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The dynamic or glass transition in biomolecules is important to their functioning. Also essential

is the transition between the protein native state and the unfolding process. To better understand

these transitions, we use Fourier transform infrared spectroscopy to study the vibrational bending
and stretching modes of hydrated lysozymes across a wide temperature range. We find that these
transitions are triggered by the strong hydrogen bond coupling between the protein and hydration
water. More precisely, we demonstrate that in both cases the water properties dominate the evolution
of the system. We find that two characteristic temperatures are relevant: in the supercooled regime

of confined water, the fragile-to-strong dynamic transition occurs at 77, and in the stable liquid
phase, T* ~ 315 + 5 K characterizes the behavior of both isothermal compressibility K, (7', P) and

the coefficient of thermal expansion ap (T, P).

Keywords protein unfolding, hydration water, infrared spectroscopy

PACS numbers 87.64.km, 87.15.kr, 82.30.Rs

1 Introduction

Although water is a simple molecule, it has intrigu-
ing and counterintuitive physicochemical behaviors that
have not been clearly explained [1]. The enormous num-
ber of studies on water have all come to the same con-
clusion: hydrogen bond (HB) interactions between wa-
ter molecules are the key to understanding its proper-
ties and functioning [2], especially in biological environ-
ments [3]. As the temperature T decreases, the HBs clus-
ter and form an open tetrahedrally coordinated HB net-
work. This HB clustering explains such thermodynamic
anomalies as the density maximum at 4°C and the di-
verging behavior of various thermal response functions
when the temperature is decreased into the supercooled
region of the phase diagram. More precisely, when the
temperature of the stable liquid phase is lowered, both

*Special Topic: Water Science (Eds. Li-Mei Xu & En-Ge Wang).

the HB lifetime and cluster stability increase, and this
altered local structure can, in principle, continue down
to the amorphous region of the phase diagram.

Water is not a simple solvent in biosystems. It controls
their stability, dynamics, and function [4] and takes an
active role in, e.g., the protein folding—unfolding process
and the life of cells [5]. Understanding the contribution
of HBs to protein stability and to the structural flexibil-
ity and dynamics of macromolecules enables us to under-
stand the complex properties of water and their influence
on the behavior of biological systems.

Below T, ~ 130 K, water is a glass. Above that tem-
perature, it becomes a highly viscous fluid that crys-
tallizes at Tx ~ 150 K. Amorphous water, like ice, is
polymorphic. The two phases of glassy amorphous wa-
ter, low density (LDA) and high density (HDA), can
be transformed from one to the other by tuning the
pressure. Metastable supercooled water is located on
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the phase diagram between the homogeneous nucleation
temperature, Ty = 231 K, and the melting tempera-
ture, Thy = 273 K. The region between Tx and T} is
not experimentally accessible for bulk liquid water and
is referred to as the “no man’s land” of the phase dia-
gram, but crystallization within this region can be re-
tarded somewhat by confining the water within narrow
nanoporous structures or on a protein surface.

The polymorphism of glassy water and the HB net-
working suggest that liquid water may also be polymor-
phous, i.e., a mixture of a low-density liquid (LDL) and a
high-density liquid (HDL) that predominates in the high-
T regime. In the HDL phase, the local tetrahedrally co-
ordinated HB structure is not fully developed, but in the
LDL, a more open ice-like HB network appears. Thus,
water’s anomalies are caused by the competition between
these two local liquid forms. Studies of confined water
[6, 7] have found that decreasing T greatly increases the
water HB lifetime, indicating the presence of a dynamic
crossover from a super-Arrhenius (fragile) to an Arrhe-
nius (strong) liquid at T, ~ 225 K and ambient pres-
sure. At this temperature, the Stokes—Einstein relation
is violated [6, 8], and clear signs of LDL and HDL are
observed [7], suggesting that polymorphism also exists in
the liquid phase.

This fragile-to-strong dynamic crossover (FSDC), with
T, > Ty, is not limited to water but also characterizes all
supercooled glass-forming liquids [9]. Its appearance in-
dicates that the system is approaching dynamic arrest [9—
17], and many special processes occur at that point (see,
e.g., Ref. [12]), including violation of the Stokes—Einstein
law, orientational-translational decoupling [18], splitting
of the relaxation into primary (a) and secondary relax-
ation times (), the onset of dynamical heterogeneities,
and the onset of the boson peak (hypothesized for bulk
water [15] and observed in confined water [16]).

The FSDC is highly relevant in biology because it is
related to the dynamic transition that biomolecules un-
dergo in the low-T regime [17, 19-23]. At the lowest
temperatures, proteins are in a glassy state, a solid-like
structure without conformational flexibility [24]. When T
is increased, measurements of the mean-squared atomic
displacement (MSD), (X?2), reveal that the atomic mo-
tional amplitude increases linearly, as in a harmonic
solid. In hydrated proteins, its rate suddenly increases at
~ 220 K, signaling the onset of an additional anharmonic
and liquid-like motion [25, 26]. The functions and kinet-
ics of the biochemical reactions in many proteins slow
down sharply at a temperature T in a universal range
of 240-200 K [27]. This transition can be suppressed in
dry biomolecules [26], and the protein biochemical activ-
ity depends on their level of hydration h (i.e., grams of
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H5O per grams of dry protein). For lysozyme, h = 0.3
corresponds to a water monolayer covering the protein
surface; the enzymatic activity is very low up to a hydra-
tion level of 0.2 and then increases sharply as h increases
from 0.2 to 0.5 [28].

In a protein—water solution, water can influence
both the hydrophilic and hydrophobic side groups of a
biomolecule, and in this respect two water categories are
of interest: bound internal water and surface (or hydra-
tion) water. The first layer of water, in strong interac-
tion with the protein surface, is the hydration water.
The bound internal water molecules, located in internal
cavities and clefts, are extensively involved in protein—
solvent H bonding and play a structural role in the folded
protein itself. The hydration water, interacting with the
solvent-exposed protein atoms having different chemical
character, feels the topology and roughness of the pro-
tein surface and is believed to have an important role in
controlling the biofunctionality of the protein [29, 30].

The study of the physical properties of confined water
depending on the cavity surface and/or the confinement
dimensions is a very active field. Indeed, water structures
and dynamics in confined environments are studied to
improve knowledge of geological and biological processes.
However, despite the numerous experimental and theo-
retical studies, the behavior of water at hydrophilic and
hydrophobic interfaces is still not completely understood
[31, 32].

Hydrophilicity (which results from the HB strength)
is a force that governs the secondary structure and fold-
ing specificity of proteins [33], but the properties of the
biomolecule can also be affected by the protein methyl
groups. It has been shown that although a single hy-
dration water layer can influence both the hydrophilic
chains and the dynamics of the entire protein, the dy-
namic effects on the methyl chains are minimal (their
motions are confined and attributed to librational and
rotational movements). Several hydration shells of water
are required for the hydrophobic side chains to exhibit,
at room temperature, the full range of motions charac-
teristic of a liquid-like protein state [34]. Hence, because
the properties of the hydration water are intimately con-
nected to protein stability and function, an understand-
ing of the hydrophilic interactions with peptide groups
is essential for the study of biological systems.

The approximate coincidence of Tp, (the water dy-
namic crossover temperature) and T¢ (at which bio-
chemical activities slow and (X?2) rises sharply in
biomolecules) has suggested a connection between the
two phenomena. Specifically, this dynamic transition in
proteins is believed to be triggered by their strong HB
coupling with the hydration water [35]. This behavior has
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been observed in several biomolecules, including globular
proteins [19, 20], DNA, and RNA [21].

This dynamic crossover in protein water has been stud-
ied by measuring the MSD and the transport parameters
— the self-diffusion coefficient Dg and the average trans-
lational relaxation time (1) as a function of 7" — using
various experimental techniques ranging from neutron
scattering [19] to nuclear magnetic resonance (NMR)
[20].

The FSDC can be observed in water only under con-
finement, but there is another transition that character-
izes thermodynamically stable bulk water. Recent stud-
ies of water density as a function of both temperature
and pressure [36-38] propose the existence of a “spe-
cial” temperature, 7" ~ 315 £ 5 K, that character-
izes the behavior of both the isothermal compressibil-
ity Kp(T,P) and the coefficient of thermal expansion
ap(T, P) [39, 40]. More precisely, K7 (T, P) shows a min-
imum for all the studied pressures at 7%, and all the
ap(T) = 1/V(0V/OT)p curves, measured at different
pressures P, cross at a “singular and universal expansiv-
ity point” located at exactly the same temperature, T*
(ap(T*) ~ 0.44 x 1073 K~1). This temperature marks
the curvature of ap(T). Unlike other water singulari-
ties, this temperature is thermodynamically consistent
with the relationship connecting the two response func-
tions. Analysis of transport parameters such as the vis-
cosity and the self-diffusion coefficient Dg has revealed
that decreasing the temperature to T causes decoupling
of the roto-translational dynamics [41] and a crossover
from strong to fragile dynamics to occur (the opposite of
what happens at 77) [40]. The P-T behavior of the self-
diffusion coefficient Dg and of the NMR, proton chemical
shift ¢ indicates that if we decrease T', at T™* a crossover
from the normal fluid to the anomalous fluid occurs, and
we have a complex liquid characterized by many anoma-
lies.

In this work, we study the Fourier transform infrared
(FTIR) spectra to verify how these two temperatures,
Ty, and T*, which characterize confined water in the su-
percooled state and bulk water in the stable phase, re-
spectively, can influence protein dynamics.

FTIR spectroscopy is among the experimental tech-
niques most suitable for studying the structure and dy-
namics of proteins in aqueous solutions [42]. In fact, the
different amide bands found in IR spectra (see the Re-
sults and Discussion) provide information about the sec-
ondary structure of proteins, which depends on the pro-
tein configuration. Their study, together with that of the
water bands, can shed light on the mechanisms that gov-
ern the system’s thermodynamic properties.

Francesco Mallamace, et al., Front. Phys. 10(5), 106105 (2015)

2 Experiments

We study the globular protein lysozyme hydrated with
a single monolayer of water. Samples are prepared by
hydrating dried protein powder isopiestically at 5°C by
exposing it to water vapor in a closed chamber until the
desired hydration level h is reached (here we use h = 0.3
and 0.37). We use differential scanning calorimetry to
test for the absence of bulk-like water.

We take FTIR absorption measurements at ambi-
ent pressure using a PerkinElmer Spectrum GX Fourier
transform spectrometer with an attenuated total reflec-
tion geometry. We record the measured spectra at a res-
olution of 4 ecm™! by performing 250 repetitive scans in
order to obtain a high reproducibility and then normalize
them. We initially cool the samples to 180 K and then
measure them while increasing T" in 10 K steps to 350 K,
i.e., from below the protein dynamic crossover tempera-
ture in the protein native state to above the irreversible
denaturation temperature (Tp =~ 345 K). The tempera-
ture increase is slow, and its stability is maintained in a
range of 0.1 K.

3 Results and discussion

Figure 1 shows the vibrational bending mode (measured
at 300 K) of pure bulk water (upper panel) and the pep-
tide modes (amide I, amide II) falling in the spectral
region 1300 em ™! < v < 1800 cm™! (lower panel). The
peptide groups are described using nine characteristics
bands in the IR and Raman spectra; the bands are des-
ignated amide A, B, and I-VII in order of decreasing
frequency. Amides I and II are the two major bands of
the protein IR spectrum. Amides III and IV, resulting
from a mixture of several coordinate displacements, are
very complex. Out-of-plane motions are found in amides
V, VI, and VII. Amides I, II, and III are used to assign
the protein secondary structure [44] and fall within the
frequency range in which the water bending modes are lo-
cated (13001800 cm~!). Water has two bending modes,
one caused by molecules clustered in the network (i.e.,
only the four-bonded or LDL, at ~ 1560 cm~1), and a
second due to the remaining, nonclustered free network
molecules (the HDL, at ~ 1640 cm™!) [43]. Amide I,
which is determined by the peptide backbone conforma-
tion (and is independent of the amino acid sequence, its
hydrophilic or hydrophobic properties, and its charge),
contributes (i) the o helix (1650-1657 cm 1), (ii) the an-
tiparallel 3 sheets (two contributions in the ranges 1612
1640 cm~! and 1680-1689 cm™1!), and (iii) the random
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Fig. 1 The bending spectrum of pure bulk water at 300 K (top)
in the range 1300 cm~! < v < 1800 cm~!. The peptide groups,
Amide I, Amide II, falling in the same spectral range (bottom
panel). Reproduced from Ref. [5].

coil near 1680 cm~!. The denatured proteins in the na-
tive state exhibit highly differentiated spectra [45]. There
is a process characterizing the unfolding in the amide II
band, and the amide II N — H residual disappears (1530
1550 cm~1).

Amide I absorption is caused by C' = O stretching vi-
bration, and amide IT absorption is due to N—H bending
vibration and C—N stretching vibration at 1540 cm™!
and 1520 cm ™!, respectively. Using this information, a
study of the bending vibrational mode of water and pro-
tein reveals that the HBs in water molecules with a pro-
tein peptide carbonyl oxygen (C' = O) and an amide (N—
H) molecular group trigger the biomolecular dynamic
transition [5, 46, 47]. The most stable configuration has
two HBs, a water proton donor bond to the carbonyl oxy-
gen and an amide N — H proton donor bond to the water
oxygen [46, 47]. Water acts as an HB “glue” between the
protein’s carbonylic and amidic groups [48] by governing
the protein folding and secondary structure. All of this
affects both the frequency and the extinction coefficient
of IR absorption lines because the normal mode force
constant is modified.

Figure 2 shows the vibrational OH stretching spectra
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(2700 cm™! < v < 3700 cm™1) of the water-lysozyme
system with a hydration level of h = 0.3 at several dif-
ferent temperatures in the range 180 K < T' < 350 K.
For comparison, it also shows the corresponding spec-
trum of pure bulk water measured at 293 K. Note that
there is a marked difference between the bulk water data
(blue circles) and hydrated protein data (blue line) at
the same temperature. There is a large red-shift in the
central O—H stretching frequency of protein hydration
water (~ 50 cm™!) relative to the bulk. The shift in-
creases toward lower temperatures and is characterized
by a marked increase in the intensity of the hydration
water in the region of the lowest frequencies, which is
consistent with the contraction and increasing strength
of the protein—water bonds; i.e., there is also a marked
increase in the population of the bonded water. Unlike
bulk water molecules, most water hydration molecules
are bonded (with the protein hydrophilic group or in a
water—water HB) [2]. Note that the spectra in Figs. 1 and
2 (where the protein—water vibrational dynamics change
significantly with T") differ completely from those of crys-
talline and amorphous ice, indicating that the water is
in a liquid phase.

The study of water and water solutions has tradi-
tionally focused on molecular stretching modes that are
easily accessible using standard Raman and IR spec-
troscopic techniques because of their high absorption
cross sections and frequencies. The relaxation of vibra-
tional excitations in water reflects its physical proper-
ties [44]. The bending modes also exhibit analogous fea-
tures because they are sensitive to the HB frequency, HB
strength, and water molecule connectivity.

Bending mode relaxation differs from stretching be-
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Fig. 2 The measured FTIR vibrational OH-stretching spectra
(2700 ecm~! < v < 3700 cm~1) of the water lysozyme system with
an hydration level of h = 0.3, at several different temperatures in
the range 180 K < T < 350 K; for comparison the correspond-
ing spectrum of the pure bulk water measured at 293 K is also
reported.

Francesco Mallamace, et al., Front. Phys. 10(5), 106105 (2015)
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cause it occurs through intermolecular interactions and
consequent energy transfers (stretching is essentially an
intramolecular mode). These couplings occur in pure sys-
tems and in solutions, with the difference that in solu-
tions these intermolecular interactions involve an energy
transfer between solute and solvent (i.e., protein and wa-
ter) [51].

Figure 1 shows the water contribution to the amide
1 bending mode. Walrafen et al. [44] use this spectral
component to determine the spectral contributions of
water inside (LDL) and outside (HDL) the network;
the corresponding data can be used to evaluate the en-
thalpy value H of the HB formation process. For this,
the van’t Hoff expression, which relates the T" depen-
dence of an equilibrium constant K to the change in H
as dln K/d(1/T) = —AH/R, can be used. We extracted
these two contributions using a spectral deconvolution
with Gaussian functions [42, 44]. Figure 3 shows a log-
linear plot of the ratio Axgr/Anc of the integrated
areas of the fully tetrabonded molecules (1560 cm™1)
and the molecules outside the network and not clus-
terized (1640 cm™!) versus 1/T. To clarify, we assume
that the ratio Aypr/Anc is directly related to K, and,
from In(Aygr/Anc) = —AH/RT, we obtain the HB
enthalpy variation in the large T interval under study.
We examine data for bulk water (from experiments and
from Ref. [44]) and confined water (in MCM nanotubes
[50] and lysozyme at h = 0.3 and 0.37).

Figure 3 shows the results and confirms that there are
different regimes immediately above and below the main
temperatures characterizing the HBs, T, and T, of the
system. When we decrease T" below the high-temperature
regime of stable bulk water, the ratio first shows a flat
minimum near 7* and then increases linearly to the
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Fig. 3 The ratio Aygr/Anc on a logarithmic scale versus
1000/T (180 K < T < 365 K). Data of bulk (experiments and Ref.
[44]) and confined water (in MCM nanotubes [50] and lysozyme at
h = 0.3 and 0.37) are reported.
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FSDC temperature (T7). Below the crossover tempera-
ture, it remains constant. This confirms the physical roles
of T* and Tr,. At T*, a tetrabonded water cluster is cre-
ated, and at the FSDC (the onset of the protein harmonic
solid-like state), a majority of the water molecules are
linked to either the tetrabonded water cluster (the net-
work or LDL phase) or to the protein by C = O — HO
and N H—O bonds. The probability that an HB will form
or break is low, and the only water motion is caused by
hopping between clusters. Increasing T allows HBs in
the anharmonic protein liquid phase to be formed and
broken, and the corresponding probability evolves with
T according to the van’t Hoff equation. The enthalpy
change AH of the water HB can be evaluated (i.e., ~ 2.3
kcal/mol, typical of HBs) by plotting between these two
main temperatures.

Finally, we quantitatively analyze the red-shift in the
central frequency of OH stretching of protein hydration
water (see Fig. 2), which may be the molecular mecha-
nism underlying two dynamic transitions: (i) the transi-
tion originally observed in neutron scattering of the MSD
of the hydrated protein, indicating the onset of an ad-
ditional anharmonic liquid-like motion [25, 26] strongly
related to the dynamical crossover, and (ii) the transi-
tion at the onset of the stable tetrahedral HB structure
that characterizes water and its thermodynamic anoma-
lies. Figure 4 shows the OH stretching frequencies of
hydrated lysozyme at hydration levels of h = 0.3 and
0.37 as a function of the temperature in the interval
180 K < T < 365 K. We increase the temperature and
observe three linear behaviors: one for T' < Ty, one in the
interval between Ty, and T*, and one for T' > T*. These
behaviors highlight the importance of both Ty and T*
and indicate how, because of the HBs between the water
and the water-protein molecules, the dynamics of water
vibration change the structure of the hydration water.
This is caused by the correlation between the temper-

ature dependence of the O—H stretching frequency and
3400

3390
3380
3370
3360
3350

Frequency (cm 1)

3340
3330

3320

160 180 200 220 240 260 280 300 320 340 360 380
T(K)

Fig. 4 The frequency behaviors of the protein water OH stretch-
ing contibution illustrated as a function of the temperature 7'
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the thermal expansion characteristic of hydrogen-bonded
systems [52].

In structured (i.e., quasi-harmonic solid or solid-
like) systems, the thermal expansion ap(T) is linked
to the normal mode frequencies v(n) via the so-called
Griineisen parameters of mode y(n). In particular, v(n)
decreases as the volume increases (v(n) o V7).
Thus, the relative changes of the mode frequencies with
T are determined by the volume expansion coefficient
(—=0v(n)/0T) ~ (y(n)v(n))a(T)). Because a quantita-
tive correlation between the OH stretching frequency and
the O—-O separation has been observed in ice I [52], we
assume that it holds also for water in tetrabonded struc-
tures and LDL clusters. The force constants in this struc-
tured water depend on the strength of the HB, which af-
fects the OH stretching vibration. Thus, the OH stretch-
ing frequency increases with 7', and the thermal expan-
sion (the increase in the lattice parameters) reflects the
behavior of a “linear Griineisen relation” [52, 53] and
generates new HB configurations (i.e., changes the struc-
ture). Figure 2 shows this behavior above and below
T, where the structural change in confined water is ac-
companied by the protein dynamic transition. Although
this clarifies T* and shows it to be the temperature at
which the curvature of bulk water ap(T) changes, the
frequency change around T* is even more interesting [39,
40]. Recent NMR experiments focusing on the protein
hydrophilic (amide NH) group, the hydrophobic (methyl
CHj) group, and methine (CH) indicate that T* may
represent the high-temperature limit of the protein na-
tive state [54].

4 Conclusion

In conclusion, our findings focus on how HB network-
ing in water affects protein hydrophilic groups. The hy-
drophobic groups that appear when the protein is in its
native folded state (i.e., up to T*) are buried within the
protein interior [4]. In the wide temperature region span-
ning the protein glass state to the onset of unfolding,
the interaction between water and the carbonylic and
amidic groups of the protein plays an important role to-
gether with the HB network of the hydration water [48].
This is the basis of protein folding and its secondary
structure, and also of the two crossovers observed in the
bending and stretching modes of the hydrated lysozyme.
Below T, water cross-links with the protein hydrophilic
groups, and above T, the HBs become weaker and allow
the protein to unfold [38, 40].

Open Access This article is distributed under the terms of the
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