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We study the dynamics of the first hydration shell of lysozyme to determine the role of hydra-
tion water that accompanies lysozyme thermal denaturation. We use nuclear magnetic resonance

spectroscopy to investigate both the translational and rotational contributions. Data on proton

self-diffusion and reorentational correlation time indicate that the kinetics of the lysozyme fold-

ing /unfolding process is controlled by the dynamics of the water molecules in the first hydration

shell. When the hydration water dynamics change, because of the weakening of the hydrogen bond
network, the three-dimensional structure of the lysozyme is lost and denaturation is triggered. Our

data indicates that at temperatures above approximately 315 K, water behaves as a simple liquid

and is no longer a good solvent.
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1 Introduction

Proteins in their unfolded state are a linear chain of
amino acids without a stable three-dimensional struc-
ture [1, 2]. Under the right thermodynamic conditions,
such as temperature and hydration, amino acids follow
a precise physical route and rapidly evolve into a char-
acteristic protein structure — a native protein state [3].
The bio-functionality of a protein is directly linked to the
amino acid sequence and structure that characterizes the
native protein state; furthermore, it is strongly depen-
dent on the solvent, i.e., water, which actually functions
as an amino acid [4]. Dry proteins exhibit no biologi-
cal activity and require at least a water monolayer (a
first hydration shell) covering their surface to function
as proteins [5-7]. Water in the form of internal water is
also an essential part of the three-dimensional structure
of a protein [8, 9].

Many studies have probed the thermal limit of the bio-
logical activity of protein and have linked its onset at low
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temperatures to the occurrence of a dynamical crossover
in the hydration water at approximately 225 K [10-20].
Although this precise value of temperature has been de-
bated, given the possibility of inadequate instrumental
resolutions, there is a consensus that the crossover oc-
curs and that it is important [21-31].

The hydrophobic interaction is an important driving
force in the aggregation and folding processes in pro-
teins [32], in particular, in the burial effect of amino
acid residues in protein interiors [33]. However, the pro-
cess that maintains their stability and functionality is
the hydrophilic interaction [27, 34, 35]. The hydrogen
bonds (HB) formed between hydrophilic protein groups
and water molecules are vital to protein life [4]. In addi-
tion, the thermodynamic properties of water, governed
by the lifetime and stability of the HBs, influence the
protein activity [27, 28, 36] to the extent that the slav-
ing concept and model is used to describe how solvent
fluctuations determine protein dynamics and functions
[37, 38]. For example, the temperature above which wa-
ter is no longer a good solvent and loses its anomalous
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fundamental properties is approximately 315 K. Infact,
the lifetime and stability of the HBs dramatically de-
crease with increasing temperature and above T* ~ 315
K water behaves as a simple liquid [39].

The folding/unfolding process of proteins is controlled
by variables such as pH, temperature, solvent, and time
[6, 40, 41]. Recent studies on the hydrated lysozyme
have determined the characteristic temperatures of the
process. Although the protein begins to lose its three-
dimensional structure above 315 K, if the temperature
of the system can be maintained below Tp = 346 K for
a short period of time, the unfolding mechanism can be
stopped and reversed [42, 43].

The thermal denaturation of the lysozyme has been
studied using such techniques as calorimetry, nuclear
magnetic resonance (NMR), and Fourier transform in-
frared spectroscopy [13, 14, 43, 44]. The process is ki-
netic and moves through three states: the native state
+ the reversible unfolding state — the irreversible de-
natured state. The first is initiated at ~ 315 K and can
be reversed under certain conditions and the second is
initiated at ~ 346 K and cannot be reversed.

The dynamics of the first hydration shell of water sur-
rounding the protein surface is slower than the dynamics
of the bulk solvent [45-47]. This is due to the complex
network of hydrogen bonds that are formed between the
water molecules and protein residues [6, 48, 49]. By in-
creasing the temperature from the stable condition to-
wards denaturation, however, the dynamics of hydration
water change dramatically and trigger the unfolding pro-
cess.

We use nuclear magnetic resonance to study the trans-
lational and rotational contributions made by the dy-
namics of lysozyme hydration water. The goal is to un-
derstand the dynamical changes that are responsible in
driving protein denaturation.

In particular, we measure the translational contribu-
tion to the dynamics by studying the self-diffusion co-
efficient measured for hydrated lysozyme with a single
hydration shell. In addition, we measure the spin-lattice
relaxation time and extract the reorientational correla-
tion time. We compare these parameters, evaluated for
the hydration water, with the corresponding parameters
for bulk water and find a strict connection between the
dynamic water properties and the activity of a protein
moving toward denaturation.

2 Experiments

To measure how the dynamics of the first hydration
shell of water molecules surrounding the protein surface
change, and to link it with the protein thermal limits
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of functioning (the unfolding process), we examined a
protein lysozyme (a small protein of 14.4 kDa) with a
hydration level (i.e., grams of water per gram of dry
protein) of h = 0.3. We purchased lysozyme samples
from Fluka (L7651 three times crystallized, dialyzed, and
lyophilized), dried them, and then hydrated them isopi-
estically [13].

We used NMR (a 700-MHz Bruker Avance spectrom-
eter) at one atmosphere to measure the proton self-
diffusion coefficient of lysozyme hydration water [14, 28].
We performed the measurements using the pulsed field
gradient stimulated echo (PGSTE) technique [50] with a
field gradient value of 1200 Gauss/cm [14].

We also measured the proton spin-lattice relaxation
time, 77, focusing on the thermal region of the denat-
uration, 280 K < T' < 360 K [14, 29]. We used the
inversion-recovery pulse sequence [51] to obtain the T
data and varied the interpulse delay from microseconds
to several seconds. The data fit a weighted double expo-

nential form,
M t t
1-2|Pexp | — +(1—=Plexp|—=—]1,
e (-7) + 0= 2o (7))
(1)

i
where P is the weight, ¢ the interpulse delay variable, and
T1s and Ty are the two relaxing contributions. Figure 1
shows the curve fitting for two different temperatures.
The slowest relaxing component 77 (in the order of
seconds) belongs to water protons in the hydration shell
of the lysozyme, and the fastest relaxing component 717 ¢
belongs to strongly-bonded protons, e.g., those of in-
ternal (or crystallization) water [14, 29]. Note that the
fastest contribution becomes progressively smaller at
the highest temperatures and because the internal water
exchanges with the hydration water when the protein un-
folds, it has a weight of less than 10%. Note that although
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Fig. 1 Example of curve fitting after the execution of the in-
version recovery pulse sequence for the determination of the spin-
lattice relaxation time. The fit was performed with Eq. (1).
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protein protons usually contribute to the NMR signal,
under the experimental conditions in this study (and in
particular low hydration), they are essentially immobile
on the NMR observation time scale especially at low and
ambient temperatures. Even with very high-resolution
NMR techniques, at low hydration protein protons peaks
are observable only for temperatures higher than the un-
folding threshold and the magnitude of their intensity is
about four orders smaller than that of the water peak
[43]. In fact, in this case, in order to exclude the pro-
tein protons contribution, one can follow the relaxation
corresponding just to the water peak.

3 Results and discussion

Although we know that the dynamics of water within the
first hydration shell around the protein surface are slower
than those of bulk water [45], the magnitude and molec-
ular origin of this retardation are still topics for further
study [46, 47, 52-55]. Fioretto et al. [52] used dielectric
spectroscopy to measure the retardation coefficient, i.e.,
the ratio between the relaxation time of hydration water
and the relaxation time of bulk water, and arrived at a
value of 6-8 at ambient temperature [52].

Figure 2 shows in the bottom panel a log-linear plot
of the ratio between the self-diffusion coefficient mea-
sured in bulk water [56, 57] and the self-diffusion coeffi-
cient measured in hydrated lysozyme with h = 0.3 versus
the inverse of the temperature. The original data are re-
ported in the top panel of Fig. 2; they were interpolated
in order to calculate the ratio at the same temperature.

Although the value we find at ambient temperatures
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Fig. 2 The ratio between the self-diffusion coefficient measured
in bulk water [56, 57] and that measured in hydrated lysozyme [43]
as a function of the temperature (bottom panel), calculated from
the interpolation of the original data reported in the top panel.
Three variations are clearly visible in the obtained ratio.
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is higher than that found by Fioretto et al., a more in-
teresting observation is that the Arrhenius plot (see the
bottom panel of Fig. 2) indicates that three changes oc-
cur at approximately 277 K, 316 K, and 342 K. By com-
paring the individual behavior, reported in the top panel
of Fig. 2, one can note that the observed kink in the ratio
originates from changes in the temperature evolution of
the hydration water.

As we increase the temperature, the first change oc-
curs at T' = 277 K, which corresponds to the temperature
at which bulk water has the maximum density. When
T < 277 K, the activation energy is =~ 1.8 kcal/mol,
which is a typical hydrogen bond value. In this region the
hydrogen bond network on the protein surface becomes
progressively strong and stable. The region of optimal bi-
ological functioning between 277 K and 316 K (at which
the second change occurs) shows a smaller activation en-
ergy (~ 0.4 kcal/mol). The = 315 K temperature is the
border temperature above which the hydrogen bond in-
teraction weakens and water is no longer able to keep
the protein in a folded state [39]. At temperature above
316 K, water is no longer a good solvent and the hydro-
gen bonded network of the first hydration shell begins
to crumble and triggers the protein unfolding process.
In the region between 316 K and 342 K, the activation
energy is ~ 2.7 kcal/mol and, depending on the dura-
tion, the unfolding process is reversible [43, 58]. At the
highest activation energy (~ 5.3 kcal/mol), the unfold-
ing process is irreversible. When T > 342 K, the hydro-
gen bond network is disrupted and the structure of the
protein resembles that of a linear chain of amino acids.
Note that the ratio between the self-diffusion coefficients
of bulk and hydration water tends toward 1, which is the
same as in bulk water for temperatures approaching the
boiling point of bulk water. This implies that all water
molecules are in a bulk condition and free to move.

Next, we examine the rotational dynamics by evalu-
ating the reorientational correlation time using the mea-
sured self-diffusion and spin-lattice relaxation times. As-
suming that the spin-rotation contribution to the pro-
ton relaxation rate is in the order of milliseconds at 360
K [59], and even shorter when below that temperature,
only dipolar interactions can be taken into account for
water relaxation and the observed proton relaxation can
be written as the sum of inter- and intra-molecular con-
tributions [60, 61],

1 1 1
— = (= + [ = . 2
<T1 > obs <T1 > inter <T1 ) intra ( )

The intermolecular term can be evaluated by using the
self-diffusion coefficient Dy [60], as
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1 Nry*h? b\ >
— =——11+0.233( -
<T1 >inter 5aDS |: + <a>

+0.15 (S):} (3)

where N is the number density of the nuclei, v the pro-
ton gyromagnetic ratio, i the Planck constant divided
by 27, a the molecular hydrodynamic radius, and b the
distance of the proton from the center of the molecule.

At first approximation, for small time windows, the
correlation function of protein hydration water can be
considered exponential [62]. Therefore, in the extreme
narrowing limit, i.e., when the product of the resonance
frequency of the proton (wp) and the reorientational cor-
relation time (79) is much less than one (worp < 1), it
can be written as [60, 61],

1 3 y*h?
<i>w R @
mtra

where 7 is the distance between the two protons in the
water molecule. Thus, if we measure D; and T3, we can
evaluate the intra-molecular term and the reorientational
correlation time 7y. Because we are focusing on the hy-
dration water, we evaluate 7y by considering the T;4 val-
ues and by assuming the constant values a = 1.38 A,
b=0.92 A, and r = 1.52 A [60].

Figure 3 compares the thermal behaviors of 7y in
lysozyme hydration water measured by NMR (h = 0.3),
dielectric spectroscopy (h = 0.37) [24], and neutron
scattering (h = 0.4) [25], with that of bulk water at am-
bient pressure [57] and emulsified water at 2 kbar [61].
Note that when the temperature drops below the tem-
perature of irreversible denaturation, the reorientational
correlation time in hydration water is slower than in bulk

] o A Lysozyme hydration water NMR (h=0.3)
T O Bulk water (from [56])
T [= ] @ Water in emulsion at 2 kbar (from [61])
o O Lysozyme hydration water, dielectric (h=0.37) [24]
W Lysozyme hydration water, neutron scattering (h=0.4) [25]
o
1004 ¢

3 [ ]
3] ° n
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T(K)
Fig. 3 The reorientational correlation time, 79, of lysozyme hy-
dration water measured by NMR (h = 0.3), dielectric spectroscopy
(h = 0.37), and neutron scattering (h = 0.4), compared with that

of bulk water at ambient pressure and to emulsified water at 2
kbar.
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water, but when T > 346 K, the rotational dynamic val-
ues increase sharply and approach those of bulk water.
This confirms the previous findings that when 7' > 346
K the hydrogen bonded network breaks down and water
molecules move freely.

Our analysis can be used to differentiate between two
different dynamical degrees of freedom of hydration wa-
ter. The intra-molecular dynamics is linked with the sin-
gle molecule rotation about its own axis (self rotation),
whereas the inter-molecular dynamics depends on the
water interaction with protein molecules. Because the
orientational correlation time is in the order of picosec-
onds, water molecules on the protein surface are highly
mobile; however, their diffusion is slowed down by their
interaction with protein amino acids (resulting in an ob-
struction factor). By applying the Stokes—Einstein rela-
tion [63] we can estimate the hydrodynamic radius of the
diffusing particles,

kgT
* = GrnE )

where kp is the Boltzmann constant, 1 the shear vis-
cosity, and & the hydrodynamic radius (Fig. 4). It was
shown that although the density of the first hydration
shell of water around the protein surface is up to 20%
higher than that of bulk water, the viscosity remains es-
sentially the same [63]. Therefore, we evaluated the hy-
drodynamic radius by using the viscosity data of bulk
water from the NIST database [64].

Note that when the temperature is low, the value of £
(~ 1.8 nm) coincides with that of the hydrodynamic ra-
dius of lysozyme [54] confirming that the first hydration
shell of water is hydrogen bonded with the hydrophilic
groups of the protein surface. When T' > 320 K, however,
& rapidly decreases, the water molecules are no longer
tightly bonded to the protein surface. They form local

4 Lysozyme hydration water (f=0.3)
@ Bulk water
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Fig. 4 The hydrodynamic radius obtained using the Stokes—
Einstein relation for bulk water and lysozyme hydration water.
Lines are guides for the eye.
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and transient aggregates whose dimension progressively
decreases as the temperature increases. Confirming this,
when T 2 345 K and the protein unfolds completely, the
& values of hydration water approach those of bulk water
(dotted line in Fig. 4).

4 Conclusion

We studied the dynamics of water in the first hydration
shell of lysozyme and linked the corresponding changes to
different states of the folding/unfolding process. We used
nuclear magnetic resonance spectroscopy to differentiate
between the translational and rotational contributions,
which are the proton self-diffusion coefficient and the re-
orientational correlation time, respectively.

The self-diffusion in the hydration water is slower than
in the bulk solvent, and the ratio between these two val-
ues (a retardation coefficient) as a function of the inverse
temperature, shows three changes at approximately 277
K, 316 K, and 342 K, with corresponding changes in the
activation energy (see Fig. 2). When T < 277 K, the hy-
drogen bond network on the protein surface is strong and
stable and the activation energy is ~ 1.8 kcal/mol. The
region between 277 K and 316 K is the thermal region
of optimal biological functioning and exhibits a smaller
activation energy (~ 0.4 kcal/mol). Above ~ 315 K, the
hydrogen bonded network of the first hydration shell be-
gins to crumble and the protein unfolding process be-
gins. However, when the temperature is 316 K< T < 342
K and the activation energy is ~ 2.7 kcal/mol, the un-
folding process is still reversible [43, 58]. Finally, when
T = 342 K and the activation energy is ~ 5.3 kcal/mol,
the unfolding process becomes irreversible, the hydrogen
bond network breaks down completely, and the protein
structure resembles that of a linear chain of amino acids.

In our rotational dynamics study, we found that for
temperatures lower than the temperature of irreversible
denaturation, the reorientational correlation time 74 in
hydration water is slower than in bulk water (see Fig. 3).
When T ~ 346 K, 7y sharply decreases and approaches
the values for bulk water, and the water molecules can
rotate freely.

Finally, we applied the Stokes—Einstein relation to
the lysozyme hydration water and calculated the hydro-
dynamic radius of the particles (see Fig. 4). We found
that at ambient temperatures the radius coincides with
the lysozyme hydrodynamic radius (=~ 1.8 nm). When
T > 320 K, & decreases sharply and when 7" > 345 K
its value approaches that of bulk water. This result con-
firms that when lysozyme unfolds completely, the water
molecules are essentially free and no longer bridge the

Francesco Mallamace, et al., Front. Phys. 10(5), 106104 (2015)

protein residues.
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