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Introduction

Water is most fascinating. How does a such small molecule give life to
our planet remains a mystery [1-5]. We perceive water as a simple and
normal liquid, this is because we call normal what it is familiar to us. In
the reality, from the physical point of view, water is probably the most
peculiar molecule in our planet. Water in fact shows the largest number
of anomalies. About ten years ago they were sixty three, five years ago
they were sixty eight, up to date they are seventy four: this number
does not seem to stop growing. These anomalies regard its phase, its
density, its structure, its thermodynamics and its dynamics and they
are encountered over all its puzzling phase diagram.

Water has a liquid metastable state with respect to the crystalline
state and here water is called supercooled water. Water can be also
metastable with respect to the crystal, in this case it is glassy water [6].
Bulk water at ambient pressure can be supercooled down to the limit
Ty = 235 K, known as its homogeneous nucleation temperature. Glassy
water can be heated up to T; = 136 K obtaining the ultraviscous super-
cooled water, but it transforms, upon further heating, into cubic ice at
T, =150 K, known as its spontaneous crystallization temperature. Both
Ty and T, actually depend on pressure. Therefore there is a gap bounded
by Ty from above and by T, from below where water exists only in its
crystalline solid phase: this is the so-called no-man’s land.

Water anomalies become more evident in the low-temperature meta-
stability regions. For instance, thermodynamic response functions rapidly
increases upon decreasing temperature at ambient pressure with a uni-
versal apparent divergent temperature T = 228 K [7], inside the no-man’s
land. Here also a hierarchical cascade of other anomalies regarding the
structure, the dynamics and the thermodynamics with different bounds
appears [8].

Many have been the attempts to explain these anomalies and a num-
ber of interpretations have been proposed [5]. Among them, the presence
of a Liquid-Liquid Critical Point [9] is a most fascinating hypothesis, ca-
pable to frame anomalies of water in a very elegant explanation, that gives
continuity to the glassy states of water. At low temperature two glassy
states of water, the low density and the high density amorphous states,
are indeed divided by a first order phase transition [6]. Their coexistence
line should extend into the no man’s land, separating a low density lig-
uid from a high density liquid and finally ending in a liquid-liquid critical
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2 0. Introduction

point. The difference between the two liquid phases vanishes at normal
conditions and the ordinary liquid phase of water is found. In this sce-
nario the second critical point of water lyes therefore at high pressure
and low temperature of the phase diagram with respect to normal condi-
tions, approximately located at a temperature T = 220 K and a pressure
P = 100 MPa, as estimated from extrapolation of experimental results
[10]. Thus deep inside the no-man’s land and thus directly investigable
only, up to date, through computer simulations.

Water plays a paramount role also in biology, and not by chance it has
been termed “matrix of life” [11]. In particular, the first layers of water
that hydrate macro-biomolecules like proteins, seem to play the principal
role. The biochemical activity of many proteins is in fact guaranteed
only if a minimal critical numbers of water molecules corresponds to
each protein, i.e. the hydration level strongly influences the proteins
functioning. In that respect, also the temperature influences the protein
activity, which is typically absent at low temperature, where proteins
are in glassy solid-like states. If they are minimally hydrated, then they
suddenly restores their ability upon heating [12, 13]. This occurs in
the supercooled region of water, assessing the leading role that assumes
supercooled water in biology. Despite the considerable effort done by
the community in this field, still there is not a complete understanding
of this dynamical coupling, especially in the cooled regime, where the
coupling of the protein with its hydration water is fundamental to activate
its function.

The study of supercooled hydration water is also very important in
more practical field like long term storage and cryopreservation. It would
be desirable to store biomolecules only in supercooled water with respect
other substances, because that would offer a more plasticized and nat-
urally bio-compatible environment. Nonetheless this is not possible, be-
cause of the homogeneous nucleation of supercooled water. In general
biological material is damaged by the freezing of water and thus cryopro-
tectants substances are usually added to water. Cryoprotectors are in
fact molecules which can prevent the ice formation and therefore the
damage of biomolecules at low temperature. Today the most effective
cryoprotectants are cytotoxic, for example the dimethyl sulfoxide which
can penetrate deep in the tissue. Thus sugars and among them the tre-
halose [14] are widely employed as excipients in preparing cryoprotectant
solutions because of their biocompatibility. Controlling fluctuations in
density and inhibiting ice formation of the water surrounding a macro-
molecules by the use of green substances like sugars is fundamental to
improve cryopreserving protocols which can maintain ex-vivo organs and
tissues and it is thus essential for medical progress.

The leitmotiv of this Thesis is supercooled water, with particular fo-



cus on its structural relaxations. The characterization upon cooling of
the typical structural relaxation of supercooled water, the a-relaxation, is
framed within the Mode Coupling Theory of glassy dynamics. This inves-
tigation has been done in supercooled bulk water and when water is in
different local environments: supercooled water at the protein interface
and supercooled water in contact with salty ions.

A total of four systems have been investigated in this work. The first
system is composed by a lysozyme protein immersed in water. The sec-
ond system is a ternary system containing a lysozyme protein immersed
in a trehalose-water solution. In these two systems we focused the anal-
ysis on the dynamics of the protein hydration water. The third system
is a box of bulk water, needed for comparing the results of hydration
water. Finally, the fourth system is a glass forming water solution, the
LiCl:6H,0O system. The temperature behavior of the a-relaxation of water
and, in the case of bio-systems, the onset of new relaxational phenomena
of supercooled water at the protein interface have been characterized in
this work. Structural properties and water hydrogen bonding behavior
have also been investigated in the four systems.

In the following we illustrate the structure of this Thesis.

In Chapter 1, we present the general context and the scientific back-
ground in which our studies are performed. The main features of the
water molecule, comprehending its hydrogen bond network, phase dia-
grams of stable and metastable states are presented. A description of
the water anomalies, with particular regard to those happening in the
supercooled region, indroduces the scenarios proposed to explain their
appearance, the LLCP scenario is treated in greater extent. The central
part of the Chapter is devoted to the slow dynamics of water in the su-
percooled regime, here we present the phenomenology and the theory
describing the slow dynamics of water. The thermodynamic connection
with the LLCP is also outlined. The relevant features happening in the
supercooled regime and related issues as seen from the biological point
of view are finally presented in the last Section.

In Chapter 2 we illustrate the methodology used in this work. The
main elements of the MD technique are firstly described. This is followed
by the general description of how MD handles interaction potentials be-
tween the system constituents. We then describe in details the potentials
force fields used to model our systems in the simulations. Finally, the
observables calculated from the MD trajectories are presented, both from
the physical and computational point of views.

Chapter 3 deals with the protein hydration water relaxations in the
system composed of one lysozyme immersed in pure water. After a brief
introduction on the state of the art on relaxation processes of hydration
water, the specific simulation details for our system, together with its de-
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scription, are given. Then we show the results on the characterization of
the dynamics of hydration water. Firstly we present the density-density
correlation functions and then we analyze the temperature behavior of
the structural relaxation times of hydration water. Then the internal
dynamics of the protein is investigated and the dynamical transition is
detected for our lysozyme. Dynamical crossovers of relaxation times are
discussed in relation with this last feature. The last Section is devoted
to conclusions.

In Chapter 4 we present the second simulated bio-system, the lyso-
zyme immersed in a trehalose-water solution, and the description of the
specific simulation details for this system. In this Chapter, all the re-
sults are presented through a comparative study of this system with the
lysozyme immersed in pure water and bulk water. First, we report the
results on the dynamics of hydration water and on the internal dynam-
ics of lysozyme. This is done, in analogy to what done in the previous
Chapter, through the calculation of density-density correlation functions
of hydration water, the temperature analysis of relaxation times and the
determination of the protein dynamical transition of lysozyme. We con-
clude our dynamical characterization of hydration water by presenting
the mean squared displacement of the water molecules in both the hydra-
tion layer of the protein and in bulk system. Then we present the struc-
tural analysis of the protein systems, in terms of number density and
pair correlation functions of water and trehalose molecules as a function
of the distance from the protein. Finally we characterize the hydrogen
bond networks of protein hydration water, when and when no trehalose
is present in the system, and compare these results with the network of
bulk water. The last Section is devoted to conclusions.

Chapter 5 deals with the glass-forming LiCl:6H,0. We review the
phase diagram of lithium-chloride and water solutions, with particular
regard to our specific solution. We then provide the simulation method
details for the set of simulations run on this system. Results on the
structural a-relaxation of the water contained in this glass-forming lig-
uid are presented and discussed within the MCT. This is followed by the
results of the structural properties of the whole system in terms of water-
water, water-ion and ion-ion pair correlation functions. Finally, results
on the water hydrogen bond network are presented. The last Section is
devoted to conclusions.

Last Chapter is devoted to the final remarks and general conclusions
of the present Thesis. Outlooks are also outlined.

Appendix A contains figures of data relative to LiCl:6H,0O, not shown
in Chapter 5.

Appendix B contains publications, poster presentations and oral con-
tributions given by myself relative to the systems studied in this Thesis.



The Puzzling Behavior of Water

1.1. Stable and Metastable Water

Water is a small molecule made up of two hydrogen atoms covalently
bonded to one oxygen atom. These atoms are stuck together in the
non-linear V-shaped geometry shown in Figure 1.1. In the isolated H,O
molecule, the O-H length is 0.958 A and the H-O-H angle is 104.5° [15],
about 5° less than the pure tetrahedral angle. The valence electrons of
the oxygen atom form two lone pairs, that with the two hydrogen atoms
shape an approximately tetrahedral structure. The covalent O-H bonds
have actually about the 33 % of ionic character, due to the different elec-
tronegativy of the two species. Consequently the two hydrogen atoms are
then strongly attracted by the oxygen and move towards it, leaving the
protons of the hydrogen atoms partially unscreened. This fact together
with the non-linear geometry of the molecule gives a permanent molec-
ular dipole moment of 1.85 D, directed from the center of the negative
charge to the center of the positive charge. This makes water a polar
molecule.

Different water molecules attract each other because the opposite
charges on the oxygen and hydrogen atoms with the consequently for-
mation of Hydrogen Bonds (HBs). Due to hydrogen bond interactions the
ionic character of the covalent O-H bond decreases, and the structure of
the water molecule in the liquid phase is quite relaxed with respect to the
isolated molecule. At ambient condition, the O-H bond length in liquid
water is 0.991 A and the H-O-H angle is 105.5° [16].

HBs characterize the structure of water in both the liquid and the
crystalline phases. The energy associated with this bond is high, circa 20
kJ/mol at ambient temperature, when compared to typical intramolecu-
lar interaction, as the dipole-dipole van der Waals of circa 1 kJ/mol. The
bond is also characterized by an high degree of directionality and tends

5



6 1. The Puzzling Behavior of Water
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Figure 1.1: Structure of the water molecule and a picture of the tetrahedral hydro-
gen bond network that water locally forms.

to be linear on the O—H---O axis, where the symbol --- indicates the HB.
Water is an example where the dynamics of hydrogen bonds is cooper-
ative: the formation of a single bond by a water molecules enhances in
fact the tendency of the same molecule to form other HBs. Generally,
a single water molecule can act by donating two bonds and accepting
other two, for a total of four HBs. This causes the formation of an ex-
tended HB-network in liquid water, that becomes even more stable in
the crystalline I, phase, with the typical tetrahedral symmetry shown in
Figure 1.1. Most of the peculiar properties of liquid water that will be
covered in the following sections arise as consequences of this hydrogen
bonded structure of water.

The phase diagram for the stable phases of water is shown in Figure
1.2. At ambient condition water is stable in the liquid phase. If the tem-
perature is raised above 373 K, water becomes steam, which means that
above this temperature water is stable in the gas phase. If the tempera-
ture is lowered below 273 K, it becomes ice I, because there the stable
phase is the solid one. The phase diagram of stable phases of water
is indeed complex. For example, it has several triple points because of
the polymorphism of crystalline water: the hexagonal ice I, is not the
only solid phase of water. Fourteen different crystalline stable phases
are known today, each of them is stable in a certain P — T region. For
example in the shown diagram several high pressure ices are indicated.

The peculiarities of water extend over all the phase diagram. The
liquid-gas critical point, for example, even if the classical theory of liquid-
gas transition involves no diversification above this one, actually em-
anates a line that separates a more liquid-like vapor from a more gas
like one [18, 19]. This line is called Widom line.

An other example of the peculiar features of the phase diagram of
water, that affects our life on earth, is the negative slope of the coexis-
tence line between the solid and liquid phases. The Clausius Clapeyron
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Figure 1.2: Phase diagram of the stable phases of water in the P — T plane. Figure
from Ref. [17].

relation, that reads:

dPp 1 2

dT ~ T AV
where A1 is the latent heat of fusion, implies that when liquid water be-
come ice, its volume increases. Most of the substances behave on the
contrary, being their solid phases denser than their liquids phases. This
particular characteristic of water is related to another anomaly, called
density anomaly that will be discussed in the next section.

If we consider also metastable phase states of water, the phase di-
agram becomes even more complex. Four crystalline ices of water are
metastable, for example the Ice I, is a metastable form of ice that can
be formed by condensation of water vapor at ambient pressure and at a
temperatures less than 193 K.

Water also has three distinct forms of solid amorphous ice. The High
Density Amorphous (HDA) ice and the Low Density Amorphous (LDA) ice
are two glassy states of water separated by a first order phase transition
and confined to the low temperature part of the space diagram [6], see
Figure 1.3. The third amorphous ice, the Very High Density Amorphous,
is less known.

In the same Figure are also drawn the boundaries of the liquid metastable
phase of water: liquid water can be supercooled below the melting tem-
perature Ty, (p) down to the temperature of homogeneous nucleation Ty (p).
Below this temperature supercooled liquid water rapidly becomes ice. It

(1.1)



8 1. The Puzzling Behavior of Water
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Figure 1.3: Schematic representation in the p — T plane of the metastable phase
diagram of supercooled and glassy water. Figure adapted from Ref. [5].

must be noted that the homogeneous nucleation temperature is a kinetic
limit and not a thermodynamic one. As thus it can be considered as a
practical limit, function of the cooling rate and of the observation time [2].
The other two, named ultraviscous liquid metastable phase of water, are
bounded by the glass transition temperature of water T, (p) from below
and by the temperature of spontaneous crystallization T, (p) from above,
at which the ultraviscous liquid turns into ice. The interval between
the homogeneous nucleation temperature Ty(p) and spontaneous crys-
tallization temperature T,(p) is the so-called no man’s land. The name
comes evidently from the fact that ice nucleation prevents any attempts
to keep water in a liquid state inside this region. This fact is indeed true
with respect to the available experimental techniques. The existence of
metastable liquid water below the homogeneous nucleation temperature
is not in principle forbidden by thermodynamic constraints [2]. Molecu-
lar Dynamics (MD) simulations typically can enter inside the no-man’s
land, thanks to the very fast cooling rates this technique reaches.

1.1.1. The Anomalous Properties of Water

Water, the most abundant liquid in our planet, is probably also the
most anomalous liquid. At least 74 properties of water are indeed quite
different from those expected from a simple liquid [20]. Actually wa-
ter behaves in quite different way from high to low temperatures and
anomalies are encountered all over the phase diagram. It is the intra-
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Figure 1.4: Left Panel: Temperature trend of density in water and in normal liquids.
Figure from Ref. [5]. TMD line for D,0 in the p — T plane. Circles are from experi-
ments and the line is a low temperature extrapolation. Ty, (p) is the melting line and
Ty (p) the locus of homogeneous nucleation. Figure from Ref. [21].

molecular hydrogen bonding structure that determines the highly com-
plex and anomalous behavior of water. Anomalies regard its density,
rheological properties, thermodynamics and physical chemical proper-
ties.

The density anomaly is probably the most known counterintuitive
property of water because it affects our every-day life. It is usual for lig-
uids to contract upon decreasing temperature. Conversely, at ambient
pressure, the density of water does not increase monotonically with de-
creasing temperature, but it shows a maximum at T = 277 K. When pres-
sure is varied, the maximum occurs at a different temperature. Drawing
the position of all these maxima on the phase diagram, results in a line
called the Temperature of Maximum Density (TMD) line. In Figure 1.4
the experimental TMD of D,0 is shown. As anticipated in Sec. 1.1, this
anomaly is connected to the negative slope of the liquid-solid coexistence
line.

At a temperature below the TMD, water must show a minimum in its
density if no phase change occurs, i.e. supercooled water has a mininum
in density, since the density of deeply supercooled water is lower and
increases with decreasing temperature. This minimum should lie inside
the no-man’d land and its estimation is 203 K [22]. The density minimum
in deep supercooled water has been observed in computer simulation
studies [23] and in deep supercooled confined water has been observed
experimentally [22, 24].

Figure 1.5 shows the different behavior of the thermodynamic re-
sponse functions of water when compared to simple liquids. It is shown,
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Figure 1.5: Temperature trends of isothermal compressibility «;, isobaric specific
heat ¢, and coefficient of thermal expansion a,, in water and in normal liquids. Fig-
ures adapted from Ref. [5].

from the left to the right, the isothermal compressibility xr, the isobaric
specific heat ¢, and the coefficient of thermal expansion a,.
These quantities are defined by the relations:

1/0V
(8
T [0S
Cp = N <ﬁ>p (1.2)

1oV
=y ar )|

and they are connected to the fluctuations of volume and entropy by the
equalities:

((0V)?) = VkpTry
((85)?%) = Nkgc, (1.3)
(0V - 8S) = VkpTa,

In a simple liquid, k; and ¢, decrease monotonically upon decreasing
temperature, in water they show a minimum at T = 319 K and T = 308
K respectively. At a fixed pressures a, becomes zero in water in coinci-
dence of the TMD and then becomes negative and rapidly decreases. In
a simple liquid «a,, is expected to decrease monotonically with decreasing
temperature, but remaining greater than zero. Upon further decreas-
ing temperature all the three response functions depart most from the
normal liquid behavior, increasing or decreasing rapidly toward the deep
supercooled region. Besides their steep increase upon cooling can be
described by a power law [7, 25] given by:

T 1/1X 1.4
’“(Fs‘) (1.4
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Figure 1.6: Left: Experimental self-diffusion coefficient D of water as a function
of the pressure along different isotherms. Figure from Ref. [26]. Right: Density de-
pendence of the D along isotherms for SPC/E water showing also diffusivity minima.
Figure from Ref. [8].

where X is the generic response function, Ts the divergent temperature
and Ay the associated exponent to the divergent quantity X. At p = 1 bar,
the estimated divergent temperature is Ts = 228 K, the same for all the
response functions. Since Ts is nine degrees below Ty, the divergences
of thermodynamic response functions should take place inside the no-
man’s land, consequently they named after apparent divergences.

The diffusion anomaly is an example of the anomalies regarding the
dynamics of water. See Figure 1.6. In simple liquids the diffusion coef-
ficient is expected to decrease upon increasing compression. At a vari-
ance with this behavior, at T ~ 283 K the diffusivity of water increases
upon increasing the pressure until a maximum is reached (P = 150 Mpa
at that temperature). In computer simulations, it has been shown that
upon further decreases temperature, the diffusivity restores the normal
behavior, so it passes through a minimum. Maxima and minima of the
diffusivity can be joined drawing a line of diffusivity extrema.

It has been shown in theory and computer simulations [8, 27, 28]
that thermodynamic and dynamic anomalies of water are accompanied
by structural anomalies. The structural anomalies region was defined
considering two order parameter, g and t [8]. The orientational parame-
ter q gives a measure of the degree of tetrahedrality of the arrangement of
four first nearest neighbor water molecules, the translational parameter
t measures the tendency of two water molecules to adopt a preferen-
tial separation. The decreases of translational and orientational orders
upon compression is called the structural anomaly, since normal liquids
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behaves in reverse with increasing order upon compression.

The relationship between the structurally, dynamically and thermo-
dynamically anomalous regions has been clarified firstly by Errington
and Debenedetti [8]. They showed that the regions of thermodynamic
anomalies is encompassed by the region of dynamical anomalies, which
is in turn encompassed by the wider region of structural anomalies study-
ing SPC/E water. Figure 1.7 displays these regions of anomalies of
SPC/E water in the p—T plane. The structurally anomalous region of wa-
ter is bounded by the loci of ¢ maxima and t minima and corresponds in
the Figure to the region included below the outer drawn line. There, wa-
ter becomes more disordered when compressed. Inside this region, lies
the dynamically anomalous region bounded by the loci of diffusivity min-
ima and maxima: there the diffusion coefficient of water increases if the
density increases. Finally, enclosed inside by the dynamically anoma-
lous region, the thermodynamically anomalous region lies. In this re-
gion, defined by the TMD, the density of water decreases upon cooling at
constant pressure. Similar findings have been found for the TIP4P model
of water, these are shown in the bottom part of the same Figure.

The picture that comes out is that anomalies of water occur as a cas-
cade of different phenomena that are more pronounced toward the deep
supercooled region.

Scenarios for Supercooled Water

As seen in the previous Section, the anomalous behavior of water
is more pronounced in the deep supercooled region. Several scenarios
have been proposed to explain the observed behavior of water. These
comprehend the stability limit conjecture [25], the Liquid-Liquid Critical
Point (LLCP) by Poole et al. [9] the critical point free scenario by Poole
et al. [30] and the singularity free scenario proposed by Sastry et al. [31].
We focus on the LLCP.

1.1.2. The Liquid-Liquid Critical Point

In the seminal 1992’s paper of Poole et al. [9], the existence of a LLCP
was deduced by a series of simulations of water modeled with the ST2 po-
tential, a five sites rigid potential of water. The study was actually aimed
to investigate in MD simulations the Speedy’s stability limit conjecture.
In fact their results were suggesting a different scenario, involving a sec-
ond critical point of water, located in the deep supercooled region of ST2
water, uncorrelated with the liquid-gas (first) critical point of water.

In Figure 1.8 the putative phase diagram of water, according to the
up to date LLCP scenario, is shown.

The idea is that two distinct liquid phases in the deep supercooled
region exist, the Low Density Liquid (LDL) and the High Density Lig-
uid (HDL), corresponding to the experimentally observed LDA and HDA
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Figure 1.7: Relationship between structural, dynamic and thermodynamic anomaly
region of SPC/E water (Upper panel) and TIP4P/2005 water (Bottom panel). The
structurally anomalous region of water is bounded by the loci of ¢ maxima (upward
pointing triangles in the upper panel) and t minima (downward pointing triangles
in the upper panel) (both magenta squares in the bottom panel). The dynamically
anomalous region bounded by the loci of diffusivity minima (circles) and maxima (di-
amonds) (grey downward pointing triangles below). The thermodynamically anoma-
lous region is defined by the TMD (black squares up and red circles below). Data
and Figure from ref [8]. Right Panel. Relationship between structural, dynamic and
thermodynamic anomaly region of TIP4P/2005 water. Also in this model of water
the structural anomalous region encompassed the other two. Note that this rigid po-
tential correctly reproduces the TMD of real water. Figure adapted from Ref. [29].
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states of water, respectively. The two liquid phases are separated by
a first order phase transition, in analogy to the first order phase tran-
sition experimentally detected for their amorphous phase counterparts
(see Sec. 1.1). The coexistence line ends in a LLCP, located at positive
high pressure and low temperature, deep inside the no-man’s land. From
the LLCP a line of the thermodynamic response function is emanated, the
so called Widom line, that in analogy of the Widom line of the liquid-gas
critical point, can be thought as an extension of the coexistence line in
the one phase region [32].

The presence of a LLCP gives explanations to the anomalies of wa-
ter outlined in the previous Section [33]. Apparent divergences of the
thermodynamic response functions are explained with the progressive
increase of the correlation length upon approaching the coexistence line
or Widom line, that eventually diverges at the critical point. The anoma-
lous properties of liquid water at higher temperatures with respect to the
supercooled ones, can be also framed in this scenario as consequences
of long range fluctuations reminiscence of the presence of the LLCP.

In the work of Poole et al. [9], the evidence of the existence of LLCP
came out from four points: (i) low-temperature isotherms showing in-
flection point at p, ~ 1 g/cm?3, which increases in strength toward lower
temperatures; (ii) observation of two distinct phases below the estimated
critical point, one of them structurally more resembling the structure of
the HDA and the other one more resembling the structure of the LDA
states of glassy water; (iii) observation of the phase transition HDL-LDL
in a simulated isothermal compression experiment plus validation of ST2
model of water at low temperature (observation of the phase transition
HDA-LDA at 77 K); and (iv) validation of ST2 model versus experimental
results above the no-man’s land (quantitative reproduction of the max-
ima of p,kr,c,). With successive works they located the LLCP in ST2
water at T, =~ 235 K, P, =~ 200 MPa, p; = 1 g/cm3.

The four points were robust, so that the scientific community working
in the field of water fervently gave its feedback to Poole et al.’s works. In
successive years, much work has been done from the experimental, the-
oretical and computational physics communities to enrich the scenario
proposed and to contribute to what it is the today version [2, 6, 8, 9,
34]. All the important contributions on the implication of a LLCP in the
phase diagram of supercooled water, as well as supporting and contest-
ing works have been reviewed this year by Gallo et al. [5]. Farther on we
resume some important issues related to this.

Experimental investigation of water in the deep supercooled region is
hampered by the homogeneous nucleation toward ice phases, as already
said. Nonetheless also several experiments sustained the LLCP scenario.
Among these, it must to be mentioned the experiment performed by
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Figure 1.8: The phase diagram of the non-crystalline forms of water showing the
second, liquid-liquid critical point, C, and the coexistence line along which LDL and
HDL coexist inside the no-man's land. At low enough temperatures, both the liquid
phases become structurally arrested into their corresponding glassy forms (LDA,
LDA). Lines Ty is the homogeneous ice nucleation locus from above and Ty denotes
the temperature of spontaneous crystallization from below. These lines enclose the
no-man's land. From the negative slope of the LDL-HDL coexistence line, the LDL
is expected to be less denser than the HDL. Figure adapted from ref. [5]
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Mishima and Stanley [6, 10], who, studying the decompression—induced
melting of different high—pressure crystalline phases of water in oil emul-
sion, claimed to detect the transition to either LDL and HDL before crys-
tallization took place. They also located the LLCP of water at T, = 220 K
and P, =100 MPa, which is today generally considered the estimated posi-
tion of the liquid-liquid critical point of bulk real water (the one reported
in Fig. 1.8).

Computer simulations played a paramount role in this context, not
only because, as already mentioned, the LLCP hypothesis was based
on a computational work, but because computer simulations overcome
the experimental issues related to crystallization, through fast cooling
rates, and thus permit to enter the no-man’s land. The LLCP location
has been, up to date, located in the supercooled region of the phase
diagram of water simulated with several different potentials. These in-
clude variants of ST2, TIP4P and TIPSP potentials (See Ref. [5] and Refs.
therein). The phase diagram of SPC/E potential was shown to be con-
sistent with the presence of a LLCP [35] and its location was estimated
on free energy—based calculations [36].

It must to be highlighted also the contribution of MD simulations in
the opening of experimentally viable routes aimed to the detection of the
liquid-liquid transition or its signature. Following their example, several
experiments are performed on supercooled water in confinement, nano-
droplets, water at negative pressure and water solutions of salts.

Finally, particular relevant is the Widom line issue. Widom line flow
close to the upper bound of the noman’s land, the temperature of ho-
mogeneous nucleation of water. So, if water is supercooled from above
toward the noman’s land, the Widom line is the first detectable feature
that one encounters upon cooling and that indicates the presence of the
LLCP. This point is very important, and it will be discussed again in the
next Section, where the connection with the translational dynamics of
water is outlined.

1.2. Slow dynamics in supercooled regime

In this Section the Mode Coupling Theory (MCT) aspects relevant for
interpreting the slow dynamics are addressed, together with the impor-
tant phenomenology of water and glass forming liquids at low tempera-
tures.

1.2.1. Stretched Dynamics of Water and Features of Mode Coupling
Theory

The most general feature of supercooled or glassy dynamics is the

stretching of time—correlation functions and excitation spectra over in-

tervals of time or of frequency, respectively [37]. Stretching phenomena
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Figure 1.9: Oxygen-oxygen Self Intermediate Scattering Function (SISF) of
TIP4P/2005 water showing the two step relaxation, calculated at Q = 2.25 A1,
Solid lines are calculated according to Eq. (1.16). Figure from Ref. [38]. Right
panel: depolarized light scattering spectra of water at different temperatures and
their approximation (thick solid line). The spectra of the a-relaxation (thin solid line)
and of the fast dynamics (dotted line) are also shown. Figure from Ref. [39]

can extend over several orders of magnitude upon decreasing tempera-
ture. An example of this behavior in both time and frequency domains
is given in Figure 1.9.

MCT provides a quantitative explanation for the observed behavior
of correlators. The central quantity in MCT is the normalized density-
density correlation function:

bq(t) = —<pq§t)pq) (1.5)
q

where S, = (|pq|2) denotes the static structure factor, but the theory

adapts to any other correlator that has a nonzero overlap with density,

like the self part of (1.5), i.e. the Self Intermediate Scattering Function

(SISF), the Mean Squared Displacement (MSD) and so on. The same it is

true for their Fourier and Laplace transforms.

The basic idea of the MCT is the transient trapping of a particle by its
nearest neighbors. This is known as the cage effect. As the temperature
of the system is lowered at constant pressure, the trapping occurs for an
increasing lapse of time and eventually, in the idealized version of the
theory, it leads to structural arrest at the MCT temperature Ty cr(p).

MCT describes the evolution of the correlator ¢,(t), which is con-
trolled by a non linear feedback mechanism, formalized by a retarded
memory function entering in the generalized Langevin equation for ¢, (t)
[37]. Let’s see some keys points of the formalism.

¢4(t) obeys to the generalized oscillator equation:

t
$q () + Q2,4 (t) + ngfo My (t =ty (tHdt' =0 (1.6)
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Figure 1.10: Behavior of the generic correlator ¢, with non-zero overlap with den-
sity, described by the MCT.

where Q, = (v*q%/S,)"/? is the microscopic frequency, and v = (k,T/m)/?
is the thermal velocity of the particle. The memory function M, (t) is ex-
pressed as a sum of a constant friction y, representing the fast dynamics
(high frequency) processes in the liquid and a time-dependent friction
coefficient m,(t) reflecting relaxational processes:

My(t) = y46(t) + my(t) . (1.7)

In the frame of the idealized version of the theory, m,(t) is the decisive
term, and it is described by contributions stemming from interactions
between pairs of density fluctuations:

1
Mg (®) = 5 ) Veq b (O)bq-i(0) (1.8)
k

In this way Eq. (1.6) becomes mathematically closed and can be solved,
numerically, once provided the coefficients V; ,_, that couple the modes.
These are expressed in terms of static correlation functions, like the
structure factor S(q). The temperature enters the theory via the tem-
perature dependence of S(q).

MCT predicts that above the Tycr(p), ¢4(t) decays through a two step
relaxation, displaying a fast and a slow decay to zero. With the fast re-
laxation ¢,(t) reaches a plateaux value f;, called nonergodicity parame-
ter. Then ¢,(¢) is allowed to decay to zero only when the slow relaxation
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is completed. Besides, upon approaching Tycr(p) from above the slow
relaxation greatly separates on the time scale from the fast relaxation
which is approximately constant in temperature. The region where ¢,(t)
approaches f; is called f-relaxation regime, see Fig. 1.10, while the long
time decay it is called a-relaxation regime. MCT predicts that the time
scale of the f-relaxation, t., has the form:

1
te = tol€|2a (1.9)

where t, is a microscopic time and € = %ﬁ;(m the distance parameter.
In the early f-regime, i.e. the initial part of the plateaux, ¢,(t) has
the power law behavior:

¢q(t)_fq“t_a (1.10)

and that on the late-f/early-a regime, i.e. when ¢,(t) departs from the
plateaux region, ¢,(t) has the power law behavior:

fo — Pq(t) o t? (1.11)

Also the relevant scale time of the a-relaxation follows a power law, being
its form given by:
Tq = tole|™Y (1.12)
a, b and y are parameters of theory, typically dependent on pres-
sure [40], related by the transcendental equation:

r’(1+b TI?*(1-a)
r(1+2b) TI(1-2a)

(1.13)

where I' is the gamma function and 0 < a < 0.5 and 0 < b < 1 and the

relation:
1 1

TR
The parameter b is also called the von Schweidler exponent.
MCT also predicts the time-temperature superposition principle, i.e.
the fact the that correlators rescaled by the relevant temperature depen-
dent time scale t,(T) collapse in to a master curve ¥ in the a-relaxation
regime (slow part of correlators):

V() = ¢(t/10) (1.15)

Upon approaching T, from above, the dynamics become more and
more slow until the a-relaxation time in Eq. (1.12) diverges and the tran-
sition to a non-ergodic phase takes place. Correspondently ¢, (t) settles
on the value of the plateau value f, ceasing to decay. Generally speak-
ing, this non-ergodic phase, characterized by structural arrest, is what
we call a glass. In most liquids few degrees above Ty new relaxational

(1.14)
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mechanisms, called hopping phenomena, set on and particles can es-
cape the cage of nearest neighbors by jumping towards outer coordina-
tion shells. Those temperature-activated hopping phenomena, included
in the extended MCT and described also by Goldstein [41], smear out the
divergence of the a-relaxation time and dominate the dynamics under
Tycr, allowing the correlator ¢,4(t) to relax to zero also below Tycr. As
a consequence, the predictions of the idealized MCT are expected to be
valid on approaching Tycr only from above for those system for which
hopping phenomena restore ergodicity, like, we will see, water. When
also hopping is frozen, ergodicity is lost and the system become a glass.

The success of the theory was based on clear prediction of scaling
laws that could be verified on both experiments and simulations.

In summary, MCT predicts that density fluctuations decays via a two
step relaxation process, and the blocking of the motion of any particle by
its surrounding particles is the microscopic origin of the slowing down
of the structural a-relaxation. The behavior a la MCT has been firstly
observed in hard and soft spheres, Lennard-Jones spheres and binary
mixtures of soft spheres and of Lennard-Jones particles [37], then in
water by Gallo et al. [42].

In Figure 1.11 we show a example of the oxygen-oxygen SISF of water
showin the two step relaxation process and the cage effect upon cooling.
The curves are calculated at different temperatures on SPC/E [42]. The
shape of the SISF of supercooled bulk water was modeled according to
MCT by Gallo et al. [42] and Sciortino et al. [43]. To take into account
both the fast sub-picosecond relaxation and the a-relaxation and thus
reproducing the two-step behavior of the SISF, they used the following
functional form:

F(q.t) = (1 = f)e” /7" 4 f e/’ (1.16)

The Gaussian function with time constant z, takes into account the ini-
tial ballistic motion inside the cage, the stretched exponential function,
known as the Kohlrausch-Williams-Watts function, takes into account
the structural a-relaxation, with time constant 7, and the stretching pa-
rameter (,. As seen from the inset, §, < 1 indicates stretched dynamics.
In the case of SISF, the ergodicity parameter f, is the Lamb-Md&ssbauer
factor, the analogous of the Debye-Waller factor for single particle dy-
namics.

Length scale for probing dynamics

According to [37, 44], the most important contribution to Eq. (1.8)
comes from fluctuations with wavevectors of microscopic size, with g
close to the first peak of the structure factor. This is because the mi-
croscopic mechanism of structural relaxation proposed by the MCT is
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Figure 1.11: Oxygen-oxygen SISF of SPC/E water showing the two step relaxation,
calculated at Q = 2.25 A~1. Solid lines are calculated according to Eq. (1.16).
The inset shows the T—dependence of the exponent § associated with the slow
a-relaxation. Figure from Ref. [42].

based basically on the interaction with first nearest molecules, so that
fluctuation of density on particle distances of the order of the nearest
and next-nearest neighbor shells are the most relevant ones for possi-
ble structural arrest. In that respect, water is typically probed at g4, =
2.25 A~1, which approximately corresponds to the first peak of the struc-
ture factor. The fact that this particular wavevector contributes the most
in the slow dynamics also influences light scattering experiments, that,
although probing very low g values, can extract correct 7,(qmqy) be-
cause the experimental spectra are due to the second-order scattering
described by the self-convolution over frequency of the structure factor

S(@max> w) [43].

1.2.2. Strong and Fragile liquids

Supercooled liquids appear to fall into two broad classes proposed by
Angell [46]. The difference is based on the behavior of the viscosity or of
the relaxation time of the liquid upon cooling toward the glass transition
temperature. This difference is evident when these quantity are plotted
in a Arrhenius fashion shown in Figure 1.12. The temperature axis is
scaled by the glass transition temperature, typically is chosen to be that
at which the viscosity reaches 103 Poise, the relaxation time reaches
1023 s or the calorimetrically determined one. From both the Figures,
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two patterns are seen: liquids exhibiting Arrhenius behavior over the
entire temperature range are named strong, liquids exhibiting deviation
from the Arrhenius behavior are termed fragile.

Strong glass formers, such as SiO, and GeO,, are covalently bonded,
network-forming liquids with tetrahedrally coordinated structures that
persist across the glass transition. Arrhenius plots are essentially linear
for these liquids, implying that transport in the liquid is largely governed
by thermally activated processes or “barrier hopping” [26]. The struc-
tural relaxation time of strong liquids, as well as their viscosity, can be
therefore describe by the following Arrhenius law:

E4
Ty = To €XP kB_T . (1.17)

In fragile liquids, at strict variance to strong liquids, any remnants
of the structure in which a fragile liquid has vitrified, disappear upon
heating. Fragile liquids can be described by relaxation times that follows
the Vogel-Fulcher-Tamman (VFT) law, given by:

DT,
T—T,|

Tazroexp[ (1.18)

where 79, D and T, are constants. T is often referred as the temperature
of ideal glass transitions, but its relation with the real glass transition
temperature is highly debated [2] and in general this doesn’t coincide
with the real glass transition of the system, typically it is lower. D is the
fragility parameter whose variations between 5 and 100 can described
supercooled liquids from fragile to strong extremes in the Angel plot [46].

Equivalently, relaxation times (and viscosities) of fragile liquids can
be described via the MCT power law:

Tq = To(T — Tycr) ™Y (1.19)

It is to be underlined that, generally speaking, the ideal glass tran-
sitions temperature, T,, and the mode coupling temperature, Tycr, do
not coincide. Their typical ordering, with respect to the glass transition
and the melting temperature of a glass forming liquid, is shown in Fig-
ure 1.13.

1.2.3. Connection with the thermodynamics: Widom Line and Frag-
ile to Strong Crossover
Water is anomalous also in respect to the classification introduced by
Angell. As seen from the Figure 1.12, the curvature of viscosity of water
effectively seems to be more pronounced with respect to other liquids.
The experimental investigation at lower temperature is indeed hampered
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in bulk water by the homogeneous nucleation. Therefore it has been
shown by computer simulations [42, 47], that water behaves in the mild
supercooled region as a fragile liquid (in accordance with experiments),
but also that actually exhibits a Fragile to Strong Crossover (FSC) de-
pending on the pressure or density of the isothermal path followed upon
supercooling.

As mentioned in the Section 1.2.1, MCT neglects, in its ideal version,
hopping phenomena that restores ergodicity under Ty r. These phenom-
ena cause the deviation, before approaching the Ty .r from above, of the
structural relaxation time 7, behavior from the MCT power law or the
VFT, in favor to the strong Arrhenius law.

As seen in Figure 1.14, depending on the path water can or not show
the FSC. This is because it occurs only if the path followed upon cooling
intersects the LLCP Widom line. This coincidence has been demonstrated
to hold in several models of water [32, 38, 42, 47], and experimentally it
was confirmed in confined water [48, 49].

We recall that the Widom line is defined by the maxima of thermo-
dynamic response functions toward the LLCP. The coincidence of the
occurrence of the FSC with the Widom line establishes the non-trivial
connection between the dynamics and the thermodynamics of bulk su-
percooled water.

1.3. Supercooled Water in Biological Systems

Water plays a paramount role in biological systems. Water is in fact
essential for life [11]. Water permeates the biophysics at every level,
from the water contained in living cells to single water molecules directly
bounded to polymer chains, water is also present. Water is indeed the
natural ambient of almost all bio-systems. In this Section two case where
liquid water at low temperature is important for biological systems, are
outlined.

1.3.1. Supercooled Hydration Water Drives the Protein Dynamical
Transition

One of the most striking example of the biological role of supercooled
water is the low-temperature activation of hydrated proteins.

In fact all the functions of a protein are inhibited if a minimum crit-
ical level of hydration is not secured. Without hydration water proteins
can not access nor switch between different conformations and therefore
fulfill their roles in biological environment. From the dynamical point
of view, these importance is embedded in the dynamical coupling be-
tween the protein internal motion and its hydration water. Many studies
using a variety of techniques have been carried out on biological macro-
molecules from the stable liquid phase to the supercooled regime aimed
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in the understanding of this coupling [50-52].

In addition to being important for protein stability, and in the energet-
ics and specificity of ligand binding, surface waters also have a profound
influence on the dynamics of a protein molecule as a whole.

Assessed the role of hydration water in protein functioning and the
connection of this last with protein flexibility, one of the most striking
example of the biological role of supercooled hydration water is that the
flexibility of a protein, strongly suppressed at very low temperature, sud-
denly enhances, upon heating, inside the no-man’s land of the phase
diagram of water. This dynamical feature, that only hydrated proteins
undergo, is called Protein Dynamical Transition (PDT) and it is completely
driven by the hydration water because dry protein samples do not expe-
rience this flexibility increase.

Changes in the flexibility of a protein can be monitored by looking
at the temperature dependences of mean square fluctuation of protein
structure, i.e. the atomic mean square displacement of protein atoms,
(xZ(T)). For large macromolecules like proteins, this can be written as a
sum of a vibrational component and a conformational component [53]:,
thus giving:

(x*(1)) = (x*(D)), + (x*(D)), (1.20)

Below the PDT, (x2(T)) is dominated by vibrations, and thus, apart from
the zero-point constant value, is linear with the temperature. This is also
the normal behavior of (x2(T)) for small organic molecules and harmonic
solids [13]. If the protein is hydrated, the behavior of (xZ(T)) deviates
from this linear behavior and the additional conformation contribution is
observed. The onset of this last define the PDT itself. The conformational
contribute is due to the activated surface motion of protein domains and
gives the extra mobility to hydrated proteins at strictly variance of dry
samples. Thus above the PDT, the (x?(T)) results to be dominated by
anharmonic collective motion of protein atoms [12]. This phenomenon
is shown in Figure 1.15 for protein ribonuclease A, where if the low and
high temperature regimes are extrapolated, the PDT can be located near
220 K.

Importantly, in coincidence with the PDT, as detected in this way, bio-
chemical activity of many proteins is restored upon increasing temper-
ature. For instance, enzymes have been observed to rapidly bind sub-
strates or inhibitor above the dynamical transition, probably because
without collective motions of protein atoms the enzymes are too “frozen”
to accomodate them [12].

This transition has been observed in neutron scattering experiments
[54-56], as well as in simulation works [55, 57-60] and terahertz dielec-
tric response experiment [61]. It is found actually not only in proteins,
but in a variety of biological macromolecules like RNA, DNA and mem-
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Figure 1.15: Dependence with temperature of the average atomic MSF calculated
in the protein ribonuclease A. The transition is broad.

branes [60, 62]. For all these different system, PDT occurs in a universal
interval, between 200 K and 240 K. It is therefore in the supercooled
region that hydration water most influences the internal dynamics of
hydrated biosystems.

1.3.2. The Problem of Cryopreservation

The physics of supercooled water also deals with more practical fields
like long term storage and cryopreservation. Cryoprotectors are molecules
which can prevent the ice formation and therefore the damage of biomo-
lecules at low temperature.

Disaccharides are in general widely used as excipients because they
favors the stabilization in water solution of biological material as proteins
and cells [63, 64]. This behavior becomes most valuable to case of stabil-
ity during freezing and dehydration [65]. Thus today are widely employed
in preparing cryoprotectant solutions because of their biocompatibility.

Between sugars, trehalose is today believed to be the more effective for
this purpose. Trehalose is a non reducing-sugar formed from two glucose
units joined by a 1-1 a-bond. Its structure is shown in Figure 1.16.

Many have been the attempts to explain its effectiveness as cryopro-
tectant [66-70] especially as in relation to other disaccharides [71-77]
in water. Trehalose is able to destroy the water hydrogen-bond network
more than other sugars, which should prevent ice-compatible hydrogen
bonding networks upon cooling. Trehalose also slow down more consis-
tently the water dynamics.

The cryoprotectant properties of trehalose and other sugars have been
also extensively investigated in ternary systems where different proteins
are included in sugar-water solutions or glassy matrix [78-82]. Histor-
ically three main scenarios have been proposed for explaining the bio-
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Figure 1.16: Three-dimensional structure of the disaccharide trehalose.

protection mechanism of carbohydrates. Within the water replacement
scenario by Crowe et al. [83], the source of their bio-preserving power is
their ability in establishing strong hydrogen-bond interactions with the
polar groups of biomaterials, thus excluding water molecules from the di-
rect interaction with the latter. In the vitrification scenario by Green and
Angell [84] the mobility of the biomolecule is hindered because of the vit-
rification of the entire trehalose-water solution upon cooling. According
to the water entrapment scenario by Belton and Gil [85], trehalose is ca-
pable of forming a cage around the protected biostructure, that contains
slow water molecules.

Some works point in general to a certain scenario, but in literature
results are in general compatible with more than one scenario at the
same time, basically because all these hypothesis are not mutually ex-
clusive. This last point motivated the work of Fedorov et al. [86], that
with the attempt to include previous findings proposed the fourth hy-
pothesis for explaining bioprotection, the broken glass scenario scenario,
in which the mobility of the protein is reduced by the formation of tre-
halose non-uniform cluster interacting with the protein but leaving the
protein hydrated.

The role of trehalose in bioprotection along with the crucial controver-
sial points in its current research field has been last year deeply reviewed
by Cordone et al. [14].



Methods

In this Chapter the methodology used to study water, biological so-
lutions and lithium-chloride water solutions are introduced. All Atom
Molecular Dynamics is a computer simulation method for studying the
physical evolution of a system. This N-body simulation method is firstly
outlined in Section 2.1. Interactions potentials as handled in Molecu-
lar Dynamics and the force fields used in the simulations of this work
are presented in Section 2.2. Finally, in Section 2.3 observables used to
probe the structural and dynamical properties of the simulated systems
are described. In this last section, details of the technical methods used
for the calculation of observables are also given.

2.1. All Atom Molecular Dynamics Simulation

In Molecular Dynamics (MD), successive configurations of the system
are generated by integrating Newton’s laws of motion [87]. The result is
a set of trajectories that describes how the positions and velocities of the
particles in the system vary with time in a deterministic fashion.

In the liquid state the motion is often very difficult to describe ana-
lytically due to the coupled nature of the motion of particles. The more
realistic models of intermolecular interactions are continuous potentials,
where the force on the particle changes whenever the particle changes its
position or any other particles interacting with it changes position [88].

A continuous potential was employed in a MD simulation for the first
time in 1964, when Rahman [89] used the Lennard Jones potential in
the simulation of liquid argon. Rahman together with Stillinger also per-
formed in 1971 the first MD simulations on liquid water [90]. From that
time, many important contributions in MD have been done, both from
the side of the modeling of interaction potentials that could better re-
produce real dynamics of systems, and from the computational methods

29
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side, that much have evolved this techniques also following the progres-
sive increased availability of computing power.

Nowadays MD simulations are widely used by theoretical physicists
and chemists working in condensed matter physics and, in particular,
in soft matter where often many-body problems cannot be solved analyt-
ically. Besides, in the field of supercooled water MD simulations played,
as seen in the Introduction, and plays even now a paramount role.

2.1.1. The MD technique
The Hamiltonian of the simulated system which contains a fixed num-
ber of particles N is in general given by:

N 2 N N
p.
HQY,pY) = KDy Py P+ U@L T2y F) = ) 254035 u(ri—ry) (2.1)
i=1

i=1 j>i

where K is kinetic energy and U is the many-body interaction potential.
Typically the latter is assumed to be a pairwise potential and in this case,
the right equality of Eq. (2.1) holds.

As already said, the trajectory of the particle is obtained by solving
the differential equations embodied in Newton’s second law:

m-dzri D (2.2)
bodt dt t Ti
dr; p;
V; = _dt = E (23)

These equations are integrated using a finite difference method. This in-
troduces a discretization §t of the temporal axis, and given the positions
and the velocities of the particles at time t, the positions and the veloci-
ties of the particles at time t + §t can be computed. Thus positions and
velocities of particles are calculated in a deterministic way. Details about
integration algorithms are given in Sec. 2.1.2.

In order to setting up the MD simulation, it is necessary to produce
an initial configuration of particles. Suitable initial space configurations
are usually assembled by placing the particle at the vertices of stan-
dard lattices. In more complex solute-solvent systems, realistic confor-
mations of molecules are taken from crystallographic data. The structure
of large macromolecules like proteins and amino-acids can be obtained
from the Protein Data Bank, a database where data obtained by X-ray
crystallography, NMR spectroscopy, and cryo-electron microscopy, are
freely accessible on the Internet via the websites http://www.wwpdb.org/.
Nowadays simulation packages like GROMACS [91] include the topology
of many common solvents and make available proper tool to add the sol-
vent molecules around a solute. For solute-solvent systems for which it
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is not available a proper topology inside the simulation package, the gen-
eration of the spatial configuration of molecules is task of the simulator.
This is done by creating a box of solvent molecules, placing the solute
inside and by discarding those solvent molecules too close to the solute.

Velocity configurations are created according to random values. It is
common way to generate velocities from the Maxwell-Boltzmann distri-
bution centered at the temperature of interest:

1/2 2
(s _Lmogy 2.4)
p(le) - Zn_kB eXp 2 kBT .

which provides the probability that at the temperature T, the particle i
of mass m; has a velocity v;, along the X axis.

The first stage of the MD simulation is the equilibration of the sys-
tem which is aimed to reach the equilibrium. Starting from the initial
configuration, the system is then allowed to run for periods of time long
enough to fully relax. When the simulation involves conformationally
flexible macromolecules, as proteins in water, the solvent is allowed to
relax first with any counter-ions while the macromolecules is kept fixed.
Then the entire system is allowed to relax without any constraint. In
the equilibration stage it is typical to monitor the convergence towards
a time-independent value of the energy of the system. Once the energy
is minimized, all counters are set to zero and the system is allowed to
evolve. This last stage is commonly named production run.

MD simulations generate therefore the microscopic evolution of a sys-
tem, that is positions and velocities. This corresponds to a sequence of
points in the phase space as a function of time, these points belong to
same ensemble and thus satisfy the conditions of a particular thermody-
namic state. Especially to face off experimental data, macroscopic prop-
erties as energy or other thermodynamic functions of the system must be
evaluated from the information at microscopical level. Therefore a con-
version from microscopic to macroscopic properties is to be done. This
requires statistical mechanics.

In statistical mechanics, average values are defined as ensemble av-
erages. The ensemble average of the observable of interest A = A(r", pV)
is given by:

(4) = [ [ ax¥dp¥ aG,pVypc", ") 2.5

where integrations are over all possible variables of r and p of the phase
space and p(r",p") is the probability density of the ensemble. This can
be written through the the partition function Z of the ensemble as:

1
p(™,pY) = 7 exp [-H(Y, p*)/ (esT)] (2.6)
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where H is the Hamiltonian, kp the Boltzmann constant and T the tem-
perature.

In the MD technique the ergodic hypothesis is implied. Then the en-
semble average is equal to time average:

(4) =(4),,.. (2.7)

and the ensemble average of the quantity A can be therefore written as:

¢ M
(4)=(4)_ = lim 1 f AN, pMydt' ~ %ZA(rN,pN) 2.8)

t—o+oo 0

where t is the simulation time, M is the number of time steps in the
simulation and A(r",p") is the instantaneous value of A.

The validity of the ergodic hypothesis in MD simulations is strictly
related to the generation of enough representative conformations of the
phase space. If this is the case, the equality (2.7) is satisfied and the sig-
nificant observables regarding structure, dynamics and thermodynamics
can be calculated via Eq. (2.8).

The sampling of enough phase space during a MD simulation requires
that the simulation time exceeds by far the characteristic time of molec-
ular motion. For this reason the MD simulation of a given state point
is divided in two part previously discussed, i.e. the equilibration runs
during which trajectories are evolved until the equilibrium is reached
(typically with algorithms that rescale velocities), and production runs
during which equilibrated trajectories are stored.

There exist different ensembles with different characteristics depend-
ing on the thermodynamic state of the collection of configuration. These
comprehend:

* The Microcanonical Ensemble (NVE), when the thermodynamic state
is characterized by a fixed number of atoms N, a fixed volume V, and
a fixed total energy E.

¢ The Canonical Ensemble (NVT), when the thermodynamic state is
characterized by a fixed number of atoms N, a fixed volume V and
a fixed temperature, T.

¢ The Isobaric-Isothermal Ensemble (NPT), when the thermodynamic
state is characterized by a fixed number of atoms N, a fixed pressure
P and a fixed temperature T.

¢ The Grand canonical Ensemble (uVT): when the thermodynamic
state is characterized by a fixed chemical potential u, a fixed vol-
ume V and a fixed temperature T.
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Since in the Microcanonical Ensemble the total energy of the system E =
K +V is conserved, this corresponds to the natural ensemble of MD when
no rescaling of velocity is performed. There, for example, the temperature
of the system is a calculated property. This can be accomplished via the
equipartition theorem by:

2(K)

~ BN = Nk (2.9)

where N, is the number of constraints (for example N, = 3 if the the sys-
tem center of mass motion is removed). The pressure can be calculated
using the virial theorem:

_ NkpT — (v)

- (2.10)

where V = %Z?’:l r; - F; is the virial.

MD simulations run under the (NPT) and (NVT) constant conditions
will be discussed in Subsec. 2.1.3.

Relevant to MD simulations is the suitable treatment of boundaries.
Periodic boundary conditions (PBC) are usually applied to calculate bulk
gasses, liquids and crystals. This has indeed a twofold importance, be-
cause it avoids artifacts due to the boundaries of the finite simulation box
(that can act as an external field) and, from the computational point of
view, it enables to perform MD simulations with a relatively small num-
ber of molecules. Figure 2.1 shows the common form of PBC applied for
particle balance in a 2D system. The central simulation box is replicated
in all directions to construct image boxes, which give rise to a periodic
lattice. Consequently, to each particle leaving the central box always cor-
responds one of its image entering the box from the opposite side. This
preserves the number of particles in box.

2.1.2. MD integration methods

There are many algorithms of finite difference method for integrating
the equation of motion used in MD simulations. All of these assume
that positions velocities and accelerations can be approximated as Taylor
series expansions [88]:

r(t + 8t) = r(t) + v(£)6t + za(t)6t? + 2b()6t3 + -
v(t + 8t) = v(t) +a(t)St + Lb()5¢% + - (2.11)
a(t + 6t) = a(t) + b(t)5t + -

The Verlet algorithm [92] is frequently used in MD. This algorithm uses
the position r(t) and the acceleration a(t) at time ¢t and the position at
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Figure 2.1: lllustration of PBC in MD simulations. Figure from ref [88].

the previous step r(t — 6t) to calculate the position at time t + §t and the
velocity at time t:

r(t + 8t) = r(t) + v()6t + za(t)5t? + -

1 (2.12)
r(t — &t) = r(t) — v(t)st + ;a(t)5t? — -
Adding and subtracting the two equations gives:
r(t + 6t) = 2r(t) — r(t — 8t) + a(t)5t?
( ) () —x( ) +a(t) (2.13)

v(t) = [r(t + 6t) —r(t — 8t)] /(26¢)

This algorithm is fast and has some advantages, as for example the mod-
esty of the storage requirements, but it also shows drawbacks: for exam-
ple the position r(t + 6t) is obtained by adding a small term (~ §t?) to the
difference of two much larger terms which can lead to a loss of precision.
Besides velocities are generated at the same time of the position, but are
one time step behind.

Several variants of the Verlet algorithm have been developed which in
general enhance the velocity of execution or the precision. One of them
is the leap-frog algorithm, that makes use of the velocity at half time
intervals. This is done in two steps. First, the velocity at time (¢t + %5 t)
is computed from a(t) and v(t — %&):

v(t+ 16t) = v(t — 36t) + a(t)st (2.14)
then the position at time (¢t + %6 t) is obtained via:

r(t + 56t) = v(t) + v(t + 26t)6t (2.15)
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Figure 2.2: A diagram of the leap-frog iteration algorithm. Continuos line indicates
the storage of position. Dashed line indicates the storage of velocities. From ref.
[88].

This algorithm yields more accurate positions because they are calcu-
lated using velocity at a closer time. The velocity at time t can be finally
calculated with:
v(t + 38t) — v(t — 36t

v(t) = (tt 7 )2 (£~ 300 (2.16)
which, again, is not directly generated at the same time of the position,
but it is half time step behind. In this algorithm the velocity and the
position of a particle are thus stored in such a way they leapfrog over
each other. This is graphically shown in Figure 2.2.

2.1.3. Constant temperature and constant pressure MD

As seen in Sec. 2.1, the natural ensemble of basic MD is the NVE en-
semble. Even in the constant NVE simulation, it is however common to
regulate the temperature during the equilibration phase. Besides, some-
times it can be necessary to perform MD simulations under conditions of
constant temperature and/or constant pressure, with the purpose, e.g.,
to mimic real thermodynamic condition of an experiment. Nowadays
a variety of thermostats and barostats are actually available to accom-
plished this need.

The temperature of the system is related to the time average of the
kinetic energy by equation (2.9). This prompts to the easiest way to alter
the temperature of the system: rescaling the velocities. If the velocities
are multiplied by a factor 1 at time ¢, the variation of the temperature in
the unconstrained system is given by:

N
AT = 1 2m (Avi)z 1 Z 2m
T 2443 Nkg 2 £i3 N

Thus in order to drive the current temperature of the system T(t) to the
desired value T*, velocities must be multiplied at each time step by a
factor 4 given by:

= (22 = DT(?) (2.17)

T*
T(0)

(2.18)
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An alternative way to control the temperature of the system is to cou-
ple it to an external heat bath that fixed the desired temperature by sup-
plying or removing heat from the system. This method, introduced by
Berendsen et al. [93] in 1984 gives exponential decay of the tempera-
ture of the system towards the desired temperature value. The change
in temperature between two successive time step is given by:

dr(t) 1 6t
T ;(Tbath —-T()) - AT = ?(Tbath - T()) (2.19)

where 7 is the coupling parameter between the bath and the system and
Tparn the temperature of the external bath. The velocities are then scaled
at each time step by a quantity proportional to the difference of the tem-
perature between the bath and the system:

1/2
A= [1 L <T”“”‘ — 1)] (2.20)
T \T(t)
Berendsen method does not generate rigorous canonical averages, but
they differ from the values of canonical ensemble typically of O(1/N) [87].
In most cases this accuracy is enough and the Berendsen method is
indeed common used in MD simulations.

As it is desired to control the temperature, so it is to control the pres-
sure of the system. A macroscopic system maintains constant pressure
by changing its volume. The same can be done during the simulation.
Many methods used for controlling the pressure are similar to those used
for temperature control. Thus the pressure can be maintained at a con-
stant value by scaling the volume by a factor 4 as follows:

r, = A/3r; (2.21)

In the Berendsen method the system is coupled to a “pressure bath”,
analogous to the temperature bath, thus the change of pressure can be
obtained as follows:

dP(t) 1 _ ot
T = ;(Pbath — P(t) -  AP= ;(Pbath —P(t)) (2.22)

where 7p is the coupling pressure constant, P, the pressure of the bath
and P(t) the instantaneous value of the pressure in the system. Volume
is then rescaled by:

ot
A=1- KT; (P = Pyaen) (2.23)

where k7 is the isothermal compressibility describing the change of vol-
ume as response to the pressure.

S 2.24
K__V<6_P)T ( )
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2.2. MD Forcefields

Potential energy terms can be split in the two term relative to the
intramolecular interactions (bonded interactions) and the intermolecular
interactions (non-bonded interactions):

U = Upondea + Unon-bondea (2.25)
The general form of the intramolecular part is:
ubonded = ustretch + ubend + utorsion (2-26)

where Ugreren describes oscillations about the equilibrium bond length,
Upena describes oscillations of three atoms about an equilibrium bond
angle, and U;y,sion describes the torsional rotation of four atoms about a
central bond. Rigid potential, like the SPC/E or the TIP4P, constrain the
internal motions of particles.

The intermolecular part of the potential is typically written as:

Unon—bonded = UL] + Ucoutomp (2.27)
where U, is the Lennard-Jones (LJ) potential:

Uy, = 4e [(;)12 - (%)6] (2.28)

and Ucouomp 1S the electrostatic potential:
qi4;
r

The most consuming part of the MD simulation is the calculation of
non-bonded interactions, which, in the most cases have a pairwise form.
Typically, non-bonded interaction are handled with a non-bonded cutoff
and with the minimum image convention. According to this convention
each particle in the simulation box interacts only with the closest image
of the remaining particles in the system. When the non-bonded cutoff
is employed, the interaction between pairs at distance major than the
cutoff value are set to zero and are therefore calculated only for distance
1 = vy —r;| < 1 < L/2, where L is the linear dimension of the box
and the upper limit is introduced to avoid considering the same particle
twice due to the PBC. The choice of the non-bonded cutoff is more critical
when PBC are set in systems which contain large macromolecules. This
is shown in Figure 2.3, where the linear dimension of the cubic box must
be large enough to avoid interactions of the solute with itself.

With the introduction of the cut-off scheme for non-bonded interac-
tions, corrections must be in general introduced in the interaction po-
tentials [87]. For short range potential, as the Lennard-Jones potential,
corrections are typically performed in the real space. For long range po-
tential, as the electrostatic interactions, corrections are often handled in
the Fourier space with the Particle Mesh Ewald method (PME).

Ucoutomb = (2.29)
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Figure 2.3: lllustration of PBC and minimum image conventionin MD simulations.
Adapted from Ref. [88].

2.2.1. The SPC/E model of water

Berendsen et al. [94] developed the simple point charge extended (SPC/E)
model of water in 1987. This potential consists of an improvement of the
existing SPC (simple point charge) [95] model with the inclusion of a po-
larization correction to the energy and the consequent reparametrization
of the SPC model. This was aimed to best reproduce properties of polar
liquids.

The SPC/E tetrahedral water molecule is shown in Figure 2.4(a). The
three interaction sites are coplanar, the OH distance is 1 A and the H-
O-H angle is 109.5°. Point charges lie on the oxygen position with q, =
—0.8476e and on the hydrogen positions with qy = +0.4238e. On the
oxygen position also lies the only Lennard-Jones interaction site of the
molecule with €5, = 0.650 kJ/mol and o, = 3.166 A.

The complete interaction potential of the i-th water molecule can thus
be written as:

12 6 2
Oij Oij e 4iq;
u(n) = 4€; [(ri_r) (ri_rj) ]+ Fes =] (2.30)

2.2.2. The TIP4P/2005 model of water

The TIP4P-series consist of several potentials of water sharing the
same water molecule geometry and differing in the parametrization. They
comprehend the TIP4P [96] firstly developed in 1985, the re-parametrization
TIP4P-Ice [97] aimed to better reproduce those regions of the phase di-
agram of water competing to the different solid phases of crystallin and
amourphous water and the two re-parametrizations TIP4P/Ew [98] and
TIP4P /2005 [99] that yield successive improvement exemplified by the
TMD, diffusion coefficient etc. in water. Today TIP4P/2005 behaves the
best between rigid potential model of water [100].
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Figure 2.4: Geometry of SPC/E (a) and TIP4P/2005 (b) models of water.

The geometry of the water molecule described by any TIP4P-X model
is shown in Figure (b). The water molecule is represented by four interac-
tion sites. On both the hydrogen atoms lyes a charge site qy. The oxygen
atom is the LJ interaction site of the molecule and it is spatially sepa-
rated from the charge point that described its electrostatic interaction. A
negative charge site M with q, = —2qy is thus placed along the bisector
of the H-O-H angle and coplanar with the other three interaction sites.

In TIP4P/2005 the OH distance and the the H-O-H angle are fixed to
the experimental values, 0.9572 A and 104.52°, respectively. The O-M
distance is 0.1546 A. LJ interaction parameters are €5, = 0.7749 kJ/mol
and 0y, = 3.1589 A. The charge qy is equal to +0.5564e.

2.2.3. The JC-TIP4P/2005 potential of LiCl-water solutions

The JC-TIP4P/2005 potential [101] describes the interaction potential
between particles in LiCl-water solutions.

In this forcefield on each ion position is placed a LJ site and a point
charged site. Ions LJ parameters are those from Joung and Cheatham
[102] and electrostatic charges are +e for the Li* ion and —e for the CI~
ion. The LJ interaction parameters and charge sites of water are those
of the TIP4P/2005.

The potential of the ionic solution is written then as a combination of



40 2. Methods

a LJ and a Coulombic electrostatic potential in the form:

12 6
N =ae () (U 44,
u(r;) = 4e; [( n-,-) <n-j) ]+ pre— (2.31)

where 7;; is the distance between two interacting particles and g; is either
the charge of an ion or the charge of a water site.

Within JC-TIP4P /2005 potential, the crossed interactions are obtained
with modified Lorentz-Berthelot combining rules:

Oii + 0ij

. (2.32)

€ij = X /€ii " €jj; O0ij =1
with y = 1.88 and n = 0.934 [101], against the y = 1 and n = 1 value of LB
rule, that corrects the ion pairing structure.
The JC-TIP4P /2005 ion-water and ion-ion parameters for the LJ form
of the potential used in this work are reported in Table 2.1.

Table 2.1: lon-water and ion-ion LJ interaction parameters in JC-TIP4P/2005 po-
tential [101].

Atom pair ¢;; (kJ/mol) oy A)

O0-0 0.77490 3.1589
Lit -Li* 0.43509 1.4397
ClI” - CI” 0.04879 4.9178
Lit - O 0.58065 2.2993
Li* - CI” 0.27392 2.9626
ClI" -0 0.19444 4.0383

2.2.4. The CHARMM FF for proteins and disaccharides

CHARMM (Chemistry at Harvard Macromolecular Mechanics) is a set
of force fields widely used for molecular dynamics of protein [103, 104],
nucleic acids [105, 106], lipids [107], saccharides [108, 109] and other
biochemical compounds and ions, freely accessible from the Internet at
the website http://mackerell.umaryland.edu/charmm_ff.shtml.

Interaction potentials of CHARMM are divided in two contribution: (i)
interactions between chemically bonded nearest neighbors and (ii) inter-
actions beyond the chemically bonded neighbors. The first group con-
sists of the bonded energy terms that describe bond stretching, angle
bending, dihedral and improper dihedral energy. The second group con-
sists of the non-bonded energy terms described by Lennard-Jones and
Coulomb potentials.
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The complete interaction potential of the latest CHARMM force fields
has the following form:

U = Upondea + Unonvonded (2-33)

where Upongeq consists of the terms:
ubonded = ubond + uangle + uUB + udihedral + uimproper + UCMAP (2-34)

where:

Upona = ) Ky(b =0,

bonds

uangle = z Kg(0 — 90)2'

angles

— 1-3 1-3,02
Up= D Kyp®'™s—b1307,
Urey—Bradley

Uginearar = ). Kg((L+cos(ng - 5)),
dihedrals

uimproper = z Ky(w— wo)z'

impropers

Uemar = Z Ucmap (D, V)

residues

(2.35)

and Uyonpondea of the two terms:

Unonbonded = uL] + Ucowr (2.36)

PN o \°
Uy = il =] -2
non—bond.pairs y u (2 37)

qiq;
€oTij

where:

Ucour =

non—-bond.pairs

CHARMM includes the values of naught terms (e.g. b° in Upypq), force
constants (K;), other parameters (e.g. n,§), the partial charges q; and the
LJ parameters (¢;; and o;;). Cross interaction parameters are obtained
with the Lorentz-Berthelot combining rules.

For comparison with equation (2.26), CHARMM introduces two terms,
Uy and Uepyap, that merit explanation. The Urey-Bradley term, Uyp, is a
harmonic term in the distance between atoms 1 and 3 that forms an angle
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0. The term has been introduced for improvement of in-plane deforma-
tions and vibrational spectra by separating symmetric and asymmetric
bond stretching modes [103]. The CMAP term [104] is a cross-term for
the backbone dihedral angles ¢ and Y realized by grid based energy cor-
rection maps. This is applied in CHARMM forcefield to improve dihedral
angles of only protein backbones.

2.3. MD Observables

This section gives the definition of observables which are used in this
study and that can be calculated directly from the MD trajectories.

Generally speaking, observables in MD are divided between the ones
probing the structure and the ones probing the dynamics of the simu-
lated system. Conceptually they differ in the methods of evaluation. If
the quantity A is static, function of the N instantaneous positions and/or
velocities of the system, the mean value of 4 is calculated at each config-
uration i and then averaged over the N stored configurations:

N
1
(4) = N ZAL'(I'N'PN) (2.38)
=

If the quantity A is dynamical, i.e. it is a time-dependent properties of
the system, firstly the trajectories must be expanded by removing the
PBC, then the instantaneous mean value of A at time step t is obtained
by averaging the value of A over all possible initial time:

1
(A(t))=WZ Z A(t, — t) (2.39)

t, t,—t;=t

2.3.1. Dynamical quantities
Self Intermediate Scattering Function

The SISF is defined as the spatial Fourier-transform of the self part
of van Hove function, G¢(r,t):

F(q,t) = f Gg(r, t) exp(—iq - r)dr (2.40)

It can be shown that the SISF is the autocorrelation function of the
Fourier components of the local density p(r, t):

N
1 1 .
F,(q,t) = ﬁ<pq(t)p—q) = (N Z ezq-(ri(t)—ri(O))) (2.41)
i=1

Equation (2.41) can be directly computed from the atomic trajectories
and it is therefore preferred from the computational point of view to the
Fourier transform formulation of Eq. (2.40).
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The SISF probes the single-particle translational dynamics of the sys-
tem and characterizes its structural relaxation phenomena. This func-
tion can be directly compared to experiments from inelastic neutron or
X-ray scattering.

I wrote a portable C code to calculate this quantity using the Message
Passing Interface (MPI) paradigma, which enables the execution of the
program on parallel computing architectures. In this work much com-
putational time, often longer than the simulation time itself, is dedicated
to the calculations of time-dependent correlators. The working flow for
calculating time correlators and the MPI parallelization scheme are out-
lined in the dedicated Subsection 2.3.3.

Mean Squared Displacement
The Mean Squared Displacement (MSD) is defined as:

N
1
(ar2@) = (D 15O = () (2.42)

i=1

where N is the number of particles analyzed and 7;(t) the particle position
at time t.

Experimental methods to determine MSDs include neutron scattering
and photon correlation spectroscopy.

I wrote a MPI-C code to calculate this quantity.

2.3.2. Structural quantities
Radial Distribution Function

The Radial Distribution Function (RDF) or pair correlation function
g(r) gives the probability of finding a pair of atoms (or molecules) at dis-
tance r, relative to the probability expected for a completely random dis-
tribution at the same density. Basically RDF says whether or not two
particles are likely to be found with a separation distance of r.

Its definition takes an ensemble average over pairs [110]:

%4
90 = 5> > 8(r 1)) (2.43)

i j#i

where N is the particle number and V the volume of the system. The
definition (2.43) is typically used in the evaluation of g(r) by computer
simulation where in practice the delta function is replaced by a histogram
compiled with all pair spatial separations. The histogram is then normal-
ized by the average number of atoms in the same interval in an ideal gas
at the same density p = N/V.

The calculation is performed through a GROMACS tool.
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Figure 2.5: Geometry of the O—H group of the donor water molecule and the O
atom of the acceptor water molecule involved in a Hydrogen Bond, for the definition
of HB adopted in this work.

Trehalose number density profiles around the protein

The number density profile of trehalose molecule is obtained dividing
the number of trehalose molecules found between r and r + Ar from the
center of geometry of the protein by the volume of the corresponding
spherical shell 4r [(r + Ar)® — 73] /3 with Ar = 0.02 A.

Number density profile is also obtained dividing the number of tre-
halose molecules found between r and r 4+ Ar from the closest atom of the
protein, by the total number of trehalose molecules in the solution.

I wrote serial C-codes to perform these calculations.

Water Hydrogen Bonds

A Hydrogen Bond between a donor and an acceptor can be defined
with different criterions regarding or the geometry or the energetics. In
this work a geometrical criterion is used to define whether a hydrogen
bond between two water molecules exists.

A commonly used geometrical criterion is the following. A donor oxy-
gen atom and an acceptor oxygen atom are hydrogen bonded if (i) the
distance between them, 1, , is less than a cutoff distance and if (ii) the
acceptor-donor-hydrogen angle, @ = H— OO, is less than or equal to
a cutoff angle. This condition is shown in Figure 2.5. Typically the first
minimum of the radial distribution function between the donor and the
acceptor is used as the cutoff distance. The cutoff angle is chosen to
guarantee the linearity of the HB bond inside a certain cone value.

HB between water molecules are defined in this work by the condi-
tions used in Ref. [111], these are:

Too < 3.5 A

. (2.44)
a < 30

The conditions of Eq. 2.44 hold to 1,5 < 2.7 A and 8 > 140°.
I wrote a C code to count water hydrogen bonds in a bulk system.
With this code the following system properties are calculated:

* mean number of hydrogen bonds of the system.
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* frequency distribution of the angle between the oxygens of three
nearest neighbor water molecules,

» frequency distribution of the hydrogen bond length in water,

» frequency distribution of number of hydrogen bonds per molecule
as donor,

* frequency distribution of number of hydrogen bonds per molecule
as acceptor,

* frequency distribution of total number of hydrogen bonds per molecule,

I adapted the code to perform a layer analysis of water hydrogen bonds
around the protein. The differences between the bulk and the shell ver-
sion of this program are:

 analyzed water molecules must satisfied the criterion rgpe;yin < 790 <
TshelLout Where 1o is the position of the water oxygen atom and
Tshellout — Tshellin 1S the thickness of the hydration shell layer, calcu-
lated from the closest protein atom.

* to enhance the velocity of the code, since ~ 14000 water molecules
are in the simulation box, I implemented the code using lists of near-
est neighbor water molecules in every shell. The search of nearest
neighbor molecules inside a given shell is extended only from the
closest shells to the considered one.

* the normalization of frequency distributions at each configuration
t is the number of water molecules found in the hydration shell at
t.

2.3.3. Calculation of time autocorrelation functions
In general, an autocorrelation function c,,(t) of quantity a that is
assumed by the i-th particle, a;(t), has the following form:

N
1 (ai(0)a;(0))
Caa(t) = N L, (ai(O)ai(O_)) (2.45)

where the averaging over N atoms is performed and the normalization is
chosen so that c,,(0) = 1.

The first step for the calculation of any correlation function is to ex-
pand trajectories in time, by removing the PBC, so that values a;(t) can
be evaluated at correct positions. If the duration of the simulation is sig-
nificantly longer than the relaxation time, then many time differences ¢t
can be evaluated from the simulation to calculate the correlation func-
tion, in such a way the uncertainty in the calculation is reduced.
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Figure 2.6: The use of different time origins improves the accuracy of the evaluation
of time correlation functions. Figure from Ref. [88].

If the simulation has been run for a total of Q steps, each interme-
diated stored steps can be used to calculate the correlator. To improve
the accuracy of the calculation of the correlator at a particular time step
P, it is common to use time origins that are separated by P step. This
is shown in Figure 2.6. The first value of c,,(P) would be evaluated at
steps 1 and P, the second at steps 2 and P + 1 and so on. If we use M
time origins t,,, then the autocorrelation function is given by:

N N
_ 1 (ai(tm + t)ai(tm))
Caa(t) = MN r;; (2.46)

(ai(tm)ai(tm))

For very long simulation, the calculation in Eq. (2.46) it took relatively
long time in respect to the MD time, even if the system does not contain
many particles.

I give an example on a small system I have worked on. Let’s consider
a simulation of LiCl:6H,0 solution performed at T = 280 K. We evolved
the system for three millions steps of 1 fs. The box contains 480 water
molecules, 80 Cl~ and 80 Lit ions. The simulation took about 3.5 hours
on a 4 core machine. The correlation of 269 513 different times for all
the atoms, it took about 1 day, which is of course reasonable. Typical
production runs are although evolved for much longer times, especially
at low temperature, so that to calculate SISFs can take weeks.

Besides for other system, like a protein immersed in water (~ 14 000
water molecules), correlators can be evaluated also in a certain region
of space of the system, like in the hydration shell of the protein. In this
case, where the serial-code program must also perform time exclusion of
particle that don’t respect the constraint to be in the shell, the calculation
of the SISF takes extremely long time on a single compute core.

Part of my initial work was thus dedicated to the parallelization of the
analysis code through the MPI paradigma [112].

This results in a very good speed-up of the calculations. For sake of
comparison, to self-correlate 31 745 time positions stored at T = 300 K
for the proteintwater system, and to perform the calculation of the SISF
averaged on only 3 000 water oxygen atoms of the system, it took 171
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Figure 2.7: Oxygen Self Intermediate Scattering Function of the hydration shell of
the lysozyme. The number of total water oxygen atoms of the simulation is 13 982.
Note the lost of accuracy above 1 ps when the calculation is not performed over all
the particle of the system.

hours ~ 7 days on a single core machine. With the MPI implementation
that i wrote on the serial C-code, the same calculation is performed in
40 minutes on a 20 core compute node of our cluster.

The MPI version of the analysis code much increases the accuracy of
the calculation of both oxygen SISFs and MSDs. In fact it has opened
the possibility to select and analyzed all the oxygen water atom of the
system and thus to perform these calculations with a much higher pre-
cision. In Figure 2.7 it is shown how important it is playing averages
over more molecules, especially when it is of interest the extraction on
reliable relaxation times from the SISF.
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Translational Relaxations of
Protein Hydration Water

In this Chapter results on the single particle translational dynamics
of water at the surface of the globular protein lysozyme are presented.
This Molecular Dynamics simulation was focused to the characterization
of the Self Intermediate Scattering Function (SISF) of hydration water
along the 1 bar isobar upon supercooling. The discussion of the results
is done through a comparative study between the lysozyme hydration
water and bulk water.

In Sec. 3.2, the systems and the simulation details are described. In
Sec. 3.3 results on the density-density correlation functions and the re-
laxation times of water are presented and discussed. Sec. 3.4 is devoted
to conclusions.

3.1. Introduction

Water near biological surfaces is perturbed with respect to its bulk
phase both in the structure and in the dynamics [113-118].

Depolarized light scattering experiments [116, 119, 120] detected two
distinct relaxations when measuring spectra of aqueous solutions of bio-
molecules. The first one is a bulk-like relaxation while the second one is
6-8 time slower than the first one and this second relaxation was specif-
ically ascribed to hydration water. Simulations on aqueous solutions of
water and biomolecules upon cooling [76, 121] have also detected these
two kinds of relaxations with the same retardation factor. The correlators
analyzed in these studies were total correlators where a part of the con-
tribution to their shape comes from hydration water and the other part
comes from the bulk-like water contained in the solution. Femtosecond
resolved fluorescence experiments [122, 123] explicitly showed that at

49
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ambient temperature, there are two relaxation times coming from the
solvation shell. By using biological probes, it has also been found that at
ambient temperature, the solvation process always occurs through two
relaxations which can differ up to one order of magnitude [SO]. The slower
relaxation appears due to the coupling with the protein motions [50-52].

Therefore several experiments show that hydration water appears not
only slowed down by its interaction with the biosurface but also “bi-
modal” in the dynamics.

In a seminal paper, Chen et al. [54] studied the single particle trans-
lational dynamics of a monolayer coverage of water close to lysozyme
by quasielastic neutron scattering upon cooling. They found a single
slow structural relaxation time upon cooling for low Q exchanged wave-
vectors, up to Q = 1.1 A=!, and found that this relaxation is the analogous
of the a-relaxation of bulk water, the relaxation typical of glass formers.
This relaxation shows a fragile to strong transition close to the Protein
Dynamical Transition (PDT). These findings were confirmed by further
experiments and simulations and further studies on the diffusion coeffi-
cient [55, 59, 60].

The considerable effort done by the community in this field lead to
substantial progresses in the understanding of hydration water slow trans-
lational dynamics, nonetheless the picture is still not complete mainly
because of the fact that experiments and simulations often access only
to a part or to an average of the complete microscopic picture that we
would ideally like to have.

In this work, as already mentioned, we study an aqueous solution of
the globular protein lysozyme. The lysozyme is an antimicrobial enzyme
consisting of 129 amino acid residues having a molecular weight of 14.4
kDa. It folds into a compact globular structure having an ellipsoidal
shape with dimensions a X ¢ X ¢ = 2.25 x 1.3 X 1.3 nm. The active site
of lysozyme consists of a deep crevice, which divides the protein into two
domains linked by an alpha helix. One domain consists almost entirely of
beta-sheet structures, while the second domain is predominantly alpha-
helical [124]. A lysozyme is shown in Figure 3.1.

3.2. Systems & Simulation Details

MD all-atoms simulations have been carried out on the lysozyme glob-
ular protein immersed in water. The system is composed of 1 lysozyme
protein, 13982 water molecules, and 8 C1~ counterions to maintain elec-
tric neutrality of the system.

Protein bonded and non-bonded interactions were modeled by the
CHARMM force field [103, 104] and water was modeled by the SPC/E
potential [94]. Both forcefields have been presented in Section 2.2. The
cutoff radius for the non-bonded van der Waals interactions was set to
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L A

Figure 3.1: Lysozyme in the VDW representation, colored according to the hy-
drophobicity of its residues.

10 A. Particle Mesh Ewald (PME) method was used to handle the electro-
static interactions. Verlet leap-frog algorithm, with a time step of 1 fs,
was used to integrate the equations of motion. GROMACS 4.5.5[91, 125]
package was employed to perform MD simulation. Simulations were con-
ducted on the INFN-Grid Roma Tre cluster.

The system have been simulated at constant pressure p = 1 bar and
at ten different temperatures spanning the interval (300-200) K. Both
temperature and pressure were handled with the Berendsen method [93].

The length of the equilibration runs depends on the temperature of
the system. It ranges from a minimum of 30 ns at high temperature
to a maximum of 100 ns at low temperature. At each temperature, the
equilibration run was followed by the production run of 20 ns (high tem-
perature) or 30 ns (low temperature) used for the calculation of the Self
Intermediate Scattering Functions. In Table 3.1 the details of all the
simulated thermodynamic points are shown.

A reference system composed of 500 SPC/E water molecules has been
also simulated at the same pressure of the water and lysozyme system,
p = 1 bar, and for the same temperatures plus T = 195 K. The non-bonded
interactions have a cutoff distance of 10 A. Coulomb interactions have
been implemented with the PME method. Details on the simulated state
points are reported in same Table 3.1. Bulk results presented in this
work are referring to this system.

The total computational time amounts to about 1575 ns for the two
simulated isobars of the two systems. The simulations were carried out
on the INFN-Grid Roma Tre cluster! where we achieved an average simu-
lation times of 8 ns/day for the protein+water system on 32-core compute
nodes and 90 ns/day for the bulk water systems on 12-core compute
nodes. The total computational time required on a single cpu for this

http://web-cluster.fis.uniroma3.it/
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simulations would be ~ 5 years.

Table 3.1: Summary of simulated state points. Details shown are the temperature
and the density of the systems. For each temperature the equilibration run of length
teq is followed by production runs t,,q.

System T(K) p (kg/mB) teq (ns) tprod,l(ns) toroa,2 (ns)

Lyso(Aq) 300 1014.38 10 20 20
280 1023.28 10 20 20
260 1029.12 10 20 20
250 1030.28 30 20 10
240  1030.22 30 20 10
230 1028.63 30 20 10
220 1025.16 30 20 10
210 1019.97 30 20 10
205 1016.88 30 30 10
200 1013.33 60 30 10

bulk water 300  998.68 20 20 10
280 1007.59 20 20 10
260 1012.87 20 20 10
250 1013.79 20 20 10
240 1012.61 20 20 10
230 1010.60 25 20 10
220 1006.02 30 20 10
210 1000.25 60 20 10
205  996.95 60 30 20
200 991.70 90 30 20
195 991.48 100 30 20

This Chapter focuses on the dynamical characterization of the protein
hydration water, namely, water molecules at the protein interface. Typi-
cally hydration water can be defined in a shell of 4-6 A [76, 113, 114, 121]
around macromolecules. In this work, hydration water of lysozyme refers
to water molecules at a distance minor or equal to 6 A from any lysozyme
atoms. Therefore in our study the protein is regarded as a whole as well
as the hydration water surrounding it.

In Figure 3.2, we show a 20 A slice cut projected in two dimensions of
our system. Hydration water defined by the above criterion is highlighted
in Figure 3.3.

To have an idea on which kind of water we are seeing, in figure 3.4
are shown two significant pair radial distribution functions calculated
between an atom of the protein and the oxygen atom of a water molecule.
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Figure 3.2: Snapsho’g of the simulated lysozyme in water at T = 300 K. The image
corresponds to a 20 A slice in the z direction projected into the xy plane of the 75
A x 75 A x 75 A simulation box.

Figure 3.3: Snapshot of the simulated lysozyme in water at T = 300 K. The lyso-
zyme is depicted as purple spheres. Water molecules are colored according to their
distance from the lysozyme: red (oxygens) and white (hydrogens) molecules corre-
spond to hydration water, namely water molecules within a distance up to 6 A from
the protein atoms. The rest of the water molecules are shown in blue (oxygens) and
white (hydrogens).
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Figure 3.4: Pair correlation function between the nitrogen atom N1 (orange) or
N2 (green) of 13LYS of lysozyme atom and the water oxygen. Radial distribution
function of water is also reported (dashed line). Data are calculated at T = 300 K.

Two main behavior of RDF are in fact observed in our system. Curves that
show two peak within 6 A from the protein and curves that don’t. Former
curves correspond to hydrated lysozyme sites, the latter to non-hydrated
sites. The analysis of the water selected with criterion corresponds to an-
alyze water that belong on average to the conventionally defined first and
second hydration shell of hydrated sites plus few water molecules cor-
respond to the non-hydrated sites. 1140 water molecules are found, on
average, inside the 6 A shell around the lysozyme at each time step. Note
that these molecules are more than twice the water molecules contained
in the reference bulk water system.

3.3. Results and Discussion

3.3.1. Density-Density correlation functions

The translational dynamics of hydration water has been character-
ized upon cooling by calculating the oxygen Self Intermediate Scattering
Function (SISF), introduced in Section 2.3. This correlation function can
provide valuable information to understand the relaxation mechanism in
supercooled liquids.

The SISFs of hydration water were computed for oxygen atoms of wa-
ter molecules inside the 6 A shell around the lysozyme. Some particle in
general will exit from the lysozyme hydration shell and other will enter.
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SISF is calculated only for time interval that water molecules reside in
the shell. Practically for hydration water the summation:

N
1 AN S
Fserr(q,t) = N(E e~ @l ®O-TO]) (3.1)

i=1

is restricted to oxygen atoms of water molecules for wich #:(t) belong to
the 6 A shell around the lysozyme for all the temporal interval between
0 and t.

The SISFs reported in this Section are calculated at a transferred
wave-vector ¢ = |Gmax] = 2.25 A™1, namely at the first sharp peak of the
oxygen-oxygen structure factor of water. At this wave-vector the features
of the slow dynamics upon cooling are best evident as it corresponds
to the length scale of the cage formed by the first nearest neighbors
molecules [37]. The importance of the spatial-scale length have been
addressed in the first chapter.

In order to gain enough statistics for the correlation functions of parti-
cles moving in such a small space, especially at long time, the trajectories
of all the 13982 water oxygen atoms contained in the systems have been
analyzed to achieve the best possible statistics from the stored MD tra-
jectories. Issues related to the averaging over less particles have been
described in Sec. 2.3.

In Figure 3.5 the computed SISFs for hydration water in the water-
lysozyme aqueous solution are compared at selected temperatures with
the SISFs calculated for bulk water.

Both the systems develop upon cooling a two step relaxation scenario
typical of glass formers liquids with the correlators that become more
and more stretched as the temperature decreases.

The global slowing down of the dynamics of hydration water with re-
spect to the bulk is clearly visible from this Figure. At a given tempera-
ture, the correlator of hydration water always decays to zero on a longer
time scale with respect to bulk water. This effect becomes more pro-
nounced at low temperatures. At 200 K, correlations of hydration water
are still not decayed to zero after 20 nanoseconds, while the bulk corre-
lator at the same temperature decays at about 3 nanoseconds.

The major diversification in the dynamics of hydration water comes
however from the persistence of correlation at long time, with correlation
functions exhibiting long time stretched tails. These tails are already
visible at visual inspection of the curves, especially at the lowest tem-
perature where the two curves indeed almost coincide for two decades
from the beginning of the plateau region and only after circa 100 ps the
hydration water correlators begin to stretch showing long tails.

The SISFs coming from hydration water have therefore a different
shape at long time.
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Figure 3.5: Comparison at selected temperatures of SISFs of bulk water (blue) and
hydration water of the water and lysozyme system (red) calculated at the peak of
the oxygen-oxygen structure factor ¢ = 2.25 A.

The shape of the SISF of supercooled bulk water was modeled accord-
ing to MCT by Gallo et al. [42] and Sciortino et al. [43]. As seen in Sec.
1.2, to take into account both the fast subpicosecond relaxation and the
a-relaxation and thus reproducing the two-step behavior of the SISF, the
following functional form is required:

F(qt) = (1 - f)e /)’ 4 f e~/ (3.2)

Our bulk water SISFs fit eq. (3.2) (see figure 3.6) as expected.

We find instead that the SISF's of hydration water do not fit this model.
In particular the onset of long time tails in hydration water cannot be
taken into account by this equation.

Due to the long stretched tails the model described by Eq. (3.2) with
a sum of a gaussian term and a stretched exponential function that fits
bulk water fails to reproduce the long time behavior of density auto-
correlation functions of hydration water.

When studying the dynamics of water in a disaccharides-water so-
lution, Magno and Gallo [76] observed a behavior similar to that of our
hydration water on the total correlator. They modified Eq. (3.2) by adding
a second stretched exponential function to take into account a second
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Figure 3.6: Self-intermediate scattering function (SISF) of the oxygen atoms of bulk
water. SISFs (black filled circles) are calculated at the peak of the oxygen-oxygen
structure factor ¢ = 2.25 A from T = 300 K (bottom curve) to 195 K (top curve).
Continuous lines superimposed to the data are the best fit obtained using Eq. (3.2).
The parameters of the fit are reported in table 3.2.

relaxation process not present in bulk water. With this modification, the
SISF takes the form:

_ — Ba — Bion,
F(q,)=(1—-f, — fzong)e (t/19)* 4 fre (t/ta)P® flonge (t/Tiong)" 109 (3.3)

Figure 3.7 shows the complete set of hydration water SISFs calcu-
lated from MD trajectories at the peak of the oxygen-oxygen structure
factor of water. The temperatures range from 300 K down to 200 K. Su-
perimposed to data points, best fits obtained via Eq. (3.3) are shown as
continuos lines. This model well reproduces the long time behavior of
the correlators of hydration water.

In previous studies on water and biomolecules performed in our group
[76, 121] and in several experiments [68, 119] it had been impossible to
distinguish whether the a-relaxation came only from those water molecules
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not in direct contact with the biomolecule (bulk-like water) or also from
the hydration layer, this was because they were looking at total correla-
tor so that in the analysis both the hydration water and bulk-like water
were included. Conversely, in the present analysis only water competing
to the hydration shell of the protein is included in the calculation of the
SISF, thus the two relaxations found compete exclusively to hydration
water. With the high statistics reached in the present study, we can now
assert that the translational relaxation of hydration water is not a simply
bulk-like relaxation with a longer time constant. Hydration water relaxes
through two distinct processes, an a-relaxation and a long-relaxation, oc-
curring on two different time scales. The process labeled as long arises
only for water close to the protein.

1.0

protein hydration water |

0.0

10 4

*10% 10" 10° 10" 10° 10° 10
t [ps]

Figure 3.7: Self-intermediate scattering function (SISF) of the oxygen atoms of
lysozyme hydration water. SISFs (black filled circles) are calculated at the peak of
the oxygen-oxygen structure factor g = 2.25 A from T = 300 K (bottom curve) to 200
K (top curve). Continuous lines superimposed to the data are the best fit obtained
using Eq. (3.3). The parameters of the fit are reported in table 3.2.

The two relaxation times of hydration water extracted from the fit
together with their respective stretching parameters are reported as a
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Table 3.2: List of the fitting parameters of the SISFs the bulk water via Eq. (3.2)
and of the SISFs of lysozyme hydration water via Eq. (3.3)

’ T (K) ‘ System ‘ Tshort (PS) ‘ fa 7o (PS) Ba ‘ fiong  Tiong (PS)  Biong
300 | bulk 0.19 0.70 0.817 0.91 - - -
hydration 0.19 0.51 0.960 0.80 | 0.20 4.72 0.62

280 | bulk 0.19 0.70 1.26 0.83 — - -
hydration 0.17 0.52 146 0.79 | 0.20 9.66 0.62

260 | bulk 0.18 0.69 2.38 0.80 - - -
hydration 0.17 0.54 2.85 0.68|0.19 24.3 0.61

250 | bulk 0.18 0.68 3.75 0.79 - - -
hydration 0.17 0.55 4.23 0.65]|0.19 40.7 0.61

240 | bulk 0.17 0.68 6.48 0.78 - - -
hydration 0.16 0.53 7.58 0.61 | 0.22 65.2 0.59

230 | bulk 0.16 0.69 13.1 0.76 - - -
hydration 0.15 0.54 169 0.59|0.20 171 0.56

220 | bulk 0.15 0.71 33.0 0.73 - - -
hydration 0.15 0.54 47.3 0.59 ] 0.20 449 0.56

210 | bulk 0.14 0.74 113 0.68 - - -
hydration 0.14 0.55 192 0.57 | 0.20 1130 0.51

205 | bulk 0.14 0.75 284 0.66 — - -
hydration 0.14 0.55 479 0.54 | 0.21 2200 0.49

200 | bulk 0.14 0.76 698 0.69 - - -
hydration 0.14 0.55 1390 0.52 | 0.22 3490 0.48

190 | bulk 0.13 0.78 1960 0.64 - - -

function of temperature in Fig. 3.8. In the same figure, bulk water val-
ues are also reported. The structural relaxation time of hydration water,
T, , Shares the same time scale of the structural a-relaxation time of
bulk water t2%¥ i.e., tenth to hundred of picoseconds. Moreover, they
display the same temperature behavior upon cooling, showing similar
values apart from a slight slowing down of hydration water more evident
at the lowest temperatures. The longer relaxation process, not present
in bulk water, occurs over a longer time scale, from tens to thousands of
picoseconds and the relaxation time 7;,,4, shows a different temperature

behavior.

Concerning the stretching parameters, at a given temperature, the
structural relaxation of hydration water is more stretched than that of
bulk water, since 8, < f2**, but they show the same temperature trend.
In particular, upon cooling, the a-relaxation becomes more stretched,
highlighting the increasing departure from an exponential decay, until
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Figure 3.8: Upper panel: structural relaxation times, t2“* (black filled circles), z,,
(red filled circles), ;o4 (blue filled squares). Lower panel: stretching parameters
Be™*, By and Biony (same symbols) as a function of temperature, extracted from
the fit procedure as described in the text.

a constant value is reached at the lowest temperatures. The same tem-
perature trends and similar values have been found for the stretching
parameters of confined water [126, 127].

3.3.2. Temperature behavior of the a-relaxation

The structural a-relaxation times of bulk water is plotted on the Ar-
rhenius plot of Figure 3.9. As expected for water, t2%* follows the MCT
predictions and in the region of mild supercooling its temperature be-
havior is described by a power law of the form:

Tq ~ (T = Tyer)™ (3.4)

where Ty cr is the MCT temperature which marks the ideal transition from
an ergodic to a non-ergodic phase.

As reported in Figure 3.9, the fit via MCT power law can be performed
by excluding the lowest temperatures. The fit gives a MCT temperature
THuk = 193.8 K and a power exponent y = 2.74, in agreement with previ-
ous studies on the bulk phase [42, 43]. The divergency occurring at Tycr

is smeared out by hopping phenomena in most structural glass formers,
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Figure 3.9: Arrhenius plot of the a-relaxation times t,, in bulk SPC/E water along the
p =1 bar isobar. The points fit the MCT power law at high temperatures (red dashed
line) and the Arrhenius law at low temperatures (blue continuos line). The fragile-
to-strong crossover takes place at ~ 210 K. See Table 3.3 for the fit parameters of
the two regimes.

including water [42, 47]. The activation of hopping phenomena upon
cooling changes the behavior of t2** that begin to grows exponentially
upon cooling following an Arrhenius law:

7, = Toefa/ksT) (3.5)

where E, is the activation energy of hopping phenomena. The lowest
temperature points behavior are indeed described by the Arrhenius law
with an activation energy E{“* = 63.4 kJ/mol. Therefore a crossover from
a fragile, power-law, regime to a strong, hopping dominated, Arrhenius
regime occurs. The fragile-to-strong crossover in SPC/E bulk water along
the 1 bar isobar occurs at a TPk ~ 210 K. Same values for both the
activation energy and the temperature of the FSC were reported in Ref.
[128] as extracted from the FSC of the diffusion coefficient D ~ 7,1.

MCT behavior have been also tested on the t, of protein hydration wa-
ter, shown in Figure 3.10. Despite the moderate slowing-down induced
by the protein, the a-relaxation time of hydration water is not dramati-
cally influenced by the protein and retains the same phenomenology of
bulk water.

In particular, it follows the MCT predicted power law with an higher
MCT temperature Tycr = 199.0 K and a power exponent y = 2.68 similar to
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the bulk. The deviation from the MCT prediction occurs at Trgc ~ 215K,
when the FSC takes place. Below this crossover temperature hydration
water can be described as a strong liquid with a slightly lower activation
energy with respect to the bulk, E;, = 61.9 kJ/mol (Figure 3.10). Fit
parameters are also reported together with bulk parameters in Table 3.3.
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Figure 3.10: Arrhenius plot of the a-relaxation times t, in lysozyme hydration
water. The points fit the MCT power law at high temperatures (red dashed line)
and the Arrhenius law at low temperatures (blue continuos line). The fragile-to-
strong crossover takes place at ~ 215 K. See Table 3.3 for fit parameters of the two
regimes.

The phase diagram of bulk supercooled water is very complex, this
has already been discussed in Chapter 1. The FSC of the structural
a-relaxation in water has been related to the crossing of a liquid-liquid
Widom line [32, 38, 47, 49, 129], the line of collapse of the maxima in re-
sponse functions that converge to a liquid-liquid critical point [6, 9, 10].
Therefore the FSC that we found could be the trace of the presence of a
liquid-liquid Widom line and consequently of a LLCP in the phase dia-
gram of protein hydration water. This possibility has been discussed, for
example, in Refs. [60], [130] and [131]. Besides, both the mode coupling
temperature Ty cr and the FSC temperature Trg. of protein hydration wa-
ter are about five degrees higher with respect to the bulk water values.
The shift of water dynamics to higher temperatures has also been ob-
served for many systems including sugar-water solutions [76, 121], elec-
trolytes solution [132-134] and confined water [126, 135, 136]|. This
indicates the possibility that exploring the phase diagram of hydration
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Table 3.3: MCT temperature (Tycr), ¥ €xponent, activation energy (E,), and FSC
temperature (Tpsc) for the a-relaxation of bulk SPC/E water and SPC/E water of
hydration of lysozyme.

Tucr (K) Y E, (kJ/mol) Tggc (K)

bulk water

Tq 193.8 2.74 63.4 210
hydration water
Ty 199.0 2.68 61.9 215

water and finding a shifted LLCP may overcome experimental issues re-
lated to the crystallization of bulk water [26] .

The Widom line separates a high density liquid phase region from
a low density one, where the less dense liquid favors the hopping pro-
cesses and therefore the strong behavior of water. The similar value of
activation energy of bulk and hydration water supports the idea that the
leading dynamic process in the region below the FSC is the same. In
the region where hopping phenomena occur, the translational dynamics
of water is dominated by potential barriers described by Goldstein [41].
In this regime the activation energy of Arrhenius law is presumably the
activation energy of the jump between these barrier. In the strong side
the motion of the molecules is then realized with fluctuation in density
that involves the disrupt of the hydrogen bonds with nearest neighbor
molecules, in this sense the activation energy plausibly depends on the
energy of hydrogen bonds [137]. Gillen, Douglass, and Hoch [138] re-
ported experimental activation energies from the self-diffusion coefficient
in water in the broad range (242-473) K. The activation energy is increas-
ing upon cooling water. At 242 K, E?%¥ is ~ 46 kJ /mol, this value approx-
imately corresponds to the energy required to break four hydrogen bonds
at that temperature. Recently Dehaoui, Issenmann, and Caupin [139]
reported EZ%k ~ 53 kJ/mol for the low temperature activation of the vis-
cous flow, even if they also show a dynamic decoupling between viscosity
and diffusion coefficient at low temperature in water. It appears however
that in supercooled real water, EZ*¥ is increasing upon decreasing tem-
perature toward the value reported in ice Th (E{* ~ 61 kJ/mol [140]).
We note that the ice value practically coincides with the values that we
found for both SPC/E bulk and hydration water, as extracted from our
low temperature (T < 220 K) behavior of the a-relaxation times, which
cannot be probe in experiments due to the limitations of freezing. This
also prompts to another observation: in the strong regime, water has
been shown to be below the Widom line and therefore on the low density
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side of the liquid [32, 38, 47]. The low density liquid is characterized by a
more open and locally tetrahedral structure [28, 141]. We can argue that
locally its structure is more close to the ice one and therefore that the
energy required to rearrange is similar. This could explain the similar
activation energy of bulk water, hydration water and ice Ih.

In summary, the performed MCT test on the 74y, of protein hydration
water in our system establishes that the correspondent process is an a-
relaxation typical of glass formers and it is analogous to that of bulk
water.

The a-relaxation and the FSC in hydration water was also found on
a slightly different system: a lysozyme protein with a monolayer cover-
age of water both in experiments and in simulations [54, 59, 142]. In
these studies the FSC of hydration water is located at about 220 — 240 K.
It should be noted, however, that the water monolayer coverage in sim-
ulation and the water monolayer coverage in the powders of the experi-
ments [54, 59, 142] could introduce differences in dynamics with respect
to our hydration water in a solution. Besides, at the q values investigated
in these works (less or equal to ¢ = 1.1 A), the two slow relaxations have
different weights in the correlators with respect to the ones that we have
at the first peak of the oxygen-oxygen structure factor and might not be
distinguishable.

3.3.3. Temperature behavior of the long-relaxation

The second relaxation time, 7,44, €xtracted from the fit via Eq. (3.3)
of the SISFs of hydration water is reported in Figure 3.11.

It is evident from the figure that two distinct dynamic regimes, both
linear on the Arrhenius plot, occur. Data points can be fitted to an Ar-
rhenius law 7,4,y = 1oefa/(ksT) through two different activation energies:
a lower one for the high temperature regime E{T = 26.6 kJ/mol and
a higher one for the low temperature regime ELT = 39.3 kJ/mol. This
strong-to-strong crossover (SSC) appears at about Tgsc ~ 240 K.

The stretching exponent ;4,4 of this relaxation, see Fig. 3.8, is almost
constant at the highest temperatures, and shows a slight decrease at
low temperatures starting at about 240 K following the crossover of its
relaxation time 7;4,4. At high temperature, the long-relaxation appears
globally more stretched than the a process, while below 240 K they reach
similar values.

Given also the experimental evidence discussed in the introduction,
[50, 116, 119, 122, 123] we ascribe the existence of this long-relaxation
time and its behavior to the coupling of hydration water with protein
structure fluctuations. In particular, the long time rearrangements of
water molecules dragged by the protein cause the onset of the long-
relaxation of hydration water. When the protein moves, water molecules
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Figure 3.11: Arrhenius plot of the long-relaxation time t,,,, Of hydration water.
The points fit Arrhenius laws with different activation energies at high temperature,
E4,, and at low temperature, E,,. The crossing between the two regimes occurs at
Tesc ~ 240 K.

in the hydration shell have to reorganize according to the protein mo-
tion. Protein motions like rotations of side chains at surface (10-10? ps
at room temperature) or relative motions of globular domains (10-10°
ps) happen on long time scales, typically much longer than that of water
network relaxation. The water network can thus relax for the a-process
independently, which is what we observed in the present study. In other
words, due to the different time scales, water molecules see the protein
at fixed position on the a-timescale and can relax and diffuse as in bulk-
like environment (a-relaxation and FSC to hopping), only over long times
the water network follows the protein changes of shape (long-relaxation
and SSC). The onset of this second, longer relaxation in hydration water
should be therefore strictly connected to the fluctuations in the protein
structures.

3.3.4. Coupling water-protein: the Protein Dynamical Transition

To investigate the coupling between the lysozyme and its hydration
water and to test our interpretation, we calculated the mean square fluc-
tuation (MSF) of hydrogen atoms of lysozyme. We choose hydrogen atoms
because they are the lightest and the most mobile over the surface of the
protein and therefore a useful probe for the mobility of the protein sur-
face.
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Figure 3.12: Alignment of protein structures.

Before the calculation of the MSF, an alignment of the protein struc-
ture is needed to remove the global translational and rotational motion
of the protein inside the simulation box during the trajectory. Only in
this case the MSF computed with:

T

1
MSF = - Z(r(t) — r(0))? (3.6)

t=1

can be considered as measure of fluctuations in the structure of the pro-
tein itself. This procedure is depicted in Figure 3.12. The protein struc-
ture at time t is compared to its reference initial structure. Then the
alignment is performed through a least-squares fitting procedure of the
two compared structures that minimize the spatial distance between the
protein tertiary structures. This procedure is repeated for each stored
time-step t. From the aligned structures it is possible to calculate a time
dependent MSF of hydrogen protein atoms, this is then averaged over the
last 1 ns of the simulation. Figure 3.13 displays the final protein MSF
as a function of temperature for our system.

According to Ref. [53], the MSF of a protein is made of two contribu-
tions, a vibrational component that dominates at low temperatures and
that, apart from the zero-point constant value, is linear with the temper-
ature. The second contribution is the conformational component, which
is temperature activated and absent when the protein is dry.

We clearly observe a dynamic transition in the protein MSF at about
T ~ 240 K. The MSF is in fact weakly dependent on temperature below
240 K. At ~ 240 K its slope changes and increases. This steep increase
means that the protein structure fluctuations are enhanced above 240
K and this activates the functioning of the protein. This transition is
the well-known Protein Dynamical Transition (PDT) [143]. The PDT is
linked to changes in the conformational states of the protein and it was
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Figure 3.13: MSF of protein hydrogen atoms as a function of temperature. Each
point represents the average over the last nanosecond of the collected MD trajec-
tory. The MSF exhibits a crossover at T = 240 K. Dashed lines are best fit lines
done to determine the crossover location.

observed both in neutron scattering experiments [54-56, 144, 145] and
in simulations [55, 57-60]. Importantly, various studies showed that the
PDT occurs for small globular proteins always between 220 K and 240
K quite independently of the water potential used, see for example Refs.
[57] and [58] for SPC/E water, Refs. [53] and [59] for TIP4P-Ew water,
Ref. [60] for TIP5P water.

We therefore located the PDT of our lysozyme protein at about T = 240
K, at the same temperature at which the crossover (SSC) of the long-
relaxation occurs. This indicates that the two phenomena are dynami-
cally linked.

As a final comment on the connection between the MSF and 74p,
it is worth noting that the more the protein fluctuates, the faster the
long-relaxation of hydration water is. In that respect the crossing to a
lower activation energy upon increasing temperature is a consequence
for hydration water of the coupling with the faster protein fluctuations
at high temperatures.

3.3.5. Boson Peak and finite size effects

We briefly resumed here, that the BP, usually observed in the tera-
hertz region in many supercooled and glassy sistems, is a collective mode
that appears as an excess density of vibrational states over the density
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predicted by Debye model (g(E) « E?). Bulk, confined and biological wa-
ter all show this feature [119, 146-149].

Figure 3.14 corresponds to the magnification in the region between
(0.01 - 100) ps of the SISFs of bulk water (upper panel) and hydration
water (lower panel) already shown in Figure 3.7 at the simulated temper-
atures from T = 250 K to T = 200 K.

Starting from T = 210 K and below this temperature the SISFs of bulk
water show a minimum at t = 0.4 ps, a maximum at t = 0.8 — 0.9 ps fol-
lowed by another maximum at t = 1.5 ps and an oscillation between 3 and
10 ps. The first two features (minimum and first maximum) are an over-
shoot of the density correlator that exceeds its final value (the plateaux
value is related to the Debye-Waller factor): this is the so called Boson
Peak (BP). The second maximum and the following oscillations (not clear
if actually part of the same feature) are finite size effects demonstrated to
vanish and shift to longer time respectively as the size of the simulation
box increases, see in particular Kumar et al. in [149]. The Boson Peak in
our SPC/E bulk water it is about 37 cm™! in accordance to what found
both computationally with TIP4P/2005 [149].

The BP is also present in our hydration water, see the bottom part
of Figure 3.14. The first local minimum is at the same position, t = 0.4
ps, whereas the maximum slightly shifts to shorter times, t = 0.8 ps
(circa 40 cm™! as found in Ref. [149]). In protein hydration water the
BP arises between T = 220 K and T = 210 K as in bulk water, with an
overall spread of the overshoot less pronounced. On the contrary the
second maximum is missing and the oscillations start at longer time
(about 4-5 ps). This is consistent with the highly increased number of
water molecules contained in this simulation box (13982 vs 500 in bulk
box), for which size effects are expected to be absent or anyway strongly
smeared out.

The BP is an highly debated low temperature feature of supercooled
water. This should be a sort of signature of the disordered amorphous
state of water. Recently its onset in water has been also connected to the
presence of a liquid-liquid WL both in bulk and confined water [149-153].
This was interpreted as changes in the local structure in water when
crossing from the high density liquid-phase to a low density liquid phases
of water. We see in fact that this also holds in protein hydration water.
Approximately between the 220 K and 210 K we located the appearing of
the BP in our SISFs, in coincidence with the fragile to strong crossover
of the a relaxation time (Tpsc ~ 215 K).

3.4. Conclusions

In summary, we have shown that the translational dynamics of water
proximal to protein shows two well distinct slow relaxation processes.
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Figure 3.14: Enlargement of the Boson Peak area for bulk water (upper panel) and
lysozyme hydration water (bottom panel). Dashed lines are guide for eyes indicating
the position of the first local minimum in the region t < 1 ps of the respective top
curve. In both systems the SISFs develop a local maximum between T = 220 K and
T = 210 K upon cooling the systems. This matches the Fragile to Strong crossover
we observed in the a-relaxation times.
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The first one, happening on the faster time scale between the two, is
the a-structural relaxation typical of glass formers and in particular of
bulk water. This relaxation in water is due to the continuous breaking
and reforming of hydrogen bonds. The structural relaxation time of the a
process exhibits a fragile to strong crossover upon cooling, which might
be associated with the crossing of the Widom line as it happens in the
bulk phase.

The second relaxation, absent in bulk water, happens on a longer time
scale and appears to be the macroscopic effect of the dynamic coupling
between hydration water and the protein. It exhibits a change in the
temperature trend at ~ 240 K and this temperature corresponds to an
enhancement in the mean square fluctuations of protein atoms, the PDT.

Based on our results, we conclude that the complex thermodynamics
of supercooled water plays a fundamental role only in the a-relaxation,
while it seems that the long-relaxation is completely driven by the protein
motion.

It is worth highlighting that the dynamics that we characterized in the
hydration shell of lysozyme extends on nanosecond time scale and in this
lapse of time, the single particle visits both hydrophilic and hydrophobic
sites of the protein. This type of analysis has the averaging character of
several experimental techniques that are not sensible to site-specific in-
teractions, like quasielastic neutron scattering. Our characterization of
hydration water relaxation times can help experimentalists to interpret
the information coming from total correlators in order to better char-
acterize hydration water relaxations in different proteins and possibly
biomolecules.



The trehalose protein system

In this Chapter results on the ternary system composed of a lysozyme
protein immersed in a trehalose-water solution are presented through a
comparative study of this system with the lysozyme immersed in pure
water and bulk water. We characterized the relaxations of hydration wa-
ter and the internal dynamics of the protein in Subsec. 4.2.1, dynamics
of hydration water in terms of the mean squared displacement of hy-
dration water in Subsec. 4.2.2. The structural analysis of water and
trehalose molecules around the protein is presented in Subsec. 4.2.3
and hydrogen bonding behavior of water in the three systems is pre-
sented in Subsec. 4.2.4. Sec. 4.3 is devoted to the final discussion and
conclusions.

4.1. System & Simulation Details

Our system is composed by 1 lysozyme protein, 13982 water molecules,
491 trehalose molecules and 8 Cl™ ions. The total number of atoms in the
cubic simulation box is 66 009. The counterions neutralize the charged
residues of lysozyme and maintain electric neutrality of the global sys-
tem during simulations. The sugar-water solution has a mass fraction
of 40 % in trehalose, the global system (protein+trehalose+water) is 38.7
wt % trehalose, 58 wt % water and 3.3 wt % lysozyme.

We have carried out classical molecular dynamics all-atom simula-
tions using the GROMACS 4.5 [91, 125] package. We used the CHARMM
force-field for proteins [103, 104] and for sugars [108, 109] for model-
ing the bonded and non-bonded interactions of lysozyme and trehalose
molecules, respectively. Water is described with the SPC/E potential [94].
The system is simulated at a constant pressure p = 1 bar for ten dif-
ferent temperatures starting from T = 300 K down to T = 200 K. Both
the temperature and the pressure of the system were handled during the
simulations with the Berendsen method [93], described in Subsec. 2.1.3.

71
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Table 4.1: Summary of the simulated state points at p = 1 bar including the tem-
perature T, density p and potential energy U of the Lyso(Treha-Aq) system. At each
temperature the equilibration run of length t., is followed by the data collecting for
atime tp.oq.

T (K) p(g/cm®) U (kJ/mol) teq (NS) tproq (01S)

300 1.175 -288531 12 20
280 1.187 -312829 15 20
260 1.197 -337058 15 20
250 1.201 -349416 30 20
240 1.204 -361738 60 20
230 1.207 -374200 70 40
220 1.209 -386309 70 40
210 1.209 -398196 70 50
205 1.210 -404481 70 50
200 1.210 -409764 70 50

In Tabel 4.1 we give a summary of the ten simulated thermodynamic
states, which include the values of the density p, of the potential energy
U of the system calculated as the mean value over the production run
and the lengths of the equilibration and production runs. From those
trajectories we calculated the quantity presented in this work. The total
computational time amounts to more than 810 ns, which is equivalent
of ten years and a half of continuous single CPU usage.

This simulation set was aimed to analyze the dynamics of water close
to the protein, the hydration water and compare its dynamics to the re-
sults obtained in Chapter 3 on the dynamics of lysozyme hydration water
in a system where the lysozyme was immersed in water. For sake of com-
parison we adopted the same criterion to select the lysozyme hydration
water molecules, namely water molecules at a distance minor or equal
to 6 A from any lysozyme atoms. Approximately 710 water molecules
and 38 trehalose molecules are found within 6 A from the protein sur-
face in our system at each time step. A trehalose molecule is considered
within the hydration shell if its center of mass (linkage between the two
glucose unit) matches the distance criterion. Hydration water molecules
are highlighted in figure 4.1, that displays a cut through the cubic sim-
ulation box of Lyso(Treha-Aq) system at T = 300 K.

4.2. Results

4.2.1. Relaxations of protein hydration water

Figure 4.2 displays the Self Intermediate Scattering Functions calcu-
lated for the oxygen atoms of hydration water molecules at a transferred
wave-vector ¢ = 2.25 A=1. SISFs are shown at all the simulated temper-
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,} Water molecule within 6 A from the lysozyme

Figure 4.1: Snapshots of the Lyso(Treha-Aq) system at T = 300 K. The simulation
box is shown at x — y projection and y — z. The solution is shown performing a
20 A thick cut along the z direction, the lysozyme is entire. Lysozyme in colored in
purple, trehalose molecules in orange, water in blue-white and hydration water in
red-white.
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ature from T = 300 K to T = 200 K.

Upon cooling, we observe at short time the initial ballistic regime with
the correlators showing the fast Gaussian decay. This regions is weakly
dependent on the temperature and diversifications in SISFs calculated
at different temperatures arise at about 0.2 — 0.4 ps. Then, the dynamics
is determined by the cage effect, as in bulk water and in the hydration
water in the trehalose-free system. The tagged particle is trapped in-
side the cage formed by nearest-neighbor molecules for increasing time
upon cooling, this corresponds to correlators that exhibit plateaux re-
gions more and more extended in time upon decreasing temperature.
Only when the cage melts, the particle can enter the diffusive regime
and correspondently the plateaux region is followed by the a-decay of
SISFs. This is eventually followed by the long-time decay to zero of SISFs
which show stretched tails. Those tails, clearly distinguishable down to
about 240 K, stretch the correlation over long time and are the hint of
the presence of a second longer relaxation.

' e
IR -c.f Z > =
L NON NS i 4
AN AL S
AR K N Y R
SN ! A RN
0.6 NN XY N *
—~~ - Q" N = R
i KA TN R X R R
o 200 K R X < S
L NN o Y N X\ ™ 4
) 205 k N N “
\"4 I Q
LLO4 &0 210K o o‘»\ N M e
4 A % <
I—A 220 K % N (N & X N - \A
<+ 230K S W RS
L N N R\ SR N
v—v 240 K N X < 2
N R N
0.2 >—¢> 250 K N S N
— > V~z —
. G—© 260 K KN QS Pps Ve
X N S L > \anY
5—£1 280 K SRS Sa
L S Sa 1
&—© 300 K SR S
R SN S ©
AN =
0 1| lllHM 1| lllHM 1 1 llHHl 1 1 lllHM 11 lllHM 11 11 = I
10° 10% 10" 10° 10" 10° 10® 10°

Figure 4.2: Oxygen Self intermediate scattering functions of water molecules in the
hydration shell of lysozyme when immersed in the trehalose-water solution. Tem-
peratures span from T = 300 K (bottom curve) to T = 200 K (top curve).

Trehalose strongly affects the dynamics of water at the protein inter-
face, whose motion in the 6 A-shell is greatly slowed down. This is better
evinced by looking at Figure 4.3, where at selected temperatures we com-
pare the SISFs of hydration water in the lysozyme+trehalose+water sys-
tem (Lyso(Treha-Aq)) with the SISFs of hydration water in the lysozyme
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+water system (Lyso(Aq)) and with the SISFs of bulk water.

1.0%

— bulk water
— hydration water in Lyso(Aq)

B\ — hydration water in Lyso(Treha-Aq)
0.8 5 n

0.2

time [ps]

Figure 4.3: Oxygen Self intermediate scattering functions of bulk water (blue), of
water in the hydration shell of lysozyme immersed in pure water (red) and of water
in the hydration shell of lysozyme immersed in trehalose-water (green). SISFs are
shown at three selected temperatures: T = 300 K (0), T = 240 K (W) and T = 200
K (a) for comparison among the three systems. The presence of trehalose greatly
affects the slow dynamics of the long time tail.

At a given temperature, the correlator of hydration water in Lyso(Treha-
Aq) is always higher in respect to Lyso(Aq) and bulk water. For example
at the highest temperature T = 300 K the SISFs of bulk water, hydration
water in Lyso(Aq) and hydration water in Lyso(Treha-Aq) decay to zero at
10 ps, 100 ps and 1000 ps respectively. This situation is amplified at the
lowest temperature, where hydration water in Lyso(Treha-Aq) is far from
the complete relaxation on the 10 ns time scales, correlation are in fact
still very high (> 0.5). The corresponding process in absence of trehalose
decorrelates of more than 90% during the same time.

The overall height on the plateaux A(q) in the SISF plays the role of
the Lamb-Moéssbauer factor, which is connected to the mean square vi-
brational amplitude a of the particle inside the cage through the relation
A(q) = exp(—q?a?/3). The general feature that A(q) increases upon cool-
ing indicates that the particle are less mobile at low temperature. Note
that inside the cage the vibrations occur over shorter distance at a fixed
temperature when trehalose molecules are in the solution. At the lowest
temperature A(q) coincides in bulk and hydration water in Lyso(Aq) while
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it is greater in the protein hydration water of sugar-water solution. This
is the further evidence that hydration water in presence of trehalose is
hindered in its motion.

Through the direct comparison of hydration water correlators to the
bulk ones, a different long-time behavior is evidenced already at high
temperature. Also coming back to Figure 4.2, it is evident that the SISFs
calculated at high temperatures show the stretched tails revealing the
long relaxation. SISFs calculated at low temperatures miss the full de-
cay to zero because of the very slow dynamic of water near the lysozyme
whose complete relaxation exceeds the time scale of the simulation. In
this case it is difficult to infer the presence of the long relaxation at a
visual inspection of the curves, and thus it is mandatory to perform a
fitting procedure to determine the possibility of extracting the long relax-
ation. All these drawbacks made accurate estimation of the long relax-
ation times very difficult in general.

In Figure 4.4 the best fit to the model which takes into account the
Gaussian term plus two stretched exponential functions (Eq. (3.3)), that
describes density-density correlators of hydration water, is shown su-
perimposed to the data points. In the same Figure also the best fit to
the model which takes into account the Gaussian term plus only one
stretched exponential function (Eq. (3.2)), that describes density-density
correlators of bulk water, is reported.

It is evident that the model that takes into account two structural re-
laxations can reproduce the data on a more extended temporal window
with respect to the model described by only one structural relaxation. Es-
pecially at long time, the model fitting bulk water SISF's fail to reproduce
the long stretched tails. The deviation from the single structural relax-
ation behavior happens at longer time upon cooling the system and at
higher correlation values, this is due to the increase of the characteristic
times of the relaxational processes and to the increase of the amplitude
of the longer relaxation upon decreasing temperature with respect to the
a-process.

The complete set of parameters extracted from the fitting procedure
via Eq. (3.3) is plotted on the graphs of Figure 4.5. We show in panel a)
the characteristic time t; of the fast relaxation described by the gaussian
term of Eq. (3.3) which is approximately constant in temperature; in
panel b) the relative amplitude of the two structural relaxations, f, and
fiong>» Which cross between 230 K and 240 K; in panel c) the stretching
exponents B, and fiong; in panel d) the structural a-relaxation time and
in panel e) the long- relaxation time of lysozyme hydration water of the
ternary system. In the same plots are also reported values of protein
hydration water in Lyso(Aq) and bulk water for comparison.

Trehalose molecule slow down both the structural relaxation process,
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Figure 4.4: Oxygen Self Intermediate Scattering Function of water molecules in the
hydration shell of lysozyme when immersed in the trehalose-water solution (sym-
bols). Temperatures span from T = 300 K (bottom curve), to T = 200 K (top curve).
Continuos line are best fit obtained using Eq. (3.3). In the inset the same curves
are reported for selected temperatures together with the best fit obtained using the
Eqg. (3.2), which is able to fit only one relaxation.

but the extent of the slowing down depends on the relaxation type. The
presence of trehalose induces a mild slowing down on the a process.
The a-relaxation times lyes in fact on the same time-scale of the cor-
responding process of protein hydration water in Lyso(Aq) and of bulk
water. The degree of slowing down is consistently greater on the long
relaxation, whose retardation factor with respect to in the absence of the
sugar is about one order of magnitude at T = 300 K and reaches three
order of magnitude at lowest temperature

Trehalose has also the effect to ulteriorly stretch the dynamics of hy-
dration water. Both f, and B,y are decreased at all the temperature.
B, resembles the temperature behavior of bulk and hydration water in
Lyso(Aq), i.e. a slight decrease upon decreasing temperature toward con-
stant value. Also the behavior of f,,4 is similar to that of protein hydra-
tion water in Lyso(Aq), but it shows a more sharp transition to the low
temperature regime where it decreases upon cooling. This occurs be-
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Figure 4.5: Results of the fitting procedure via Eq. (3.3) of SISF shown in Fig. 4.4.
The panels show 7, (a), the amplitude f, and f;,,4 (b) and the stretching parameters
Be and Biong () of the two structural relaxations of hydration water. The a-relaxation
times is compared with the corresponding relaxation in the Lys(Aq) and bulk water
systems in panel (d). The long relaxation time is compared with the corresponding
long relaxation in the Lys(Aq) in panel (e).
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tween 250 K and 240 K.

To investigate more deeply to what extent the two structural relax-
ations of hydration water are modified when a cryoprotector is added,
we study the temperature behavior of the both 7, and 7,4,y in this sys-
tem. In particular it is important to study if the cryoprotector modify the
temperature behavior of the relaxations found in Chapter 3.

In figure 4.6 we show on an Arrhenius plot the a-relaxation time of
hydration water extracted from the fit of SISFs, same data on Figure
4.5(d).

T [K]
105300 260 240 220 200

protein hydration water
104 a-relaxation

10 with trehalose

35 4 4;5 5
1000/T [K}]

Figure 4.6: Arrhenius plot of the a-relaxation times t, of hydration water in
Lyso(Treha-Aq). Data points fit the MCT power law at high temperatures and the
Arrhenius law at low temperatures. See table 4.2 for the fitting parameters of the
two regimes.

We showed that the a-relaxation time of protein hydration water in
Lyso(Aq), along the 1 bar isobar, can be described by the MCT power-
law upon cooling then a FSC occurs. The MCT power law well describes
also the temperature behavior of 7, in hydration water in presence of
trehalose. This is true from the highest temperature down to about T =
220 K. At this temperature the data points deviate from the MCT power-
law towards the Arrhenius law. The MCT behavior is characterized by
a MCT temperature Ty.r = 203 K and a power exponent y = 2.48, the
activation energy in the Arrhenius side is E4; = 47.1 kd/mol. These values
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Table 4.2: MCT temperature (T;), MCT y exponent, low temperature activation en-
ergy E 4 and FSC temperature (Trsc) for the a-relaxation and activation energies at
high (EfT) and low (E4T) temperature of the long-relaxation of hydration water in the
Lyso(Treha-Aq) extracted in the present work. Corresponding values of hydration
water in the Lyso(Aq) and bulk water are also reported for comparison. Note that
the long relaxation is missing in bulk water.

a-relaxation long-relaxation
Sys.  T¢ 14 E, Trsc E}" EZ" Tssc
(K) (kdJ/mol) (K) | (kJ/mol) (kJ/mol) (K)
lysozyme hydration water in Lys(Treha-Aq)
208.6 2.50 44.4 230 \ 43.9 76.0 240
lysozyme hydration water in Lys(Aq)
199.0 2.68 61.9 215 \ 26.6 39.3 240

bulk water!
193.8 2.74 63.4 210\ . i} i}

are also reported in table 4.2 together with the values of hydration water
in the Lys(Aq) system and bulk water.

The addition of trehalose molecules in water further increase the T,
and decrease the power exponent y values of hydration water of lysosyme
in respect to the bulk. This also causes the crossing between the fragile
regime to the strong regime to occur approximately at Trgc = 230 K, about
10 degree higher than in bulk water and 5 degrees higher with respect to
the Lyso(Aq). This shift is evidently consistent with the one of the MCT
temperature. This fact may have cryopreservation implications.

Below the temperature of the fragile to strong crossover, hydration
water in both system behaves as a strong liquid but with different ac-
tivation energies. With trehalose the activation energy decreases with
respect to in Lyso(Aq) and bulk water. It has been shown [154] that
in pure water hopping phenomena are more pronounced when water is
more structured and less mobile. It is reasonable that this situation is
accompanied by the decrease of the activation energy of the Arrhenius
regime, in this way the hopping of a water molecule is favored because
of the less high energy barrier. We have shown that water at the pro-
tein interface is less mobile when trehalose in the solution from Lamb-
Mossbauer factor. Beside it has been shown that trehalose induces a
structuring of water molecules [155, 156]. We can comment the minor
value of E, that we found in Lyso(Treha-Aq) in respect to Lyso(Aq) by
arguing that this is linked to a further ordering of water at the protein
interface in presence of trehalose.

To conclude the discussion on the a-relaxation, it must be mentioned
again the connection within the FSC phenomenon of this relaxation to
crossing of the liquid-liquid Widom line upon cooling. The FSC in pro-
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tein hydration water and the connection with the Widom line has been
deeply investigated in protein-water systems, not in ternary systems to
the best of our knowledge. Since trehalose seems to not affect the phe-
nomenology of this relaxation (i.e. the FSC), but only to shift it to higher
temperature, we do not exclude the possibility of a liquid-liquid Widom
line in the phase diagram of the water contained in the solution at the
protein interface.

In summary, the a-relaxation keeps its phenomenology unchanged in
presence of trehalose molecules, the relaxation time 7, shows a FSC upon
cooling, being its behavior described by the MCT at high temperature
and by Arrhenius law at low temperatures. The effect of trehalose in this
solution is to further shift the dynamics at higher temperature.

Now we discuss the temperature behavior of the long process and its
connection to protein atomic mean fluctuations.

Figure 4.7 displays the Arrhenius plot of the long-structural relax-
ation time 7,4, extracted from the fit of density-density correlators via
Eq. (3.3). In this plot two different behaviors emerge at high and low
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Figure 4.7: Arrhenius plot of the long-relaxation times t,,,, of hydration water in
Lyso(Treha-Aq). Data points fit two Arrhenius laws with different activation energies
at high and low temperatures. See table 4.2 for the fitting parameters of the two
regimes.

temperatures, similar to what found for the long relaxation of protein
hydration water in the Lyso(Aq) system. This two regimes are both linear
in this plot, so they can be modeled with an Arrhenius law. We extracted
two different values for the activation energy, the high temperature one
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is EfiT = 43,9 kJ/mol and the low temperature is E4T = 76.0 kJ/mol.
The crossing between this two strong-regimes occur approximately at
Tgsc = 240 K.

The fitting parameter and the temperature of the strong-strong crossover
(SSC) of the long relaxation time are reported also in table 4.2 together
with the respective values for the Lyso(Aq) system to better compare
them.

The long relaxation time of lysozyme hydration water in the present
system has therefore a very similar behavior to that in the Lyso(Aq) sys-
tem, showing a strong-to-strong crossover whose temperature is unaf-
fected by the presence of trehalose, different to the a-process that re-
tains the phenomenology of the fragile-strong regime but with a shifted
temperature crossover Trgc.

We note that upon cooling the system, hydration water in both Lyso
(Treha-Aq) and Lyso(Aq) systems crosses from a regime characterized by
a lower activation energy to a regime characterized by a higher activation
energy. This suggest that the nature of the long relaxation is the same.
Besides the absolute value of activation energies are increased by tre-
halose both above and below the SSC. This fact is plausibly connected
to the lower mobility of the protein trapped in the cage of trehalose and
consequently of its hydration water.

According to our interpretation in Lyso(Aq), the long process that is
peculiar of hydration water only arises from the dynamical coupling be-
tween the protein and its hydration layers. In that system we succeeded
to link this process to the dynamic transition that hydrated proteins un-
dergo in the supercooled regime through the observation that it occurs
in coincidence with the SSC.

Consequently the next step was to look for the PDT of the lysozyme im-
mersed in the cryoprotectant solution. We therefore calculated the mean
square fluctuation of hydrogen atoms of lysozyme in the Lyso (Treha-Aq)
system and plot the results as a function of temperature in Figure 4.8.
In the same figure are also reported the MSF of lysozyme in the Lyso(Aq)
system.

Trehalose strongly suppresses the fluctuation of proteins and this
plausibly protects the protein from low temperature damage [130]. Nev-
ertheless we also note that also in presence of trehalose, the lysozyme
MSF changes the linear slope. The linear fit to the low temperature points
and the linear fit to the high temperature points cross at about Tppr = 240
K. The PDT of the lysozyme protein seems to occur at the same temper-
ature in the two systems not depending on the presence of trehalose.

In summary, neither the location of the dynamic transition of 7,4,
(Tssc) nor the protein dynamical transition of lysozyme (Tppr) is signifi-
cantly affected by trehalose, at lest at our concentration, 40 % wt. To
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Figure 4.8: Protein dynamical transition of lysozyme in trehalose-water solution as
detected from the mean square fluctuation of lysozyme hydrogen atoms.

this it also follows that SSC of the long process of hydration water in
Lyso(Treha-Aq) occurs in coincidence with the dynamical crossover of the
dynamics of the protein: Tgsc ~ Tppr.- We can therefore conclude that the
internal dynamics of the protein and the hydration water remain coupled
through the long process also in presence of trehalose.

4.2.2. Water mean square displacement inside the protein hydra-
tion shell

For better comprehension of water particle evolution inside the hy-
dration shell of lysozyme, an analysis of the Mean Squared Displacement
(MSD) has been done. This is somehow complementary to the informa-
tion obtained through the single-particle density auto-correlation func-
tions because it provides information also on the length-scale typical of
the motion.

We first calculated the MSD defined in Eq. 2.42 for the oxygen atom
of water molecules in the bulk system. Figure 4.9(a) shows the result-
ing < Ar?(t) > for different temperatures in the range of the simulated
temperatures 300—195 K in a log-log plot.

It is evident also from this quantity that the dynamics of supercooled
water is dominated by the cage effect. At very short times, the MSD of
water displays the initial ballistic regime, proportional to t?, inside the
cage formed by water first neighbors molecules. This motion corresponds
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Figure 4.9: Panel (a): MSD of bulk water oxygen atoms as a function of time.
Temperature from top are T = 300, 280, 260, 250, 240, 230, 220, 210 and 200 K.
Dashed and dotted lines are guides for eyes which evidence the short time and long
time behavior of the MSD. Panel (b): water oxygen-oxygen RDF of water shown at
the same temperatures of panel (a).
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to the fast Gaussian relaxation of SISFs. At the lowest temperatures, be-
fore entering the diffusion Brownian regime proportional to t, the curves
develop a plateau region at about t = 0.25 ps. The extension in time of
this intermediate regime, which matches the correspondent intermedi-
ate plateau region of the SISFs, strongly depends on temperature. This
behavior indicates that the particle dynamics is essentially frozen during
this lapse of time. To realize what characteristic spatial scale is the one
of the plateau, it is helpful to look at the Radial Distribution Function
(RDF) of bulk water shown in Figure 4.9(b). The first peak of the oxygen-
oxygen RDF, which indicates the mean distance of the first neighbor, is
located at about 1, = 0.275 nm for all the temperatures investigated.
The correspondent square value is indicated in the MSD plot (panel (a))
with an arrow. The water molecules is thus frozen, trapped in a region
of space delimited by its first neighbor water molecules, i.e. the particle
is within the cage.

We calculated the MSD of lysozyme hydration water both in Lyso(Aq)
and in Lyso(Treha-Aq). In Figure 4.10 the MSD of water around the pro-
tein is shown for the simulated temperatures in the 200—300 K range.

The curves calculated for hydration water show the cage effect, analo-
gously to bulk water: the t? trend at short time is followed by a temporal
window where high temperature MSD curves display a linear trend in
the log-log plot, while lower temperature curves display a plateau. The
latter curves eventually reach the linear trend at times longer and longer
upon decreasing temperature. The linear trend at long time differs from
that of bulk water. We performed a fit via the functional form:

< Ar2(t) >~ t" (4.1)

on the highest temperature (T = 300 K) MSD curves of protein hydration.
For n =1, Eq. (4.1) becomes the usual Brownian dependence r ~ t. We
found n = 0.73 for the protein hydration water in Lyso(Aq) system and
n = 0.61 for the protein hydration water in Lyso(Treha-Aq). The found
power behavior are reported in Figure 4.10 as guides for eyes.

The mean-square displacement of the interfacial water shows there-
fore sub-diffusivity for all the temperatures investigated. This can be
due to hydrogen bonding with the protein and also with the trehalose in
the hydration shell of the protein, that can hinder water motion. Sub-
diffusivity has been observed by Bizzarri et al. [147] in the hydration
water of plastocyanin, a copper-containing protein involved in electron-
transfer, and, more in general, in hydration water of other bio-macromolecules,
like lipid and cell membranes [157, 158].

Finally in Figure 4.11 we report the MSD of bulk water and hydra-
tion water at the lowest temperatures. This Figure resembles the Lamb-
Mossbauer factor A(q) of the SISFs (see the plateau values in Figure 4.3).
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Figure 4.10: MSD of protein hydration water in Lyso(Aq) (upper panel) and
Lyso(Treha-Aq) (lower panel). In each panel temperatures span from T = 300 K

(top curve) to T = 200 K (bottom curve).
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Figure 4.11: MSD of bulk water and hydration water is compared at low tempera-
ture.

At 200 K the plateau of SISF and MSD coincides in bulk and hydration
water of Lyso.

4.2.3. Structural characterization of the cryoprotectant solution

The structure of a cryoprotectant solution, to be intended how the wa-
ter and disaccharide molecules organize around the biomolecules, seems
to be intimately related to the bio-protection ability of disaccharides. As
a matter of fact, the first hypothesis on the mechanism of bio-protection
were based on different spatial organization of those solvent molecules
around the macromolecule to be cryo-protected.

In a previous work of our research group [121], the structural charac-
terization of the system Lyso(Treha-Aq) was done by looking at the RDF
of the water around the lysozyme. In the narrow range of temperature
studied in that work, 300—260 K, a progressive depletion of trehalose
upon decreasing temperature was observed near the protein surface. We
now have investigated what happens when the temperature is ulteriorly
decreased down to 200 K.

Figures 4.12 and 4.13 display the RDF of water around the lysozyme
at all the temperature simulated in this work. Note that data relative to
temperatures T = 300,280,260 are the same of Ref. [121].

The RDFs of water around the protein have been calculated as pair
correlation functions between the oxygen atom of water molecules and
the centre of mass (COM) of the lysozyme, we indicate them in text as
“Lyso (COM) - OW” RDFs. In each panel of both the Figures are also
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Figure 4.12: Radial Distribution Function (RDF) RDF of water around the lysozyme
at different investigated temperatures. RDFs of water around the centre of mass
(COM) of the lysozyme in the Lyso(Treha-Aq) system, (black lines with gray shading
to baseline) and in the Lyso(Aq) system (red continuos lines). The RDF atT = 300K
for Lyso(Treha-Aq) is also reported in all panels (dashed black line) for comparison.
The blue vertical lines mark the minor (13 A) and major semi-axes (22.5 A) of the
lysozyme.
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Figure 4.13: Radial Distribution Function (RDF) RDF of water around the lysozyme
at different investigated temperatures. RDFs of water around the centre of mass
(COM) of the lysozyme in the Lyso(Treha-Aq) system, (black lines with gray shading
to baseline) and in the Lyso(Aq) system (red continuos lines). The RDF atT = 300K
for Lyso(Treha-Aq) is also reported in all panels (dashed black line) and the RDF at
T = 300 K for Lyso(Aq) is reported in panel (i) (point dashed red line) for comparison.
The blue vertical lines mark the minor (13 A) and major semi-axes (22.5 A) of the
lysozyme. Note that panel (e) is the same panel (e) of Figure 4.12.
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Figure 4.14: The lysozyme center of mass is indicated with a blue sphere. Lyso-
zyme is depicted according to its tertiary structure. This configuration is taken from
the simulation at T = 300 K.

reported, for sake of comparison, the “Lyso (COM) - OW” RDF calculated
in Lyso(Aq) at the indicated temperature and, for reference, also the “Lyso
(COM) - OW” RDF in Lyso(Treha-Aq) calculated at T = 300 K.

Geometrically the lysozyme has an ellipsoidal shape. Thus it can be
approximated as a prolate ellipsoid, with a pair of equal semi-axes a and a
distinct third semi-axis c, with dimensions a = 13.0 Aand ¢ = 22.5 A [159].
These two characteristic distances are marked in the plots, which are
consequently divided in three regions of space.

The first region corresponds to the space between the COM of the
protein and the smaller semi-axes. Here, no water molecules are found
up to ~ 3 A in both the systems, due to the fact that this space is ex-
cluded by the presence of the protein itself. From the first peak located
in Lyso(Treha-Aq) at ~ 5 A, several water molecules are found. The be-
havior in Lyso(Aq) is similar, but the first peak moves in temperature,
showing that water molecules are more mobile when trehalose is absent.
The water molecules inside this regions are those that penetrate deep in-
side the protein. It must be noted that in fact lysozyme is formed by two
domains that form two lobes. Between these two lobes, there is a cleft
which deepens into a cavity of about 6-8 A in diameter [160]. Lysozyme
is depicted in Figure 4.14. The COM of lysozyme is located inside this
cleft, approximately on the internal surface of the cavity. The fact that
we found water deep in the protein has been also checked at visual in-
spection of the simulation box. The cavity is filled with water molecules.

The RDFs start to increase at a distance corresponding to the first
semi-axis, up to a distance corresponding to the longer semi-axis. Be-
yond this point, RDFs become approximately constant. This happens in
both the systems.

Upon cooling the RDFs in Lyso(Aq) do not show significant modifica-
tion and they actually coincides beyond the the first semi-axis event at
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the lowest temperature (see Figure 4.14(i)), showing no significant mod-
ulation with the distance from the protein. The situation is different in
presence of trehalose molecules: upon cooling the system, the RDFs in
Lyso(Treha-Aq) increase in the intermediate region meaning that the wa-
ter content in the close vicinity of the protein is growing upon cooling.
Besides, those RDFs are more corrugated already at high temperature
with respect to RDFs in Lyso(Aq) and upon cooling become more and
more corrugated, showing several peaks even at distances beyond the
second longer semi-axis.

The developing of peaks upon cooling can be due to the structuring
of trehalose in the solutions.

Complementary to information given by the RDFs are the density pro-
files of trehalose molecules around the protein. In Figure 4.15 density
profiles of trehalose COM around lysozyme COM are plotted for temper-
ature in the range 300—200 K. These Figures show in the region cor-
responding to the first semi-axis and up to ~ 15 A, a first peak, that
split into a doublet at some temperature, indicating that the density of
trehalose is approximately equal to its average value at long distances.
This information was missing in the water RDFs. These features are then
followed by a depletion region of ~ 2 A and then a region where the den-
sity of trehalose is higher than average. This is clearly visible at higher
temperature where this region extend from ~ 17 A to ~ 27 A. Upon cool-
ing the system the curves become much corrugated in general, specially
at long distances. In the intermediated region the density profiles keep
showing peaks of density excess.

To better characterise the distribution of trehalose molecules around
the lysozyme, we calculate the trehalose number density as a function of
its distance from the protein surface. This quantity can be much indica-
tive of what is the ordering of trehalose on the lysozyme surface, because
this calculation does not assume spherical symmetry in respect to the
RDFs. Number density of trehalose as a function of the distance from the
closest protein atom are plotted in Figure 4.16 for the same temperature
shown in Figure 4.15.

The curves all show a first peak at ~ 4 A with a width of ~ 2 A. For
temperatures down to 250 K a wide depletion region appears at inter-
mediate distances where on average lie less trehalose molecules. For
temperature below 250 K after the first peak the curves show alternating
regions at higher and lower number density toward the greater distance
region.

From these Figures, the crowding of trehalose molecules on the sur-
face of the lysozyme is clearly revealed by the first peak of the curves. The
red curve indicated r = 6 A, the distance that we used for the definition
of hydration water. We can see that the first peak is located inside the 6
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Figure 4.15: Density profile of the COM of trehalose molecules around the COM
of the lysozyme shown at different temperatures. The blue vertical lines mark the
minor (13 A) and major semi-axes (22.5 A) of the lysozyme.
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Figure 4.16: Number density profile of trehalose as a function of the distance be-
tween trehalose COM and the closest protein atom. The red vertical line marks the
distance r =6 A from the surface of the lysozyme, used in the definition of hydration
water for the analysis of dynamical results.

A-thick hydration shell of lysozyme, and indeed the first local minimum
of the number densities, found beyond the first peak, occurs proper at
6 A. This is true at each temperature, with the exclusion of T = 280 K
where the peak at the surface of lysozyme appear broader.

Our findings prompt an important observation: when lysozyme is im-
mersed in the cryoprotectant solution, trehalose is not completely ex-
cluded from the region closest to the protein. These molecules actually
form a cage surrounding the protein. Between the protein and this cage,
water molecules are nevertheless found on average (by looking at water
RDFs) so that the protein is kept hydrated even at low temperature. Plau-
sibly the trehalose molecules found in the hydration shell of lysozyme are
those that most slow the hydration water dynamics and thus inhibits the
crystal formation that damages biomaterial at low temperature.
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4.2.4. Hydrogen Bonding in the lysozyme hydration shell

In this Subsection we present the characterization of the hydrogen
bonding behavior of the water molecules inside the 6 A-thick shell around
the lysozyme in both system Lyso(Aq) and Lyso(Treha-Aq). We also com-
pare those results with the one obtained in the bulk water system.

We have already said in the Subsec. 2.3.2 that we adopt a geometry
criterion for the definition of a HB between two water molecules. Two wa-
ter molecules are hydrogen bonded if the distance between their oxygen
atoms is less than 3.5 A and the angle H-O--O is less than or equal to
30°. For the calculation of water HBs in the bulk, all the water molecules
of the simulation box have been analyzed. For the water HBs in the hy-
dration shell of lysozyme, only water molecules inside this region of space
are considered in the calculation of the quantity presented in this Sub-
section, but the search for HBs has been run also to water molecules of
outer hydration shell. This is done because most of the water molecules
at the outer surface of the hydration shell have first neighbors water
molecules that are not inside the 6 A shell. Without this care, many HB
candidate molecules would be excluded.

In Figure 4.17 we report the percentage of the analyzed water popu-
lation that form n HBs with another water molecule. Data for n > 7 are
not reported because no molecules form those number of HBs.

In the first panel of this Figure we report data calculated for bulk
water. Each curve is calculated at a different temperature spanning
300—-200 K. At high temperature most of water molecules are involved
in four or three HBs. Upon cooling the hydrogen bonding behavior of
bulk water is enhanced, with a growing water population accepting four
hydrogen bonds whereas a decreasing fraction of water accepts other n
values of HBs. Correspondently the distribution shows the sharp peak
at n = 4. This is the typical, known, behavior of hydrogen bonding in
water.

In the middle panel of Figure 4.17 are presented the results relative
to lysozyme hydration water in the Lyso(Aq) system. It is clear that water
at the protein interface has a different HBs distribution. At high temper-
ature the distribution appears shifted toward lower n values and wider
with respect to bulk water, with water forming mostly a total of three
or two HBs. Note that nevertheless the population of water forming one
or four HBs is comparable to each other. Upon cooling, the behavior
resembles the one of bulk water and we observe the tendency of water
molecules to form four HBs. Thus the population involved in four HBs
increases, but at the only expense of the fraction forming one and two
HBs, the population involved in three HBs is in in fact approximately
stable in temperature and correspond to highest peak also at low tem-
perature. The fact that the hydration water forms on average less than
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four HBs with respect to bulk water is not much surprising, because a
finite fraction of these hydration water molecules also form HBs with the
protein atoms.

The addiction of trehalose molecules in the solution, causes a ulterior
diversification in the HBs distribution. This can be seen in the bottom
panel of Figure 4.17, that shows the calculated distributions for hydra-
tion water in the Lyso(Treha-Aq) system. All the curves are smeared on
the interval ranging from n = 0 to n = 5 similarly to what found in the
trehalose free system and no sharp peak is observed in the distribution
at any temperature. In general these distributions show less sensitive-
ness of the temperature of the system. Water molecules shows the ten-
dency to form on average two or three values, approximately with the
same probability. Few water molecules succeed in HB-bonding a fourth
molecule, differently from the hydration water of the protein in Lyso(Aq).
This is plausibly due to the HB-bonding between water and trehalose,
which has already pointed out in literature as the “de-structuring effect
of trehalose”, which is able to form extended hydrogen-bond networks
with water [14, 71, 161]. Finally is to be noted the finite population
with n = 0, these water molecules also include some molecules form-
ing HBs only with the protein and/or with the disaccharides molecules.
Effectively the visual inspection of the simulation box reveals clustering
phenomena of trehalose molecules on some region of the surface of the
protein, with few or none water molecules trapped between.

HB-bonding behavior on bulk and hydration water has also been
characterized analyzing the acceptor and donor behavior of the water
molecules. Results are shown in Figure 4.18.

The common idea on the acceptor and donor abilities of water is rep-
resented by the picture of a water molecule accepting two HBs through
the two lone pairs of the oxygen atom and donating other two HBs via
the hydrogen atoms. In bulk SPC/E water (top panels), water molecules
are effectively found to follow this picture, especially at low tempera-
ture, where they are most likely to accept and donate two HBs at the
same time. Conversely, lysozyme hydration water in Lyso(Aq) and in
Lyso(Treha-Aq) don’t show this tendency. See middle and bottom panels
of Figure 4.18. Distributions resemble in fact the distribution of total
number of HBs, they are wide and spread between n = 0 and n = 3. At
low temperature, in Lyso(Aq) however the greatest population of water
molecules is the one accepting and donating two HBs, as in bulk. In
Lyso(Treha-Aq) this corresponds to the population accepting and donat-
ing one hydrogen bond. The reduction on the number of double donors
and acceptors could cause lack of tetrahedrality of the HB network of
hydration water.

To deepen the analysis on this last point, and more in general on
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Figure 4.18: Variation in the number of hydrogen bonds accepted (left panels) and
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(top panels) and in the lysozyme hydration shell in Lyso(Aq) (middle panels) and
Lyso(Treha-Aq) (bottom panels).

the properties of HB-network on bulk water and hydration water, we
calculated the distribution of the cosine the angle y between three nearest
neighbor water molecules. Consider that the tetrahedral angle is 109.5°
and corresponds to cosy = —0.334.

Figure 4.19 shows the temperature dependence of the distribution of
cosy in the three investigated systems, bulk water, lysozyme hydration
water in Lyso(Aq) and lysozyme hydration water in Lyso(Treha-Aq). In
Figure 4.20 we compare at two selected temperature, T = 300 K and
T = 200 K, the cosy distribution of the three systems. All the distribution
are normalized to unit area to better compare them.

At T = 300 K, the distribution of cosy in the SPC/E bulk water at
any temperature has a well defined peak around 102° (cosy = —0.21),
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Figure 4.19: Normalized angular distribution function P(cos y) of the angle between
the oxygens of three nearest neighbor water molecules for bulk water (upper panel),
for lysozyme hydration water in Lyso(Aq) system (bottom left) and for lysozyme
hydration water in the Lyso(Treha-Aq) system (bottom right). In each panel, curves
are shown from the highest simulated temperature T = 300 K down to the lowest
temperature T = 200 K. Dashed vertical lines mark the cosine value of the tetrahedral
angle.
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this peak is the signature of the tetrahedral order present in liquid wa-
ter at short range distance. Upon decreasing temperature this peak
becomes sharper and sharper and at T = 200 K it reaches the value
y = 108.8° (cosy = —0.31). A secondary sharp peak is found on each
curve at ~ 53° (cosy = 0.6), this peak corresponds to interstitial neigh-
bor molecules [111]. Our findings are in agreement with experimental
results on water at ambient conditions [162].

The behavior of the cosy distributions calculated for hydration wa-
ter is similar to bulk water behavior in both the systems Lyso(Aq) and
Lyso(Treha-Aq). At T = 300 K, the distributions coincide showing a broad
peak centered ~ 99.5° (cosy = —0.167). At T = 200 K, they show the broad
peak at ~ 105.5° (cosy = —0.268) and ~ 103.5° (cosy = —0.234), respec-
tively. The secondary sharp peak is located ~ 53°. The position of the
latter peak is completely unaffected by neither the enviroment (protein
and trehalose molecules) nor the temperature. Differently to bulk wa-
ter, at low temperature a shoulder on the broad peak located at ~ 80°
(cosy = 0.160) is more evident in protein hydration water whereas it is
missing in the low temperature distribution of bulk water. Besides this
is more defined in the case of hydration water of lysozyme already at
high temperature, where the heigh of this shoulder is comparable with
the broad peak that signs the tetrahedrality of water. This feature could
be associated to a number of water molecules distorted by the protein
and by the disaccharides molecules.

— bulk 7
hydration water-Lyso(Aq) i
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Figure 4.20: Normalized angular distribuition functions P(cosy) of the angle be-
tween the oxygens of three nearest neighbor water molecules are compared be-
tween bulk water (blue), for lysozyme hydration water in Lyso(Aq) (red) and in
Lyso(Treha-Aq) (green) at the highest simulated temperature T = 300 K (left panel)
and at the lowest temperature T = 200 K (right panel). Dashed vertical lines mark
the cosine value of the tetrahedral angle.

As a final comment on these distributions, we note that what is chang-
ing upon cooling the system is also the relative amplitude between the
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tetrahedrality peak, the shoulder and the peak of interstitial water, plau-
sibly associated to different water populations. In that respect we see
that the tetrahedrality peak in bulk water is the highest at any tempera-
ture, while this is not true for protein hydration water. Three hydration
water molecules are therefore less likely to be found at the tetrahedral
angle at each temperature with respect to bulk pure water. This is consis-
tent with the averaged lower number of HBs that bonds hydration water
with respect to bulk water. Deviation from the tetrahedral angle in wa-
ter may also lead to the distortion or the disruption of the HB-network.
Anyway, we don’t have evidences of a great distortion of the hydrogen
bond network of hydration water, especially if compared to the angular
distribution of water in the hydration layer of Vycor [111].

Globally our findings can be interpreted as a lower tendency of hydra-
tion water of forming the typical four-HBs-network. This is because less
candidate molecules are found at the right (tetrahedral) angle (as seen
from the angular distributions), but also because, reasonable, some wa-
ter molecules will be hydrogen bonded to both the lysozyme and trehalose
molecules, that, from the structural characterization of the solution, we
know to crowd inside the region of space here analyzed. This however
merits further investigations, and the analysis of inter-species HBs is
planned to do.

43. Final Discussion and Conclusions

Trehalose in the solution causes a slowing down on the dynamics
of hydration water. This is clear from the fact that the density-density
correlators decay over much longer time when the lysozyme is immersed
in the sugar-water solution than when lysozyme is immersed in water.

The translational dynamics of hydration water can be described by
two different relaxations, the a-relaxation and the long-relaxation, which
lie on different time-scales. Concerning the comparison with the lyso-
zyme in water, both the processes slow down when trehalose is in the
solution. The presence of trehalose induces a major slowing down of the
long relaxation (up to three order of magnitude at low temperature) and
a mild slowing down of the a one.

The cryoprotector seems to not to affect the phenomenology of a-
relaxation in the sense of the fragile to strong crossover of 7,. The net
effect of trehalose on this process is to shift the MCT temperature and
consequently the FSC temperature of the lysozyme hydration water to
higher value in respect to the Lyso(Aq) (+15 degree) and bulk water (+20
degree). This is also accompanied by a decrease of the activation energies
on the strong side of the a process when going from bulk, to Lyso(Aq) and
to Lyso(Treha-Aq). This supports the idea that bulk water is a limiting
case, placing a lower limit for the value of Trgc and an upper limit for the
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activation energy of hopping phenomena in hydration water.

On the connections between FSC and PDT, we highlight the fact that
the FSC in hydration water is shifting from the bulk value toward the PDT
temperature when trehalose is in the system. According to our definition
of hydration water, we find on average 1140 hydration water molecules
in within 6 A from the lysozyme in the Lyso(Aq) system and 710 in the
Lyso(Treha-Aq) system. The presence of trehalose molecules at close
vicinity of the protein decreases this latter number. The exclusion in
the shell of more bulk-like water molecules when going from Lyso(Aq)
to Lyso(Treha-Aq) may be the reason of the increase of Trg. toward the
value of the PDT. It is important to note that in the case of the monolayer
coverage of water on lysozyme, which corresponds to approximately 250
water molecules per lysozyme, the FSC crossover occurs in coincidence
with the PDT. In that respect, decreasing the water content is expected
to remove bulk water like molecules and presumably the dynamics to
be completely coupled/driven by the dynamics of an hydrated protein,
which exhibits the PDT. Besides, with the slowing down of the a process
the dynamics of hydration water upon decreasing the hydration level can
be also accompanied by the degeneracy of the two structural relaxations
processes approaching similar time scales. The study of the FSC upon
changing the hydration level of the protein will be the subject of next
future work.

In both the protein systems, we found that the crossing between the
low-temperature Arrhenius regime to the high-temperature Arrhenius
regime of the long relaxation time 7,,,4, occurs in coincidence with the
PDT, therefore the nature of the dynamical crossover of the long relax-
ation is almost unaffected by the trehalose, i.e. allegedly this relaxation
of hydration water remains dynamically coupled with the protein mo-
tion also in presence of the sugar. The activation energies are instead
increased by trehalose on both the sides, this should quantifies the re-
sponse of protein fluctuations versus the temperature.

The minor number of water molecules in the lysozyme hydration shell
in the Lyso(Treha-Aq) system (about the 62%) is due to the fact that also
on average about 40 trehalose molecules lie in the hydration shell (These
data have been calculated by integration of our number density). At the
visual inspection trehalose molecules appear to cover the protein surface
not homogeneously independently of the temperature, moreover in some
part of the surface they show clustering of more molecules. This is in
accordance to the fact that the about 70% of the lysozyme surface re-
mains hydrated in presence of trehalose and that they form patches over
the surface [86]. The fact that trehalose form a cage on the protein sur-
face that however do not exclude completely water can be related to the
cryopreserving properties of the solution. In this system the hydration
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Figure 4.21: Ratio between the lysozyme MSF in Lyso(Aq) and the lysozyme MSF
in Lyso(TrehaAq) as a function of the temperature.

shell of lysozyme is in fact composed of water molecules shared between
the protein and the sugars near the protein surface, which also offers to
water a wider interaction surface. Those sugars presumably cause the
great slowing down effect of the dynamics of hydration shell. Finally, it
remains to be investigated the dynamics of the sugar cage at the protein
interfaces that we plan to do in the next future.

From the protein point of view, the addiction of trehalose in water,
at least at the concentration of 40% trehalose, preserves both the pro-
tein dynamical transition itself and the temperature at which it occurs.
The dependence on the sugar concentration of the PDT has been studied
in [163] on lysozyme in glucose-water solutions and at least at diluted
samples (> 0.6 w(water)/w(sugar)') this seems to show no statistically
significant correlation with the concentration of the sugar. The protein
dynamical transition is closely related to the low temperature activation
of the protein and therefore to its functioning. The clustering of sugar
also stiffens the local protein environment and consequently the protein
is dumped in its structure fluctuations, see Figure 4.21 of a factor that
reaches ~ 2.5 at low temperature. This can positively affect the stability
of the protein [164] at low temperature. In this respect the bio-protection
of the cryoprotectant solution seems to act almost exclusively from the
dynamical point of view rather then from the thermodynamic one.

1Our solution is ~ 1.5 w(water)/w(sugar)



The glass forming LiCl:6H:O

In this Chapter the results obtained for the set of simulations at 1 bar
isobar of a glass-forming solutionare presented. The solution is com-
posed of lithium chloride and water with the electrolyte mass fraction
¢ = 0.14. To the best of our knowledge, this is the first simulation of
this system as described by the JC-TIP4P/2005 potential extended in
the supercooled regime. The Chapter deals with the the dynamics of wa-
ter and with the structural properties of the system. We start presenting
the system.

5.1. Introduction

Since the freezing point of water can be lowered by the addition of
salt, the study of electrolyte solutions upon dilution is a valuable route to
extrapolate the water behavior in the no-man’s land and, consequently,
to explain anomalies of water. The simulations of Corradini and Gallo
[165] showed that the TMD and the second critical point is present in
the limits of low salt concentrations.

Lithium chloride solutions can play a paramount role in this direction
because of the ease of supercooling. Moran [166], in fact in 1956 while
studying the (stable) phase diagram of binary LiCI-H,O was complaining
that:

“Supercooling caused a great deal of trouble through its per-
sistence over a large temperature drop, although vigorous ef-
forts were make to induce crystallization.”

Probably, at that time, he could not imagine how much the property of

the aqueous lithium chloride that he was complaining with, would have
been appreciated in the years to come by the scientific community.
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Figure 5.1(a) shows the phase diagram of the solutions LiCl:RH,O0,
where R is the water-salt molar mass ratio. The system has four crys-
talline hydrates with R = 1,2,3 and 5. The eutectic point at 1 bar is
located at temperature T, = 199 K. Upon cooling the eutectic liquid, at
the concentration R, ~ 7, one obtains ice Ih in micro-crystals coexisting
with the penta-hydrates.

More interesting to our field of research is the metastable phase dia-
gram of LiCI-H, O solutions, that has been studied since 1956 [166, 167].
This is shown in Figure 5.1(b). Dotted points represent the (calorimetric)
glass transition temperatures of the solutions. In the phase diagram it is
also reported the line of crystallization of ice, of the penta-hydrate and of
the tri-hydrate upon cooling. Near the eutectic concentration, at concen-
tration R ~ 6, there it opens a channel through which the liquid can be
supercooled directly to the glass transition, without thermic or kinetics
phenomena hampering it. Successive works showed that the extension
of this channel can be varied from R = 4 to R = 7 [168], by changing the
cooling rate of the solutions.

The LiCl:6H,O0 is therefore a glass-forming liquid with a glass transi-
tion temperature of T, =135 K, with the peculiarity of avoiding crystal-
lization.

The LiCl:6H,0 has been intensively studied. The predictions of simple
scaling for the a-relaxation and of identical scaling behavior for mechani-
cal and electrical susceptibilities provided partial evidence for the validity
of the approach of MCT in the glass transition problem. The imaginary
part of the compressibility modulus shows in fact power-law behavior on
both sides of the a-peak in frequency domain but the characteristic relax-
ation times obtained from the scaling of the moduli are better described
with a Vogel-Tammann-Fulcher law since data show deviation from the
MCT power law (Tycr = 164 K, y = 4.25 ) about 40 degree above the glass
transition temperature [170, 171]. Successive QENS experiments [172],
show a crossover in the average relaxation times on the nanosecond time
scale at about 220 K, this crossover was of the type fragile-to-strong.
This crossover was then questioned by the same author, demonstrat-
ing the emergence of the so-called excess wing in the high frequency tail
of the structural relaxation a-peak [173]. Concerning the low frequency
phonons analysis, it must be noted that LiCl:6H, 0 has a behavior similar
to what is expected for supercooled water at least down to ~ 210 K [174].
Finally, the dynamic structure factor of the supercooled solution has
been wide-band characterized by the joint analysis of photon correlation
spectroscopy, BLS, IUVS and IXS spectra. This investigation [175, 176],
has revealed the onset of the typical structural a-relaxation of the solu-
tion and the onset of the secondary Johari-Goldstein f-relaxation. Inter-
estingly this latter onset upon cooling at T ~ 220 K, in coincidence with
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Figure 5.1: Stable (a) and metastable (b) Phase-diagrams of LiCIl-H,O solutions at
1 bar. Figures from Ref. [169] and Ref. [166], respectively.
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Figure 5.2: Box at T =300 Kand T = 200 K.

the temperature range at which the properties of water seem to diverge.
On the other hand, the a-relaxation has a fragile character down to the
glass transition.

5.2. Simulation Details

All-atoms MD simulations on the LiCl:6H,0 system were performed
at constant pressure p = 1 bar and temperatures spanning from T = 300
K down to T = 185 K. The cubic simulation box (L = 2.61 nm at T = 300
K) contains 480 water molecules described by the TIP4P/2005 potential,
80 CI™ ions and 80 Li* ions described by JC-TIP4P/2005 [101]. These
force fields, have been exposed in the Subsec. 2.2.3.

The cutoff radius for the non-bonded van der Waals interactions was
set to 9.5 A. The Coulombic interaction was truncated at 9.5 A, and the
correction contribution was evaluated by using the Particle Mesh Ewald
method. The equations of motion are integrated with a time step of 1 fs
with the Verlet leap-frog algorithm. Berendsen method [93] was used to
handle both the temperature and the pressure of the system. The MD
simulations were performed using the parallelized version of GROMACS
4.5.5 [91] simulation package.

Table 5.A shows the summary of the thermodynamic points inves-
tigated in this work. Details include the density of the system p, the
potential energy U and simulation time for equilibration and production
runs. At low temperature we also run two annealing cycles, not reported
in the table, comprehending a fast heating to 300 K followed by equili-
bration to 185K. Both the independent cycles reach the same potential
energy average value within it fluctuations.

The total computational time amounts to about 1680 ns for the entire
simulated isobar. The simulations were carried out on the INFN-Grid
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Roma Tre cluster! where we achieved an average simulation times of 98
ns/day.

Table 5.A: Summary of the simulated state points at p = 1 bar including the tem-
perature T, density p and potential energy U of the LiCl:6H,0O system. At each
temperature the equilibration run of length t,, is followed by the data collection for
atime ty,oq-

T(K) p(g/cm®) U (kJ/mol) teq (nS) tyroa (nS)

300 1.777 -288531 40 30
290 1.781 -312829 60 20
280 1.787 -312829 60 20
270 1.793 -312829 100 20
260 1.797 -337058 60 20
250 1.800 -349416 60 20
240 1.803 -361738 60 40
230 1.803 -374200 60 40
220 1.806 -386309 120 40
210 1.813 -398196 120 40
205 1.825 -404481 120 40
200 1.804 -409764 120 40

Two cubic simulation boxes at the highest and lowest simulated tem-
perature are shown in Figure 5.2.

5.3. Results

5.3.1. Water Self-Intermediate Scattering Functions

We characterized the density fluctuations of water in the supercooled
solution by looking at the oxygen SISFs. The curves calculated at the
peak of the oxygen-oxygen structure factor of water ¢ = 2.25 A™! are
shown in Figure 5.3 for all the twelve simulated temperatures that span
from T = 300 K down to T = 200 K.

The SISFs of the water contained in the solution show upon cooling
similar behavior to the SISFs of bulk water. As predicted by mode cou-
pling theory, a two step relaxation scenario is observed as supercooling
proceeds. The dynamics is however slower than pure bulk water, as the
second step of the relaxation, the a-relaxation bump, is visible already
at the highest temperatures. It is a general finding that popular water
models like SPC/E, TIP4P, TIP4P/2005, do not show the a-relaxation
bump already at T = 300 K. The boson peak - overshoot feature it is also
observed for temperatures lower than 250 K.

http://web-cluster.fis.uniroma3.it/
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Figure 5.3: Oxygen-oxygen SISFs in LiCl:6H,O. The bottom curve correspond to
the temperature T = 300 K, the top curve correspond to T = 200 K. q is fixed at 2.25
A-1.

The overall curves can be fitted with the formula:

F(q,t) = [1 = f(q)]e~ /™)’ + f(q)e~ ¢/ (5.1)

the same used in Chapter 3 for the fitting the SISFs of SPC/E bulk water.
The best fitting curve at each temperature is shown superimposed to
data point in Figure 5.3. This model well reproduces the line-shape of
the correlators, apart for low temperature curves at long times due to the
poorer statistics of our calculation.

The parameters extracted from the fitting procedure are shown in Fig-
ures 5.4 and 5.5.

In the top panel of Fig. 5.4, the characteristic time of the Gaussian
term of Eq. (5.1), 74, is plotted as a function of temperature. It is of
order 0.15 ps as in SPC/E water and has a weak temperature depen-
dence as expected in the ballistic regime. The Lamb-Méssbauer factor,
f(q), which arises from the cage effect, is plotted in the middle panel of
the same Figure. It increases upon cooling reflecting the decrease of the
characteristic distance over which the particle rattles inside the cage due
to the interactions with first nearest neighbor molecules. Through the
relation f(q) = e~@°4’/3 we can estimate the scale length a of this motion,
which gives a = 0.43 A at T = 300 K and a = 0.35 A at T = 200 K. Both the
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Figure 5.4: Fast-relaxation times 7, Lamb-Mdssbauer factors f(q) and stretching
parameters of the a-relaxation, S,, extracted from the fit procedure via Eq. (5.1)
of the oxygen-oxygen SISFs in LiCl:6H,O. Data are shown as a function of the
temperature of the system.

distances are well shorter than the distance of the first nearest neigh-
bors (evidences for this will be given in RDFs shown in the next Section).
Finally on this Figure, it is reported the stretching parameter of the a-
relaxation, B,. It is rather constant in temperature from T~300 K down
to T~220 K and it decreases slightly below this temperature. There is no
available simulations data in literature to compare its value with bulk
system’s, but along the 1 bar isobar 8, of SPC/E water varies within the
interval 0.9—-0.6 upon cooling, and the same occurs in the TIP4P series
of water potential along the 1 g/cm? isochores [38, 47]. Our f, values
reveal the fact that the dynamics of water is more stretched in LiCl:6H,0
than in bulk water.

The other relevant quantity that characterizes the dynamics of su-
percooled water is the structural a-relaxation time, 7,. This quantity, as
extracted from the fit of SISFs, is plotted in the log-lin plot on Figure 5.5
as a function of temperature. The a-relaxation in LiCl:6H,0 is clearly
slower than in bulk water. Typically, 7, in bulk water varies from 1 to
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1000 ps upon cooling the system in the range 300 - 200 K.
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Figure 5.5: Structural a-relaxation times of water in LiCl:6H,O as a function of
temperature. Data are extracted from the fit procedure via Eq. (5.1) of the oxygen-
oxygen SISFs. The Vogel-Fulcher-Tammann approximation is also shown super-
imposed to the data points.

It is common in literature to describe the temperature behavior of
relaxation times and viscosities of glass-forming liquids with the phe-
nomenological Vogel-Fulcher-Tammann (VFT) law, given by:

DT,
T - TO

Ty, = Tp €Xp [ (5.2)

where 14,79 and T, are constants. T, is often referred as the temperature
of ideal glass transitions, but its relation with the real glass transition
temperature is highly debated [2]. D is the fragility parameter whose
variations between 5 and 100 can described supercooled liquids from
fragile to strong extremes in the Angel plot [40].

The relaxation times of water in LiCl:6H,0O are found to obey a Vogel-
Fulcher-Tammann law with D = 7.56, which classified the water of our
solution as a fragile liquid and T, = 132.3 K, which is close to the values
reported in literatures by NSE 148+16 on LiCl:7.3H,0 [177]. The VFT law,
reported in Figure 5.5, well describes the temperature behavior of 7, in
the entire regime of temperature that we simulated. Finally, we can also
extrapolate the glass transition temperature of the solution extrapolating
the value of 7, from the VFT equation, since conventionally 7,(Ty) = 102
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Figure 5.6: Structural a-relaxation time of water in LiCl:6H,O as a function of the
temperature. Data are extracted from the fit procedure via Eqg. (5.1) of the oxygen-
oxygen SISFs, same of Figure 5.5.

s. We found T, =159.5 K. This temperature is higher than in the real
solution, of ~ 25 degree.

As stated in the introduction, fragile glass-former liquids show super-
Arrhenius behavior of relaxation times and can be described or with the
VFT law or with MCT power law. Next Section deals with the analysis a
la Mode Coupling of 7,(T).

5.3.2. a-relaxation and MCT

Figure 5.6 shows that in the range of temperature that we studied
in the mild supercooled region, the temperature dependence of the 7,
follows the power law prediction of the MCT:

Tg ~ (T = Tyer)™ (5.3)

The best fit shown is obtained by excluding the two lowest temper-
ature points. Nonetheless also at low temperature the agreement with
the MCT law is rather good. This can be also appreciated in Figure 5.7,
where the structural a-relaxation times and its MCT power law are show
as a function of inverse temperature in an Arrhenius plot on the left panel
and as function of the distance from the MCT temperature on the right
panel.

The extracted parameter are y = 4.60 and Ty.r = 185.0 K. The y value
should be in principle universal, in practice it depends on the system
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Figure 5.7: Structural a-relaxation time of water in LiCI:6H,0O. Left Panel: 7, as
function of the inverse temperature. Right Panel: log-log plot of 1/7, vs. T — Tycr-
The MCT fit is also shown as the continuos line superimposed to the data points.

and given the system, simulation works show that it also depends on
the interaction potential employed. The value of y is rather high with
respect to the bulk. For sake of comparison, y ~ 3 in TIP4P/2005 water,
along isochores where p varies in 0.95—1.03 g/cm?3) [38]. In any case it
has been shown that in NaCl solutions, already at very diluted condition,
the y exponent differentiates from its bulk value [134]. Concerning the
MCT temperature, it has been shown [37] that for fragile liquid holds

TI‘T”J < 1.2, in our case we estimated 1.15, which gives further support

togthe fact that the MCT temperature found is compatible with a fragile
behavior of the glass-forming.

Globally the MCT power law describes well the structural relaxation
times of the water in LiCl:6H,O in a temperature region starting from T =
300 K until the mild supercooled region is reached. Upon further cooling
the system, plausibly the VFT can best described 7, behavior down to
the glass temperature, given the deviation from the MCT power law that
onsets at ~ 205 K upon cooling. The extension of simulations to lower
temperature is required to clarify this point.

Nevertheless, it must be noted that the a relaxation of LiCl-6H20 as
measured by Neutron Spin Echo, shows a behavior similar to our. From
high temperature it obeys to power scaling law similar to MCT prediction
down to T ~ 200 K [178]. Similar behavior is also found for the viscosity of
the eutectic liquids [179]: the viscosity data are consistent with the MCT
power law from high temperature down to ~ 220 K, while the VFT law
describes the temperature behavior over the entire temperature range
investigated in that work (down to 180 K).
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5.3.3. Structural properties

In this Subsection the structural properties calculated from the equili-
brated trajectories stored in the production run are presented. The prop-
erties investigated are radial distribution functions, angular distribution
of three water molecules and hydrogen bonding distribution function.
We start from the structure of water.

Water correlations

The structure of the water contained in our electrolyte solution has
been characterized by calculating the three RDFs g;;(r), where i,j are the
oxygen and hydrogen atoms (i,j = O, H). The calculation is performed be-
tween an atom pair i,j not belonging to the same molecule, so that in our
gij(r) the intramolecular peaks are absent with respect to experimental
measured RDFs [180]. This is done because we employed a rigid poten-
tial model for water and the intramolecular peak is therefore fixed to the
values of TIP4P/2005.

In Figure 5.8 we present the oxygen-oxygen goo(r), oxygen-hydrogen
gou(r) and hydrogen-hydrogen gyy(r) RDFs of water, calculated at the
highest, T = 300 K, and at the lowest, T = 200 K, simulated tempera-
tures. The RDFs of water calculated at intermediate temperatures are
shown in Appendix A, Figure A.1. From the comparison between the two
extremes simulated temperature, it is clear that the local maxima of every
RDF become in general sharper and alternating to deeper minima. This
is the typical behavior of pair correlation functions upon cooling. The
effect of decreasing temperature it is however more pronounced in the
correlations between the oxygen atoms of two water molecules: gy (1)
develops in fact a shoulder to the right of the first peak clearly visible at
low temperature. Correlations which implies an hydrogen atoms seems
to be less sensitive to the temperature and no onset of new shoulders
or peaks is detected. Overall neither the short range nor the long range
order of water is strongly affected by the temperature, being the position
of maxima and minima unchanged within the range of temperatures in-
vestigated. The positions of the first sharp intermolecular peaks of O-O,
OH and HH correlations are resumed in Table 5.B.

To see the effect of ions on the water structure, it is desirable to com-
pare the O-O, O-H and H-H RDFs calculated for the water in LiCl:6H,0
with the respective RDFs of bulk TIP4P/2005 water. This however must
be done at comparable densities of water. For our concentrated solution,
the excluded volume by ions must to be take into account in the calcu-
lation of the density of water p,,. Following the method used in Ref. [181]
for hydrophobic solutes in water, the excluded volume due to the X ion
can be approximated by a sphere of diameter equal to the LJ length be-
tween the ion and the oxygen, oyx. The total excluded volume in our
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system is therefore given by:
T
Vexa = ¢ (Neooct + Niioori) (5.4)

where N;;, N;; is the number of Li, Cl ions in the simulation box. The
density of water can be calculated as:

Ny p

- _tw P 5.5
V — Vpret Na (5-5)

Pw
where N,, is the number of water molecules, p,, is the molecular weight
of water, V is the simulation box volume and N, is the Avogadro number.
Through Eq. 5.5 we calculated the equivalent water density in our sys-
tem, which results to be p,, = 0.990 g/cm? at T = 300 K and p,, = 1.009
g/cm3 at T = 200 K. We compared the RDF of water in the solution with
the bulk TIP4P/2005 water RDFs at the closest temperature available.
These O-O RDFs are reported on the same Figure 5.8.

From the comparison, we can see that LiCl has the strongest effect
on the oxygen-oxygen RDFs, while leaves almost unchanged the oxygen-
hydrogen and hydrogen-hydrogen RDFs. The fact that H-H correlations,
which represents the orientational correlation between neighboring pure
water molecules, are essentially unchanged in the aqueous solution, as
well the first peak of O-H correlations at about 3.5 A, reveals the forma-
tion of hydrogen bonds between water molecules in the system.

Nevertheless, also O-O correlations characterize the hydrogen bond
network of water. The position of the first peak is unaffected by LiCl
which ulteriorly confirms the formation of water HBs in the system; the
broadening of this peak that degenerates into a shoulder at 3.2 A at low
temperature is the signature of the densification of oxygen atoms due
to the interactions with ions. The major effect of LiCl on water, it is
however the collapse of the outer hydration shells toward the first. This
last point has been found in several electrolyte aqueous solutions RDF's
and resumes the effect of ions on water, i.e. they act on the water HB-
network as the increase of the pressure acts on pure bulk water. Finally,
the collapse of the second hydration shell is directly associated to the
angular perturbation of the water tetrahedral network, we will give in
the next Subsection further evidences of this point.

Water ions correlations

In Figure 5.9 the cross correlations between the water oxygen atom
and the two ions, gox(r) where X = Li, Cl are shown at two selected
temperature, T = 300 K and T = 200 K, to better compare them.

OX correlations exhibit no appreciable differences upon cooling, apart
from the general sharpening of peaks. The complete set calculated is
reported in Appendix A, Figures A.2 and A.3.
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Figure 5.8: Water oxygen-oxygen RDFs (top panel), oxygen-hydrogen RDFs (mid-
dle panel) and hydrogen-hydrogen RDFs (bottom panel) in LiCl:6H, 0 at select tem-
peratures. The curves shown for T # 300 K are shifted by a step of 0.4 on the y axis

for the sake of clarity.
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Figure 5.9: Oxygen-chlorine RDFs (top panel) and oxygen-lithium RDFs (bottom
panel) in LiCl:6H,0O at select temperatures. The curves shown for T # 300 K are
shifted by a step of 0.5 in the top plot and of 5 in the bottom plot along the y axis for
the sake of clarity.

In the case of lithium, a well defined shell of lithium atoms forms
around the oxygen, as seen from the intense first peak located at 1.9
A (also note the high intensity, see Fig. A.2) followed by a deep first
minimum. The first shell of chlorine atoms around the oxygen is centered
at 3.2 A and it is less sharp defined with respect to the lithium first shell,
as indicated by the shoulder already present at ambient temperature and
the less deep first minimum. The positions of the peaks are unchanged at
the two temperatures. From this comparison it can be also appreciated
that chlorine coordination shells lye between lithium coordination shells,
i.e. they alternates resembling the structure of the solid LiCl crystal and
indicating charge ordering around the oxygen atoms.

Figure 5.10 is the analogous of Figure 5.9 for the hydrogen-ions cor-
relations, gux(r), X = Li, Cl. Also in this case the decrease of tempera-
ture does not produce appreciable changes in the RDFs, the position of
the principal peaks are in fact unchanged. The first peaks in the H-Cl
RDF lye at 2.2, 3.6 and 3.9 A. The coordination shells of lithium shifts to
longer distances with respect to the chlorine, at 2.6 A and 4.7 A, between
them a left-shoulder to the second peak is observed at 3.4 A. The charge
ordering of shells is still present.

The cross correlations shown at this points have been replotted in
Figure 5.11, to better understand the spatial arrangement of the alter-
nating shells of oxygen and hydrogen atoms surrounding the ions. From
this Figure in fact it is clear that the position of the first peak of the gy
is shifted to a higher distance with respect to the position of the first
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Figure 5.10: Hydrogen-chlorine RDFs (top panel) and hydrogen-lithium RDFs (bot-
tom panel) in LiCl:6H,0 at select temperatures. The curves shown for T # 300 K
are shifted by a step of 0.5 on the y axis for the sake of clarity.

peak of the g;;o and that the opposite is true for gy and gc;o. This is
the consequence of the electrostatic interactions between the polar wa-
ter molecule and the charged ions, with water molecules that arrange in
such a way the oxygen is exposed to the positive charged ion, Li*, and
the hydrogen atoms oriented to the negative charged ion, Cl~.

Ions structure

In Figure 5.12 the RDFs that characterized the ion-ion structure are
shown. In the top panel, gi;c1(r) is shown at two selected temperatures,
T =300 K and T = 200 K. Both the curves show a much intense first max-
imum at 2.3 A and a second peak at 4.5 A. The separation between these
two peaks reveals the presence of a water molecule included between
the two ions. In the bottom panels, Li-Li and CI-Cl RDFs are reported.
Li-Li RDF presents at T = 300 K the broad peak at 5.6 A also observed
experimentally, and a well defined pre-peak at 3.96 A, this feature has
been observed in hyperquenched samples (for the discussion of this peak
see Ref. [101]). At low temperature the position of this pre-peak is un-
changed, while the second shell is modulated in a double peak structure.
At long distance other peaks are observed. g¢;c;(r) appears more struc-
tured with respect to g;;;;(r), showing a second and third shell sharply
defined both at high and low temperature (see Table 5.B for the values).
The diversification on the long range order between the two ions can be
due to their different sizes. Finally, the structure of ions seems to be the
more temperature dependent, especially for the long distance behavior
of the RDF. The complete set of ion-ion RDFs, calculated in our system
are reported in Figure A.4 in the Appendix A.
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Figure 5.11: Litium-water RDFs (top panel) and chlorine-water RDFs (bottom
panel) in LiCl:6H,0 at select temperatures.
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Figure 5.12: Litium-litium RDFs (top panel), chlorine-chlorine RDFs (middle panel)
and litium-chlorine RDFs(bottom panel) in LiCI:6H,0 at select temperatures. The
curves shown for T # 300 K are shifted on the y axis by a step of 0.5, 0.5 and 5
respectively for the sake of clarity.
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Table 5.B: Intermolecular peak positions extracted by the correlations of the
LiCl:6H,0O system. Between parenthesis the value of ref. [180]. the value of water
are reported.

Type 1st (A) 2nd (A) 3rd (A))
0-0 2.8 (2.9 4.3 (4.4)

O-H 1.8 (1.88)! 3.2 (3.37) 3.8
H-H 2.3 (2.4) 3.7 (3.7) 4.1
Li-Cl 2.3 4.5 -
Li-O 1.9 (2) 4.3

Li-H 2.6 4.7

Li-Li 4.0 S5.6(+prepeak)

Cl-O  (3.175)! 4.7

CI-H 2.2 (2.225) 3.6 (3.625) 3.9
Cl-Cl 3.9 5.1/2 6.5/6

In conclusion, since this is the first simulation at low temperature
that we perform on the system LiCl:6H,0O as described by TIP4P/2005-
JC, we want to comment the values reported in parenthesis in Table
5.B. Those values competes the supercooled LiCl:6H,O at T = 162 K,
derived from neutron pair correlation functions investigated by Prével
et al. [180]. The ! appended to the parenthesis refers to data of the glassy
LiCl:6H,0 at T = 120 K [180]. We report these values when no available
data for the supercooled liquids are found because Prével et al. [180]
have found that no significant changes are between the glassy and the
(deep) supercooling liquids RDFs. We see that most of the positions that
we derived at much higher temperature are in very good agreement with
the experimental values of both the liquids and the glass. This shows
that the JC-TIP4P/2005 model well describes the molecular interactions
of LiCl:6H,0, also at low temperature.

Hydrogen Bond Network

The water radial distribution functions reveal distortion of the hydro-
gen bond network in our solution. This motivated the calculation of the
angular distribution of water, P(y), in LiCl:6H,O solution.

y is defined to be the H-O---O angle of three water molecules. As shown
in Chapter 4, the distribution of the values of y angles assumed by wa-
ter molecules, characterizes the short range order present in bulk liquid
water. Therefore it is possible to monitor perturbation on the water hy-
drogen bond network due to the addiction of ions, by looking at this
quantity. We recall now that in bulk water, especially at low tempera-
ture, the cosy distribution is expected to have a defined peak at about
the tetrahedral value of y = 109.5 plus a secondary peak located ~ 54°,
due to interstitial water molecules.
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Figure 5.13: Top panel: normalized angular distribution function P(cosy) of the
angle between the oxygens of three nearest neighbor water molecules for water
contained in the LiCl:6H,0 solution. Curves are shown from the highest simulated
temperature T = 300 K down to the lowest temperature T = 200 K. The dashed
vertical line marks the cosine value of the pure tetrahedral angle. Bottom panel:
distributions of the number of hydrogen bonds formed per water molecule. In both
the graphs, different colors correspond to different temperatures.



122 5. The glass forming LiCl:6H20

We calculated P(y) as defined in Sec. 4.2.4, by averaging the y angle
between all the couples O, 3 of oxygen atoms that lies at a distance less
than r = 3.5 A from the considered O; atom. This cut-off length corre-
sponds to the first minimum of the O-O RDF calculated in the solution.

The resulting water angular distribution P(cosy) in LiCl:6H,0 is shown
in Figure 5.13. These curves show the peak at 60.3°, which is the analo-
gous of secondary peak of bulk water due to interstitial water molecules;
a peak at 104.9°, which is the signature of the tetrahedral order present
in liquid water; and a third peak, missing in bulk water at any temper-
ature, that sharpens toward low temperature, located ~ 149.9° (cosy =
—0.866).

We can see that the tetrahedral peak of the angular distribution is not
totally depressed and thus conclude that bulk-like hydrogen bonds form
in the system, but also that this HB network is different from the one of
bulk water, being partially deformed due to the onset of a population of
water molecules that assume high y angle value.

Finally, the distribution of hydrogen bonds in the system has been
calculated. We adopted the same geometry criterion for the definition of
a hydrogen bond between two water molecules, i.e. O-O distance less
that 3.5 A and the H-O---O angle less than or equal to 30°.

In the bottom panel of Figure 5.13, it is shown the distribution of
water population involved inn = 0, 1, 2, 3, 4 and 5 hydrogen bonds with
an other water molecules. For sake of comparison, it must be taken into
account that this distribution in bulk water typically shows its maximum
at n = 4, while other values of n are strongly depressed upon cooling. In
the case of the water in LiCl:6H,0O, most of water molecules are involved
in the formation of 2 or 3 hydrogen bonds. The lack of the fourth HB
is plausibly related to distortion of water network in the solution, with
water molecules found at high angle that can not anymore satisfying our
geometrical constrain. In connection to this, remarkably it is the non-
zero population of water involved in zero HB.

5.4. Conclusions

We performed MD computer simulations of the glass forming solution
LiCl:6H,0, under ambient pressure p = 1 bar for temperature ranging
in the interval 300 - 200 K. The potential used for describing the inter-
molecular interactions of atoms and molecules contained in the solution
is the JC-TIP4P/2005 [101], in which water is described with the four-site
TIP4P /2005 potential and modified Lorentz-Berthelot mixing rules were
implemented to better reproduce experimental properties of the system
at ambient condition.

In this Chapter we have shown the dynamical properties of the water
contained in the solutions, derived from the oxygen-oxygen SISFs, and
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structural properties that characterize the short and long range order of
the system.

Water in the solutions is strongly slowed down by the interaction with
ions, this conclusion is based on the longer (~ a factor 10) time scale of
the typical a-relaxation of bulk liquid water. Water is also found to be-
have as a fragile liquid upon supercooling, which it is in accordance with
experimental determination. The MCT describes well the phenomenol-
ogy, i.e. the cage effect, of the SISFs at any investigated temperature. The
a-relaxation time is found to follow the MCT prediction down to the mild
supercooling region, nevertheless below ~ 210 K the structural relaxation
times of LiCl:6H,0 water seems to deviates from the predicted law. But
this last point merits further investigation by extending simulations well
below 200 K.

From the structural point of view, in analogy with other ionic aqueous
solutions, the LiCl salt, while preserving the water hydrogen bond in the
system, strongly affects the O-O coordination shells of water. The prin-
cipal effect is on the second shell of the O-O radial distribution function,
which affects the tetrahedral structure of the water network. This have
been also observed by the direct calculation of the angular distribution
of three water molecules, that also gives the basic idea of the distortion
induced by LiCl: a certain number of water molecules are in fact found
at larger angle than the nearly tetrahedral one that characterized bulk
water.

Overall the JC-TIP4P/2005 is found to perform well also at low tem-
perature in reproducing the structure of the supercooled LiCl:6H,0O so-
lution.
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General Conclusions and
Outlooks

With this work we aimed to the description of supercooled water in
different environments with respect to that of bulk phase. We study
two systems of biological relevance where a protein is immersed in water
and in a trehalose-water solutions, and a water salt solution. Detailed
discussion and conclusions about our findings on three studied systems
were drawn at the end of each Chapter. Here we intend to resume the
main findings an to draw general conclusions, highlighting the future
works that will be done and that are inspired by the results presented
here.

Most of the time during the three-years PhD program, was dedicated
to the study of the hydration water in bio-systems. A massive set of very
long simulation of this system and the possibility to perform multicore
analysis on the trajectories created, revealed new features about relax-
ations at protein interfaces, and these features have become central in
my work. The presence of two structural relaxations of hydration water is
now well-established along the 1 bar isobar for temperatures from 300 K
down to 200 K. The two structural relaxations times lye on two separated
time scales and behave differently upon cooling. The long relaxation of
hydration water exhibits a strong behavior over the entire range of in-
vestigated temperatures, nonetheless showing a crossover to a higher
activation energy regime upon cooling, in coincidence with the protein
dynamical transition accompanying the consequent reduced softness of
the protein at low temperature. This prompts to a dynamical coupling
of the protein and its hydration water. The faster one, the a-relaxation
time, shows a fragile-to-strong crossover shifted toward higher temper-
ature with respect the fragile-to-strong crossover of bulk water. This
crossover is related to the anomalies of water, and the fact that it occurs

125



126 6. General Conclusions and Outlooks

Relaxations of hydration water

. T
o-relaxation !

1.0

0.8k St

1000/T K]

o -
long-relaxation

S,
o

fo

[ . . .
35 4 45 5
1000/T [K']

t [ps]

at higher temperature stresses the possibility to find a liquid-liquid crit-
ical point also in the phase diagrams of protein hydration water. In the
picture of this conclusive Chapter, the two relaxations are shown.

The study of the tertiary solution evidenced that the presence of the
cryoprotectant trehalose in the protein-water solution, strongly slows
down the dynamics of all the system, including hydration water. In the
previous work of my research group [121], density-density autocorre-
lation functions calculated inside the hydration shell of the protein re-
vealed the a-relaxation, but the long relaxation was not clearly detected,
because of the low long-time statistics. With the present work, we over-
came this issue, especially at the higher temperature, and we were able
to characterize both the @ and the long relaxation upon cooling. Impor-
tantly trehalose seems to influence most this long process. In particular,
trehalose causes a strong slowing down of this process, without changing
neither its dynamical feature, i.e. its strong-to-strong crossover, nor the
temperature at which it occurs. We also found that this process remains
coupled with the protein motion, as we detected the protein dynamical
transition at almost unchanged temperature with respect to the lyso-
zyme protein dynamical transition detected when lysozyme is immersed
in bulk water. We observed sugar molecules forming a cage around the
surface of the protein that keeps however the protein hydrated. This
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presumably permits to create a viscous water rich environment that pre-
vent the damage upon freezing. The dynamics of this trehalose cage upon
cooling remains to be investigated, as it could be coupled with the pro-
tein and hydration water revealing some new microscopic mechanism for
bio-protection.

We have evidences, drawn by the comparison of our results, that the
shift of peculiar water dynamics, i.e. the a relaxation, in protein hy-
dration water depends on the considered protein hydration level. Fu-
ture work in the research field on supercooled water aimed to enter into
the no-man’s land, will be devoted to the calculation of the a relaxation
in narrower protein hydration shells. In that respect, we think that a
reasonable upper limit for the fragile-to-strong crossover in protein hy-
dration water is the protein dynamical transition. This work is already
started. We have proved that for our systems, the hydrogen bond net-
works of the water close to the protein is not greatly affected. Reasonably,
this is the reason for the existence in protein hydration water of the a-
relaxation, which is connected to the continuos breaking and forming of
hydrogen bonds.

Finally, the dynamics and the structure of the glass-forming LiCl:6H,0O,
as described by the JC-TIP4P/2005 potential, were studied. We found
that this is a very good potential that reproduces the experimental fea-
tures of the system. This potential reproduces the correct fragile behavior
of the solution down to 200 K and also the structure of the system, as
investigated through radial distribution functions, is in accordance with
the experimental determination. Due to the good agreement of this po-
tential with the experimental findings, we will perform further work in
this mixtures as function of concentrations.

I hope that with this Thesis we have add a further piece to the unfin-
ished puzzle that is, still today, water.
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A

LiCl:6H,O Radial Distribution
Functions
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Figure A.1: Water oxygen-oxygen RDFs (top panel), oxygen-hydrogen RDFs (mid-
dle panel) and hydrogen-hydrogen RDFs (bottom panel) in LiCl:6H, O at select tem-
peratures. The curves shown for T # 300 K are shifted by a step of 0.4 on the y axis
for the sake of clarity.
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Figure A.2: Oxygen-chlorine RDFs (top panel) and oxygen-lithium RDFs (bottom
panel) in LiCl:6H,0O at select temperatures. The curves shown for T # 300 K are
shifted by a step of 0.5 in the top plot and of 5 in the bottom plot along the y axis for
the sake of clarity.
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Figure A.3: Hydrogen-chlorine RDFs (top panel) and hydrogen-lithium RDFs (bot-
tom panel) in LiCl:6H,0O at select temperatures. The curves shown for T # 300 K
are shifted by a step of 0.5 on the y axis for the sake of clarity.
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Figure A.4: Litium-litium RDFs (top panel), chlorine-chlorine RDFs (middle panel)
and litium-chlorine RDFs(bottom panel) in LiCl:6H,O at select temperatures. The
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respectively for the sake of clarity.
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