for
Raman spectroscopy is likely to lead to unpredictable
errors, especially when discussing changes of the protein
tertiary structures in the early stages of denaturation.

3.4 | The pH effect on the changes of
HEWL tertiary structures

The pH value is a stressful inducer for protein denatur-
ation. Using the Phe peak height at 1003 cm�1 as the nor-
malization factor of Raman spectra, evolution kinetics of
HEWL tertiary and secondary structures in the incuba-
tion conditions of 65�C and pH 2.0 were reported,44 based
on the recorded time-dependent indicators. However, the
normalization factor was not reliable enough as men-
tioned above. Instead, the absorbance at 280 nm is a
more perfect normalization factor for HEWL's Raman
spectroscopy to remove the concentration effect. Herein,
using the absolute absorbance at 280 nm as new normali-
zation factor, we re-measured Raman spectroscopy of the
denaturing HEWL at three different pH values, 1.1, 1.9,
and 2.7. By comparing evolution kinetics of the indicators
under various pH conditions, the pH effect on the dena-
turation kinetics of lysozyme is uncovered.

FIGURE 3 Raman spectra of

the HEWL aqueous solution in the

native state (in black) and the final

state after incubation for 196 h

involving mature fibrils (in red)

with thermal and acidic treatments

(65�C, pH 1.9), in the range of 480–
1780 cm�1. Major Raman indicators

used in the text are marked.
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As listed in Table 1, two Trp vibrations and one S-S
stretching band are sensitive indicators for conforma-
tional changes of protein tertiary structures. With tertiary
structures unfolding, inner Trp residues will gradually be
exposed to the aqueous medium. Figure 5A,B shows the
consistent time-dependent curves of two Trp indicators,
in which typically mono-exponential decay kinetics are
observed at pH 1.1 and 1.9, whereas a very slow decay
also existed at pH 2.7 but still far from the equilibrium
state until 190 h, because of incomplete unfolding of pro-
tein tertiary structures. Such inefficient effect at pH 2.7
agrees with the previous experimental conclusion that
significant transformation of HEWL structures only
occurred at pH < 2.17,21

By fitting the curves with the single-exponential func-
tion, the decay rates are determined and listed in Table 2.
Obviously, the rates of two Trp indicators are greatly con-
sistent, whereas the S-S stretching indicator is nearly
twice. Generally, local hydrophobic residues condense
around the disulfide bonds through hydrophobic interac-
tions to form the nucleus of a hydrophobic core of pro-
tein. Thus, when these disulfide bonds are broken, the
hydrophobic residues, such as inner Trp residues, are

gradually exposed to aqueous environment. In this way,
the exposure rate of the Trp residues is rightly slower
than that of disulfide bond breakage, although their initi-
ation is synchronized. With increasing acidity, the
unfolding rate of tertiary structures is significantly
improved but nonlinearly dependent on the H+ concen-
tration. Additionally, a slightly blue shift of the S-S
stretching peak position was observed with incubation
time (Figure S4). Considering the peak position and
bandwidth are affected by the distributions of various
conformations of adjacent Cys residues forming the disul-
fide bonds, this blue shift implies the destruction of dom-
inant disulfide bond conformations.

3.5 | The pH effect on the
transformation of HEWL secondary
structures

As shown in Figure 6A, the N-Cα-C intensity at
933 cm�1, as a sensitive indicator for the population of
α-helical segments, is monotonously reduced with incu-
bation time, indicating that the α-helical structures in the

FIGURE 4 Partially magnified Raman spectra of lysozyme in the native state (A) and the final state after incubation for 196 h (B), and

time-dependent curves of the corresponding relative area (C) and height (D) of the Phe peak, where the normalized concentration of protein

in the supernatant is also plotted for comparison.
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native HEWL are significantly disrupted. By fitting the
curves, we obtained the corresponding decay rates under
three pH conditions and listed them in Table 2. To our
surprise, the rate is almost identical to that of the disul-
fide bond band at each pH value. This consistence
strongly implies that the transformation of the HEWL
α-helical structures occurs simultaneously with the disul-
fide bond breakage.

The peak position of the amide I band is another
commonly used indicator for the transformation of pro-
tein secondary structures. For HEWL, various secondary
structures have different peak positions in the amide I
region,55 for example, α-helical structures cover 1650–
1660 cm�1,56 organized β-sheets are mainly located at
1660–1670 cm�1,44 β-turns and random structures are in

1670–1680 cm�1,57 and random coils and small segments
connecting various helices contribute the intensity at
lower than 1650 cm�1.58,59 As proposedly previously,44

α-helix prefers to transform into statistical coils as inter-
mediates and subsequently form organized β-sheets. As a

FIGURE 5 Time-dependence curves of the Trp band intensity at 759 cm�1 (A), the I1340/I1360 indicator (B), and the S-S band intensity at

508 cm�1 (C), during thermal and acidic incubation.

TABLE 2 The single-exponential decay rate of Raman indicators for HEWL at three pH conditions, in the unit of h�1.

pH
[H+]
(mol�L�1)

Trp intensity at
759 cm�1 I1340/I1360

S-S band intensity at
508 cm�1

N-Cα-C intensity at
933 cm�1

1.1 79.4 � 10�3 0.070± 0.010 0.065± 0.009 0.126± 0.007 0.12± 0.01

1.9 12.6 � 10�3 0.033± 0.007 0.028± 0.002 0.046± 0.004 0.047± 0.007

2.7 2.0 � 10�3 0.0045± 0.0004 0.004± 0.0003 0.0084± 0.0006 0.0061± 0.0006

FIGURE 6 Time-dependence curves of the N-Cα-C band intensity at 933 cm�1 (A) and the peak position of the amide I band (B), during

thermal and acidic incubation.

TABLE 3 The lag duration (T0), transition midpoint time (Tm),

equilibrium duration (Te), and a half interval (ΔT) of the amide I

peak position at three pH conditions, in the unit of hour.

pH T0 Tm Te ΔT

1.1 <2 13 35 10

1.9 25 50 76 12

2.7 �100 - - -
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result, its incubation time-dependent curve always
exhibits a sigmoid-function form, that is, a lag phase fol-
lowed by a rapid growth stage and an equilibrium phase.
Figure 6B exhibits the time-dependent curves in three pH
conditions. Obviously, blue shift is distinctly observed for
the amide I peak position with protein denaturation
(Figure S5), validating the HEWL secondary structure
transformation from α-helical to β-sheets.

To quantitatively compare the pH-dependent kinetics,
the lag duration (T0) and equilibrium duration (Te) are
determined through the curve-fitting with the sigmoid
function, P¼ PDþ PN�PD

1þexp T�Tm
ΔTð Þ, where PN and PD are the

peak positions of initial and final states, respectively, Tm

is the transition midpoint time, and 2 � ΔT is the transi-
tion interval, and listed in Table 3. Notably, in the pH 2.7
condition, the protein denaturation is too slow to reach
the equilibrium state until 196 h. Thus, only lag duration
of �100 h was observed in experiments. In the pH 1.9
solution, the lag phase lasts 25 h followed by a growth
phase, and the equilibrium is achieved at 76 h. When the
pH value decreases to 1.1, the transformation kinetics is
significantly accelerated. As a result, the lag duration
is shortened to less than 2 h, and the equilibrium state is
obtained after 35 h. Meanwhile, the growth rate is also
obviously improved according to the reduced ΔT with
the H+ concentration increasing.

To further determinate the populations of various
protein secondary structures at different pH values, a
multi-peak fitting was performed for the amide I
band profile at specific incubation times as done
previously,38,60 in which each Lorentzian-type peak
represents one component. Figure 7 exhibits the result
for the native HEWL in the pH 1.9 condition, where the
two peaks with centers at 1618 and 1606 cm�1 are
attributed to the Y1 mode of Tyr and the combined band
of the Tyr Y2 and the Phe F1 modes, respectively.40,61

The relative populations of dominant secondary
structures at a specific time are summarized in Table 4,
and the comparison between the experimental and fitted
Raman spectra at specific incubation time is shown in
Figure S6.

As shown in Table 4, the HEWL secondary structures
dominantly consist of α-helix (47%) and a certain amount
of β-sheet (22%) in the native state. Along incubation, the

FIGURE 7 Experimental and fitted amide I band of HEWL in

the native state under the pH 1.9 condition.

TABLE 4 Curve-fitting analysis of the amide I Raman band profile of HEWL for different pH at the specific incubation times, together

with the distribution percentages (area A%).

pH Time/h

α-Helix Organized β-sheets
β-Turns & random
structures

Random coils & small
segments

Position/cm�1 A% Position/cm�1 A% Position/cm�1 A% Position/cm�1 A%

1.1 0 1656 48 1671 23 1685 12 1640 17

12 1655 40 1671 24 1685 22 1642 14

28 1657 24 1672 40 1685 22 1640 14

85 1657 21 1672 47 1687 21 1643 11

1.9 0 1657 47 1670 22 1684 13 1642 18

28 1657 39 1672 25 1687 19 1643 17

64 1657 27 1672 37 1685 23 1642 13

196 1657 21 1673 48 1687 24 1641 7

2.7 0 1656 47 1668 22 1683 12 1640 19

66 1657 43 1670 23 1685 12 1642 22

122 1658 40 1671 21 1685 17 1643 22

192 1657 36 1670 26 1685 19 1643 19
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contributions of organized β-sheets, together with β-turns
and random structures, are markedly improved with the
reduction of α-helix. In the final state, the HEWL
secondary structures dominantly consist of α-helix (21%),
organized β-sheets (47%), and disordered structures
including β-turns and random structures, and random
coils and small segments (32%) at pH 1.1, and the almost
identical populations are observed at pH 1.9 as α-helix
(21%), organized β-sheets (48%), and disordered
structures (31%). Thus, the [H+] concentration in the
range of pH 1.1–1.9 has an insignificant influence on sec-
ondary structure distributions of the final-state HEWL.

It is well-known that low molecular weight
oligomers formed during the early incubation can further
assemble to amyloid fibril-like aggregates, labeled as
“on-pathway,” or gel-like products that are so-called
“off-pathway.”53,60 As the oligomers have higher toxicity
compared with mature fibrils, the “on-pathway”
oligomeric intermediates are potential targets for thera-
peutic strategies aimed at interrupting the fibril
formation. However, it is extremely difficult to
distinguish the “on-pathway” or “off-pathway” interme-
diates in spectroscopy because they all have less ordered
structures. Therefore, the distributions of amyloid fibrils
and gel-like aggregates in the final state of protein
amyloid fibrillation kinetics can provide direct clues for
assessing the impact of a specific condition on the
branching ratios of “on-pathway” and “off-pathway.” In
the current system, our above results strongly indicate
that the branching ratios of “on-pathway” to amyloid
fibrils and “off-pathway” to gel-like aggregates are
independent on acidity in the pH 1.1–1.9 range, although
the structure transformation rates are different.

4 | CONCLUSIONS

The normalized factor for Raman spectroscopy is vital for
understanding precisely the denaturation kinetics of pro-
teins through well-known Raman indicators. In this
study, we compared two normalization factors for Raman
spectra in amyloid fibrillation kinetics of lysozyme with
thermal and acidic treatments, that is, the UV–vis
absorbance at 280 nm and the Phe Raman band intensity.
As the former shows the better consistence with the
protein concentration in supernatants, the absorbance at
280 nm is thought as an excellent normalization factor
for Raman spectra.

Using this new normalization factor, we performed a
study of the pH effect on the transformation of HEWL
tertiary and secondary structures by Raman spectroscopy.
With increasing acidity, the unfolding of tertiary
structures is significantly accelerated. Interestingly, the

breaking of disulfide bonds occurs preferentially relative
to the exposure of inside Trp residues, as its rate is
approximately twice of the decay rates of Trp indicators.
Moreover, the destruction rate of α-helical structures is
almost identical to that of disulfide bonds regardless of
pH values. In addition, a positive effect of the H+ concen-
tration on the transformation rates of HEWL secondary
structures is confirmed; however, the populations of
major secondary structure components in the final state
remain in the pH < 2.0 solutions. Our results strongly
indicate that the branching ratios of “on-pathway” to
amyloid fibrils and “off-pathway” to gel-like aggregates
are independent on the pH values in the range of 1.1–1.9.
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