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Abstract

This study investigated how the secondary structural changes of proteins in
aqueous solutions affect their hydration and the hydrogen-bond network of
water molecules using near-infrared (NIR) spectroscopy. The aqueous
solutions of three types of proteins, i.e., ovalbumin, B-lactoglobulin, and
bovine serum albumin, were denatured by heating, and changes in the NIR
bands of water reflecting the states of hydrogen bonds induced via protein
secondary structural changes were investigated. On heating, the
intermolecular hydrogen bonds between water molecules as well as between
water and protein molecules were broken, and protein molecules were no
longer strongly bound by the surrounding water molecules. Consequently,
the denaturation was observed to proceed depending on the thermodynamic
properties of the proteins. When the aqueous solutions of proteins were
cooled after denaturation, the hydrogen-bond network was reformed.
However, the state of the protein hydration was changed owing to the
secondary structural changes of proteins, and the variation patterns were
different depending on the protein species. These changes in the protein
hydration may be derived from the differences in the surface charges of
proteins. The elucidation of the mechanism of protein hydration and the
formation of the hydrogen-bond network of water molecules will afford a
comprehensive understanding of the protein functioning and dysfunctioning

derived from the structural changes in proteins.



Introduction

Water is a crucial component in living organisms, and biochemical
reactions occur within an aqueous environment. The water molecules form a
complex network of hydrogen bonds, which render anomalous properties
such as high boiling point in spite of having low molecular weight and the
density of water get maximum at 4 °C ! 2, Although the water molecule is
one of the simplest and the most common molecules, the reasons behind the
anomalous properties have not been fully elucidated yet.

When biomolecules such as proteins and DNA are dissolved in water,
the hydrogen-bond network of water molecules is locally disrupted due to

1”34 and it

hydration at the interface of biomolecules named “hydration shel
begins to show different properties of the hydrogen-bond network from those
of bulk water, where nothing is dissolved in water >”. Protein molecules can
exist stably as they are supported by the interactions with water, and the
water molecules at the interfaces of protein molecules control the molecular
structures of proteins and their functions > * % °. The structural changes of
proteins not only vary their original functions but also their hydration
properties, leading to changes in the hydrogen-bond network of water. It is
very important to comprehensively understand the interactions between
protein and water molecules to clarify the protein functions at a molecular
level in living organisms.

Analytical methods such as X-ray, neutron scattering, nuclear magnetic

resonance (NMR) spectroscopy, vibrational spectroscopy, and molecular

dynamics (MD) simulation are often used for investigating biomolecular



hydration > '°. For example, NMR experiments reported a slowdown in the
reorientation and translational motion of water in protein aqueous solutions
than in bulk water ' 12, It is supposed to be derived from the disorder of
hydrogen bonds between water and protein sites in hydration shells !> 13, The
pattern of X-ray scattering for protein aqueous solutions proved the existence
of hydration water '*1¢. As the mentioned techniques are also good at
analyzing structural changes in proteins, in principle, they can be used to
reveal the effects of protein structural changes on variations in hydration.
However, earlier studies could explain only the static state of hydrogen-bond
networks around protein molecules, while the detailed dynamics of protein
hydration are still unknown. It is because proteins have too complicated
structures of their own and interactions with other molecules to elucidate the
whole system for protein solutions. MD simulations shows that hydrogen
bonds are formed at a protein surface, and hydration water around protein
molecules showed different dynamical properties from those of bulk water
17-20 Such variation in the state of hydrogen bonds is described as "the
presence of biomolecules induces a glass-like property in the surrounding
solvent" 2°,

Raman spectroscopy is one of the vibrational spectroscopies, and it has
been used for investigating the hydrogen-bond network of water 2!2*. The
main Raman bands of water are due to O—H stretching (~3450 cm™!) and O—
H bending (~1640 cm™!) vibrational modes. Raman spectroscopy can also
detect bands of proteins such as N-H stretching vibration (~3300 cm™!),
amide 1 (~1650 cm™"), and amide III (~1300 cm™') bands. Especially, the



amide bands clearly reflect the secondary structure of proteins. Moreover,
the N—H stretching band is also sensitive to the strength of the hydrogen
bonding of the amide groups 2*?’. However, the bands corresponding to
water and proteins overlap each other in the 3500-3200 and 1700-1600 cm™!
regions, and it is necessary to analyze Raman spectra by resolving a Raman
band into several component bands of water and proteins affected by the
changes in hydration, hydrogen-bond network, and protein structures. Thus,
the results obtained by band resolution depend on the spectral analytical
methods, and it is impossible to rule out the uncertainties of the results. Near-
infrared (NIR) spectroscopy is also one of the vibrational spectroscopies
based on the overtone and combination modes of molecular vibrations that
uses the 12500-4000 cm™' (800-2500 nm) region of the electromagnetic
spectrum 2% ?°. These modes are derived from the anharmonicity of the
potential energy of molecular vibrations. Because the anharmonicity
becomes large for the molecules, including a hydrogen atom, NIR bands due
to the overtones of O—H, C—H, and N-H stretching modes are observed.
Furthermore, band shifts caused by hydrogen bonds and intermolecular
interactions are much larger for overtone and combination modes than for
fundamental modes. The fact that the absorbance of NIR light by water is
much smaller than that of mid-IR light enables us to perform the
spectroscopic characterization of the samples with thicknesses in the order
of millimeters. Thus, NIR spectroscopy is suitable for analyzing the protein
aqueous solutions because it can provide information about changes in the

protein secondary structure, protein hydration, and hydrogen-bond network



of water simultaneously.

Two broad water bands in the vicinity of 6900 and 5200 cm™' are
observed in the NIR wavenumber region that can be assigned to the
combination of the antisymmetric and symmetric O—H stretching modes
(v1 + v3) and that of the antisymmetric O—H stretching and O—H bending
modes (v, + v3) of water, respectively 3% 3!, Here, the bands of v; (~3657
cm), v, (~1595 cm™!), and v; (~3756 cm’!) are symmetric O-H
stretching, O-H bending, and asymmetric O—H stretching vibrations,
respectively 2. The combination band (v, + v3) of water rarely overlaps
with the other overtone and combination bands of proteins, while the
combination band (v; + v3) heavily overlaps with that of proteins. Thus, the
NIR bands reflecting the secondary structural changes of proteins in the
4800-4500 cm™! region can be independently and simultaneously
investigated with those of water in the 5500-5000 cm ™! region affected by
the changes of the protein hydration and hydrogen-bond network of water.

In this study, the variations in the protein hydration and hydrogen-bond
network of water caused by the protein secondary structural changes were
investigated through NIR spectroscopy. Heating was used to denature three
types of proteins from a-helix to B-sheet, and variations of NIR water bands
were analyzed in relation to the secondary structural changes. Three types of
proteins, i.e., ovalbumin, B-lactoglobulin, and bovine serum albumin, were
chose as representative native proteins with different composition ratios of
the secondary structures of a-helix and -sheet. Here, this study revealed not

only the changes in the hydrogen-bond network due to hydration on the



protein surface but also the impact on water as a whole. The increase in
protein concentration made the hydrogen-bond network stronger due to the
hydration between protein and water molecules. The variation patterns of the
hydrogen-bond network depended on the type of protein and slightly on the
solvent species. Such differences may be caused by the differences in
hydrophobic and hydrophilic properties on the surface of protein molecules
depending on the protein species and their interaction with solvents.
Hydration water of proteins have a crucial influence of protein structure
and function including protein folding, enzyme function, and molecular
recognition® . A deep understanding of the interactions between protein and
water molecules would help elucidate the protein function and dysfunction

within living organisms.

Materials and Methods
Sample preparation

Protein samples of ovalbumin (OVA; 012-09885, from a chicken egg,
FUJUFILM Pure Chemical Co., Japan), B-lactoglobulin (BLG; L3908, from
bovine milk, Sigma-Aldrich Co., USA), and bovine serum albumin (BSA;
013-15121, FUJUFILM Pure Chemical Co., Japan) were diluted with
ultrapure water (214-01301, FUJIFILM Pure Chemical Co., Japan) or 0.05-
M Tris-HCI buffer (pH = 7.6, FUJUFILM Pure Chemical Co., Japan) to 10

wt%.

NIR measurements



The NIR spectra were recorded using an IRTracer-100 NIR system
(Shimadzu, Kyoto, Japan). An open quartz cell with an optical path length of
0.1 mm (AB20-IR-0.1, GL Sciences Inc., Japan) was used, and a NIR
measurement was performed under a flow of dry air (Precision Nitrogen
Trace 1000, PEAK Scientific, UK). The wavenumber region for recording
the spectra was 100004000 cm ™! at a spectral resolution of 4 cm™!, and the
accumulation was 128 times. The cell was set into a mid-IR base (PN 111-
40XX, PIKE, USA) using a digital temperature controller (PN 076-1510,
Pike Technologies, USA). The NIR spectra were obtained every 5 min for
60 min while heating at 60 °C, 70 °C, 80 °C, or 90 °C after the cell was
placed into the cell holder for 5 min. The heated cells were removed from
the cell holder and cooled using ice for 5 min. The cooled cell was restored
in the temperature controller reset at 25 °C, and the NIR spectra were
recorded again after standing for 15 min. Each analysis was repeated three
times for confirming reproducibility. The stability of the temperature

controller was £0.1 °C.

Spectral data analysis

For the spectral analysis, the chemometrics software, Unscrambler X
10.3 (Camo Analytics, Oslo, Norway) and OriginPro 6.1 (OriginLab
Corporation, Massachusetts, USA), were used. The second derivative spectra
were analyzed using the Savitzky—Golay (SG) method with a second-order
polynomial set of the window size as 15 (total 31) after smoothing with the

same SG conditions. Capturing the changes in the curvature of the NIR



spectra of protein aqueous solutions by calculating the second derivatives
facilitates their resolution into some bands of the individual components

overlapping with each other.

Confirmation of the changes in the secondary structure of the protein
by Raman spectroscopy

The glass capillaries (outer diameter: 1.52 mm, inner diameter: 1.13
mm, Drummond Scientific Company, USA) were filled with three types of
protein aqueous solutions, and both ends of the capillary were sealed by
heating using a gas burner. The sealed glass capillaries were warmed in a
water bath (DTU-1CN, TAITECH, Japan) at 60 °C, 70 °C, 80 °C, and 90 °C
for 20 min. After heating, the samples were taken out from the water bath
and cooled in ice water.

Raman spectra were recorded for the preprocessed protein samples at
room temperature in the 1900400 cm™! region using a Raman microscope
(XploRA INV, HORIBA Ltd., Kyoto, Japan), which consisted of a 532-nm
diode laser, spectrometer, 1800-gr/mm grating, CCD camera, and
microscope (Eclipse Ti2 Inverted Microscope, Nikon Co., Tokyo, Japan)
with a 40% objective lens (Plan Apochromat, NA=1.20, Nikon). The
exposure time was set as 15 s, and 40 scan accumulations led to a total
exposure time of 600 s. Raman spectra were calibrated using the peak of
silicon as standard, and they were preprocessed using background
subtraction and fifth-order polynomial fitting for fluorescence background

removal. All Raman spectra obtained from the samples were normalized



using a standard peak at 1003 cm™! due to phenylalanine. Three samples were
prepared for each heating time. Raman spectra were recorded at three points
for each sample. Mean Raman spectra were calculated based on the nine
preprocessed Raman spectra. The experimental results for Raman

spectroscopy are given in Supporting Information (SI) 1.

Confirmation of changes in the protein secondary structure by the
fluorescent pigment of thioflavin T

To confirm the changes in the secondary structure of the protein, the
formation of aggregates was investigated using the fluorescent pigment of
thioflavin T (ThT) ¥. The ThT powder was dissolved in distilled water and
mixed with a glycine—sodium hydroxide buffer solution (pH = 8.5). The final
concentrations of ThT and the buffer solution were 5 uM and 50 mM,
respectively. The protein aqueous solutions heated at four temperatures
(60 °C, 70 °C, 80 °C, and 90 °C) for 60 min were taken using capillaries and
transferred to microtubes with ThT solutions. After stirring the mixture, the
fluorescence of each of the three samples was measured at 60 °C, 70 °C,
80 °C, and 90 °C using a microplate reader (MTP-450, Corona, Japan). The
excitation and detection wavelengths were 445 and 485 nm, respectively. All
these experiments were repeated three times for confirming the

reproducibility of the results. The detailed results are shown in SI 2.

Results and Discussion

10



Changes in the secondary structures of proteins

Figure 1A depicts an NIR absorbance spectrum in the 10000—4000 cm™!
region for a 10-wt% OVA aqueous solution at 25 °C. Two broad bands at
around 6900 and 5200 cm™' were assigned to the combination of the
antisymmetric and symmetric O—H stretching modes and that of the
antisymmetric O-H stretching and O-H bending modes of water,
respectively 33!, A second derivative spectrum was calculated to specify the
NIR bands attributed to proteins. Figure 1B shows the second derivative
spectrum in the 5300-4500 cm™! region. The weak absorbance bands of
proteins were resolved as downward peaks at 4863, 4610, and 4528 cm ™! in
addition to the strong peak at 5250 cm™! due to water, i.e., the structural
changes in the protein and hydrogen-bond network of water can be
simultaneously and independently analyzed by focusing on the second
derivative spectrum in the 5500-4500 cm™' region for protein aqueous
solutions.

Figure 1C depicts the NIR second derivative spectra of 10-wt% aqueous
solutions of the three types of proteins in the 4900-4200 cm ™! region. Some
characteristic bands due to proteins were observed. The bands at ~4860 and
~4610 cm™! are due to the combination of N—H stretching and amide II
modes and that of N-H stretching and amide III modes, respectively 2% 3% 34
35, The bands near 4530 and 4410 cm™! were ascribed to a peptide, especially
with B-sheet structure, and the band at ~4360 cm ™! was assigned to a peptide
with an a-helix structure ** 3°. Furthermore, the C—H components in the

proteins were also detected through the bands at ~4410 and ~4260 cm !,
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which were due to the combination of CH stretching and CH, deformation
modes and the first overtone of the symmetric stretching of CH and CH»
deformation modes, respectively ** 3% 37 The four bands at approximately
4860, 4610, 4530, and 4360 cm™! showed similar spectral patterns in the
band positions and intensities regardless of solvents. On the contrary, the
intensity of the band at ~4410 cm™' got stronger in the second derivative
spectra in Tris-HCI buffer solution than that in ultrapure water because the
bands of proteins and Tris-HCI buffer overlapped each other.

Izutsu et al. reported NIR second derivative spectra of seven types of
protein aqueous solutions and their freeze-dried solids *’. They concluded
that NIR bands at 4860 and 4530 cm™! strongly suggest the presence of the
proteins with B-sheet structures while the intense ones at 4615 and 4365 cm !
suggest the proteins with a-helix rich structures. The a-helix structure is
predominant in BSA molecules with a minority of B-sheet structure. The
band intensities at 4613 and 4370 cm™! in the second derivatives in BSA were
certainly stronger than those of the other proteins. Moreover, BLG contains
a B-sheet structure higher than the ratio of 40%, and the 4861 and 4532 cm™!
bands were more clearly observed than those of OVA and BSA. OVA is
composed of a-helix and B-sheet structures in almost equal proportions, and
its second derivative spectra showed the intermediate properties of the
spectra of the two proteins mentioned above. The spectra of the three types
of protein solutions with the two types of mediums confirmed the presence
of the spectral patterns reflecting the ratio of the protein secondary structures.

Figures 2A and 2B show the second derivative spectra of OVA in

12



ultrapure water in the 4880-4850 and 4650-4500 cm™! regions collected
every 5 min while heating at 70 °C for 60 min. As the heating time progressed,
the bands at ~4860 and ~4610 cm™' shifted to lower and higher wavenumbers,
respectively. Additionally, it can be seen that the intensity of the peak at 4530
cm! in the second derivative spectrum got stronger with the progression of
the heating time. Because the denaturation temperature of OVA is about
75 °C 38, these spectral variations indicate the changes in the protein
secondary structure due to heating. Liu et al. indicated the correlation
between the shift of the NIR band at 4800 cm™! due to the combination of
N-H stretching and amide II modes and the shift of the N—H stretching
vibration in mid-IR wavenumber region (~3290 cm™!) ?°. The present study
reconfirmed that the lower frequency shift of the NIR band derived from the
combination of N—H stretching and amide II modes reflected the changes in
the hydrogen bonds of N—H groups based on the changes in the secondary
structure of proteins. The shift of the band at ~4610 cm™ to a higher
frequency after the secondary structure of the protein changes into B-sheet
can be explained by the higher frequency shift of the amide III band 2% *°.
Furthermore, the band at ~4530 cm™! is assigned to the N—H and C=0 groups
in the peptide backbone referred to as the B-sheet structure 3% 3. Thus, the
increase in the peak intensity of the second derivative spectrum becomes an
indicator to monitor the changes in the protein’s secondary structure.

The changes in the positions of bands at ~4860 and ~4610 cm™! and that
of in the intensity of the second derivative band near 4530 cm™! of OVA

ultrapure water solutions at four heating temperatures are summarized in

13



Figures 2C, 2D, and 2E, respectively. Figures 2C and 2D revealed that the
secondary structures of proteins did not change at 60 °C and that they
changed over time at temperatures higher than 70 °C. It was found that the
secondary structure already changed within 5 min after the beginning of
heating at 80 °C and 90 °C. The intensity of the second derivative bands
tended to increase with time as shown in Figure 2E. However, the band shifts
are more sensitive and useful than the changes in their intensities to follow
the changes in the secondary structure as the sample-to-sample variations in
the intensities are large. Thus, in this study, the secondary structure changes
of proteins were mainly tracked by the band shifts of ~4860 and ~4610 cm .

The corresponding plots of the band positions for the other two proteins
are shown in SI 3. It was confirmed that the secondary structural changes in
BSA occurred at 60 °C based on the shifts of these two bands (~4860 and
~4610 cm™!), and in the case of BLG, they occurred at temperatures higher
than 70 °C, similar to those in OVA. These results corresponded to the
thermal stability of the proteins; thermal transition midpoint of OVA and
BLG are at 70 °C and that of BSA is at ~55 °C 4**2_ Thus, it was established

that changes in the secondary structures of all the three proteins upon heating

could be traced by the shifts of the two NIR bands at 4860 and 4610 cm .

Hydrogen-bond network in ultrapure water
The states of hydrogen bonds of ultrapure water were analyzed by
temperature-dependent NIR spectral variations. Figure 3A shows the mean

NIR absorbance spectra in the 8000-4480 c¢cm™!' region obtained over a
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temperature range of 5-70 °C at a 5 °C interval; the spectra were normalized
by the area in the wavenumber region. It was confirmed that increasing the
temperature shifted the bands near 6900 and 5200 cm™' to higher
wavenumbers.

Principal component analysis (PCA) was conducted for the NIR data in
the 5870-4480 cm™! region, where the band due to the combination of
antisymmetric O—H stretching and O—H bending modes of water is observed.
The loading and score plots of principal component (PC) 1 are shown in
Figures 3B and 3C, respectively. The contribution of PC 1 to the explained
variables amounted to 99.6%. In the PC 1 loading, peaks appeared at 5250
and 5016 cm™! in positive and negative directions, respectively. As the score
values of PC 1 became large with increasing temperature, the positive and
negative peaks in the PC 1 loading worked additive and suppressive to the
average spectra at about 35 °C with which the score value is almost zero.
The temperature-dependent shifts of the water bands could be interpreted
based on the components of PCA.

The PCA analysis was also performed on the second derivative spectral
data shown in Figure 3D (5500-5000 cm™!), and the NIR spectral changes
caused by the temperature variation were interpreted with the help of the
second derivative spectra. It was confirmed that the absorbance band near
5200 cm™! (Figure 3D) was composed of two bands at 5250 and 5180 cm ™,
and their intensities in the second derivative spectrum increased and
decreased with a change in temperature.

In the loading plots of the PCA results for the dataset of the second

15



derivatives, the peaks at 5250 and 5160 cm™! appeared in negative and
positive directions, respectively (Figure 3E), and the score values
monotonically became large with increasing temperature (Figure 3F), i.e.,
the PCA result indicated that the one component (PC 1, whose contribution
to the explained variables was 98.9%) consisting of two elements that
showed different temperature-dependent contributing patterns could explain
the spectral variations of water. These results are in good agreement with the
previous studies on water through NIR spectroscopy. Sasi¢ et al. reported
that more than 99% of the NIR spectra of water in the 1300—1600 nm (7700—
6200 cm ') region in a temperature range of 6-76 °C could be explained with
only two species of water **. Czarnik-Matusewicz et al. also concluded that
the spectral variations in a temperature range of 25-80 °C of water were
mainly due to the two spectral components that changed relative to the
temperature **. These two components of water are referred to as two species
of water depending on the two states of hydrogen bonds: strongly hydrogen
bonded (SHB: ~5180 cm™!) and weakly hydrogen bonded (WHB: ~5250
cm ') water species %,

Water is one of the most simple and common molecules; however, its
physicochemical properties have not yet been fully unveiled *°. The models
of water structure constructed using hydrogen bonds take two major stances:
(1) water is a mixture of components with different numbers of hydrogen
bonds #4474 and (2) water is a continuum in which the strength of
hydrogen bonds vary %> 3. The former model is often adopted when

vibrational spectroscopies such as IR, Raman, and NIR spectroscopies are
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used. A water molecule has two donors in the form of hydrogen atoms and
two acceptors in the form of an oxygen atom. Thus, the possible numbers of
hydrogen bonds within a water molecule are 0, 1, 2, 3, and 4. The water
without a hydrogen bond is called “free OH” #*, and the other four species of
water with a maximum of four hydrogen bonds are grouped together into
ones with asymmetrically bonded OH group >!. When the water absorption
band is theoretically resolved into these components, depending on the
number of hydrogen bonds, the bands with a lower number of hydrogen
bonds are assigned to those in order from higher wavenumber 4 44 51,
However, only two components are phenomenologically changed in NIR
spectra depending on their temperature, and the explicit definition has not
been established such that WHB includes the spectral components with the
number of hydrogen bonds up to 2 and SHB has those with hydrogen bonds
higher than 3. In the present study, the water absorbance band is discussed
based on the experimental data within the framework of two spectral
components as WHB (higher wavenumber: ~5250 cm™') and SHB (lower
wavenumber: ~5180 cm™'), and further discussion about their explicit
definitions is not included herein because it is beyond the scope of this study.

Thus, the relative contribution of SHB water species to that of WHB
water species can be seen to decrease with increasing temperature. The
relative intensity of the bands in the second derivative is defined as
Is1g0/ 15250, and the values are plotted against the temperature of water
(Figure 3G). The changes in the hydrogen-bond states are numerically

discussed using the ratio. The other analytical method: two-dimensional
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correlation spectroscopy, was also applied to the spectral data of NIR
absorbance of ultrapure water and protein aqueous solutions. It was
investigated whether the analytical method based on the second derivative
spectra was enough to study the changes of the hydrogen bonds. The detailed

discussion is shown in SI 4.

Hydrogen-bond network in protein aqueous solutions

The states of hydrogen bonds in protein aqueous solutions were
investigated. Figure 4A shows the second derivative spectra in the 5500—
5000 cm™! region for the three types of protein solutions in ultrapure water
with variation in concentration from 5 to 20 wt% having an interval of 5 wt%
at 25 °C as well as over a temperature range of 5 °C to 80 °C with the 5 °C
increments. The spectra of protein aqueous solutions heavily overlapped
with each other. To make it easier to observe, the relative changes in the
intensities of the bands due to SHB and WHB water species in the second
derivative spectra with variations in temperature and protein concentration
were normalized using the second derivative intensities where they had the
smallest values (~5250 cm™!) (Figure 4B). The relative intensities of the
bands due to SHB water compared to those of WHB water increased with
the increase in protein concentration regardless of the protein species, i.e.,
the spectra of protein solutions at 25 °C with higher concentration were
similar to those of ultrapure water at temperatures lower than 25 °C. The
results show similar tendency with those of the other research reporting that

the contributions of the lower frequency water band were dominant in
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condense environment of the solutes at the order of milli mole concentration,;
it is the same order of the solute concentration in this study 2.

PCA analysis was conducted on the data set including ultrapure water
and protein aqueous solutions to compare the changes in the protein
hydration and hydrogen-bond network of water caused by the increase in the
protein concentration. Figures 4C and 4D show the plots of scores (PC 1 vs
PC 2) and loadings (PC 1 and PC 2) of PCA, respectively. The score values
of PC 1 for ultrapure water reduced with increasing temperature. When the
loading plots in the 5300-5000 cm™! region were focused, two bands at 5250
and 5160 cm ™! were clearly observed in the positive and negative directions,
respectively. By combing the information of scores, the PCA results also
indicated that the second derivative intensity at ~5250 cm™! due to WHB
water increased and at ~5160 cm™! water owing to SHB decreased for
ultrapure water with the increasing temperature. In the loading plot of PC 2,
the bands at 5280 and 5216 cm™! were observed in the positive and negative
directions, respectively. Since the score values of PC 2 increased as the
protein concentrations increased, each band was analyzed to get stronger
toward the positive and negative directions with increasing protein
concentration. Thus, it was interpreted that the NIR band at 5250 cm!
entirely shifted to a lower frequency. For ultrapure water, however, the PC 2
scores did not monotonically change. The results indicated that the band
possibly shifted to higher and lower frequencies because of the superposition
of the bands due to SHB and WHB water whose relative contributions

changed depending on the temperature. In practice, the wavenumber of the
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band position at ~5250 cm™! was confirmed to change similarly to the PCA
results (Figure 4E). In the case of protein aqueous solution, the band shifted
to lower frequency with increasing protein concentration, and in the case of
ultrapure water, the band shifted to lower and higher frequencies at ~35 °C
as a boundary.

In summary, the addition of proteins into water yields different types of
hydrogen bonds between water and protein molecules; only the O—H groups
are involved in the hydrogen bonds in pure water, while the N—H groups are
newly added in aqueous protein solutions. However, the PCA results
revealed that the hydrogen bonds in ultrapure water and hydrated water are
not distinguishable via NIR spectroscopy. Namely, the hydrogen-bond
network of water caused by the increment of protein concentration were
analyzable based on the framework of two components that vary their
relative contributions with variations in temperature. The hydrogen-bond
network can be commonly investigated by the relative band intensities of the
second derivatives of SHB and WHB water using the formula Is;g¢/I5250-
In the following discussion, the states of the hydrogen bonds between water
molecules as well as between water and the protein molecules are uniformly

analyzed in a word “hydrogen-bond network.”

Variations in the hydrogen-bond network of the aqueous solutions of the
protein with changes in the secondary structure of the protein
The states of hydrogen bonds of water along with the protein secondary

structural changes were studied. Figure 5A shows the second derivative
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spectra in the 5300-5050 cm™! region normalized by their intensities at the
minimum point at ~5250 cm™! for OVA solutions in ultrapure water that were
recorded for 60 min during heating, where, at each heating temperature, 12
spectra were superimposed. The states of hydrogen bonds of water in OVA
solutions changed depending on the heating temperature as in the case of
ultrapure water. However, the changes in the states of hydrogen bonds were
not detected in NIR water bands along with the changes in the secondary
structure of the protein during heating. The results indicated that NIR spectra
of water only reflected the states of hydrogen bonds depending on the heating
temperature but not the changes in the interactions with the protein
molecules.

The protein solutions were cooled to 25 °C after 60 min of heating, and
their NIR measurements were performed at 25 °C to investigate the changes
in the states of hydrogen bonds caused by the interactions between proteins
having native and denatured structures and water molecules. Under these
conditions, the species of proteins, their concentrations, solvents, and
temperatures were the common factors, whereas the only difference between
samples was the secondary structures of the proteins.

For the three types of aqueous solutions of proteins that were cooled
after heating for 60 min, the NIR bands in the second derivative spectra
derived from the proteins were focused initially. Figure 5B shows the second
derivative spectra at ~4860 and ~4630 cm™! analyzed at 25 °C for the three
types of protein solutions. As the lower and higher frequency shifts were

detected even after cooling, the changes in the secondary structures of the
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proteins were confirmed to be retained. Raman spectroscopy and ThT
fluorescence techniques were used as supplementary tools to confirm that
the changes in the secondary structures of the proteins were retained even
after cooling, as shown in SI 1 and SI 2. Further, the NIR bands due to water
were also examined. Figure 5C depicts the second derivative spectra in the
5300-5050 cm™! region due to water normalized by the lowest intensity
(~5250 cm™") measured at 25 °C. In the case of OVA, the intensity at 5180
cm ! due to SHB water got weaker with increasing temperature. BLG, on the
contrary, showed an opposite trend even though the variations in the
intensities were small. The intensities did not practically change in the case
of BSA although they temporarily became stronger at 60 °C. The ratios of
the second derivative intensities between SHB and WHB, defined as
Is1g0/I5250 analyzed at 25 °C after cooling, were plotted against the heating
temperatures for ultrapure water solutions and Tris-HCI bufters (Figure 5D).
The aqueous solutions for the three types of proteins showed very similar
ratio properties without strong dependence on their species. In the case of
OVA, the characteristic ratio properties were also observed in the Tris-HCI
buffer, where the proportion of SHB water species became high after the
changes in the secondary structures of the proteins. As for BLG, the ratio
contributed by the SHB water species tended to get lower in Tris-HCI buffer
as compared to that in ultrapure water. The states of the hydrogen bonds of
water associated with the changes in the secondary structures of the proteins
were not detected regardless of the solvent species in BSA.

Thus, the variations of hydrogen bonds with the changes in the
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secondary structures of the proteins showed different patterns depending on
the protein species, and the differences depending on the solvent species
were insignificant. However, the way of interactions between water and
protein molecules sometimes differed slightly depending on the solvent
species. Even though further discussions about these differences are not
included here, these differences may be due to the degree of the surface
charge embedded inside the aggregates and polymorphism beyond the

secondary structures of proteins.

A model for the interactions between protein and water molecules

The variations in the hydrogen-bond states along with the changes in
the secondary structures of the proteins were analyzed in the above
subsection. Here, the interactions between proteins and water molecules
through hydrogen bonds are discussed in depth. The changes in the NIR
bands of water caused by increasing the protein concentrations were
investigated. Figure 6A depicts the normalized second derivative spectra of
OVA solutions in ultrapure water with the variation in protein concentration
from 0 to 20 wt%. The normalization was based on the intensity at ~5250
cm !, As the protein concentration increased, the second derivative intensity
at ~5180 cm™! increased. The plots of the relative intensities of the bands of
water (Is1g0/Is250) for the three types of aqueous solutions of the proteins
are shown in Figure 6B. The relative contribution due to SHB water species
compared to that of WHB water species increased for all the three types of

proteins. It could be interpreted from the results that the contribution from
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the SHB water species was from the hydrogen bonds newly built between
protein and water molecules.

Based on the above results, the changes in the hydrogen-bond states
along with the changes in the secondary structures of the proteins are
summarized. First, a higher contribution of SHB water species with
increased protein concentration was observed. This may be due to the fact
that protein molecules are hydrated when they are in a dissolved state
(Figures 7A and 7B). Then, the bands due to water in the second derivative
spectra did not vary in accordance with the changes in the protein secondary
structure while they were heated. The result indicated that many hydrogen
bonds between water molecules and between water and protein molecules
got disconnected by heating, and protein molecules were no longer being
trapped by surrounding water molecules through hydrogen bonds (Figure
7C). Hydrophobic interactions are the driving force of protein folding 1% >3,
Such protein molecules tended to lose their three-dimensional structure,
expose the hydrophobic amino acids buried inside them, and form
intermolecular associations (Figure 7D). When it was cooled down to 25 °C
after heating for 60 min, the network of hydrogen bonds was reconstructed
by forming the hydrogen bonds between water molecules and water and
protein molecules (Figure 7E). At this time, in the case of OVA, it was very
likely that more charges on the molecular surface were buried inside, and it
became more difficult to form hydrogen bonds with water molecules
compared to the proteins with the native structure. In the cases of BLG and

BSA, it seemed that the states of the hydrogen bonds did not significantly
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change because the charges on the molecular surface might not have been
drastically changed compared to those before heating. The differences in the
states of hydrogen bonds caused by the solvent species for BLG may detect
the variation in the surface charge due to the difference in protein
conformations.

Thus, the dissolution process of proteins in water was explored by
changes in the NIR absorption bands of water caused by the variations of
hydrogen bonds. In aqueous solutions, protein molecules with native
structures are trapped by water molecules through hydrogen bonds, and they
can stably exist. When the hydrogen bonds are partly broken by heating, the
proteins lose their stability and are capable of changing the structure
according to their own thermodynamic properties. Because the distributions
of the surface charges vary due to the secondary structural changes of

proteins, the network of hydrogen bonds is thought to change.

Conclusions

In the present study, variations in the hydrogen-bond network caused by
the secondary structural changes of proteins owing to denaturation were
explored through NIR spectroscopy. The network was revealed to become
stronger in protein aqueous solutions due to the formation of new hydrogen
bonds caused by the protein hydration. Protein molecules independently
existed in the surrounding water molecules when the hydrogen bonds were
broken due to increasing temperature. Consequently, the protein

conformations changed according to their thermodynamic property. When
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they were cooled after denaturation, hydrogen bonds were formed again
between water molecules and protein and water molecules while retaining
the conformational changes in the protein. This reconstructed hydrogen-
bond network showed different tendencies, such as getting stronger or
remaining almost unchanged, than those before heating depending on the
protein species. This was likely to be derived from the differences in the
surface charges before and after heat denaturation according to the type of
proteins.

Thus, NIR spectroscopic analysis succeeded in detecting the variations
of hydrogen-bond network due to the secondary structural changes of
proteins. The differences in the interactions between protein and water
molecules are thought to be involved in possible pathogenesis caused by
protein aggregation. From the viewpoint of protein hydration, the method is
expected to be further applied for the elucidation of the mechanism of the

protein structural changes as well as its aggregation.

Supporting Information
Confirmation of protein conformational changes by Raman spectroscopy,
thioflavin T, and NIR band shifts, and results of two-dimensional correlation

spectroscopy.
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Figure 1: (A) NIR absorbance spectrum in the region of 10000—4000 cm™!
and (B) its second derivative spectrum in the 5300-4500 cm™! region of a
10wt% OVA ultrapure water at 25 °C. Inset in (B), an enlargement of the
4900-4500 cm™! region. (C) The second derivative spectra in the 4900—4200
cm ! region for 10 wt% aqueous solutions of three types of proteins at 25 °C.
The black and red lines correspond to ultrapure water and Tris-HCI buffer
solution media, respectively. The scales of the vertical axis for the second

derivatives were unified with respect to all the spectra.
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Figure 2: Second derivative spectra in the (A) 4880-4850 cm™! and (B)
4650-4500 cm™! regions that were recorded every 5 min during heating at
70 °C for 60 min of the OVA ultrapure solution. The arrows explicit the
spectral variations with increasing temperature. (C) and (D) are the plots of
the band positions with the standard error (SE) near 4860 and 4610 cm™!,
respectively, and (E) is the second derivative intensities at ~4510 cm™! with

the SE along with heating time at four different temperatures.
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Figure 3: (A) NIR absorbance spectra of ultrapure water in the 8000—4480
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Figure 4: (A) Second derivative spectra in the 5500-5000 cm™! region of
ultrapure water solutions for three types of proteins with concentrations of
5-20 wt% with increments of 5 wt% (red: OVA, blue: BLG, green: BSA)
and ultrapure water within a temperature range of from 5 °C to 80 °C with
5 °C increments (black). (B) Normalized second derivative spectra using the
second derivative intensities having the smallest values at ~5250 cm™!. The
arrows explicit the band shifts according to the increasing of protein
concentration and temperature. (C) Plots of the scores (PC 1 vs PC 2) and
(D) loadings (PC 1 and PC 2) of PCA. (E) Wavenumbers of the band near
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5250 cm™! in the second derivative spectra due to WHB water against the

heating temperature.
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Figure 5: (A) Second derivative spectra in the 5300-5000 cm™! region
normalized at the second derivative intensities at ~5250 cm™! for OVA
ultrapure water solutions heated at four different temperatures. The bands
showed higher frequency shifts with increasing temperature. Second
derivative spectra at approximately (B) 4860 and 4630 cm™!; (C) 5200 cm™!
after cooling to 25 °C. The sample that is not heated is assigned as a control.
(D) Plots of the ratios of the second derivative intensities with the SE
between SHB and WHB, defined as I5ig0/I5250, against the heating

temperature.
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explicit the spectral variations with increasing protein concentration. (B)
Plots of the ratios for the second derivative intensities with the SE between

SHB and WHB, defined as I5;g¢/Is5250, against the concentration of proteins.
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Figure 7: Schematic model of the hydrogen-bond network for (A) ultrapure
water and (B)—(E) protein aqueous solutions. (A), (B), and (E) are the states
assumed at 25 °C, and (C) and (D) are the states at a denaturation
temperature. The red dotted lines depict the hydrogen bonds, and the orange

circles show the electron pairs of oxygen atoms.
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SI 1: Confirmation of protein secondary structural changes via Raman
spectroscopy

Figures S1A and S1B show the mean Raman spectra of three types of
protein aqueous solutions for ultrapure water in the amide I (~1660 cm™)
and amide III (~1250 cm™) band regions, respectively. In the amide I
wavenumber region, the bands shifted to higher wavenumber at higher
temperatures; however, in the amide III wavenumber region, the band
intensities of the lower wavenumbers were observed to get more intense. The
spectral variations with increasing temperature corresponded to that derived
from the protein secondary structural changes from a-helix to B-sheet!® 2!,
The results confirmed that the secondary structural changes were retained
even after cooling. For protein aqueous solutions in Tris-HCI buffer, similar
spectral variations were also detected.
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Figure S1: Raman spectra of three types of protein aqueous solutions in the
wavenumber regions due to (A) amide I and (B) amide III.
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SI 2: Confirmation of the changes in the secondary structure of protein
by fluorescent pigment thioflavin T

Figure S2 depicts the ThT fluorescence intensity based on the heating
temperature. The drastic changes in the fluorescence intensities were
detected for the three types of proteins at temperatures higher than 70 °C as
compared with those of the controls without heating. Thus, aggregation, such
as an amyloid fibril, was confirmed to be formed along with the secondary
structural changes of proteins.
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Figure S2: ThT fluorescence intensity, with the standard error (SE)
depending on the heating temperature.
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SI 3: Plots of the band positions of the combination bands of amide
modes for BLG and BSA

The secondary structural changes of protein in the course of
denaturation by heating were monitored by plotting the band positions of the
combination bands of amide modes for BLG and BSA (Figure S3).
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Figure S3: Plots of the band positions of the combination bands of amide
modes at ~4860 and ~4610 cm™! with the SE for (A, B) BLG and (C, D) BSA
in ultrapure water.
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SI 4: Application of the two-dimensional correlation spectroscopy to the
spectral data of NIR absorbance of ultrapure water and protein aqueous
solutions.

The two-dimensional correlation spectroscopy (2D-COS) analysis was
applied to the spectral dataset of NIR absorbance of ultrapure water and
protein aqueous solutions. The 2D-COS analysis was performed using the
2D-Shige software developed by Shigeaki Morita (Osaka Electro-
Communication University) 5!. The correlation between the bands appeared
in one-dimensional spectrum varying with the perturbation given to the
sample can be visually analyzed.

Temperature-dependent NIR absorbance spectra of ultrapure water
The 2D-COS analysis was executed to the dataset including NIR
absorbance spectra of ultrapure water in the 8000-4800 cm™ region obtained

over a temperature range of 5—70 °C at a 5 °C interval. The spectra were
normalized by the area in the wavenumber region. The synchronous and
asynchronous spectra in the 5400-4900 and 7500-6300 cm’! regions are
shown in Figure S4. For simplicity, the 5400-4900 cm™! region is focused to
discuss.

In the 5400-4900 cm™! region, two auto peaks appeared around 5250
and 5020 cm™!, and two cross peaks approximately (5250, 5020) and (5020,
5250) in both side of the diagonal appeared in the synchronous spectra
(Figure S3A). Since these two off diagonal peaks showed negative
correlation, the peaks at 5250 and 5020 cm™! increased and decreased with
increasing temperature, respectively.

In the asynchronous spectra, two peaks around (5180, 5255) and (5255,
5180) were observed and the results suggested that the changes of two peaks
are not completely synchronized. Since the signs of these peaks in
synchronous and asynchronous were both positive, the peak at 5255 cm!
was proved to increase after decreasing of the peak at 5180 cm™!. That is, the
hydrogen bonded water was dissociated into free form due to the increment
of temperature. Furthermore, two band position corresponded to those of the
peaks in the second derivative spectra shown in the main text that captured
the changes in curvature of the absorbance spectra. Thus, spectral variations
correlating with temperature variation can be discussed in the changes in
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spectral curvature as the second derivative spectra at 5180 and 5255 cm’'.
This is consistent with our results using the second derivative spectra.

Protein aqueous solutions with concentration variation

Figure S5 shows the NIR absorbance spectra of protein aqueous
solutions of OVA with its concentration variation. It was made clear that the
intensities of the bands due from proteins around 4850 and 4600 cm’

changed depending on the protein concentration. Under the influence of
protein concentration, the variations of water absorbance in the normalized
spectrum based on the area in the whole range (8000-4480 c¢cm™) became
large. Since the uncertainties of the intensity of water band caused by protein
concentration sensitively reflect the 2D-COS results, NIR absorbance
spectra of protein aqueous solutions with its concentration variations can’t
be correctly analyzed by 2D-COS analysis.

The NIR bands due to water (~5200 cm™) and protein (~4850, ~4600
cm™) overlap each other when the 5500-4480 cm™ region is focused. In the
second derivative spectra, on the other hand, the bands due to water and
proteins can be separated, and the band due to water can be independently
analyzed (Figure 1B in the main text).

Time-dependent NIR absorbance spectra of OVA solution heated at 70 °C

The NIR absorbance spectra with heating at 70°C for 60 minutes were
analyzed using 2D-COS. At the temperature, the structural changes in
proteins should be most clearly observed in time course during the heating
(Figure 2C and 2D in the main text). Figures S6A and S6B depict the
synchronous and asynchronous spectra in the 5400-4900 cm™ regions. One
auto peak around 5215 cm™! appeared in the synchronous spectra, and two
peaks around (5040, 5220) and (5220, 5040) were observed in the
asynchronous spectra.

From the signs of the intensities in synchronous and asynchronous
spectra at (5040, 5220), the variations of the band at 5040 cm™ occurred
before those at 5220 cm!. That is, hydrogen bonds seemed to dissociate with
heating. However, the peak intensity at (5040, 5220) extracted in the heating
system was tiny by three orders of the magnitude compared to those at (5180,
5260) in the asynchronous spectra derived from the temperature-dependent
NIR spectra of ultrapure water. Thus, it is difficult to conclude that the
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hydrogen bond network significantly changed during the heating at 70°C.
The 2D-COS results were consistent with those extracted using the second
derivative spectra; the second derivative spectra recorded every five minutes
did not show the variations even though the heating time past and the protein
conformation changed.

NIR absorbance spectra of OVA ultrapure water measured at 25°C after
heating at 60, 70, 80, and 90 °C for 60 min

The auto peak appeared around 5180 cm!, and four cross peaks
approximately (5180, 5300), (4900, 5180), (5300, 5180), and (5180, 4900)
in both side of the diagonal appeared in the synchronous spectra (Figure
S7A). In the asynchronous spectra, the peaks around (5120, 5200), (4990,
5180), (5180, 5460), (5200, 5120), (5180, 4990), and (5460, 5180) seemed
to appear (Figure S7B). However, the power spectra revealed that the peaks

except for the one at 5180 cm™ were very small and the discussions for their
changes are nonsense (Figure S7C). The intensity of the power spectra in this
case was smaller than those of the power spectra calculated for the
temperature-dependent absorbance spectra in the 5-70 °C by the second
order. However, it was bigger than those of the power spectra extracted from
the absorbance spectra recorded during the heating at 70 °C by one order.
Thus, it was revealed to be reasonable for discussing the state of hydrogen
bonds based on the ratio of the second derivative spectra defined as /s150/5250
in the main text.
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Figure S4: (A) (C) Synchronous and (B) (D) asynchronous correlation
spectra calculated for NIR absorbance spectra of ultrapure water in the (A)
(B) 5400-4900 and (C) (D) 7500-6300 cm™! regions.
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Figure S6: (A) Synchronous and (B) asynchronous correlation spectra in the
5400-4900 cm™! regions calculated for the normalized absorbance spectra
recorded every five minutes during the heating for 60 minutes at 70 °C.
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