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Chapter 1. Principles of the protein structure

1. Principles of the protein structure

1.1 The 20 aminoacids and the polypeptide chain

The primary structural components of proteins are the aminoacids. The general
chemical formula of an aminoacid may be seen in Scheme 1.1. The central a-carbon atom is
bonded to an aminogroup (-NH), a carboxyl group (-COOH) and a side chain (-R), or
aminoacid residue. There are 20 different side chains and, consequently, 20 different
aminoacids. The aminoacids are classified into categories according to the type of their side
chains. These may be charged (acid or acidic), polar uncharged or non polar (Scheme 1.1).
The chemical types of all 20 aminoacids may be seen in Schemes 1.1 and 1.2. Based on the
tendency of a side chain to be in contact with a polar solvent like water, the aminoacid may
be classified as hydrophobic (non-polar) or hydrophilic (polar or charged).

Amino acids are put together into a polypeptide chain on the ribosome in a process
called protein synthesis. During this process the peptide bond, the covalent bond between
two amino acid residues, is formed. The peptide bond is formed between the carboxyl and
amino groups of neighbouring amino acids. Examples of peptide bonds may be seen in
Scheme 1.1. Sometimes these amino acids are chemically modified in the protein after
protein synthesis. In total the number of different proteins, which it is possible to produce
from 20 amino acids is enormous. For example for 10 amino acid sequence it is possible to
have 20" different sequences, which is approximately equal to 10* or 10 trillions of different
structures. The structures build from 2 to 100 amino acids with molecular weight up to 10
kDa are usually called peptides. Longer polypeptide structures are classified as proteins.
Some other classifications refer to the conformational stability of the amino acid chain. In
this classification peptides have many different conformations and can randomly change
them, whereas proteins are structurally rigid with only one preferable conformation. These
classifications are not strict and are used only as a guideline.

Proteins are made of aminoacids linked into linear chains, called polypeptide chains,
consisting of one or more of the latter. The sequence of the polypeptide chain is defined by a
gene with genetic code. Each type of protein differs in its sequence and number of amino
acids. Therefore, it is the sequence of the chemically different side chains that makes each
protein distinct. A polypeptide chain consists of a polypeptide backbone with attached side
chains. The two ends of a polypeptide chain are chemically different: the end carrying the

(5]



Chapter 1. Principles of the protein structure

THE AMINO ACID
The general formula of an amino acid is

H - w-carbon atom

-
amino i l " carboxyl
group HaMN Cl COOH group
R _\-\_\-\_\-\_"\-\_\_
side-chain group

R is commonly one of 20 different side chains.
At pH 7 both the amino and carboxyl groups

OPTICAL ISOMERS

The u-carbon atom is asymmetric, which
allows for two mirror image (or stereo-)
isomers, L and 0.

Proteins consist exclusively of L-amino acids.

are ionized.
H
@ S
HyN—C—CO0
R
FAMILIES OF BASIC SIDE CHAINS
AMINO ACIDS :
lysine

The common amino acids {Lys, or K}
are grouped according to
whether their side chains "|| ["’
are _T_cl-_(-_

acidic H C}

basic

uncharged polar CH

" CH This group is

g 4 | very basic

Thase:l 20 amino acids CH bacdss its
are given both three-letter | positive charge
and ane-letter abbreviations. NH

Thus: alanine = Ala = A

PEPTIDE BONDS

Amino acids are commonly joined together by an amide linkage,

called a peptide bond.

amino- or
Froteins are long polymers MN-terminus
of amino acids linked by
peptide bonds, and they
are always written with the
MN-terminus toward the left.
The sequence of this tripeptide
is histidine-cysteine-valina.

is stabilized by ™.
resonance.

arginine histidine
{Arg, or R} {His, or H)
H: H O
| |
—rr—f'—('— —N—C—C—
H H |
| HM |
il
| Pl M
W H v A
| These nitrogens have a
relatively weak affinity for an
1N s H" and are only partly positive

[

at neutral pH.

Peptide bond: Tha four atoms in each gray box form a rigid

planar unit. There is no rotation around the C-N bond.

H,O

e

0

!

+HyN—C ——C—N=—2C
3 N7l
- H

I
0

8]

OH

carboxyl- or

H C-terminus

)
C— MN—C —COCr -
L,

These two single bonds allow rotation, so that long chains of
amino acids are very flexible.

Scheme 1.1 The amino acid chemical type. Basic aminoacids. Examples of peptide bonds.

[Alberts 2002]

free amino group (NHs *, also written NH>) is the amino terminus, or N-terminus, and that
carrying the free carboxyl group (COQO-, also written COOH) is the carboxyl terminus or C-
terminus. The amino acid sequence of a protein is always presented in the N-to-C direction,
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Chapter 1. Principles of the protein structure

ACIDIC SIDE CHAINS NONPOLAR SIDE CHAINS
alanine valine
aspartic acid glutamic acid {Ala, or A) (Val, or V}
{Asp, or D} [Glu, or E) H O H O
I
*l' ‘"> 'l' ‘”* —".—L!.“—L".— —\—Ll'.—cl!.—
| S b | [ ]
N N=—C—C H | H CH
[l {51
H i H | | CH
1
L leucine isoleucine
0] {Leu, or L} {lle, or 1)
H O H D
Jis] |
N L N—C—C
] =2
H CH H k
CH I CH
UNCHARGED POLAR SIDE CHAINS CH; 'CH |
asparagine glutamine proling phenylalanine
[Asn, or N) (Gln, or Q) {Pro, or P} {Phe, or F)
H O H O H O H O
[0 1 Il st |
—N—C—C— —_-xl.'—ll —C— —N—C—C— —N—C—C—
H CH; H::CH CH, CH H CH
. | (actuallyan CH
imino acid) [: ”
MI S
\ 0 NI
S - methionine tryptophan
™ e
\ // (Met, or M} (Trp, or W)

N H O H O
Although the amide N is not charged at .

el N—C N —L
neutral pH, it is polar. | [ | |
H | H CH
S ¢ LI
serine threonine tyrosine bl o I\
(Ser, or S} {Thr, or T) (Tyr, or ¥)
H O H O H O glycine cysteine
__-..-_(-_,[.'_ _N_(l'_('_ _\'_(l'_('_ (Gly, or G} {Cys, or C)
[ e ik |
H CH H CH CH H:: CH; I|1 f“] ||| f._?
.:||| OH 5 N—C—C —N—C—C—
\ L] [ |
\ / . H H H CH
\1 SR [ { -.~|
% e
The -OH group is polar. = Disulfide bonds can form between two cysteine side chains in proteins.

Scheme 1.2 The chemical types of acidic, uncharched polar and non polar aminoacids. [Alberts 2002]

reading from left to right. An example of a sequence of distinct aminoacids forming a
peptide chain may be seen in Scheme 1.3.

[7]



Chapter 1. Principles of the protein structure

mathianine {Met} leucine {Leu}
= s
H H o H 2 H H o It o=
e e I ; wiliilii e | -
H—N—C—C + H—=N—C—C, + H—N—C—C + H=MN—C—C
el I | N O 9 T &
H CH Q H H Q H CH, © H H 0
|
; aspartic acid (Asp) el tyrosine {Tyr)

ku-u_.r] \—-ll_,n .\o-ll_\u

.
.
polypeptide backbone ™ side chains ™
H HOD H HO o
aming terminus @l " | | " il carboxyl terminus
or M-terminus ”_T_c_c T_ﬁ'_i N—C—C T_T_[% or C-terminus
H H H O | H H O
L
", . ", h
- peptide - * peptide bond
Lt bonds {

Ly

SCHEMATIC - ___%

2 + -
nonpolar i = polar side chain
side chain

SEQUENCE Met — Asp — Leu == Tyr

Scheme 1.3 Schematic representation of a polypeptide chain [Alberts 2002]

1.2 Protein structure and function

Proteins are large biological molecules with molecular weight up to few million
Daltons. For convenience, the protein weight is measured in thousands Daltons or
kiloDaltons (kDa). The main polypeptide chain, consisting of a sequence of aminoacids is the
main structural component of the complex protein structure. Examples of more complex
protein structures are described in Scheme 1.4. These are the a helix and the 3 sheet, two
well known conformational structures of the backbone [Petsko 2004, Pauling 1951].

In general, the structural organisation of a protein can be divided into four different levels:

(8]



Chapter 1. Principles of the protein structure

e DPrimary structure or protein sequence. The protein sequence, or amino acid
sequence in polypeptide chain defines the protein primary structure. DNA (or RNA
in viruses) codes the primary protein structure and this is comprehensive
information for the protein structure and functions.

e Secondary structure. Segments of polypeptides often fold locally into stable
structures, like alpha-helix or beta-sheet. These conformations are classified as a
protein secondary structure. A main feature of the protein secondary structure is the
local stabilisation by hydrogen bonds.

o Tetriary structure, protein 3D structure or protein folding. Tetriary structure or
protein folding completely defines the structural organization of the protein
molecule in 3d.

e Quaternary structure. The interactions between several protein molecules forms a
protein complex, with its structure defined as a quaternary structure.

The classification of the protein according to the structure is shown in Scheme 1.5.

Folded proteins are stabilized mainly by weak noncovalent interactions

The amide bonds in the backbone are the only covalent bonds that hold the residues
together in most proteins. In proteins that are secreted, or in the extracellular portions of
cell-surface proteins, which are not exposed to the reducing environment in the interior of
the cell, there may be additional covalent linkages present in the form of disulfide bridges
between the side chain of cysteine residues. Except for cross-links like these, however, the
remainder of the stabilization energy of a folded protein comes not from covalent bonds but
from noncovalent weakly polar interactions. The properties of all the interactions that hold
folded proteins together are listed in Table 1.1. Weakly polar interactions depend on the
electrostatic attraction between opposite charges. The charges may be permanent and full, or
fluctuating and partial. In general, the term electrostatic interaction is reserved for those
interactions due to full charges, and this convention is observed in Table 1.1. But in
principle, all polar interactions are electrostatic and the effect is the same: positively
polarized species will associate with negatively polarized ones. Such interactions rarely
contribute even one-tenth of the enthalpy contributed by a single covalent bond (see Table
1.1), but in any folded protein structure there may be hundreds to thousands of them,
adding up to a very large contribution. The two most important are the van der Waals
interaction and the hydrogen bond. Van der Waals interactions occur whenever the
fluctuating electron clouds on an atom or group of bonded atoms induce an opposite
fluctuating dipole on a non-bonded neighbor, resulting in a very weak electrostatic
interaction. The effect is greatest with those groups that are the most polarizable; in proteins
these are usually the methyl groups and methylene groups of hydrophobic side chains such
as leucine and valine. Van der Waals interactions diminish rapidly as the interacting species
get farther apart, so only atoms that are already close together (about 5 A apart or less) have
a chance to participate in such interactions. A given van der Waals interaction is extremely
weak (see Table 1.1), but in proteins they sum up to a substantial energetic contribution.
Hydrogen bonds are formed when a hydrogen atom has a significant partial positive charge

(9]



Chapter 1. Principles of the protein structure

@ helix

amino acid
side chain

(] 8}

amino acid
side chain

0.7 nm

[{a]] (E)

Scheme 1.4 The regular conformation of the polypeptide backbone observed in the a helix and the {3
sheet. (A, B, and C) The «a helix. The N-H of every peptide bond is hydrogen-bonded to the C=O of a
neighboring peptide bond located four peptide bonds away in the same chain. (D, E, and F) The 3
sheet. In this example, adjacent peptide chains run in opposite (antiparallel) directions. The
individual polypeptide chains (strands) in a 3 sheet are held together by hydrogen-bonding between
peptide bonds in different strands, and the amino acid side chains in each strand alternately project
above and below the plane of the sheet. (A) and (D) show all the atoms in the polypeptide backbone,
but the amino acid side chains are truncated and denoted by R. In contrast, (B) and (E) show the
backbone atoms only, while (C) and (F) display the shorthand symbols that are used to represent the

a helix and the (3 sheet in ribbon drawings of proteins. [Alberts 2002]
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Pleated sheet
Tertiary protein structure
occurs when cartain atractions are prasant
between alpha helicas and pleated shaats

Primary protein structure
is saquence of a chain of aming acids

‘ Pleated sheet Alpha helix
jary p :
‘ occurs when the saguanca of amino acids
ara linked by hydrogan bonds
e Quaternary protein structure
‘ is & protein consisting of more than ona

amino acid chain.

Scheme 1.5 The classification of proteins according to their structure [Alberts 2002]

by virtue of being covalently bound to a more electronegative atom, such as oxygen, and is
attracted to a neighboring atom that has a significant partial negative charge (see Table 1.1).
This electrostatic interaction draws the two non-hydrogen atoms closer together than the
sum of their atomic radii would normally allow. So, if two polar non-hydrogen atoms in a
protein, one of which has a hydrogen attached, are found to be less than 3.5 A apart, a
hydrogen bond is assumed to exist between them. It is thought that the hydrogen-bonding
effect is energetically most favorable if the three-atom system is roughly linear. The atom to
which the hydrogen is covalently attached is called the donor atom; the non-bonded one is
termed the acceptor atom. If the donor, the acceptor or both are fully charged, the hydrogen
bond is stronger than when both are uncharged. When both the donor and acceptor are fully
charged, the bonding energy is significantly higher and the hydrogen-bonded ion pair is
called a salt bridge (see Table 1.1). The strengths of all polar weak interactions depend to
some extent on their environment. In the case of hydrogen bonding, the strength of the
interaction depends critically on whether the groups involved are exposed to water [Petsko
2004].

The hydrogen-bonding properties of water have important effects on protein
stability

Water, which is present at 55 M concentration in all aqueous solutions, is potentially
both a donor and an acceptor of hydrogen bonds. Water molecules hydrogen bond to one
another, which is what makes water liquid at ordinary temperatures (a property of
profound biological significance) and has important energetic consequences for the folding
and stability of proteins.

The ability of water molecules to hydrogen-bond to the polar groups of proteins has
important effects on the energy, or strength, of the hydrogen bonds formed between such
groups. This is most clearly seen by comparing hydrogen bonds made by polar groups on
the surface and in the interior of proteins. The strengths of polar weak interactions depend
to some extent on their environment. A polar group on the surface of a protein can make

[11]



Chapter 1. Principles of the protein structure

Table 1.1 Chemical interactions that stabilize polypeptides [Petsko 2004]

Chemical Interactions that Stabilize Polypeptides

Free energy (hond dissociation

Interaction Example Distance dependence Typical distance enthalpies for the covalent bonds)
Covalent bond - - 154 356 kJ/mole
Cor G- (610 kJimole for a C=C bond)
Disulfide bond —Cys-5-5-Cys— - 224 167 kJ/mole
) e I-I—hI H Donor (here N), and 28A 12.5-17 kd/mole; may be as high as
Salt bridge 2 |+ acceptor [hTe 0) 30 kJ'mole for fully or partially
-C{ - H atoms <35 buried salt bridges (see text),
0 less if the salt bridge is external
~ e Donor (here N), and 30A 26 kJ/mole in water;
Hydrogen bond N-H --0=C acceptor (here 0) 12.5-21 kJfmole if either donor
4 e atoms <35 A or acceptor is charged
| Depends on dielectric Variable Depends on distance and environment.
~H-N-H constant of medium. Can be very strong in nonpolar region
Long-range _ . 0 I+ Screened by water. but very weak in water
electrostatic interaction _c /_ H 1/r dependence
0
H H Short range. as5A 4 kdfmole (4-17 in protein interior)
i i | | Falls off rapidly beyond depending an the size of the group
Van der Waals interaction —C-H H-C- 4 A separation. (for comparison, the average
| | 1/r€ dependence thermal energy of molecules at
H H room temperature is 2.5 kJ/mole)

interactions with water molecules that are nearly equivalent in energy to those it can make
with other surface groups of a protein. Thus, the difference in energy between an isolated
polar group and that of the same species when involved in a hydrogen bond with another
polar group from that protein, is small. If, however, the interaction occurs in the interior of
the protein, away from bulk solvent, the net interaction energy reflects the difference
between the group when hydrogen-bonded and when not. It is energetically very
unfavorable not to make a hydrogen bond, because that would leave one or more
uncompensated partial or full charges. Thus, in protein structure nearly all potential
hydrogen-bond donors and acceptors are participating in such interactions, either between
polar groups of the protein itself or with water molecules. In a polypeptide chain of
indeterminate sequence the most common hydrogen-bond groups are the peptide C=O and
N-H. In the interior of a protein these groups cannot make hydrogen bonds with water, so
they tend to hydrogen bond with one another, leading to the secondary structure which
stabilizes the folded state [Petsko 2004].

Bound water molecules on the surface of a folded protein are an important part of
the structure

When the polar backbone groups of a polypeptide chain become involved in
secondary and tertiary structure interactions, the water molecules that were interacting with
them in the unfolded protein are freed to rejoin the structure of liquid water. But there are
many polar groups, both backbone and side-chain, on the surface of a folded protein that
must remain in contact with water. Atomic-resolution structures of proteins show a layer of
bound water molecules on the surfaces of all folded soluble proteins. These waters are
making hydrogen bonds with polar backbone and side-chain groups and also with one
another. There are several such water molecules per residue. Some are in fixed positions and
are observed every time the structure is determined. However, others are in non-unique
positions and reflect an ensemble of water—protein interactions that hydrate the entire
surface. A few additional water molecules are trapped inside the protein in internal cavities.

[12]



Chapter 1. Principles of the protein structure

Because bound water molecules make important interactions with groups that would
otherwise make none, the waters in fixed positions should be considered as part of the
tertiary structure, and any detailed structure description that does not include them is
incomplete [Petsko 2004].

Another classification of the protein systems is made according to their shape. Two major
categories are:

e Globular Proteins. They have complex tetriary and sometimes quaternary structure.
Their spherical structure is induced by the tetriary structure. Hydrophobic
aminoacids are bound towards the molecules interior, whereas hydrophilic
aminoacids are bound outwards, which explains the solubility of globular proteins.
Lysozyme, myoglobin and albumin are examples of globular proteins. Their
functional role is mainly metabolic.

and

o Fibrous Proteins. They have little or no tetriary structure. They consist out of long,
parallel polypeptide chains. They usually have cross linkages at intervals forming
long fibers or sheets. They are usually water insoluble. They have mainly structural
role. Elastin, keratin and collagen are fibrous proteins.

It must be mentioned at this point, that the protein structure is by far more complex
than the one derived out of the preliminary description in this chapter, as numerous
secondary structures have been recorded and characterized depending on the protein
system, such as the collagen triple helix, the 3i0-helix, the p-helix, the  strand [Petsko 2004,
Conn 2008] etc. Moreover, the understanding of the protein folding, i.e. the mechanism
through which the secondary structure is formed, is not yet fully established and is a main
pending task of molecular biology [Petsko 2004].

Protein function

It is a fundamental axiom of biology that the three-dimensional structure of a protein
determines its function. Understanding function through structure is a primary goal of
structural biology. But this is not always simple, partly because a biologically useful
definition of the function of a protein requires a description at several different levels. To the
biochemist, function means the biochemical role of an individual protein: if it is an enzyme,
function refers to the reaction catalyzed; if it is a signaling protein or a transport protein,
function refers to the interactions of the protein with other molecules in the signaling or
transport pathway. To the geneticist or cell biologist, function includes these roles but will
also encompass the cellular roles of the protein, as judged by the phenotype of its deletion,
for example, or the pathway in which it operates. A physiologist or developmental biologist
may have an even broader view of function.

There are four biochemical functions of proteins: binding, catalysis, switching, and as
structural elements. The functions of all proteins, whether signaling or transport or catalysis,
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depend on the ability to bind other molecules, or ligands. The ligand that is bound may be a
small molecule or a macromolecule, and binding is usually very specific. Ligand binding
involves the formation of noncovalent interactions between ligand and protein surface; these
are the same types of bonds that are involved in stabilizing folded proteins and in
interactions between protein subunits. Specificity arises from the complementarity of shape
and charge distribution between the ligand and its binding site on the protein surface and
from the distribution of donors and acceptors of hydrogen bonds. Changes in the
conformation of a protein may accompany binding or be necessary for binding to occur.
Alternatively, even a small change in the structure of a ligand or protein can abolish binding
[Petsko 2004].

A protein in solution is completely surrounded by water. Some of these water
molecules will interact more or less tightly with the protein surface. In fact, it is generally
accepted that at least a single layer of bound water molecules should be considered an
integral part of a protein structure, as previously mentioned. However, in order for a ligand
which is itself surrounded by water molecules to bind to a solvated protein, both water
layers must be disrupted and, at least partially, displaced. Thus, the protein and the ligand
would exchange a layer of waters for favorable interactions with each other, and the
enthalpic cost of releasing the surface waters can be balanced by the favorable enthalpy of
the new interactions as well as by the hydrogen bonds the water can make with other
solvent molecules. The relationship between these energetic contributions is not simple.
Although it might seem that the free energy of a water hydrogen bond to a protein group
would be comparable to that of a hydrogen bond with another water molecule, the
difference in enthalpy could be either positive or negative, depending on the
microenvironment on the protein surface. For example, in an environment of reduced
polarity, a hydrogen bond between a water molecule and a serine side chain could be
stronger than in aqueous solution because the electrostatic attraction is greater in a medium
of low polarity. Further, it is likely that some protein-bound waters gain entropy when they
are displaced. Thus, the free energy of ligand binding will depend on the tightness of the
water interactions with the protein surface. Although there are many potential binding sites
on the irregular, largely polar protein surface, the sites where ligands actually bind will be
those where favorable interactions can occur and where bound solvent can also be
displaced.

The role of water, therefore, is vital not only to the organization of macromolecular
structure, but also to participation in enzyme catalysis. It is known that a minimum amount
of water is necessary for enzymatic activity of a protein and dielectric results indicated a
correlation between the onset of enzymatic activity and of a percolation type displacement
process of protons on single macromolecules [Rupley 1991, Careri 1998].
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2. Water Dynamics

2.1 Water dynamics overview and the inhomogeneous
structure

It is known that, despite the simple structure of the water molecule, bulk liquid
water exhibits a rather abnormal behavior, showing a maximum density at 4°C, and an
increase in many of its thermodynamic properties, such as heat capacity and isothermal
compressibility, as temperature decreases below 0°C [Franks 1972]. The anomalies of
thermodynamic and dynamic properties of water become more pronounced in the
metastable supercooled liquid state [Debenedetti 2003]. Although dynamics of supercooled
water has been studied in the region between the melting point (0°C) and the homogeneous
nucleation temperature (-42°C) [Angell 2008, Bertolini 1982, Debenedetti 2003,
Masciovecchio 2004, Renne 1997], the dynamics of water is experimentally inaccessible for
the liquid state in a wide temperature range (-123 to -43°C at atmospheric pressure), often
called the no man’s land. This is due to the fact that, even after quenching to very low
temperatures, bulk supercooled water crystallizes upon heating at approximately -123°C.

Figure 2.1a gives a schematic illustration of different temperature domains, at
atmospheric pressure, of H20. One domain is stable, while the others are metastable. Tu is
the melting temperature line and T represents the homogeneous nucleation temperature
line. The region between the homogeneous nucleation curve Tu and the crystallization curve
Tx is a kind of “No Man’s Land,” as experiments on the liquid phase cannot be performed.
Ts is the boiling temperature and T the glass transition temperature. Water can also exist in
a glassy form at the lowest temperatures [Mishima 1998].

Water has at least two different amorphous solid forms, a phenomenon called
polyamorphism [Mishima 1998]. Two forms of glassy water, which correspond to two
different local tetrahedral arrangements, have been extensively studied: low-density and
high-density amorphous ice (LDA and HDA, respectively). The glassy states differ in
structure as revealed by neutron scattering, X-ray diffraction and Raman spectroscopy and
in thermodynamical properties such as density. Different routes to the formation of glassy
water are possible. LDA is formed by quenching from the liquid state to form
hyperquenched glassy water or by low-pressure vapor deposition on a cold plate to form
amorphous solid water [Mayer 1991, Mishima 1998]. HDA is traditionally formed by
pressure-induced amorphization of ordinary hexagonal ice Ih at -196°C (77 K) [Mishima
1984]. Upon releasing pressure HDA (density of 1.17 g/cm? at zero pressure) transforms into
LDA (0.94 g/cm? at zero pressure) at T=-156 °C (117 K) [Mishima 1985]. In addition to LDA
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and HDA another distinct form of glassy water has been also proposed, i.e. the very high
density amorphous ice (VHDA) [Loerting 2001, Finney 2002].

The commonly accepted value for the glass transition temperature of water at
ambient pressure is Ty = -137°C (136K) [Johari 1987] assigned to the LDA glass transition.
Increasing the temperature leads to the formation of very viscous liquid water (ultraviscous
water) and crystallization to cubic ice at 150K (Fig. 2.1a). The two regions of LDA and HDA
at temperatures lower than the crystallization curve Tx may be seen in Fig. 2.1b, which is a
generalization of Fig. 2.1a, including pressure as a parameter. Recent experimental studies
have given more information regarding the glass transition temperatures of both LDA and
HDA and an associated pressure dependence [Seidl 2011, Giovambattista 2012]. In
particular, the Ty of HDA is located at about -158°C (115 K) at ambient pressure and
increases with increasing pressure [Seidl 2011] while the Tz of LDA decreases with
increasing pressure, starting from the known value of -137°C (136K), as estimated by
molecular dynamics simulations [Giovambattista 2012].
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Fig. 2.1 a) Schematic illustration of different temperature domains, at atmospheric pressure, of H20 b)
generalization of (a) to incorporate the pressure as a parameter [Stanley 2000].

Computer simulations may be used to probe the local structure of water. At low
temperatures, many water molecules appear to possess one of two principal local structures,
one resembling LDA and the other HDA [Harrington 1997,Poole 2002]. Experimental data
can also be interpreted in terms of two distinct local structures [Stanley 2000]. Among
several approaches to the water problem, a widely accepted but not unambiguously
established is the liquid-liquid phase transition (LLPT) hypothesis [Mishima 1998,
Mallamace 2011 and references therein]. The LLPT arose from MD studies on the structure
and equation of state of supercooled bulk water. According to this model, the transition
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between LDA and HDA is a low-temperature manifestation of a first-order transition
between two phases of liquid water: low-density liquid (LDL) and high-density liquid
(HDL). LDA and HDA are, also in this hypothesis, simply their corresponding vitreous
forms. The transition terminates at liquid-liquid (LL) critical point. Below this hypothesized
second critical point (grey dot in Fig. 2.1b) the liquid phase separates thus into two distinct
liquid phases: a low-density liquid (LDL) phase at low pressures and a high-density liquid
(HDL) at high pressures (Fig. 2.1b). Bulk water near the known critical point at 374°C (647K)
is a fluctuating mixture of molecules whose local structures resemble the liquid and gas
phases. Similarly, bulk water near the hypothesized LL critical point is a fluctuating mixture
of molecules whose local structures resemble the two phases, LDL and HDL. The “critical
fluctuations” that are enhanced well above the critical temperature influence the properties
of liquid bulk water, thereby leading to the observed anomalous behavior (dramatic
increase) in quantities such as the isothermal compressibility, isobaric specific heat, and
thermal expansion coefficient. The validity of the LLPT is gaining space in the last years. For
example, in a recent molecular simulation using two distinct water models taking into
account the LLPT or not, it was found that the experimental data on the glass transition
temperatures of LDA and HDA are reproduced only in the case where a LLPT is considered
[Giovambattista 2012]. Furthermore, an approach to compare optical scattering data on
deeply supercooled water (LDA) at low temperatures, water confined in MC41 nanotubes in
the no man's land, and liquid water at high temperatures showed a continuous variation of
distinct water populations proportionality, the latter classified as water molecules in the
LDL phase and HDL phase (partially hydrogen bonded and non-hydrogen bonded)
[Mallamace 2007]. The continuous variation is in agreement to the LLPT. In addition, a
genuine LLPT was recently observed experimentally in an aqueous dilute solution of
glycerol, showing implications that the transition is driven mainly by the water component
[Murata 2012].

Water exists in approximately 13 different crystalline forms, some of which are stable
in certain temperature-pressure ranges, while others remain metastable. Figure 2.2 shows a
phase diagram of water in the P-T plane. As it may be seen in Fig. 2.2 the phase diagram of
water is quite complicated, exhibiting numerous triple points. Only hexagonal ice-one (Ih),
ice-three (III), ice-five (V), ice-six (VI) and ice-seven (VII) can be in equilibrium with liquid
water, whereas all the other ices, including ice-two (II), are not stable in its presence under
any conditions of temperature and pressure. Ice-two, ice-eight (VIII), ice-nine (IX), ice-ten
and ice-eleven (both) all possess (ice-nine incompletely) ordered hydrogen-bonding whereas
in the other ices the hydrogen-bonding is disordered even down to -273°C (0 K), where
reachable. Ice-four (IV) and ice-twelve (XII) are both metastable within the ice-five phase
space. Cubic ice (Ic) is metastable with respect to hexagonal ice (Ih). The density of the
ordinary hexagonal ice is 0.917 g/cm?. Ice-five (V) has the most complicated structure of all
the ice phases. Ice V is formed from liquid water at 500 MPa by lowering its temperature to -
20°C. Its unit cell forms monoclinic crystals with each unit cell containing 28 molecules
[Kamb 1967]. All molecules form one connected lattice with a density of 1.24 g cm? at 350
MPa. The hydrogen bonding is disordered and constantly changing as in hexagonal ice. The
relaxation time of ice V is identical to the one of ice II [Johari 2001].
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Fig. 2.2 The phase diagram of water in the P-T plane [Vazquez 2010].

The difficulty in approaching the dynamics of supercooled water in the no man's
land, i.e. water which is not in a crystalline form, drives several open questions which need
to be answered.

A main question is the existence and the localization of its glass transition. As
already mentioned, the conventionally accepted value for the Ty of amorphous water is
located at about Ty = -137°C (136K) and is assigned to the glass transition temperature of
LDA (Fig. 2.1). Nevertheless, this value has been questioned by numerous experimental
approaches, mostly DSC measurements and comparison of dielectric data of hyperquenched
water with dielectric data of glass forming water-like aqueous solutions, e.g. H:O-H:0,
[Velikov 2001, Yu 2004] but also by molecular simulation studies [Starr 2003, Giovambattista
2004]. The above mentioned studies localize the glass transition temperature of bulk water in
the range of -113 to -93°C (160-180 K) although this reassignment is doubted by recent
experimental studies which follow an approach to deduce the T; of water based on the
dynamic properties of binary water mixtures as studied by dielectric spectroscopy and other
experimental techniques [Capaccioli 2011, Ngai 2011].

Another major issue is the fact that the relationship between supercooled and glassy
water is not clear. A question arises regarding the possibility to derive the dynamic behavior
of bulk water in the no man's land by comparing with the properties of confined water. This
possibility is questioned, as the confining interfaces are believed to induce alterations to the
structural and dynamical characteristics of water. Water molecules in direct contact with the
confining medium (interfacial water) have a similar room temperature structure as
supercooled bulk water 30 °C below room temperature [Teixeira 1997]. Water confined by
hydrophilic surfaces exhibits a molecular layering with a mean periodicity of 2.5A
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[Israelachvili 1983]. Computer simulations of 2D confined interfacial water in hydrophilic
nanopores suggested the formation of two well-defined layers that are already in a glassy
state at ambient temperature, displaying very low mobility with respect to bulk water [Gallo
2000]. Beyond these two layers, water shows bulk-like character. Finally, the effect of
confinement has been reported to decrease with decreasing dimensionality of confinement
[Barut 1998], although it is not diminished.

2.2 Dynamics of supercooled water

In order to confront the difficulty in monitoring water dynamics in the no man’s land
region, several approaches have been made in literature, aiming to prevent crystallization of
water, either by mixing with hydrophilic glass-forming solutes [Cerveny 2005, 2006, 2008,
Hayashi 2006, Shinyashiki 2007a] and biopolymers [Shinyashiki 2009, Sugimoto 2008] or by
confinement on the nanometer length scale, e.g. within nanopores of silica gels [Oguni 2007]
or within a layered vermiculite clay [Bergman 2000]. Homogeneous water solutions of
several systems, such as alcohols, ethylene and propylene glycols, sugars or carbohydrates
(mono-, di- and polysaccharides) and some hydrophilic macromolecular systems including
biopolymers (from polypeptides to several proteins) [Cerveny 2006, 2008, Ngai 2008,
Capaccioli 2010], in concentrations of water up to 50% in weight, can be easily supercooled
down to form glass, while no crystallization occurs when water molecular clusters are
reduced down to sizes smaller than the critical size necessary for homogeneous nucleation,
in case of confinement [Oguni 2007]. Another effect of confinement is the disorder induced
by the interfaces that prevents the water molecules to form a crystalline lattice.

Water in hydrated systems differing in its properties from bulk water is often called
bound water, while the term free is used for water exhibiting bulk dynamics at the same
system in question [Miyazaki 2000]. There is not a clearly settled definition for bound water
throughout literature, whereas water that does not crystallize neither during cooling nor
during heating might consist of more than one contribution. Studies by adiabatic
calorimetry in case of protein-water mixtures [Miyazaki 2000, Kawai 2006] and water
confined within silica gel nanopores [Oguni 2007], have provided important results, useful
to clarify this point. Oguni etal. [Oguni 2007] found that interfacial water on the silica pore
walls remains in the uncrystallized state independently of the pore size, while internal water
molecules, which are surrounded only by water molecules in the liquid state, remain
uncrystallized only when they are confined within pores smaller in diameter than a critical
value. These observations show that the interface and the dimensions affect independently
water dynamics. Furthermore, Kawai etal. [Kawai 2006] suggested an analogy between
uncrystallized water confined within silica nanopores and hydration water at the protein
surface, in protein water mixtures. It is known that no crystallization occurs in the water
present in the primary hydration layer at the protein surfaces [Sartor 1995]. Therefore,
studies of protein-water systems could be aiming to clarify the dynamics of supercooled
water.

Dielectric techniques are very effective for studies on the dynamics of binary water
systems, since, owing to the strong electric dipole moment of the water molecule, molecular
motions of water can be detected as dielectric relaxation processes. Moreover, the extremely
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broad frequency range of dielectric measurements of typically more than ten decades allows
following on the same sample processes with very different time scales from the liquid to
the glassy state. Dielectric studies focused on the dynamics of supercooled water in different
host environments in the hydration range 30-50 wt %, all provide one major result
concerning the main relaxation of water. Its relaxation time, 7, has an Arrhenius temperature
dependence, at least below the glass transition temperature, T, of the hydrated system, has
an almost universal activation energy, Ea«, of about 0.45-0.55 eV [Cerveny 2008, Sjostrom
2010] shows a symmetric or nearly symmetric shape of its response function on a
logarithmic frequency scale and its magnitude increases systematically with increasing
water content [Sjostrom 2010]. These characteristics apply not only in case of aqueous
mixtures, but also in case of water confined in various confining systems [Cerveny 2004].
Another interesting feature of the observed main relaxation is a change in the temperature
dependence of its characteristic relaxation time from an Arrhenius to a non Arrhenius one
(strong to fragile crossover, SFC), upon increasing temperature, typically at about -90 + 20°C
(180 £ 20 K) [Cerveny 2008, Ngai 2008, Swenson 2006]. The SFC has been systematically
recorded by Quasi Elastic Neutron Scattering (QUENS) experiments in water confined in
1D, 2D or 3D environments, as well as in water under biological confinement (lysozyme,
DNA and RNA) [Chen 2009]. The crossover as measured by QUENS lies in the temperature
region of about -70 + 20°C (200 + 20 K), depending on the dimensionality of confinement, the
hydration level and pressure [Mallamace 2011]. It has been suggested to be an integral
characteristic of the structure of water, based on experiments and simulation studies [Chen
2009, Mallamace 2012]. However, several experimental studies on hydrated proteins by
dielectric relaxation spectroscopy (DRS) and nuclear magnetic resonance (NMR) show no
sign of such a crossover [Khodadadi 2008, Gainaru 2009] which has been also suggested to
be an artifact of the data analysis method [Doster 2010], the latter being ruled out later on
[Magazu 2011]. The crossover observed by QUENS has been alternatively explained by the
assumption that it is caused by the main relaxation of water entering the experimental
window at the resolution of the spectrometer [Khododadi 2010, Capaccioli 2011, Ngai 2011].
The interpretation of the main relaxation of water and its association to the viscosity
related « relaxation of bulk water, has been highly debated in literature. The dynamic
crossover of the main relaxation of water has been interpreted to originate from a
transformation of a secondary f relaxation of water in the deeply supercooled regime into a
cooperative viscosity related a relaxation above the crossover temperature [Cerveny 2006,
2008, Swenson 2010] or in the fact that at temperatures above the crossover temperature, a
merged af relaxation is observed, while the a relaxation disappears at lower temperatures
due to confinement effects [Swenson 2006]. On the other hand, the nature of the
corresponding relaxation has been discussed in terms of the Johari-Goldstein  relaxation of
glass formers in general [Ngai 2008, 2011, Capaccioli 2007, 2010, Shinyashiki 2007b] where
the term “v relaxation” of water was used. In [Shinyashiki 2007, Ngai 2011] the v relaxation
of water is strongly believed to have exclusively characteristics like a secondary relaxation
process, as its dielectric strength Ae universally increases with temperature, unlike in case of
a viscosity related a relaxation. In this case the crossover is recorded at temperatures close to
the glass transition temperature of the hydrated systems. Additionally, it was shown by
numerous experimental results on different systems, that the time scale of the v relaxation
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process depends on the hydration level and a bottom limit for this was suggested [Ngai
2011].

Supercooled water in hydrated proteins as studied by dielectric spectroscopy

In case of hydrated proteins, the main dielectric relaxation of water is usually
attributed to contributions of water molecules in the protein hydration shell. Although most
dielectric spectroscopy studies are dealing with samples of hydration levels high enough for
complete hydration and low enough to prevent crystallization of water (about 0.3 g/g, i.e. g
of water per g of hydrated protein), recently efforts are made to study protein dynamics in a
broad hydration range, either in partially crystallized solutions [Shinyashiki 2009] or starting
at low levels of hydration with hydrated dry samples (powders) [Gainaru 2009, Khodadadi
2010, Jansson 2010]. Studies at low levels of hydration have been able to follow the
secondary relaxation of water and to establish an additional contribution from the protein
surface itself to the dielectric response [Gainaru 2009]. The complex structure of proteins
makes it essential to incorporate the experimental parameter of hydration level, in order to
follow step by step the organization of water in the hydration sphere of biomolecules.

Several characteristic literature results, obtained by dielectric spectroscopy
measurements (see chapter 4, section 4.3) on hydrated proteins but also on a glycerol-water
mixture and bulk water are reported in Fig. 2.3. The experimental results are presented via
the temperature dependence of the relaxation times, 7, of the main relaxation of supercooled
water, in an Arrhenius diagram (see chapter 4, section 4.3).

The dielectric data of bulk water at temperatures higher than the the no man's land
(Fig. 2.3) as recorded in the THz and GHz [Mallamace 2012] frequency regions, are shown in
Fig. 2.3, by a unique symbol for both techniques. Starting with the dielectric data recorded in
water confined in vermiculite clay [Bergman 2000], an apparent discontinuity exists when
compared to the data for bulk water. The first scenario which suggests that the secondary
relaxation of water transforms into a combined a and f relaxation, supports an abrupt
change in the dynamics of water, in the region of the SFC (which is highlighted in the plot
by vertical dotted lines), so that the two data series are smoothly connected (i.e. vermiculite
clay and bulk water). It must be mentioned at this point that several results in literature on
hydrated proteins but also on confined water, mostly obtained by neutron scattering
techniques and nuclear magnetic resonance (not shown here, see [Mallamace 2012] for
review), which exhibit the crossover in the exact temperature region of the suggested SFC.
The data on a dilute aqueous solution of glycerol (big X, [Murata 2012]) resemble the data of
the p secondary relaxation of the mixture at low temperatures. The trace of this relaxation
exhibit a crossover at lower temperatures than the region of the SFC. This is located at about
1000/T =6, near about the point where the f relaxation crosses the T; of the system (not
shown here). Let as now move on to the data on hydrated proteins. For the hydrated
globular protein lysozyme, several dielectric data (not the actual data but only the trace)
from [Khodadadi 2008] are shown by lines & triangles. For the dry lysozyme sample (open
triangles) which contains only residual water, the main relaxation exhibits much higher
relaxation times than the lysozyme sample with a water fraction of 0.28 g/g (solid triangles),
the trace of which is similar to the thick grey line from [Ngai2011] which has been
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Fig. 2.3 Plots of the logarithm of relaxation times (logt) versus reciprocal temperature for several
hydrated systems from literature, including bulk water and water confined in vermiculite clay. The
water fraction of the hydrated proteins and aqueous solutions are denoted on the diagram reported
on the wet basis g/g, i.e. g of water per g of total hydrated mass. The temperature region of the
reported strong to fragile crossover (SFG) from literature [Chen 2009] is highlighted in the plot by
vertical dotted lines. The enthalpy relaxations of the LDA and HDA at ambient pressure, as well as
for the glass transition of a bovine serum albumin (BSA) solution of water fraction 0.8 g/g [Kawai
2000] (range between open circles), having a relaxation time of 7=10% are also added in the plot. In
addition, the thick grey solid line represents the bottom limit for the relaxation times of bulk water
according to [Ngai 2011].

suggested to be the bottom limit for the relaxation times of the v relaxation of bulk water.
The strong hydration dependence of the main relaxation in the case of lysozyme, in
combination to the results from neutron scattering on the same relaxation, shows that the
response includes protein contributions. A third dielectric relaxation is recorded for
hydrated lysozyme (line & crossed triangles), which shows lower activation energy (lower
slope in the Arrhenius plot), which is suggested to originate exclusively from hydration
water [Khodadadi 2008]. Some dielectric results on the hydrated fibrous protein elastin are
also shown in Fig. 2.3. The activation energy is similar to the one of the v relaxation and a
strong dependence on the hydration level is again obvious (compare elastin of 0.09 g/g to
0.32 g/g in Fig.2.3). The contribution of the protein to the main relaxation observed in
hydrated elastin has been suggested in [Gainaru 2009]. Finally, the trace of the main
relaxation due to uncrystallized water, which has been recorded for a dilute aqueous
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solution of the globular protein bovine serum albumin (BSA) of water fraction 0.8 g/g in
[Shinyashiki 2009], is represented as line & open circles in Fig. 2.3. The trace of the relaxation
in the low temperature side is quite different than the one for the rest hydrated systems and
it exhibits lower activation energy. On the other hand, in the high temperature side the trace
is similar to the trace of the rest of the hydrated proteins. The discontinuity of the 2 traces
()which have been obtained by different equipments covering different frequency ranges) is
explained by a change in dynamics at the point where the glass transition of the hydrated
system is approached. The corresponding Ty range is highlighted in the plot according to
adiabatic calorimetry results in an aqueous BSA solution of the same concentration by
[Kawai 2000]. This explanation is suggested for the secondary relaxation of water, or, in
other words, the Johari Goldstein relaxation (v relaxation) [Shinyashiki 2007, Capaciolli 2011,
Ngai 2011]. According to this scenario, the absence of a crossover in the case of hydrated
elastin is attributed to the fact that the glass transition of the hydrated system is located at
higher temperatures [Ngai 2011]. Nevertheless, this assumption is not unambiguous. It may
also be seen that the SFC region is comparable to the T region of BSA solution in Fig. 2.3.
Furthermore, the absence of a crossover is evident also in the data for hydrated lysozyme in
Fig. 2.3, while other dielectric results on hydrated lysozyme (not shown here) exhibit such a
crossover. By the above mentioned observations, it becomes clear that a detailed study on
the dielectric processes in hydrated proteins in a wide range of frequencies and water
compositions, could be useful to study the dynamic behavior of hydration water in more
detail and possibly to clarify its connection to confined water.

Closing this section, a main observation should be stressed which derives from the
numerous experimental results on supercooled water. There is a main problem regarding
the state of water at very low temperatures in the supercooled state or under confinement.
This problem can be described when comparing two different approaches from literature.
The first one is the approach by F. Mallamace et.al [Mallamace 2007] to compare optical
scattering data on deeply supercooled water (LDA) at low temperatures, water confined in
MC41 nanotubes (2D confinement) in the no man's land, and liquid water at high
temperatures. A continuous variation of distinct water populations proportionality was
found, the latter classified as water molecules in the LDL phase and HDL phase (partially
hydrogen bonded and non-hydrogen bonded). The intensity of LDL decreases with
increasing temperature. This approach suggests that the confined water molecules in the no
man's land resemble the evolution starting from LDA at low temperatures. On the other
hand, in the recent scientific work by Murata and Tanaka [Murata 2012], a liquid-liquid
genuine transition was recorded in a glycerol-water mixture. In the latter case, the liquid at
low temperatures resembles more the structure of HDL, suggesting that glycerol molecules
prevent crystallization and simultaneously induce pressure effects in water dynamics. The
corresponding secondary relaxation is the one which is reported in Fig. 2.3, and exhibits
similar temperature dependence of its relaxation time with other hydrated systems in Fig.
2.3. By this, it becomes clear that the use of different environments to form supercooled
water should be explicitly studied having in mind the dynamical alterations induced,
although complicated. The resent results on the pressure dependence of the T; values of the
LDA and HDA phases [Debenedetti 2012] makes the situation even more tricky. The
difficulty is even more pronounced in the case of complex biological environments, such as
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proteins, where the coexisting hydrophilic and hydrophobic domains induce the effects of
hydrophilic/hydrophobic hydration.

2.3 Water in non polar confinement

Over the last 20 years the attention of many researchers has been driven to the
dynamics of water in non polar, hydrophobic confinement. The aspect of water filling
hydrophobic spaces, such as cavities, cylinders or plates, is a special issue, in the sense that
normally it is expected that water molecules 'would prefer to go somewhere else'. The
existence of confined water molecules inside hydrophobic protein cavities has been
proposed initially by Saenger in 1987 [Saenger 1987]. This kind of water was described as
'internal' water and was suggested to be an integral part of the protein structure. The
significance of this kind of water to biological function is of great interest.

A review regarding experimental results obtained by X-ray crystallography in
comparison to results by molecular simulations, concerning studies of water confined in
nanotubes [Hummer 2001], fullerenes and protein cavities [Collins 2005, 2007], is given by
Rasaiah et.al [Rasaiah 2008]. It is found that water molecules confined to nonpolar pores and
cavities of nanoscopic dimensions exhibit highly unusual properties. Water filling is
strongly cooperative, with the possible coexistence of filled and empty states and sensitivity
to small perturbations of the pore polarity and solvent conditions. Confined water molecules
form tightly hydrogen-bonded wires or clusters. The weak attractions to the confining wall,
combined with strong interactions between water molecules, permit exceptionally rapid
water flow, exceeding expectations from macroscopic hydrodynamics by several orders of
magnitude. The proton mobility along 1D water wires also substantially exceeds that in the
bulk. Proteins appear to exploit these unusual properties of confined water in their
biological function (e.g., to ensure rapid water flow in aquaporins or to gate proton flow in
proton pumps and enzymes). The unusual properties of water in nonpolar confinement are
also relevant to the design of novel nanofluidic and molecular separation devices or fuel
cells [Rasaiah 2008]. Furthermore, the combination of inelastic neutron scattering
experiments and molecular simulations provide information on the specific effects of
hydrophobicity in the dynamics of water surrounding biomolecules. In particular, the
results show changes in the plasticity of the hydrogen-bond network of hydration water
molecules depending on the biomolecular site hydrophilicity. At -73°C (200 K), the
measured low frequency density of states of hydration water molecules of hydrophilic
peptides is remarkably similar to that of HDA, whereas, for hydrophobic biomolecules, it is
comparable to that of LDA behavior. It is therefore suggested that the apparent local density
of water is lower in a hydrophobic environment [Russo 2011].
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3. Phase transitions in hydrated proteins

Proteins are flexible molecules

The pictures of protein structures that emerge from X-ray crystallography and NMR
seem rigid and static. In reality, proteins are highly flexible. Because the forces that maintain
the secondary and tertiary folds are weak, there is enough energy available at body
temperature to break any particular interaction. When existing weak interactions are broken,
the groups that are released can make new interactions of comparable energy. These
rearrangements can occur on a time scale that is faster than the time required to determine
the structure by tools such as X-ray crystallography. Thus, the three-dimensional structures
of proteins determined by physical techniques are average structures. Protein motions can
be classified in terms of their relationship to the average structure (Fig. 3.1 a). The fastest
motions are atomic fluctuations such as interatomic vibrations and the rotations of methyl
groups. Next come collective motions of bonded and non-bonded neighboring groups of
atoms, such as the wig-wag motions of long side chains or the flip-flopping of short peptide
loops. The slowest motions are large-scale, ligand-induced conformational changes of whole
domains [Petsko 2004].

Whole folded domains never undergo large, thermally driven distortions at ordinary
temperatures. Transitions from one type of folding motif to another are rarely seen except in
pathological cases. An all alpha-helical protein will not normally refold to an all beta-sheet
protein, except, for example, in the cases of amyloid and prion diseases. Smaller-scale
refolding does occur in some proteins, however. Ligand binding may induce disordered
polypeptide segments to become ordered. Ligands can also induce the disordering of a
previously ordered strand, although this is less common. Association and dissociation of
subunits can also be triggered by ligand binding, and the ligand can be as small as a proton
if it changes the charge of a crucial residue [Petsko 2004].

At body temperature, the atoms in most protein molecules fluctuate around their
average positions by up to an Angstrom or occasionally even more, depending on their
position in the protein (Fig. 3.1 b). In the tightly packed interior, atomic motions are
restricted to less than an Angstrom. The closer to the surface of the molecule, the greater the
increase in mobility until, for surface groups that are not surrounded by other atoms, the
mean fluctuation may be several Angstroms. Proteins have been called “semi-liquid”
because the movements of their atoms are larger than those found in solids such as NaCl,
but smaller than those observed in a liquid like water. In a protein, the covalent structure of
the polymer sets limits on the motions of atoms and groups of atoms. Chemical groups such
as methyl groups or aromatic side chains display collective motions. Methyl groups rotate
on a picosecond time-scale; aromatic rings, even those in the interior of the protein, flip at
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Fig. 3.1. a) Types of motion found in proteins (all values are approximate) b) Protein shaded
according to flexibility. Space-filling model of sperm whale myoglobin in which each atom is shaded
according to its average motion as determined by X-ray crystallography. The darker the atom, the
more rigid it is. Note that the surface is not uniform in its flexibility. [Petsko 2004].

average rates of several thousand per second. The actual ring flip takes only about a
picosecond, but it happens only about once every 109 picoseconds. Flipping an aromatic
ring inside a protein, where the packing density is high, requires that surrounding atoms
move out of the way. The probability that they will all move in the right direction at the
same time is very low: hence the relatively long interval between flips. In the interior of
proteins, close atomic packing couples the motions of non-bonded neighboring atoms. If a
methyl group in the center of a protein is next to another methyl group, the motions of both
will be correlated by virtue of their tendency to collide. Thus both the extent of motion of
every group and its preferred directions depend on non-bonded as well as bonded contacts.
Only for surface side chains and protruding loops are non-bonded interactions of little
importance, and residues in such unrestrained positions are always the most flexible parts of
a protein structure. At biological temperatures, some proteins alternate between well-
defined, distinct conformations. In order for two conformational states to be distinct, there
must be a free-energy barrier separating them. The motions involved to get from one state to
the other are usually much more complex than the oscillation of atoms and groups about
their average positions. It is often the case that only one of the alternative conformations of a
protein is biologically active [Petsko 2004].

Of most importance for protein function are those motions that occur in response to
the binding of another molecule. Ligand-induced conformational changes can be as modest
as the rearrangement of a single side chain, or as complex as the movement of an entire
domain. In all cases, the driving force is provided by ligand-protein interactions. Often, the
motion enables some part of the structure to make contact with a ligand [Petsko 2004].
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Current picture of water related phase transitions in hydrated proteins

The hydration properties of proteins and water and protein dynamics in protein-
water mixtures have been studied in the past several decades by a variety of experimental
techniques. The results indicated the significant influence of protein-water interactions on
the structure, the dynamics and the biological function of proteins [Fenimore 2004, Grant
1978, Gregory 1995, Kuntz 1974, Ringe 2003, Rupley 1991]. A minimum amount of water is
necessary for enzymatic activity of a protein and dielectric results indicated a correlation
between the onset of enzymatic activity and of a percolation type displacement process of
protons on single macromolecules [Rupley 1991].

Thermal and dynamic studies of fully hydrated proteins revealed the presence of a
thermal glass transition in the temperature range from about -110 to -70°C (160-200 K),
depending on the protein and the experimental technique employed [Fenimore 2004,
Gregory 1995, Ringe 2003, Khodadadi 2010] and a dynamical transition. The latter is
associated with an abrupt onset of atomic displacements on the microscopic length and time
scale, usually probed by quasielastic neutron scattering in the range from about -75 to -35°C
(200-230 K) [Doster 2010]. The mechanism of the dynamical transition, remains a subject of
active discussions [Doster 2010, Khodadadi 2010]. The dynamical transition of proteins has
been related to "the protein glass transition" and believed to be triggered by the coupling of
the protein with the hydration water through hydrogen bonding, since protein hydration
water shows a dynamic transition at a similar temperature [Mallamace 2011 and references
therein]. On the other hand, several studies suggest that the glass transition should not be
confused with the dynamical transition, mainly because they occur in different temperature
regions [Khodadadi 2008, 2010].

Another phenomenon governing biological properties of proteins occurs at high
temperatures, just below the onset of protein denaturation. A protein is in the native state up
to a given temperature and evolves, on increasing T, into a region characterized by a
reversible unfolding-folding process. This latter phenomenon depends on the chemical
nature of the protein and the solvent. In the case of the water-lysozyme system such a
phenomenon occurs in the temperature range from about 40 to 90°C (310-360K). Above
80°C, lysozyme denatures irreversibly. For such a system, calorimetric measurements
[Salvetti 2002] show a broad peak in the specific heat around that temperature.

Both transitions occuring in hydrated proteins, i,e, the glass transition and
denaturation, are strongly believed to be associated to the characteristic structural and
dynamical properties of the hydrogen bond (HB) network in hydration water. Several
theoretical approaches provide scenarios aiming to explain the coupled dynamics of protein
and water in the hydration shell. The origin of the glass transition of globular hydrated
proteins is not fully understood and it is believed to be highly connected to water dynamics.
The obvious question raised by observation of a glass transition in protein dynamics is the
following: Is the transition due to a transition in the bulk solvent, the bound solvent, the protein
alone, or some combination? [Ringe2003]

Theoretical studies suggest that the glass transition is driven by the translational
reorientation of the HB network on the protein surface [Tournier 2003], while some others
also connect the water-protein glass transition to the denaturation of the globular proteins,
suggesting that both correspond to energetic sub-states, while an energy criterion for the
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onset of mobility of strong protein-water bonds is induced [Porter 2012]. The aim is to
explain these phenomena on a molecular level with the idea to highlight the role of water
around and inside the macromolecules.

Finally, a schematic presentation summarizing the dynamical features of hydrated
proteins in an Arrhenius diagram (see chapter 4, section 4.3), as proposed in [Khodadadi
2008], may be seen in Fig. 3.2.
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Fig. 3.2. Schematic presentation of the proposed main components in dynamics of hydrated protein
and their temperature dependence [Khododadi 2008]

In Fig. 3.2 the fast components of protein dynamics, i.e. the fast picosecond relaxation
and the rotation of methyl groups, are suggested to be independent of hydration. The main
structural relaxation is suggested to present cooperative motions of aminoacids between
different conformational states strongly coupled to motions of hydration water. It has a
slightly super-Arrhenius (see Arrhenius equation, eq. 4.14) temperature dependence and it is
the main cause of the dynamical transition. It shows a strong dependence on hydration level
[Khodadadi 2008]. At this point we should highlight the correspondence of this relaxation to
the main relaxation of water which was described in chapter 2 (section 2.2). Finally, the
slower relaxation is suggested to represent larger scale motions, e.g. kinds of hinge-bending
or domain motions. It exhibits strong hydration dependence and its temperature
dependence seems to follow the one of the main structural relaxation [Khodadadi 2008].

The protein glass transition has been also been described according to the theory of
glass formers in general. This scenario involves the secondary f§  relaxation of water in the
mixture (corresponding to the main relaxation in Fig. 3.2) and the main segmental a
relaxation of the hydrated mixture (corresponding to the larger scale relaxation in Fig.2.3),
which is responsible for the thermal glass transition observed. An analogy to hydrated
proteins has been suggested in [Ngai 2008].

Finally, it is stressed that the microscopic mechanism that governs the protein glass
transition is still not quite clear. In particular, when the transition is studied through
calorimetric or rheological measurements, it is found that it is tricky to detect, it is
exceptionally broad and, thus, covers a large temperature dependence [Jannson 2010]. The
origin of this broadening has been suggested to be due to a large distribution of relaxation
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times within the protein-water system [Sartor 1994] or even due to a size distribution of
water clusters on the protein surface [Doster 1986].
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4. Experimental Techniques

4.1 Water Equilibrium Sorption Isotherms (ESI)

Studies on isothermal hydration provide valuable information on the interactions of
water molecules with the hydrated material at the molecular level. The sorption isotherm
describes the thermodynamic relationship between water activity and the moisture content
of a material in equilibrium and at constant temperature and pressure. The typical shape of
an isotherm reflects the way in which water binds to the system.

The water sorption in polymers and biomaterials is a special case of the vapor
sorption in amorphous solids in general. The sorption isotherms have been classified
according to their shape and the associated vapor-solid interactions into 5 different types by
Brunauer et al. [Brunauer 1940]. The Brunauer classification in the case of water sorption is
seen in Fig. 4.1.
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Fig. 4.1 Classification of water sorption isotherms [Mathlouthi 2003]
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The isotherm of Type 1 presents a characteristic increase of moisture content
approaching a maximum value and describes the sorption process in microporous materials
according to the Langmuir theory. According to this theory all the available sorption sites
are identical and the sorption takes places exclusively in a monolayer. The isotherms of
Types 2 and 3 take into account the existence of multiple sorption layers and strong or weak
interactions between the adsorbed molecules and the components of the host material. The
isotherms of Types 4 and 5 describe monolayer and multilayer sorption, respectively,
accompanied by capillary condensation processes.

A widely accepted mathematical model to describe sigmoidal shaped, multilayer
water sorption isotherms is the Brunauer-Emmet-Teller (BET) equation [Brunauer 1938]

h ca,

h o (1—a)1+(c-Da,]

m

@.1)

where, /1 is the water content (g of water per g of dry mass), aw is the water activity (relative
humidity,rh), m is the water content corresponding to water molecules in the first sorption
layer and c is a parameter associated to the total free energy in the hydrated system. The
BET equation is associated to the isotherms of Types 2 and 3 in Fig. 4.1. In addition to
describing water sorption isotherms in the case of multilayer hydration, it is often used for
the determination of specific surface areas. Typically, the BET equation is valid at low aw
values and, particularly, in the range of aw<0.4 [Zhang 2000].

In order to extend the validity of the BET equation in a more broad range of water
activities, the Guggenheim-Anderson-de Boer (GAB) equation [Timmermann 1989] was
proposed:

e da, (4.2)

h, (- fa)[1+(c—1)fa,]

In this equation hm is the water content corresponding to water molecules directly attached
to sorption sites (primary hydration sites, first sorption layer), whereas ¢ and f are
parameters related to the energy difference between water molecules in the first sorption
layer and in the second and higher sorption layers, and between water molecules in the
second and higher sorption layers and bulk water, respectively. The validity of the GAB
equation may be extended up to aw values as high as 0.9 and more modifications of the latter
have been proposed [Blahovec 2007]. The water sorption isotherms of polymers,
biopolymers and food materials are usually well described by the GAB model.

An isotherm can be typically divided into three regions, as it may be seen in Fig. 4.2.
The water in region A represents strongly bound water, and the enthalpy of vaporization is
considerably higher than the one of pure water. The bound water includes structural water
(H-bonded water) and monolayer water, which is sorbed by the hydrophilic and polar
groups. Bound water is unfreezable and it is not available for chemical reactions. In region B,
water molecules bind less firmly than in the first zone. The vaporization enthalpy is slightly
higher than the one of pure water. This class of constituent water can be looked upon as the
continuous transition from bound to free water. The properties of water in region C are
similar to those of the free water that is held in voids, large capillaries, crevices. An apparent
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Fig. 4.2 Sorption isotherm showing a hysteresis [Andrade 2011]

deviation from the initial linear behavior in region B is observed by entering region C. This
departure from the initial linear trend is typical for hydrophilic materials such as hydrogels
and is explained in terms of clustering of water molecules [Pandis 2011]. Moreover,
hysteresis is related to the nature and state of the components of the material, reflecting their
potential for structural and conformational rearrangements, which alters the accessibility of
energetically favorable polar sites [Andrade 2011]. The hysteresis may be also related to
swelling/deswelling of materials exhibiting high degrees of elasticity [Lee 2013].

Analysis of sorption data

The analysis of the water sorption data in this thesis has been made according to the
GAB equation (eq. (4.2)).

4.1.1 Experimental Instruments

ESI measurements in this thesis were performed in the Physics Department of the
National Technical University of Athens (NTUA).

For water ESI measurements solid samples were used, prepared by compressing an
amount of powder ~100 mg to a cylindrical pellet of thickness 0.6-0.8 mm and diameter
about 14 mm. ESI measurements were performed at room temperature by exposing the
samples to various controlled water vapor atmospheres in sealed jars above saturated
aqueous salt solutions [Greenspan 1977]. By this way, the water activity aw (relative
humidity, rh) was systematically varied between about 0.02 and 0.98. The attainment of
equilibrium and final weights were determined via continuous monitoring of sample weight
using a Bosch SAE 200 balance with 10* g sensitivity. The sorption and desorption
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procedures took place successively. The above mentioned procedure was followed in the
case of the studied systems lysozyme, BSA, elastin and casein peptone. In the case of
collagen and HA, ESI measurements were performed at T=25°C, in controlled nitrogen
atmosphere, using a TA Instruments VII-SA-plus Analyser. The dry mass of the samples
was obtained by drying at T=40°C and 60°C, for HA and collagen, respectively. The HA
sample was a solid hydrogel piece of an approximate dry mass of 5mg (instead of a
compressed pellet). The water activity aw (relative humidity) was systematically varied
between 0.05 and 0.95 in a step of 0.05. The resulting error in the determination of water
content was less than +0.001.

4. 2 Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) is a thermal analysis (TA) technique,
conventionally employed for studying thermal transitions of materials [Hatakeyama 1994].
The quantity measured by this technique is the energy needed so that the temperature of the
sample studied, T, is maintained comparable to the one of an inert reference material, T,
while the two samples are either heated or cooled at a constant rate, or their temperature is
controlled isothermally.

There are two main types of DSC experimental instruments/modes: i) power
compensated and ii) heat flux. In the power compensated mode, Ts and T: are controlled
independently, by two distinct furnaces. The power supply of each furnace is controlled
separately, so that T:=T:, and determines the heat flow of the system. In the heat flux mode,
the measured sample and the reference are sufficiently thermally contacted through a
metallic disc and are surrounded by a common furnace. The enthalpy and heat capacity
changes which take place in the studied sample result in an alteration of Ts with respect to
Tt. This temperature difference, AT, is measured and the heat flow is calculated according to
the known values of thermal resistance. In fact, a heat flux DSC is the commercially used
DTA (Differential Thermal Analyser) [Hatakeyama 1994]. Typical DSC thermograms may be
seen in Fig. 4.3, where the glass transition, crystallization and melting, if present, are
recorded as a heat capacity step, an exothermic and an endothermic peak, respectively. It
may be seen in Fig. 4.3 that the recorded transitions depend strongly on the thermal history
of the sample.

Analysis of melting and crystallization peaks

From the crystallization and melting peaks the characteristic temperatures Tc and Tm
may be estimated. At the same time, the crystallization and melting enthalpies, AH: and
AHnm, respectively, may be calculated by the peak area. The crystallinity (Xc) of a polymer, is
calculated via:

__AH (4.3)

Ze AH
where AH and AHiwo% are the measured enthalpy of melting of the sample and the enthalpy

100%

of melting of a 100% pure crystalline sample of the same polymer.
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Bound water content

Owing to the effect of water on the performance of commercial polymers and the
crucial role played by water-polymer interactions in biological processes, hydrated polymer
systems are widely investigated. In the presence of excess water a polymer may become
swollen, exhibiting large changes in mechanical and chemical properties. Water can
plasticize the polymer matrix or form stable bridges through hydrogen bonding, resulting in
an anti-plasticizing effect. The behavior of water may vary in the presence of a polymer,
depending on the degree of chemical or physical association between the water and polymer
phases. Water whose melting/crystallization temperature and enthalpy of
melting/crystallization are not significantly different from those of normal (bulk) water is
called freezing water. Those water species exhibiting large differences in transition
enthalpies and temperatures, or those for which no phase transition can be observed
calorimetrically, are referred to as bound water. It is frequently impossible to observe
crystallization exotherms or melting endotherms for water fractions very closely associated
with the polymer matrix. These water species are called non-freezable. Less closely
associated water species do exhibit melting/crystallization peaks, but often considerable
super-cooling is observed and the area of the peaks on both the heating and cooling cycles
are significantly smaller than those of freezing water (see above). These water fractions are
referred to as freezing-bound water. The sum of the freezing-bound and non-freezing water
fractions is the bound water fraction. These different water species are illustrated in Fig. 4.4
which presents the DSC crystallization curves for water sorbed on poly(4-hydroxystyrene).
The water content is given by the mass of water in the polymer divided by the dry mass of
the sample, expressed in units of g/g. At the lowest water content no exothermic peak is
observed. All of the water in the polymer at this water concentration is non-freezing water.
At a higher water content a freezing exotherm is observed at 225 K which is located at
significantly lower temperature than the one for bulk water. This peak is due to freezing-
bound water in the system. At even higher water content 2 crystallization peaks are present,
one in the low temperature side and one at a higher temperature, exhibiting a maximum
which is comparable to the one of the crystallization peak of bulk water. In this case the two
peaks correspond to water populations of different connectivity. At the highest water
content a large exotherm is observed comparable to that of bulk water. This exotherm is
ascribed to the crystallization of the freezing water in the hydrated polymer. In addition, in
some cases crystallization of water during heating may occur (cold crystallization).

There is not a clearly settled definition for bound water throughout literature,
whereas water that does not crystallize neither during cooling nor during heating might
consist of more than one contribution [Miyazaki 2000]. Usually, a safe way to define bound
water is to assume that this refers to the water molecules which remain uncrystallized
during both cooling and heating for DSC measurements at certain cooling and heating rates.
The term uncrystallized water (UCW) is by this way straightforward. The fraction of
uncrystallized water in the hydrated material may be calculated by the fraction of total
amount of crystallized water which is given by the enthalpy of melting and the melting
enthalpy of bulk water (333 J/g)[Dean 1999].
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Fig. 4.3 DSC curves of poly(ethylene terephthalate): (I) heated after storage at RT, (II) cooled at
10K/min, (III) heated at 10K/min and (IV) heated at 10K/min following quenching [Hatakeyama 1994]
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Fig 4.4 DSC crystallization curves of water sorbed on poly(4-hydroxystyrene): (I) WT = 0.079 g/g (II)
WT =0.107 g/g (IIT) WT = 0.263 g/g; (IV) pure water [Hatakeyama 1994]
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Glass Transition Temperature Calculation

Due to the fact that the glass transition is recorded as a heat capacity step, the
estimation of the glass transition temperature, Tg, is not straightforward. For that reason,
several conventions are made regarding the methodology of calculation. A widely used
convention is the so called 'Half Cp Extrapolated' method of calculation (or the midpoint of
ACp step). An example of the latter may be seen in Fig. 4.5. The glass transition temperature,
Ty, is defined as the temperature at which the change in heat capacity, ACp, equals the half of
the total. The total ACp is defined as the extrapolation of the crossing points of the tangents
of the experimental curve at temperatures lower and higher than the T; where linear
regions dominate, with the tangent at the inflection point, to the y axis. In addition, the
extrapolation of the crossing points to the x axis, denote the onset (Tonset) and end (Tend)
temperatures of the transition. The T; is defined by the extrapolation of the experimental
point, where the change in heat capacity is ACp/2.

Tg Tend

| ach2
P

—5

onset

Fig. 4.5 Calculation of the glass transition temperature, T, in a DSC thermogram, according to the
Half Cp Extrapolated method

4.2.1 Experimental Instruments

DSC measurements in this thesis were performed at three different DSC
instruments. A Mettler Toledo 823e calorimeter in the Center of Biomaterials of the
Polytechnical University of Valencia (UPV) was employed to perform measurements on the
hydrated proteins BSA and lysozyme, in the temperature range -150<T<40°C. A Pyris DSC 6
calorimeter in the Physics Department of the National Technical University of Athens

(NTUA), was employed to perform measurements on hydrated collagen, HA and casein
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peptone, in the temperature range of -120<T<40°C, or in some cases up to 230°C. A TA Q200
series DSC instrument in the Physics Department of NTUA was employed to perform
measurements on hydrated elastin in the temperature range -120<T<120°C, or in some cases
up to 200°C. All of the above mentioned experiments were performed in nitrogen
atmosphere, on samples between 5 and 15 mg, sealed in aluminum pans. In the case of
hydrated elastin the solid samples were encapsulated in Tzero hermetic aluminium pans,
and so the water loss during the measurement was eliminated. Finally, standard cooling and

heating rates of 10°C/min were used in all cases.

4.3 Dielectric Relaxation Spectroscopy (DRS)

Dielectric relaxation spectroscopy (DRS) is used in order to measure the complex
dielectric function (known also as dielectric permittivity and dielectric constant), e* = €'(w) —
ie”’(w), in a broad frequency range (10-102 Hz). The dielectric properties of a material give
information on the molecular mobility, as they are defined by the fluctuations of the dipole
moments attached on the molecules.

The complex dielectric function connects the external electrical field, E(t), of an
angular frequency, w, which is applied to a material, to the response of the material, i.e.
polarization, P(t). If a stationary periodic disturbance E(t)(w)=Eo exp(-i wt) is applied to the
system, it is given [Kremer 2002] that:

P(1)(@) = & (&' (@) =D E(t)(@) (4.4)

where &*(w) is the dielectric function (e*(w) = € (w) — ie”’(w)). The real part of the dielectric
function, €'(w), is proportional to the energy stored reversibly in the system and the
imaginary part, €"(w), is proportional to the energy which is dissipated per period. The
complex dielectric function €'(w) in its dependence on angular frequency w=27tf (f frequency
of the external electrical field) and temperature originates from different processes (Fig. 4.6):
(i) displacement of the electron density relative to the nucleus it surrounds (electronic
polarization), (ii) displacement of atoms or ions (atomic polarization), (iii) microscopic
fluctuations of molecular dipoles (rotational diffusion) and (iv) the propagation of mobile
charge carriers (translational diffusion of electrons, holes or ions). In addition, the
accumulation of charges at interfaces gives rise to an additional polarization. The latter can
take place at inner dielectric boundary layers (Maxwell-Wagner-Sillars-polarization) on a
mesoscopic scale and/or at the external electrodes contacting the sample (electrode
polarization) on a macroscopic scale [Kremer 2002]. In the frequency domain of Dielectric
Spectroscopy it may be assumed that atomic and electronic polarization follow instantly the
applied electric field and so they are not observed.

In order to study the molecular mobility and relaxation it is essential to define a

relaxation function @(t), or auto correlation function [Kremer 2002]:
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where t denotes the time variable. The relaxation function describes the evolution of the auto
correlation of the polarization value P(t) to equilibrium after the application of a disturbing
electrical field, at the given time t=0. The complex dielectric function is related to ®(t)(where

electronic and atomic polarization are excluded) according to the equation [Fragiadakis
2006]:
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where ¢ is the static dielectric constant and ¢~ the real part of the dielectric function at
extremely high frequencies, i.e. including only contributions due to atomic and electronic
polarization. The real and imaginary part of the dielectric function are related to each other

through the Kramers-Kronig relations [Bottcher 1978]:
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Because the real and imaginary part of the dielectric function include the same

information, frequently the analysis of the dielectric spectra is focused on the imaginary
part, €"(w), where, usually, the dielectric relaxations may be observed more clearly.
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Analysis of Dielectric Spectra by model functions

Assuming a relaxation function as a simple exponential distribution with a relaxation
time , T, P(t)=exp(-t/t), the dielectric function is related to the angular frequency through the
relation:

— A
578 g 4 BF 4.9)
l+iot l+ior

s'(w)=¢, +

known as the Debye equation. The quantity Ae is called dielectric strength of the relaxation
and corresponds to the contribution of the relaxation to the static dielectric constant. The real
and imaginary part of the dielectric function versus frequency, according to the Debye
equation, are plotted in Fig. 4.7 as dashed lines. The imaginary part shows a dielectric loss
peak, exhibiting a maximum at fmax=1/(271), while the real part is represented by a step of a
corresponding height Ag, around the same frequency. The area beneath the dielectric loss
peak is related to the dielectric strength, Ag, via:
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Fig. 4. 7 Real, ¢, and imaginary, ¢", part of the dielectric function versus frequency, f, for a Debye
dielectric relaxation (dashed line) and a relaxation expressed by the Havriliak-Negami equation (solid

line)

In most of the experimental cases, the observed dielectric loss peaks are broader than
the Debye peak and usually obtain a non-symmetric shape. There are several empirical
equations, mostly generalized forms of the Debye equation, which describe the broadening
and/or asymmetry of the peak. The most frequently used are the Cole-Cole equation [Cole
1941]:
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and the Cole-Davidson equation [Davidson 1951]. A combination of the two above
mentioned equations is the Havriliak-Negami equation [Havriliak 1966]:

() = Ag 4.12
O Gt T 1

The parameters o,(3, describe the asymmetric and symmetric broadening of the peak,
respectively, while it holds ap<l. The Debye, Cole-Cole, and Cole-Davidson equations are
derived out of eq. (4.12) for a==1, a=1 and 3=1, respectively.

Finally, apart from contributions due to the fluctuation of dipoles, conductivity
contributions due to the translational motion of free current carriers are also present in the
dielectric response. In the case of dc conductivity, oo, the latter does not contribute to &', and
an additional contribution to the losses is expressed as:

() T (4.13)

£,

The dielectric loss spectra for a given dielectric material may include several
contributions and the total dielectric response may be expressed through a sum of the
contributions. By the analysis, several parameters are derived for each contribution, such as
the relaxation time, 7, the dielectric strength, A¢, and the shape parameters of the respective
equation employed, as a function of temperature T. Usually the data obtained for the
relaxation time, 7, are represented in an Arrhenius diagram, which is obtained by plotting
the logarithm of the relaxation time, log(t), versus the inverse temperature (usually
1000/T(K')). The equations which are usually used in order to describe the temperature
dependence of the relaxation time are the Arrhenius equation:

E(lCl
i)

7(T) =7, exp( (4.14)

where 1o is a proexponential factor and Eac the activation energy of the relaxation, and the
Vogel-Tammann-Fulcher (VTF) equation [Vogel 1921]:

f(T)=1, exp(%) (4.15)

where 1o, B are temperature independent parameters and To is the Vogel temperature, i.e. the
temperature where the T becomes infinite.
The Arrhenius equation describes secondary relaxations of local character, while the

VTF equation describes relaxations of cooperative nature, such as the a relaxation which is
associated with segmental dynamics in glass forming systems.
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4.3.1 Experimental Instruments

The DRS measurements in this thesis were performed using a Novocontrol Alpha
Analyzer in combination with a Novocontrol Quatro Cryosystem, in the Physics
Department of the National Technical University of Athens. For DRS measurements the
complex dielectric function, &*(f)=&'(f)—ie"(f), was determined as a function of
frequency, f, (10-10° Hz) at constant temperature (-150 to 30°C, controlled to better than +
0.1 K). For measurements, the solid samples were placed between two electrodes forming a
cylindrical capacitor 12 mm in diameter. The solutions was placed between electrodes 20
mm in diameter kept apart by silica spacers 50 um in thickness. Our electrode configurations
include no insulating electrodes aiming at recording the net dielectric response of the system
under study.

4. 4 Thermally Stimulated Depolarization Currents (TSDC)

TSDC is a dielectric technique in the temperature domain, which corresponds to
measuring dielectric loss as a function of temperature at a fixed low frequency in the range
104-102 Hz (equivalent frequency) [Turnhout 1980]. By this technique the sample is inserted
between the plates of a capacitor and polarized by the application of an electric field E; at
temperature Tp for time fp, which is large compared to the relaxation time of the dielectric
relaxation under investigation. With the electric field still applied, the sample is cooled to a
temperature To, which is sufficiently low to prevent depolarization by thermal energy, and
then is short-circuited and reheated at a constant rate b. The discharge current generated
during heating is measured as a function of temperature with a sensitive electrometer. The
technique is characterized by high sensitivity and high resolving power [Turnhout 1980]. A
normal TSDC measurement is analogous to a DRS measurement at constant frequency. The
equivalent frequency is estimated as feq = 102-10° Hz. We refer to references [Turnhout 1980]
& [Vanderschueren 1979] for a detailed presentation of the technique.

4.4.1 Experimental Instruments

TSDC measurements in this thesis were carried out using a Keithley 617 electrometer
in combination with a Novocontrol sample cell for TSDC measurements, in the Physics
Department of NTUA, in the temperature range from -150 to 20 °C. Typical experimental
conditions were -20 °C and 0°C for Tp, 1 kV/cm for Ep, 5 min for tp, 10 °C/min for the cooling
rate to To =-150°C, and 3°C/min for the heating rate b.

Only global TSDC thermograms were obtained in the framework of this thesis.
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5. Globular Protein BSA

5.1 Introduction

Bovine Albumin Serum (BSA) is a globular protein and belongs to the family of
serum albumins. Serum albumin is the most abundant plasma protein in mammals. Plasma,
is the straw-colored/pale-yellow liquid component of blood that normally holds the blood
cells in suspension. The main biological role of albumin is to regulate the colloid osmotic
pressure of blood. The human serum albumin includes three subunits, resulting in a heart-
shaped structure [He 1992]. BSA is the serum albumin found in cows. Two of its main
characteristics are the high amount of a helices and the high stability of its structure in a
broad range of salt and protein concentration in solution [Zhang 2007]. It is widely studied
as a model protein system.

5.2 Materials and sample preparation

Albumin from bovine serum (BSA) in form of lyophilized powder (Sigma 3294) was
purchased from Sigma — Aldrich (Mr~66.000) and used as received. Water with 10uS/cm
conductivity was employed for preparation of solutions for DSC and for dielectric
measurements.

DSC, TSDC and DRS measurements, to be described in the following, were
performed at various levels of water content /, calculated on the dry and the wet basis, ha
and hw, respectively, by

hd _ M water (5'1)
mdry
hw _ Mowater (5.2)
m

In these equations m is the mass of the hydrated protein sample, mary the mass of the dry
sample and Mwater = m — mary the mass of water inside the sample. The dry mass may was
determined by drying the protein sample in vacuum for 72 h at room temperature (RT). The
term water content is used for ha, while the term water fraction is used for hw.

They are related to each other by:

hy=—"— (5.3)
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For water ESI measurements solid samples were used, prepared by compressing an
amount of protein powder ~100 mg to a cylindrical pellet of thickness 0.6-0.8 mm and
diameter about 14 mm. ESI measurements were performed at RT by exposing the samples to
various controlled water vapor atmospheres in sealed jars above saturated aqueous salt
solutions [Greenspan 1977]. By this way, the water activity aw (relative humidity, rh) was
systematically varied between about 0.02 and 0.98. The attainment of equilibrium and final
weights were determined via continuous monitoring of sample weight using a Bosch SAE
200 balance with 10+ g sensitivity (see also chapter 4, section 4.1, 4.1.1).

For DSC measurements BSA powder was dried in vacuum for 72h to remove traces
of humidity. 30% wt aqueous solution of BSA was prepared by dissolving a specified
quantity into water. The solution was placed into open aluminum pans (40 ul) at room
ambient for different times to obtain several water contents. After that, the pans with
hydrated protein were sealed. DSC measurements were performed in a Mettler Toledo 823e
calorimeter on samples between 5 and 15 mg. The hydrated protein samples were cooled
down from 25°C to -150°C followed by a heating scan up to 40°C, both at 10°C/min (see also
chapter 4, section 4.2, 4.2.1).

Samples for dielectric (TSDC and DRS) measurements were either in the form of
solution (for high water fractions, hw higher than 0.36, corresponding to h«=0.56) or in the
form of solid compressed pellets, similar to those used for ESI measurements (for low water
fractions, hw equal to or lower than 0.36). For solutions, BSA was dissolved in water and, for
homogenization of the samples, the mixtures were kept at 4°C for at least two days before
the measurement. Solid samples were hydrated to the required degree by equilibration for
more than 3 days (to constant weight) above saturated salt solutions in sealed jars (similar to
ESI measurements), or above open water in sealed jars (100% rh) for a selected period of
time and a subsequent equilibration in sealed boxes for at least 2 days. For dielectric
measurements, the solid samples were placed between two electrodes forming a cylindrical
capacitor 12mm in diameter. The solutions were placed between electrodes 20mm in
diameter kept apart by silica spacers 50 um in thickness (see also chapter 4, sections 4.3, 4.3.1
and 4.4, 4.4.1).

5.3 BSA-ESI Measurements

The hydration of BSA was recorded by water equilibrium sorption-desorption (ESI)
measurements at RT. Figure 5.1a shows the water content /, calculated on the dry basis (g of
water per g of dry protein) versus water activity aw, during sorption and desorption.

As seen in Fig. 5.1a, an initial linear region for water activity up to 0.8 is observed,
followed by a departure from linear behavior for aw > 0.8, which is explained in terms of
clustering of water molecules (see chapter 4, section 4.1). The desorption data are in good
agreement to the sorption data. The GAB equation (eq. (4.2), see chapter 4, section 4.1) was
titted to the experimental data as it can be seen in Fig. 5.1b. The GAB fit is satisfactory (see
the solid line in Fig. 5.1b).
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Fig. 5.1 a) Water content ha against water activity aw at 25 °C for a BSA sample, during sorption (=)
and desorption (°) b) Water content ha against water activity aw at 25 °C for a BSA sample. Points are
experimental data and the solid line is the fit of GAB equation (eq. (4.2)) to the data.

For the parameter iim, which corresponds to the content of water molecules attached
to primary sorption sites (first sorption layer), a value of 0.073 was obtained for BSA.
Another critical water content is estimated by the data, although less unequivocal, namely
the water content where significant clustering occurs and the sorption data deviate strongly
from the roughly linear behavior in the middle region of water activities. That is at around
he=0.25 (equal to hw=0.2), corresponding to water activities around 0.8. Measurements at
smaller aw steps in this region and analysis in terms of the clustering function [Pandis 2011]
are necessary to determine more accurately that critical water content and to study
clustering of water. Nevertheless, this value is consistent with the reported value of water
content at which water starts to condensate onto weakly interacting unfilled patches of the
protein surface, in case of globular proteins [Careri 1998].

5.4 BSA-DSC Results

DSC cooling and heating scans, both at a rate of 10°C /min, were recorded for BSA-
water mixtures at various hydration levels. The water fraction values hw of all the samples
measured, along with the corresponding water content values hq, are listed in Table 5.1 for
reference.

Table 5.1 Water fractions hw and corresponding water contents hd for BSA samples measured by DSC

hw | 0 0.07 010 014 017 018 021 022 023 026 028 030 032 034 035 043 0.67

ha | 0 075 0.11 016 020 023 027 028 030 035 038 042 047 052 054 0.76 1.99

Cooling and heating thermograms recorded on several BSA-water mixtures,
characterized by water fraction hw, are shown in Figures 5.2a and 5.2 b, respectively. The
scale of Fig. 5.2 allows us to observe clearly the crystallization and melting peaks of water.
The first water fraction hw in which crystallization is observed on cooling is 0.30, while
melting on heating is first observed for hw=0.21 (traces of melting that cannot be appreciated
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with the scale of Fig. 5.2 but the melting enthalpy has been listed in Table 5.2 (see below),
a clear melting peak is first observed at hw=0.26). The crystallization peaks in Fig. 5.2a seem
to consist of more than one contribution, which is more clear for water fractions h+w=0.34 and
0.35. For these two samples it 1is also obvious that the relative proportion of these
contributions differs for varying water fractions.

In the heating thermograms in Fig. 5.2b we also observe a broad glass transition step
for most of the samples, as well as a cold crystallization exothermic peak above the glass
transition, for water fractions that exhibit no crystallization of water during cooling. A
magnification of the thermograms during heating for five characteristic water fractions,
hw=0.07, 0.10, 0.18, 0.23 and 0.26, is shown in Fig. 5.3. For hw=0.10 and 0.18, only the glass
transition can be seen, as a heat capacity step. No glass transition is observable for the lower
water fractions studied, that is for hw=0.07 and the dry sample (Fig. 5.2b). For h+w=0.23 and
0.26, the glass transition is followed by a cold crystallization peak of water and a subsequent
melting peak, the former being more clear in case of 1w=0.26.

The crystallization and melting temperatures of water in the mixtures, determined
by the cooling and heating peak temperatures, T. and Tm, respectively, as well as the glass
transition temperature, T, calculated as the midpoint of the heat capacity step in the heating
thermograms (see chapter 4, section 4.2), are plotted in Fig. 5.4 against water fraction hw, for
all samples studied. T. increases significantly with increasing water fraction, from a value of
approximately -55°C for low water fractions until values close to zero for high water
fractions. Tm increases in general with increasing water fraction from -10°C to 0°C. In more
detail, we can identify in Fig. 5.4 three distinct water fraction regions, with respect to the hw
dependence of Tm. Within the first region, 0.21<hw<0.30, which is in fact the cold
crystallization region and is highlighted in the plot by two vertical dotted lines, the melting
temperature seems to remain stable at about -10°C, suggesting that the size of water crystals
in this area is more or less unique [Mathot 1994]. For higher water fractions, Tm increases
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from a value of -10 °C to temperatures close to zero for a water fraction hw=0.43(second
region), where it finally stabilizes (third region).

Ty was detected for water fractions equal to or higher than hw=0.10 (see Fig. 5.3),
while no glass transition was detectable for lower water fractions or the dry sample. In Fig.
5.4, it is shown that T decreases systematically with increasing water fraction, from a value
of approximately -40°C to a value of about -85°C, at the onset water fraction for
crystallization during cooling (hw ~ 0.3). Further addition of water causes no further decrease
of Ty that stabilizes at about -80°C. The heat capacity step, ACy, of this glass transition is
plotted in Fig. 5.5 against water fraction hw. Assuming that the corresponding glass
transition arises from the cooperative motion of protein chains plasticized by water
molecules [Miyazaki 2000, Panagopoulou 2011a], we employ a normalization of ACp to the
fraction of protein in the samples [Stathopoulos 2011]. These normalized values are added in
Fig. 5.5. We observe that the normalized AC; increases systematically with water fraction,
until the cold crystallization region is reached. This can be attributed to the increase in the
number of configurations available to the polymer chains in the mixtures with water
molecules suggesting that protein chains move more intensively interacting with water
molecules, or that more chains contribute to the dynamics being accessible to water. Further
addition of water causes a significant reduction of the heat capacity step within the cold
crystallization region and then stabilization for hw>0.3 occurs. This is consistent with the
hypothesis that no more water contributes to the plasticization of the T for hydration levels
at which water crystallizes either during cooling or heating. This fact will be verified later
on, where it will be shown that the fraction of uncrystallized water does not increase further
after crystallization effects set in. Additionally, the reduction of the heat capacity step in the
cold crystallization region reflects also the reduction of the number of configurations
available to the polymer chains probably due to the formation of initial water crystal nuclei
during cooling. It must be mentioned at this point that the values calculated for the Ty and
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the heat capacity step in the cold crystallization region are rather tentative, due to the fact
that cold crystallization peaks interfering in the region of the glass transition make the
tangents obtained as baselines less reliable. Nevertheless, the monotonic reduction of the
values is systematic enough.

From the cooling and melting enthalpies, calculated from the area under the
corresponding peaks, and the melting enthalpy of bulk water (333.55 J/g [Dean 1999]), the
content of crystallized water for the corresponding thermal history can be obtained (see also
chapter 4, section 4.1). In this work the content of crystallized water of each mixture hd,cw
(dry basis) has been obtained from the melting thermograms as the ratio of the melting
enthalpy AHn of that mixture (Table 5.2) and the melting enthalpy of bulk water. Table 5.2
lists ha,cw together with the content of uncrystallized water, hduew, given by the difference ha-

hd,cw.

Table 5.2 Results of DSC measurements, water fraction hw (wet basis) and water content ha (dry basis),
melting enthalpy of water AHw, water contents of crystallized (hsw) and uncrystallized water (h4,ucw),
fractions of crystallized (X«w) and uncrystallized water ( Xuew), and number of water molecules per
BSA molecule total (1), crystallized (ncw) and uncrystallized (rucw)

hw hd AHm hd, ow hd, ucw Xew Xuew n Hew HNucw
(J/gr)
0.18 0.23 0 0 0.225 0 1 825 0 825

0.21 0.27 | -0.17 | 0.001 | 0.270 | 0.002 | 0.998 993 2 991
0.22 0.28 -0.34 | 0.001 | 0.276 | 0.005 | 0.995 | 1015 5 1010
0.23 0.30 -0.66 | 0.002 | 0.297 | 0.009 | 0.991 | 1096 10 1086
0.26 0.35 -3.27 1 0.013 | 0.337 | 0.038 | 0.962 | 1283 49 1234
0.28 0.38 -8.49 | 0.045 | 0.334 | 0.092 | 0.908 | 1390 129 1261
0.30 042 | -14.36 | 0.061 | 0.358 | 0.146 | 0.854 | 1536 224 1312
0.32 047 | -2423 | 0.106 | 0365 | 0.226 | 0.774 | 1726 390 1336
0.34 0.52 -344 | 0.156 | 0.360 | 0.303 | 0.697 | 1891 573 1318
0.35 054 |-37.34 | 0.173 | 0369 | 0.318 | 0.682 | 1987 632 1355
0.43 0.76 | -65.33 | 0.344 | 0.413 | 0.454 | 0.546 | 2775 | 1260 | 1515
0.67 1.99 | -150.7 | 1.348 | 0.639 | 0.678 | 0.322 | 7283 | 4938 | 2345

Often such results are discussed in terms of the fractions of crystallized and
uncrystallized water, Xew and Xuew, respectively (Xewt+Xuew=1), which are also listed in Table
5.2. The water contents ha,cw and hauew are plotted in Fig. 5.6a as functions of the (total) water
content ha. The striking result in Fig. 5.6a is that hduw is not constant, but increases
significantly with increasing water content, initially more steeply in the cold crystallization
region of water contents, and then more smoothly but systematically for higher water
contents, in the water content region where water crystallizes during cooling. This fact
suggests a reorganization of the structure of water at each new hydration level. On the other
hand, if the amount of non freezable water is examined in terms of weight fraction in the
hydrated protein system as a whole, then it can be seen in Fig. 5.6b that it remains stable and
equal to about 0.25 within the cold crystallization region and to about 0.21 for higher water
fractions (at least within the range of our measurements). It must be mentioned at this point,
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Fig. 5.6 a) Water contents of crystallized and uncrystallized water, hi«w and hiucw, respectively, against
(total) water content hs of the BSA-water mixtures and b) composition diagram for the BSA-water
mixtures, showing the fractions of dry protein, crystallized and uncrystallized water in the mixture,
against water fraction hw.

that the amount of uncrystallized water of Table 5.2 and Fig. 5.6 corresponds to water that
remains in the uncrystallized phase throughout the whole measurement and does not
crystallize neither during cooling nor heating (both at the rate of 10°C/min).

5.5 BSA-Dielectric Measurements
5.5.1 BSA-TSDC

Figure 5.7 shows TSDC thermograms in the temperature range from -150 to 0°C for
several BSA-water mixtures, including solutions (numbers 1-4) and hydrated solid pellets
(numbers 5-15). For the sake of clarity, four of the thermograms are replotted in the inset to
Fig. 5.7. The TSDC thermograms have been normalized to the same thickness (polarizing
field) and the same surface area of the samples. Thus, results for different compositions can
be compared to each other not only with respect to the temperature position of the peaks
(time scale of the corresponding relaxations), but also with respect to their magnitude
(dielectric strength of the corresponding relaxations).

Starting at low water fractions and low temperatures, a broad peak is observed in the
solid pellets, already for the practically dry sample (sample 15 at about -110°C, Fig. 5.7),
which shifts to lower temperatures with increasing water fraction (located at about -130°C
for sample 9) and increases in magnitude. In agreement with previous work on proteins
[Anagnostopoulou-Konsta 1987, Pissis 1989] and other biopolymers [Pissis 1991], this peak is
attributed to a local, secondary relaxation of small polar groups of the biopolymer,
plasticized by water. For low water fractions, that is for hw<0.13 (samples 10-15), this peak is
very broad and an unequivocal assignment of a temperature maximum is not possible. This
region of hydration levels corresponds to the water content region of h4<0.15, where water
interacts principally with polar protein surface groups and/or charged groups for lower
water contents (ha<0.07) [Careri 1998]. A fluctuation in the size and arrangement of water
clusters in that case [Careri 1998] is consistent with a distribution of relaxation times and a
broad peak. At higher water fractions, it is likely that additional contributions, probably due

[49]




Chapter 5. Globular Protein BSA

T (K)
140 160 180 200 220 240 260
U | g I U | U | U I U | 8 I E
& 10° 1~ 1
e € 107 ///4/// :
10°42 10 A & | 2| B
ol e
~ 10" 10— ﬁ 3 —e
e 10" ~120-90 -60 -30_, S S ok
2] A= pE
LL]Q'1O . / ' —0315E9;
3 3| —o0,11(12
F‘,‘\ . —0,10E13;
10" 3 N =
10" /\f_

I ! I ! I ! I I ! |
-140 -120 -100 -80 -60 -40 -20
7("C)
Fig. 5.7 Normalized TSDC thermograms (density of depolarization current divided by polarizing
electric field, J/Ep) against temperature T for the BSA-water solutions (samples 1-4) and the hydrated
solid pellets (samples 5-15), of water fractions hw indicated on the plot. The vertical line at -20°C

indicates the polarization temperature T,. The inset shows four of these thermograms for the samples
1,4, 6 and 13.

to water either in the uncrystallized or in the crystallised phase, are interfering in the low
temperature side of the diagram, overlapping the observed peak in question, as seen by the
superlinear increase in magnitude for that region.

At low water fractions and high temperatures a peak is observed in Fig. 5.7 (at about
-30 °C for sample 13 and about -80 °C for sample 8), shifting significantly to lower
temperatures and increasing in magnitude with increasing water fraction (please note the
logarithmic scale). On the basis of this strong plasticization by water and the stabilization of
the temperature position of the peak at about -90 °C for higher water fractions (see below),
i.e. in the range of reported values of T; in fully hydrated proteins [Gregory 2003, Ringe
2003, Fenimore 2004, Khodadadi 2010], and also because the position of this peak is in the
range of the Tg obtained by the DSC results in section 5.4, the peak is attributed to the «
relaxation associated to the glass transition of the hydrated protein. This assignment is less
clear for the samples 14 and 15 with water fractions hw lower than about 0.07. For these
compositions the peak is located at higher temperatures than the polarization temperature
Ty, so that interpretation of the peak is ambiguous [Turnhout 1980]. At this point, we recall
that the glass transition was not observable by DSC for water fractions lower than hw=0.07.
For samples 6 and 7, the a peak ceases to be unique and is followed by an additional
contribution at higher temperatures (peaks at about -95 °C and -75 °C, respectively, for
sample 6 in the inset). Given that these samples are in a hydration range near the cold
crystallization region according to the DSC results (section 5.4) and, consequently, accepting
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that they were not crystallized during cooling (cooling rates identical for both DSC and
TSDC), we assume that a microphase separation occurs in the samples causing the
appearance of an additional «a relaxation peak. A possible scenario is that, for hydration
levels hw near about 0.2, i.e. the critical water content for significant clustering according to
ESI measurements (see section 5.1), some domains of the protein become accessible to water
due to swelling of the protein [Kyritsis 1995], and therefore keep on being plasticized in the
same manner as for lower water fractions, while in other domains the advanced level of
water clustering and the possible creation of initial nuclei of water crystals result in reduced
number of water molecules being involved in the macromolecular motions and, thus, in a
smaller degree of protein plasticization [Salmeron-Sanchez 2002]. These assumptions are
ambiguous, mainly because a splitting of the glass transition is not observable in DSC for the
corresponding water fractions. The broadness of the glass transition in DSC along with the
high sensitivity and high peak resolving power of TSDC, however, can explain this
difference.

At higher water fractions the TSDC response in Fig. 5.7 increases significantly, in
particular at higher temperatures, where conductivity and interfacial and space charge
polarizations are expected to make significant contributions [Anagnostopoulou-Konsta 1987,
Pissis 1989,1991]. The high values of conductivity do not allow unambiguous assignment of
the individual TSDC peaks in the temperature region above about -80 °C to specific
processes. Measurements using insulating thin foils between the sample and the electrodes
and special peak resolving TSDC techniques [Turnhout 1980,Pissis 1991], could shed more
light on this point. In what follows the focus is on dipolar relaxations observed at lower
temperatures. Several relaxations contribute to the TSDC response at higher water fractions
and temperatures lower than about -80°C, giving rise to complex, overlapping peaks. In the
three solutions with the highest water fractions, samples 1, 2 and 3 in Fig. 5.7 with hw=0.80,
0.60 and 0.46, respectively, a strong peak is observed at about -125°C. Based on previous
work with TSDC measurements on various forms of polycrystalline ice (pure ice [Pissis
1981], ice microcrystals dispersed in oil [Pissis 1982] and frozen aqueous saccharide
solutions [Daoukaki-Diamanti 1984]), the peak is attributed to relaxation in bulk ice. Finally,
the peaks observed at higher temperatures, at about -100°C and -90°C for the solutions
(samples 1,3,4, for sample 2 there is not a clear peak discerned) are identified as the « peaks,
which seem to become stabilized at these temperatures for the compositions where a part of
water crystallizes during cooling. We recall that a splitting of the a peak was observed
already at lower water fractions. The peak temperatures of the a peaks and of the peak
attributed to relaxation in ice crystals are plotted in Fig. 5.8 as functions of the water
fraction hw. The temperature of the TSDC « peak in glass forming materials is considered
as a good measure of the calorimetric glass transition temperature Tg, mainly because of
the similar time scales of DSC and TSDC [Turnhout 1980, Pissis 1991], so we employ T; for
T« in Fig. 5.8. Particularly, for samples where a double a peak was observable during
heating (see above), we employ T2 for the additional peak, so finally we employ Tg: for the
main a peak observed by TSDC.
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Fig. 5.8 Characteristic temperatures calculated by TSDC data for BSA mixtures, for glass transition
temperature, Tg1 and Tg2 and relaxation peaks due to bulk ice crystals against water fraction hw.
Vertical dotted lines highlight the cold crystallization region.

5.5.2 BSA-DRS

DRS measurements provide the possibility to vary both frequency and temperature
over wide ranges (in the present work 10--10° Hz and -150 to 20°C, respectively) and so to
analyze dynamics in more details than by TSDC. In order to use DRS data to identify
processes in the samples in comparison to TSDC and facilitate discussion on their origin,
isochronal (constant frequency) presentation of the data is very convenient [Kremer 2002]. In
Fig. 5.9b isochronal plots of the dielectric loss against temperature, ¢ "(T), are presented for
the dry sample and BSA-water mixtures of hw=0.02, 0.07, 0.13, 0.18, 0.4 and 0.6, while the
TSDC plots for samples with practically the same hydration levels (at least for most of the
samples), samples 15, 13, 10, 8, 4 and 2 from Fig. 5.7, respectively, are shown in Fig. 5.9a. To
facilitate comparison with TSDC data, a low frequency, 0.2 Hz, has been selected out of the
frequency range of DRS measurements which were carried out isothermally. We recall that
the equivalent frequency of TSDC measurements is in the range 104102 Hz and we point
out that the lower equivalent frequency of TSDC shifts the peaks to lower temperatures (see
chapter 4, section 4.4). Starting with the sample of hw=0.020, the broad relaxation which was
previously attributed to a relaxation of side polar groups of the protein plasticized by water
(TSDC), is observed by DRS at about -75°C. For the next three solid pellets, in terms of
increasing water fraction, namely DRS samples with hw=0.07, 0.13 and 0.18, the dielectric
dispersions consist of two contributions in quite good accordance to TSDC data. At low
temperatures, we observe the relaxation of small polar groups of the protein, which is
plasticized by water (at about -100 °C for the sample of hw=0.07). At higher temperatures, the
a peak is observed, although masked by conductivity at the high temperature side,
plasticized by water. At this point it is obvious that conductivity contributions in TSDC may
be suppressed, presumably because the steps of applying the stimulus and of recording the
response, i.e. polarization and depolarization step, are separated from each other, as it was
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Fig. 5.9 Comparative TSDC thermograms and isochronal plots of dielectric loss, for compressed BSA-
pellets and solutions, at the water fractions hw indicated on the plot. a) Normalized TSDC
thermograms (density of depolarization current divided by polarizing electric field, J/E,, against
temperature T) for the BSA-water solutions (samples 2,4) and the hydrated solid pellets (samples
8,10,13,15), of water fractions hw. b) isochronal plots of dielectric loss at the frequency of f~0.2Hz for
the BSA-water samples of water fractions hwindicated on the plot.

described in section 4.4. For the solution of hw=0.40 we observe three relaxation processes,
instead of two in case of solid pellets. These are, with respect to the TSDC thermogram of the
same water fraction, the relaxation of small polar groups which is plasticized by water at
about -130°C and two a relaxations associated to the glass transition, which are denoted as
Tg1 at about -90°C and T2 at about -60°C. Finally, regarding the sample of the highest water
fraction in this diagram, hw=0.60, we observe all three relaxations mentioned for the sample
of hw=0.40, though more vaguely for temperatures higher than about -70°C, due to high
conductivity contributions, plus an additional peak at about -110°C due to bulk ice crystals.
This good agreement between the data by DRS and TSDC suggests that the same
mechanisms are at the origin of the peaks measured by the two techniques.

[53]



Chapter 5. Globular Protein BSA

DRS Raw Data

Figure 5.10 shows dielectric loss versus frequency, ¢ “(f) , isothermal data, for the dry
BSA pellet, at selected temperatures indicated on the plot. As it can be seen, the dielectric
response is very low for this sample, and we present it separately, so that information is not
eliminated due to scaling, when represented in comparative diagrams with the rest of the
hydrated samples. Two relaxation processes can be detected within the experimental
temperature range. At low temperatures, a broad peak enters the experimental window,
centred at about 0.5 and 1 kHz at -140 and -90°C, respectively. At higher temperatures, a
symmetric peak enters the experimental window at -60°C, centred at about 1, 20 and 200 Hz
at -40, -20 and 0°C respectively.

The frequency dependence of the real and imaginary part of the dielectric function,
€*, measured at T=-15°C is shown in Fig. 5.11, for several samples of different hydration
levels. At this temperature a relaxation peak (a relaxation), which is associated with the
glass transition of the hydrated protein, is within the experimental window for most of the
samples, as is indicated by the main step in the ¢'(f) plots (Fig. 5.11a) and the low frequency
peak in the ¢"’(f) plots (Fig. 5.11b). Looking at the dielectric loss curves in Fig. 5.11b we
observe that the a relaxation peak is absent for the sample of 1w=0.02. The low intensity peak
which is within the experimental window, centered at about 800 Hz for the sample of
hw=0.02, corresponds to a relaxation of small polar groups of the protein triggered by water,
as it will be shown later. For hw=0.07 the maximum of the a peak is not observable and is
probably located at lower frequencies (measurements at higher temperatures reveal the
existence of the a relaxation peak). The a peak is observable in Fig. 5.11b for hw=0.13 as a
shoulder, while its maximum is clearly visible for hw=0.18. Although conductivity
contribution is large at this relatively high temperature, rough estimations of the peak
position (based also on the corresponding ¢ (f) plots) are highlighted in Fig. 5.11b by arrows.

Dielectric permittivity versus frequency, ¢ (f), and dielectric loss versus frequency,
¢"'(f), isothermal data at temperature 7=-90°C, are plotted in Fig. 5.12a and 5.12b,
respectively, for several samples of different hydration levels (samples of Fig. 11). In Fig.
5.12a we observe that the measured dielectric permittivity increases with increasing water
fraction, in the whole frequency range measured, up to h+w=0.28, whereas for hw=0.40 it drops
to lower values at the high frequency part of the spectrum and then increases again for
hw=0.60. In addition, the ¢ (f) plots show that for #+w>0.18 the dielectric permittivity increases
remarkably at low frequencies implying the activation of strong polarization processes at
that water fraction range. Dielectric loss spectra shown in Fig. 5.12b reveal the existence of a
relaxation process which depends strongly on the hydration level. More specifically, the
sample of hw=0.02 exhibits a relaxation peak at the low frequency side of the experimental
window, the maximum of which is not clearly detectable, as it is probably located at lower
frequencies. For the sample of hw=0.07 a broad relaxation peak is observed centered at about
30 Hz. This peak corresponds to a relaxation of small polar groups of the protein which is
triggered by water in the hydration shell and is shifted with respect to the peak for the
sample of hw=0.02(plasticized by water). The plasticization of the underlying molecular
process for higher water fractions can be followed in Fig. 5.12b. Arrows in the diagram
indicate the maximum frequency of the peak, which is at about 500 Hz for /#w=0.13 and 50
kHz for hw=0.18. The position and the magnitude of the peak seem to saturate for samples of
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hw=0.28, 0.40 and 0.60, centered at about 10 kHz. As it will be shown it what follows, the
secondary relaxation of polar groups is the precursor of the secondary relaxation of water in
the protein hydration shell, denoted as v relaxation of water [Ngai 2011] and so the
relaxation of polar groups will be called v relaxation in the high water fraction range, where
the loss peaks saturate in position (hw=0.18,0.28,0.40 and 0.60). At this point we would like to
highlight the increase of the measured low frequency dielectric loss for hw>0.18. Taking into
consideration also the remarkable increase of ¢ (f) at that water fraction and frequency range
we may conclude that the conductivity of the samples is significantly enhanced for that
water fraction range implying that the conduction process becomes now a percolative type
process [Rupley 1991].

Fitting Results

Dielectric data corresponding to the samples of #+<0.18, have been expressed as the
sum of two or three Cole-Cole functions and a conductivity term (see chapter 4, section 4.3),
at temperatures where this was necessary. The two samples of lowest hydration levels (hw=0
and 0.02) exhibit two secondary relaxations and no « relaxation associated with the glass
transition of the protein. The peaks of these relaxations are clearly visible for the dry sample
and have been presented in Fig. 5.10. The high temperature peak originates from the
movement of small polar groups of the protein surface, while the low temperature peak will
be further analyzed later on. The data corresponding to the samples with hw=0.07, 0.13 and
0.18 exhibit, except from the relaxation of polar groups, a peak corresponding to the a
relaxation associated with the glass transition of the hydrated system.

Fitting of the dielectric loss curves for the samples of higher water fractions, that is,
hw=0.28, 0.40 and 0.60 has revealed additional peaks entering the experimental window,
originating possibly from new forms of water organization (excess water or ice), as the water
fraction increases. The complexity of the dielectric response (multiple interfering peaks)
along with the large conductivity contribution at high water fractions, make the detection of
the peaks rather tentative, in contrast to lower water fractions where the curves are more
simple. Help may often be provided by using a derivative method:[Wiibbenhorst 2002]

&' (f) :_Z—ag'(f) e
der 2 onf rel
where " is the ohmic-conduction-free dielectric loss, provided that conductivity makes no
significant contribution to ¢'. For that reason the dielectric loss calculated by the derivative
method is added to diagrams containing fitting of dielectric loss at high water fractions.

An example of the fitting of the dielectric loss curves for the samples of hw=0.07, 0.18,
0.28 (inset) and 0.40%, at a characteristic temperature of -90°C, where the relaxation of polar
groups and the v relaxation of water is within the experimental window, is shown in Fig.
5.13. Starting with the data corresponding to hw=0.07, a broad peak corresponding to a
relaxation of polar groups of the protein can be seen centered at about 1 Hz. A peak at
higher frequencies (dotted line) is necessary to fit the data, but it is not dealt with in this
thesis, as its maximum is located mainly out of the frequency range of the experimental

(5.4)

window. The same applies for other such peaks in the fitting procedure. At higher water
fractions, that is, hw=0.18, 0.28 (inset) and 0.40, a peak corresponding to the v [Ngai 2011]
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Fig. 5.13 Dielectric loss against frequency, ¢ "(f) at T=-90°C, for BSA-water mixtures of water

fractions hw=0.07, 0.18, 0.28 (inset) a BSA-water solution of hw=0.40. The solid circles correspond to
dielectric loss calculated by the derivative method [Wiibbenhorst 2002]. The solid lines which show
the peaks corresponding to the relaxation of polar groups for hw=0.07, the v relaxation of water for
hw=0.18 and 0.40, the w and icel relaxations for hw=0.40 are highlighted in the plot. The solid lines
through experimental data correspond to the sum of the contributions.

relaxation of water (see chapter 2, section 2.2) can be seen centered at about 10* Hz. An
additional peak named w, centered at about 1 Hz for the samples of hw=0.28 and 0.40, is
presented as dotted line, because its maximum could not be clearly discerned at any
temperature of our measurements. Its existence is alternatively verified indirectly e.g. by the
change of slope of the dielectric loss, which is more pronounced in the derivative data
(hw=0.40, solid circles) and of course by the fact that fitting was not possible without taking
process w into account. In our fittings we assumed a value of fw=0.6 ( see eq. (4.11)) for the
fractional exponent of process w, which was set as a constant during the fitting procedure.
Finally, a peak, better fitted as Debye (i.e. =1 in eq.(4.11)), signed as ice 1 is centered at
about 0.1 Hz, in case of the sample of /1w=0.40.

Figures 5.14 and 5.15 are examples of the fittings at selected temperatures, -35 and -
105°C respectively, for hw=0.40. Fig. 5.14 shows the peaks contributing to dielectric spectra at
a high temperature, 7 = -35°C, for hw=0.40. Starting at low frequencies, a Debye peak named
p on the plot is hidden below the dc conductivity contribution. The maximum of this peak is
clearly visible at higher temperatures and the peak is necessary to fit the data, but it will not
be further studied in this paper, so it is plotted as a dotted line. Similar dielectric responses
are often encountered in dielectric measurements on water containing systems and are
usually interpreted as interfacial polarization processes due either to localized conduction
processes within the samples or to electrode polarization effects [Shinyashiki 2009, Gutina
2002, Suherman 2002, Richert 2011]. In addition, such a relaxation process is usually
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of water fraction hw=0.40. Green solid circles correspond to dielectric loss data calculated by the
derivative method [Wiibbenhorst 2002]. Solid and dotted lines correspond to contributions to
dielectric loss calculated by fitting of the data by a sum of Cole-Cole functions and a conductivity
term. The solid line through experimental data (open circles) corresponds to the sum of the
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Fig. 5.15 Dielectric loss against frequency (open circles), ¢ (s ), at -105°C, for a BSA-water solution

of water fraction hw=0.40. Solid circles correspond to dielectric loss data calculated by the derivative
method.* Solid and dotted lines correspond to contributions to dielectric loss calculated by fitting of
the data by a sum of Cole-Cole functions and a conductivity term. The solid line through

experimental data (open circles) corresponds to the sum of the contributions.
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by a Debye relaxation process [Richert 2011]. Analogous peaks were used for fitting the
data for hw>0.07. At higher frequencies in Fig. 5.14 additional peaks follow, namely, the a
peak associated with the glass transition of the hydrated protein, centered at about 10 Hz, a
Debye peak probably due to ice, signed as ice 1, centered at about 1kHz, and a peak signed
as w (which has been discussed above, Fig. 5.13). The position of the peaks seems to
correlate well with that calculated by the derivative method (solid circles). Moving on to
lower temperatures (T =-105°C, Fig. 5.15) a Debye process signed as ice 2 is observable (in
addition to the v and the w peak), centered at about 2 Hz at -105 °C. The peaks denoted as
ice 1 in Fig. 5.14 and ice 2 in Fig. 5.15 are attributed to relaxation processes in the ice phase,
because they were detected only for the sample of hw=0.40, where ice crystals have been
formed during cooling (DSC, section 5.4), while they were absent in the case of hw=0.28,
where DSC studies show no significant ice formation during cooling. Finally, for #+w=0.60 a
single relaxation due to ice, denoted as icel was recorded by the fittings (not shown here)
throughout the entire temperature range studied, in addition to the p, a, v and w relaxations.

The fitting parameters (1) (relaxation time) and AE(T) (dielectric strength)
calculated for each process j are plotted in Figures 5.17-5.21 against temperature, while the
parameters B(T) for the processes of polar groups of the protein triggered by water, at low
hydration levels, and for the v relaxation of water associated with the main relaxation of
uncrystallized water at high hydration levels, are listed in Table 5.3. The data of Fig. 5.17 for
the relaxation of polar groups of the protein triggered by water and the v relaxation of water
have been expressed by an Arrhenius equation (chapter 4, eq. (4.11)). The corresponding
values of the activation energy Ea«, as well as the logarithm of the pre-exponential factor log
fo, are listed in Table 5.4.

5.6 BSA-Discussion-Conclusions

5.6.1. Critical water contents and crystallization effects

By ESI measurements two critical water contents are obtained for BSA-water
mixtures at room temperature. The first critical content, hm, is the water content
corresponding to water molecules directly attached to sorption sites (primary hydration
sites), in other words to the content of water molecules directly attached to the amino acid
residues of the protein. With the values of molecular weights of 66.000 for BSA, 18 for water
and for hn=0.073 (grams of water per grams of dry protein), we conclude that 270 water
molecules are directly bound to a BSA molecule. This means that out of the 607 residues of a
BSA molecule, only the 270 are accessible to water, the rest being hidden in the globular
structure or engaged in other interactions. This value is very close to the water content he=
0.07, which is the reported water content below which water interacts mainly with charged
groups of the protein surface in case of globular proteins [Careri 1998]. The second critical
water content is in the range of hi= 0.25 and corresponds to the water content above which
clustering is significant.

In Fig. 5.6a the amount of uncrystallized water, h4uew, increases with increasing water
content, not only within the cold crystallization region but also for higher water contents,
reaching for the higher water contents measured a value of 0.639 (compare Table 5.2). This
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increase of hduw is consistent with the concept of new primary hydration sites becoming
accessible to water, as a result of the swelling of the protein with increasing water content,
and the formation of new water clusters around these primary sorption sites. Until a
hydration level of hw=0.35, corresponding to hi=0.54 (see Table 5.2), the amount of
uncrystallized water, hduw, is within the range 0.3-0.4, i.e. within the range of the reported
values for uncrystallized primary hydration water [Kawai 2006,Sartor 1992,1994a,b,1995],
and can, therefore, be assigned to water at the primary hydration shell of the protein [Kawai
2006,Cooke 1974, Franks 1977,Harvey 1972, Kimmich 1990, Kotitschke 1990]. The primary
hydration shell of the protein corresponds to a monolayer of water molecules at the surface
of the protein, which includes water molecules directly attached to primary hydration sites,
as well as water molecules that connect the prementioned water molecules to each other, for
the completion of the first water monolayer [Careri 1998 Nakasako 2002]. Water molecules
in layers at the vicinity of the primary hydration shell are described as secondary hydration
shell. These water molecules are loosely bound on the molecules in the primary hydration
shell, by hydrogen bonds, but are able to diffuse over a long period of time. Consequently,
they remain unfrozen by quenching but are able to crystallize by warming up to -73°C or
during annealing above this temperature [Kawai 2006]. The amount of water in the
secondary hydration layer is reported to be in the hydration range of 0.4-0.7 (grams of water
per grams of dry protein) [Kawai 2006,Sartor 1992,1994a,b,1995]. Although it is expected
that, for high experimental timescales (which is the case in our study), the water in the
secondary hydration shell would completely crystallize, it has been shown, in the case of
hydrated proteins [Kawai 2002,Sartor 1992,1994b,1995] that some water remains unfrozen
because of confinement between small openings of the protein. This kind of water was first
described as ‘internal” water by Saenger [Saenger 1987] and was suggested to be an integral
part of protein structure. Kawai et al. [Kawai 2002] employing adiabatic calorimetry
measurements on a BSA-water solution of hw=0.8, suggested that water in the primary
hydration shell and ‘internal’” water of a protein must be intimately connected with the
interfacial and internal water molecules confined within silica pore gels, respectively.
Interfacial water is in this case is meant the amount of water molecules which form
hydrogen bonds with silanol groups, while internal water refers to the water molecules that
are centered in the pore and interact only with other water molecules [Oguni 2007]. Oguni
et.al. [Oguni 2007] showed, through experiments by adiabatic calorimetry, that internal
water remains unfrozen down to -193°C when confined within pores less than about 1.6 nm
in diameter. These observations would explain the additional increase in hduew in Fig. 5.6a for
values of hydration level hw=0.43 (corresponding to h«=0.76) and 0.67 (corresponding to
he=1.99), (compare Table 5.2), noting that its value is in the hydration range of 0.4-0.7, which,
as mentioned earlier, corresponds to the amount of water in the secondary hydration layer
of the protein. Particular geometrical formations of the protein would then play the role of a
nanosized pore, e.g. consider that the distance between two segments of an alpha helix,
forming a turn, is only 0.54nm [Pauling 1951]. These observations suggest that there is a
considerable amount of ‘internal” water in the mixtures studied.

Apart from uncrystallized water, we tried also to identify the water populations in
the crystal phase. The critical water fractions by DSC for the appearance of crystallization
and melting events, hw=0.30 and 0.21, respectively, are in the range of the second critical
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water content estimated by ESI of about ©4=0.25, suggesting that crystallization and melting
events are first observed in the range of water contents where clustering sets in. The melting
temperatures in Fig. 5.4 suggest the existence of two main populations of ice microcrystals in
the frozen samples. The first population appears for hydration levels below about hw=0.4,
where Tm increases with increasing water content, reflecting the increasing size of water
clusters [Mathot 1994], as indicated by ESI measurements. A relaxation corresponding to the
first population of water crystals was not clearly observable in TSDC. Nevertheless, the
increase in magnitude for sample 4 in Fig. 5.7 and the observed peak at about -135°C could
correspond to a contribution due to crystal phase. The corresponding dielectric relaxation
(ice2) observed by DRS only for hw=0.45 will be discussed in section 5.6.3 regarding the
dynamics of water. The second crystalline water population appears for water contents
higher than about /w=0.45, where Tm is around 0°C, resembling the behaviour of bulk water.
This is consistent with the observation in TSDC measurements (Fig.5.7), where the peak
which was attributed to relaxation in bulk ice appears for hw=0.46 at -125°C, whereas it is not
present for hw=0.40. The relative temperature position of these relaxations suggests that the
smaller ice crystals that are formed at lower water fractions must contain smaller amount of
defects than the ones assigned to ‘bulk’ ice, as previous work on various forms of ice [Pissis
1981,1982,Daoukaki-Diamanti 1984] has shown that the time scale of the relaxation depends
on the concentration of defects in the ice crystals and the peak temperature of the relaxation
increases with increasing defect concentration.

5.6.2. Glass Transition - a relaxation of the protein water mixture

We turn now our attention to the a relaxation of the protein-water system associated
to the glass transition. This relaxation was studied in detail by TSDC and the corresponding
peak temperatures, which are good measures of the calorimetric Ty [Turhout 1980,
Pissis1991], are plotted in Fig. 5.16 against water content hw. DSC values for the T,
calculated as the midpoint of the heat capacity step during heating, are also plotted in Fig.
5.16 (combination of data from Figures 5.8 and 5.4 , respectively). Tg1 and Tg2 by TSDC in
Fig. 5.16 shift systematically and significantly to lower temperatures with increasing water
content and then stabilize at about -90°C and -100°C respectively, for hw values higher than
about 0.35, i.e. for water contents in the region where a part of water crystallizes during
cooling. This is a main result of this thesis. The glass transition observed by DSC is very
broad and weak as it was shown in Fig. 5.3, resulting in reduced accuracy of the
calculations. Nevertheless, the dependence of the T; on the water content is systematic
enough, and in quite good accordance to the trend observed by TSDC, so we can take it into
account. The significant plasticization of the Ty and the stabilization within the temperature
range of -100°C to -70°C in the crystallization region, is evident for both TSDC and DSC, and
in accordance with various results by literature on fully hydrated proteins [Gregory 1995,
Ringe 2003, Fenimore 2004, Khodadadi 2010]. The main difference between the T; values, as
they were observed by the two techniques, is that the plasticization is more smooth in DSC.
While T values by DSC are comparable to Tg1 values by TSDC for the initial water content
for which the glass transition is detectable (hw~0.1), the values by DSC for increasing water
content seem to correlate better with the values Tg2 by TSDC. We recall at this point that a
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Fig. 5.16 Characteristic TSDC and DSC temperatures, indicated on the plot, against water fraction /w.
The solid lines are fits to the TSDC and DSC data to the Fox equation [Fox 1956]. The dotted lines are
added for eye guidance, concerning the estimation of uncrystallized water according to the phase
diagram [Rault 1997].

microphase separation was assumed in TSDC (section 5.5.1), resulting in the appearance of
an additional a peak (Tg2), which was attributed to the motion of protein segments in gels
with reduced water content due to the formation of the separate phase of water clusters
containing initial nuclei of water crystals. This difference can be explained if we consider the
magnitude of the a peaks in TSDC compared to the values for ACy by DSC, that are plotted
in Fig. 5.5. We saw that the normalized values of ACp in Fig. 5.5, with respect to the protein
fraction in the samples, increase significantly for water contents below the region where part
of water crystallizes during cooling. Additionally, the magnitude of the peaks
corresponding to T2 in TSDC (see samples 6 and 7 in Fig. 5.7), is larger compared to that of
the respective Tg1 peaks. By these facts we conclude that DSC measurements detect the
value for the glass transition temperature corresponding to the contribution greater in
magnitude, while the other is hidden somewhere within the broad heat capacity step. The
comparatively lower equivalent frequency of TSDC, compared to DSC, and the different
kind of stimulus for each technique are probably the reasons for the better resolving of the a
peaks by TSDC, which is anyway characterized by high peak resolving power [Turnhout
1980]. Nevertheless, the relation between T, values determined by the two techniques
should be further followed in future work, regarding that the thermal history of the samples
prior to measurements was different for TSDC (stabilization for at least two days at 4°C) and
for DSC (no stabilization).
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The solid lines in Fig.5.16 are fits of the Fox equation [Fox 1956]

I, L. T, '

to the DSC data and TSDC data (Tg1). The data by DSC reflect the glass transition of the
whole hydrated system, while data for Tg1 reflect the ‘ideal’ plasticization of protein
molecules by uncrystallized water, according to the prementioned observations. In this
equation Tgw and Tgp of the pure components (water and protein, respectively) were left free
and the values determined for them, are about 0°C for the dry protein and -165°C for pure
water for DSC. The value obtained for water by DSC is close to the value of -163°C, reported
as the glass transition temperature of uncrystallized water in hydrated BSA, in a BSA-water
solution 80% in water, by Kawai et.al. [Kawai 2006]. We will come back to this comparison
later. Additionally, the value for the fraction of uncrystallized water in the sample, which is
estimated in Fig. 5.16 as the projection of the intersection of the stabilized Ty value by DSC
with the Fox line, to the composition axis (see Fig. 5.16) [Rault 1997], is found equal to 0.27,
which is slightly higher than the fraction of uncrystallized water in the samples as calculated
by DSC measurements (Fig. 5.6b). This method of calculation is according to the phase
diagram [Rault 1997], and is, therefore, based on the assumption that no strong interactions
occur between the components of the mixture. The fact that the DSC data are fitted very well
by the Fox mixing formula, which does not take into account any interactions between its
components, along with the fact that glass transition in completely or nearly dry proteins
seems to be absent, may lead to an important conclusion relevant to the origin of the glass
transition in hydrated proteins. It is likely that bound water molecules on the primary
hydration sites of the protein, being a structural component, are the condition for segmental
dynamics in proteins. In other words, we can imagine the protein as a polymer matrix, and
primary hydration water molecules as structural part of the latter. In that case, the
plasticization of the glass transition is caused by the additional uncrystallized water of the
hydration shell or of water molecules confined in other nanosized areas of the protein. This
assumption is supported by the value estimated by the Fox equation in the case of the DSC
data (-165°C), which is the glass transition of the uncrystallized water, i.e. uncrystallized
water of the primary hydration shell [Kawai 2006]. The same analysis has been done for
TSDC data (Fig. 5.16). The values of about 76°C for the dry protein and -209°C for pure water
have been determined. Similar values were obtained by the same method in case of
lysozyme-water mixtures [Panagopoulou 2011a]. With respect to Tgw the estimated value is
lower than the values proposed in the literature.

At this point, we should consider another possible scenario arising from the so far
analysis of the data, concerning the glass transition. Given that for water fractions where
crystallization occurs during cooling, the peak in TSDC which was assigned to Ts1 is
positioned at about -100°C (see Fig. 5.7), which is near the reported value of -113°C for the T;
of internal water by Oguni et.al. [Oguni 2007] and that of -113 to -108°C predicted for bulk
supercooled water by some research groups [Velikov 2001, Starr2003, Yu 2004,
Giovanbattista 2004], along with the observation that uncrystallized, ‘internal’, water seems
to be significant in the samples studied for water contents higher than the critical water
content for completion of the primary hydration layer, there is the possibility that the double
« peak observed in TSDC corresponds to the gel phase of protein/water mixture and the
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phase of “internal” water, rather than to two domains of the mixtures with different degree of
plasticization. Oguni et.al. in [Oguni 2007] stated that the heat release and absorption effects
at around -113 to -108°C observed by adiabatic calorimetry, should not be confused with
crystallization effects of water and fusion of the minute ice particles formed, and suggests
that a glass transition of bulk supercooled water takes place potentially at -113°C or above
due to the development of an energetically more stable hydrogen-bonding network of water
molecules at low temperatures. This scenario would explain the difference in Ts values
predicted by DSC and TSDC (see above), as well as the unrealistic values estimated by Fox
in case of TSDC, as the values for higher water contents correspond no longer to the glass
transition of the mixture, but to the one in the separated microphase of ‘internal” water.
More evidence supporting this aspect will be given later on in the discussion on water
dynamics according to the analysis by DRS (section 5.6.4), as well as in chapter 7 (section
7.3).

Figure 5.17a and b show the temperature dependence of the relaxation time for the a
relaxation associated with the glass transition of the hydrated BSA, and the corresponding
dielectric strength Aea, respectively. The inset in Fig. 5.17b shows the fractional exponent
B(T) of the Cole-Cole function of the a peaks. In Fig. 5.17a, a strong plasticization of the a
relaxation is observed with addition of water, for water fractions hw=0.07 to 0.28. Further
addition of water causes no further change in the timescale of the a relaxation, as the
position of the data for hw=0.40 and 0.60 follow the same trace with that of hw=0.28. This
behavior is consistent with the calorimetric results mentioned previously. Additionaly, an
extrapolation of the data to the equivalent relaxation time for calorimetric measurements
(t=100s), seems to coincide with the stabilized Tg value from DSC. Furthermore, data from
reference [Shinyashiki 2009] which correspond to the dielectric process III associated with
the glass transition of a BSA-water solution of hw=0.80 (filled stars in Fig. 5.17a), are similar
with our data. This value for the T of hydrated BSA after stabilization is in the range of the
values reported in literature for the thermal glass transition of various proteins, that is, in
the range of -110 to -70°C, depending on the protein, the hydration level and the
experimental technique employed [Gregory 2003, Ringe 2003, Fenimore 2004, Khodadadi
2010, Miyazaki 2000, Panagopoulou 2011a]. The prementioned observations provide strong
evidence that the data in Fig.5.17 correspond to the a relaxation. The presentation of the
plasticization of the protein a process in an Arrhenius diagram is, to the best of our
knowledge, a novel result.

Considering the relaxation strength Ac« of the a process, it can be seen in Fig.17b that
it increases superlinearly with hydration level. Furthermore, a clear increase of Ac« with
temperature decrease (which is typical for the « relaxation of glass forming materials [Ngai
2011]), is observed only for the samples of hw=0.18 and 0.40. Considering the sample of
hw=0.28, this inconsistency can be explained by the fact that this water fraction value is
within the water fraction range where cold crystallization effects occur (0.21 to about 0.30) as
seen by DSC. Cold crystallization of ice in this case could be interfering in the temperature
range of the a relaxation affecting the values of the dielectric strength. In the case of the
samples of low water fractions, that is of hw=0.07 and 0.13, we know that cold crystallization
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Fig. 5.17 (a) Temperature dependence of the relaxation times for the « relaxation associated with the
glass transition of the hydrated BSA for samples of different water fractions indicated on the plot.
Solid stars are data from reference [Shinyashiki 2009] on a BSA-water solution of hw=0.80 (b)
Relaxation strength Aca of the a relaxation associated with the glass transition of the hydrated BSA

for samples of different water fractions indicated on the plot. The inset shows the fractional exponent
B(T) of the Cole-Cole function of the a relaxation peaks.

is absent. On the other hand, the low intensity of the a peak at these low water fraction
values along with its high relaxation time, when compared with the other samples, result in
an increased uncertainty of the fitting results, as conductivity contributions are large in
proportion to the magnitude of the peaks. This difficulty in monitoring the a peak is more
obvious in case of the hw=0.13, where it can be seen in the inset of Fig.5.17b, that there is
significant scattering of the fractional exponent B(T). It is obvious that the difficulty in
monitoring the peak applies also for the sample of the highest hw studied here, i.e. 0.60.
Considering the sample of hw=0.07 in particular, we may also highlight the fact that this is a
value close to the onset water fraction for the appearance of the protein glass transition and
that it was fitted without an additional Debye p peak (see section 5.5.2), which was needed
for the other samples at higher water fractions. The origin of the glass transition in hydrated
proteins is anyway highly debated in literature and it has been proposed that it is highly
connected to water and, particularly, that it leads to the cooperative motion of water in the
hydration shell and protein chains [Miyazaki 2000, Shinyashiki 2009, Panagopoulou 2011a,b,
Jansson 2011, Tournier 2003, Matyushov 2011]. This fact may be the reason for the
peculiarity of the protein glass transition, compared to that of common glass formers. There
are difficulties to analyze in detail the dynamics of the a relaxation of the hydrated protein,
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as conductivity contributions and polarization effects are significant in the temperature
region where the a relaxation is observed (we also recall the existence of an additional
process p near the a peak). More experiments are needed for a thorough analysis. On the
other hand, the assignment of the processes associated to the protein glass transition
provides help for the interpretation of the relaxations originating mainly from water
dynamics. The origin of the protein glass transition will be discussed further in chapter 7
(section 7.3.3).

5.6.3. The interplay between a secondary relaxation of polar
groups triggered by water molecules and the v relaxation of water

A dielectric relaxation due to local polar groups of the protein plasticized by water,
overlapped by a relaxation of uncrystallized water (see section 5.5), was detected in TSDC
and DRS. This relaxation was studied previously by means of TSDC measurements on
hydrated casein pellets with systematic variation of the water content in small steps
[Anagnostopoulou-Konsta 1987], but also on hydrated lysozyme samples [Panagopoulou
2011a). In both cases, the magnitude of the peak, which is a measure of the number of
relaxing units, e.g. dipoles, contributing to the peak [Turnhout 1980], increases more steeply
for water contents higher than about the respective hm value from ESI, suggesting that for ha
higher than hm, water molecules themselves in the uncrystallized water phase make a
contribution to the relaxation in question. This is a fact also for BSA results in this chapter,
where, in Fig. 5.7, a steeper increase in magnitude occurs for ha higher than 0.10
(corresponding to hw=0.11, sample 12 in Fig. 5.7), which is slightly higher than the value
0.073 for hm from ESI. Another interesting observation is that the increase in magnitude is
even steeper for water fractions higher than hw=0.17 (sample 8 in Fig. 5.7), which
corresponds to a water content of 14=0.20, which is within the critical water content region
(0.15-0.25) that corresponds to the percolation threshold where long-rate connectivity of the
surface water is established in globular proteins [Rupley 1991]. It is interesting to note that
similar results to those reported above for proteins (lysozyme, casein, BSA) were obtained
by TSDC with polysaccharides [Pissis 1985], seeds [Ratkovic 1997] and plant tissue [Pissis
1990], and by DRS with cellulose [Sugimoto 2008]. At this point it is essential to note that the
frequency-temperature range of the observed relaxation at relatively high hydration levels
(hw higher than about 0.3) is highly studied in literature. In fact, the relaxation observed in
this area has proven to exhibit similar temperature dependence of its characteristic time
scale for a large number of water-containing systems, such as hydrophilic polymers,
biopolymers and small glass-forming systems [Cerveny 2008], has comparable time scales
with the f (secondary) relaxation of confined water within various confining systems
[Cerveny 2004], and has been discussed in terms of the Johari-Goldstein p-relaxation of glass
formers in general in [Ngai 2007,2008, Capaccioli 2007,2010], where the terminology v-
relaxation of water was used.

The dynamical characteristics of the secondary relaxation of polar groups and its
connection to the v relaxation at higher hw, is better followed by DRS. The temperature
dependence of the time scale of the relaxations in question (polar groups and v relaxation
peaks in Fig. 5.12b, 5.13) is shown in Fig. 5.18.
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Fig. 5.18 Temperature dependence of the relaxation times for (i) the low temperature relaxation in dry
BSA and hw=0.02 (ii) a relaxation of small polar groups of the protein surface triggered by water for
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hydrated BSA pellets of water fractions hw=0.18 and 0.28 and BSA-water solutions of hw=0.40 and
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relaxation of small polar groups of the protein surface triggered by water for BSA-water mixtures of
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Table 5.3 Fractional exponent g (7 )of the Cole-Cole function for the process of polar groups-

hydration water for the BSA samples of 0<hw<0.13 and for the , relaxation of water for samples of
0.18<hw<0.40.

hw 0 0.02 0.07 0.13 0.18 0.28 0.40 0.60

B(T) 0.38 0.32 0.23 0.15 0.30 0.43 0.43 0.48

Table 5.4 Activation energy, E, , and logarithm of the pre-exponential factor, log f,, of the

Arrhenius equation for the relaxations of small polar groups of BSA which is triggered by hydration
water (0<hw<0.13) and for the , relaxation of water (hw=0.18, 0.28 and 0.40). The activation energy of
the , relaxation has been calculated for temperatures lower than the crossover temperature of about -
103°C.

hw E,, log f,
(eV)

0 0.67+0.01 14.14+0.20
0.02 0.62+0.01 14.67+0.12
0.07 0.63+0.01 17.60+0.09
0.13 0.70+0.01 20.08+0.15
0.18 0.55+0.02 18.83+0.75
0.28 0.59+0.01 19.92+0.32
0.40 0.50+0.01 16.95+0.19
0.60 0.49+0.01 16.70+0.16

The temperature dependence of relaxation times for an additional low temperature
relaxation which was recorded for the dry sample (Fig. 5.10) and the sample of hw=0.02 (see
‘Raw data’ in section 5.5.2) can also be seen in the Arrhenius diagram of Fig. 5.18. This low
temperature relaxation follows an Arrhenius law and it is characterized by an activation
energy, E.x= 0.22 eV. This value is very close to the energy required to break a single
hydrogen bond, and this probes us to assume that this relaxation is probably associated with
the reorientation of water molecules dispersed in the protein, in such a way, that they are
completely isolated from each other. It is essential to mention that a relaxation of similar Eac,
although faster, has been recorded in case of lysozyme-water mixtures of high water content
studied by NMR [Khodadadi 2008] and there it was assigned again to a form of water.
Furthermore, its position in the Arrhenius diagram coincides with that of process I. from
reference [Shinyashiki 2009] in case of a BSA-water solution of water hw=0.8, and there it was
assigned to uncrystallized water. More experimental studies are essential to clarify the
origin of the relaxation in question and its evolution with hydration level.

Moving to the high temperature side of Fig.5.18, we may follow the relaxation of
small polar groups, mentioned previously, plasticized by water, until 1.=0.13. The activation
energy of this relaxation is in the range of 0.6-0.7 eV (Table 5.4). The interpretation that this
relaxation process is assigned to the movement of polar groups rather than water molecules
alone, is driven firstly by the observation of this relaxation already for the dry sample and
also by its strong plasticization by water, which is very common in case of secondary
relaxations in polymeric materials. The plasticization is stronger for low water fractions,
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from the dry sample until the sample of hw=0.07. It is obvious that the trace of the data is
moving to lower temperatures more smoothly for further increase of hw from 0.07 to 0.13.
The same applies for the increase of the relaxation strength A¢, shown in Fig. 5.19. These
results are in agreement to the ones by TSDC observed for BSA (and various systems),
described earlier. In both cases, a saturation of the peak position was observed at water
fraction values comparable with the critical values for the completion of the first hydration
layer estimated by ESI. The saturation of the plasticization along with the superlinear
increase of Ae at even higher water fractions, which has been also recorded in case of
hydrated elastin and collagen by DRS [Gainaru 2009], are in consistency with the scenario
that at a water fraction of about hw=0.07 the primary sorption sites of the protein surface
(first sorption layer, hydrophilic polar groups) is completed, and clustering of the water
molecules at the vicinity of the protein surface sets in, resulting in additional contributions
of water molecules themselves within the water clusters (v process). This scenario has been
described in detail in a review by Careri [1998], in case of globular proteins. This is also
supported by the values of the fractional exponent f(T) of the relaxation of polar groups for
BSA-water mixtures of hw=0, 0.02, 0.07 and 0.13 (Table 5.3), which decreases from a value of
0.38 for the dry sample to 0.15 for hw=0.13. This shows that the distribution of relaxation
times becomes broader as water clustering increases, resulting in a less homogeneous
sample. At the same time, at the hydration level where water clustering sets in, the
additional water molecules, in the form of extended clusters, interact locally with the protein
surface, so that segmental movement appears in the system, observed dielectrically for
water fraction hw>0.07. At low hydration levels (water fractions lower than about hw=0.20),
the segmental dynamics as studied by dielectric techniques is decoupled from the glass
transition detected by calorimetry (where it is detected for water fractions equal to or higher
than hw=0.10), as the former probe mainly electrical polarization processes within the water
clusters. By this scenario, it is expected that the acceleration and the increase of relaxation
strength of the secondary relaxation of polar groups are being gradually saturated, as
additional water molecules contribute to a more global movement of the hydrated system,
while the extended water clusters are growing in space with the addition of water, leading
to the formation of a percolating cluster of the hydration water [Rupley 1991], and the
subsequent covering of the entire protein surface. The formation of this percolating water
cluster is accompanied by the saturation of the relaxation process of water molecules
themselves in the uncrystallized phase (v process).

Regarding the percolation threshold, our measurements suggest that it is reached at
water fractions of hw=0.18. This was verified in more detail by TSDC, at numerous hydration
levels in small steps (Fig. 5.7). This value is also consistent with the hydration range between
hw=0.13 and 0.20 where the percolation threshold is detected by dielectric measurements for
most globular proteins [Careri 1998]. In Fig. 5.18 the temperature dependence of the v
relaxation of water for the samples of water fractions above the percolating threshold is
shown. The trace is identical for all four samples of hw=0.18, 0.28, 0.40 and 0.60. It must be
mentioned at this point that the data seem to exhibit a crossover from one Arrhenius
behavior at low temperatures to another Arrhenius one at higher temperatures with higher
activation energy, at about -103°C. The position of the data correlates well with the thick line
in Fig. 5.18, which has been suggested by Ngai et al. in [Ngai 2011] to be the trace of the v
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relaxation of water. Additionally, the activation energy of these relaxations, which has been
calculated taking into account only the points at temperatures lower than the crossover, is in
the range of the reported values for the main relaxation of water, at about 0.55 eV (Table 5.4).
The comparison of numerous measurements in various water containing systems (including
hydrated BSA) has shown that water exhibits a common dynamic behavior, expressed by
the relaxation named v [Shinyashiki 2007, Ngai 2011] with a bottom limit of the relaxation
times described by the thick line in Fig. 5.18. Finally, regarding a BSA aqueous solution of
higher hydration level than the DRS measurements in this thesis, i.e. hw=0.80 [Shinyashiki
2009], a relaxation (la) of significantly lower activation energy of about 0.22 eV, dominates in
the temperature-frequency region of the v relaxation. The trace of I. coincides with the trace
of the low frequency relaxations observed at low hw values (hw=0, 0.02 in Fig. 5.18) and is
attributed to uncrystallized water in [Shinyashiki 2009], while it exhibits similar dielectric
strength values to the respective ones of the v relaxation of the measurements in this thesis
(hw=0.28, 0.40 and 0.60). The connection of the v relaxation to relaxation I« will be discussed
further in chapter 7, considering also results on other hydrated systems.

The corresponding relaxation strength of the v relaxation is shown in Fig. 5.19,
together with that of the local relaxation of polar groups at lower hw. The values of Ae for
hw=0.18 is in the range of the values obtained for the relaxation of polar groups for hw=0.13, at
least in the common temperature range where the two relaxations are observed within the
experimental window. This fact supports the assumption that the initial water population,
which is involved in the dynamics of the v relaxation, comes from water molecules
interacting with protein polar groups at low hydrations. Further increase of hydration level
causes an increase of the dielectric strength, showing that the percolating water cluster, the
completion of which is gradually achieved, involves higher amount of water molecules. At
this point we should highlight the fact that the temperature dependence of A¢ of the v
relaxation of water for samples hw=0.18 and 0.28, is characteristic of a secondary relaxation
[Ngai 2011], as A¢ increases with temperature. Regarding the samples of /+w=0.40 to 0.60, a
saturation of the dielectric strength of the v relaxation is observed. This is consistent with the
result from calorimetry (section 5.4 Fig. 5.6b) concerning the fraction of uncrystallized water
in BSA-water mixtures calculated by DSC, which showed that it remained stable to about
20% for water fractions higher than about 30%, which is the critical water fraction for
crystallization of water during cooling. Finally, in the case of hw=0.40, the temperature
dependence of Ae in Fig. 5.19, is quite different than in the case of hw=0.28 and 0.60. In
particular, Ae comparable for all three samples at low temperatures, but is lower for hw=0.40
for 1000/T<6. This differentiation will be evaluated in section 5.6.4, concerning the dynamics
of excess uncrystallized water and ice.

Finally, considering the interplay between the relaxation of polar groups triggered by
water and the v relaxation of water, we may suggest the following: (i) they are both
secondary relaxations, as their relaxation strength increases in general with temperature, (ii)
the water population involved in the relaxation of polar groups is a part of the larger one
which is involved in the v relaxation (comparable dielectric strengths for hw=0.13 and 0.18,
see above) and (iii) the v relaxation, although it is related to the relaxation of polar groups, is
in fact a separate mode of water in the protein hydration shell, activated as soon as water
clustering sets in while its relaxation time saturates when the percolating water cluster is

[70]



Chapter 5. Globular Protein BSA

formed. This last suggestion, is driven by the fact that the v relaxation is no more plasticized
by further addition of water beyond the percolating threshold, as well as by the fact that its
magnitude saturates at water fractions where water crystallizes during cooling, where, in
parallel, the formation of the primary hydration shell of the protein is completed [Careri
1998, Sartor 1992]. In [Ngai 2011] the v relaxation is characterized as a secondary Johari-
Golstein (JG) relaxation of water, differing from the JG of simple glass formers, because
water molecules can rotate and translate after breaking two hydrogen bonds, like in bulk
water.

5.6.4. Excess uncrystallized water and ice

The temperature dependence of relaxation times for the additional relaxations
observed for the samples of water hw=0.28 and 0.40, that is, for the relaxations attributed to
ice and the relaxation named w in Figures 5.13, 5.14, and 5.15, together with the ones for the
v relaxation for the same samples and for the a relaxation from Figure 5.16a, are plotted in
Fig. 5.20, together with experimental data taken from literature.

In order to assign the rest of the relaxations in Fig. 5.20, we take into account DSC
results for the same samples. Particularly, the sample of hw=0.28 is in the hydration range
where cold crystallization of water is dominant (at temperatures higher than about -40°C), as
crystallization during cooling occurs for water fractions higher than about hw=0.30. The
sample of hw=0.40, shows crystallization of water during cooling. By these observations, we
may conclude that the w relaxation which was detected for both samples of 1+=0.28 and 0.40,
probably originates from contributions of excess water near the protein surface, in the sense
that it is not crystallized during cooling. In the same aspect, the data for relaxation ice2 and
icel in Fig. 5.20 for the hw=0.40, are interpreted as ice contributions, since they do not appear
in the spectra of hw=0.28. Dielectric data of Ice Ih by reference [Johari 1981] are added to Fig.
5.20 for comparison. The trace of Ice Ih at low temperatures seems to correlate with the one
of the v relaxation, while the data of ice2, although they follow similar slope, they are located
at higher temperatures. This fact is not an inconsistency, as it has been shown in case of
various forms of ice (polycrystalline pure ice [Pissis 1981], ice microcrystals dispersed in oil
[Pissis 1982] and frozen aqueous solutions [Daoukaki-Diamanti 1984]) that the time scale of
the relaxation depends on the concentration of defects in the ice crystals and the peak
temperature of the relaxation increases with increasing defect concentration. In the high
temperature side of Fig. 5.20, the data corresponding to the icel relaxation can be seen.
Surprisingly, the temperature dependence of the relaxation times of this relaxation follows a
Vogel-Tammann-Fulcher-Hesse dependence, at temperatures higher than about -90°C
(1000/T=5.5). A possible scenario explaining the deviation from the Arrhenius behavior, can
be that relaxation icel describes the motion of structural defects in frozen water clusters of
small size, which follow the cooperative movement of the global system. On the other hand,
the data of icel relaxation peak agree very well with the temperature dependence of the time
scale of the so-called relaxation of percolating protons observed in hydrated lysozyme
[Mazza 2011] which has been assigned to a structural rearrangement of the hydrogen
bonding network. This comparison is quite interesting, considering that the protons in
hydration water diffuse along the H-bonded network of water molecules adsorbed on the
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Fig. 5.20 Temperature dependence of the relaxation times for the a relaxation and the relaxations
originating mainly from water for a hydrated pellet and a BSA-water solution of hw=0.28 and 0.40,
respectively, i.e. for the v relaxation of h1w=0.28 (open pentagons) and 0.40 (solid pentagons), the w
relaxation for hw=0.28 (open small circles) and 0.40 (solid small circles), and relaxations ice 1 (solid
stars) and ice 2 (open stars), for a BSA-water solution of #w=0.40. The dotted pentagon shows the Tg of
hydrated BSA measured by DSC for hw>0.30 [Panagopoulou 2011b]. The thick solid line shows a
bottom limit for the relaxation times of the v relaxation of water by reference [Ngai 2011]. The solid
line shows dielectric response of Ice Ih by reference [Johari 1981]. Lines and squares correspond to the
trace of process C (solid) and process IV (open) measured in references [Pagnotta 2010] and [Jansson
2010], respectively.

protein surface in a manner similar to the Grotthus mechanism for charge transport in ice
[Pagnotta 2009]. At temperatures lower than -103°C, where the crossover is observed in case
of the v relaxation, the trace of ice2 is observed. The relation of the two processes, icel and
ice2, will be further discussed in what follows in comparison to the results for hw=0.60 and
the dielectric strength of the dielectric relaxations (Fig. 5.21) and also in chapter 7.

We turn now our attention to the trace of the w relaxation for #w=0.28 and 0.40 in Fig.
5.20. We recall that the peak of this relaxation could not be clearly discerned in the dielectric
loss curves, although it seems that it is essential to fit the data, using a sum of Cole-Cole
functions. For that reason, literature data corresponding to relaxations recorded in other
hydrated biopolymers are added in Fig. 5.20. A very interesting observation is the fact that
the trace of the w relaxation is in quite qood accordance to the data for process IV observed
in a hydrated myoglobin sample of water fraction hw=0.33, by DRS measurements using
insulating thin foils in reference [Jansson 2010], and to the process C observed by the same
method in a water-glutathione solution of water fraction hw=0.20 in reference [Pagnotta
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2010], and that in both cases the samples showed no crystallization of water during cooling.
These processes in both papers were not assigned to any particulate origin. Nevertheless,
their existence supports the validity of the points in this work for the w relaxation, at least
with respect to the relaxation times. The fact that these processes were recorded for samples
at intermediate hydration levels, probably in water fraction region where cold crystallization
effects occur, and that they exhibit quite similar temperature dependence of relaxation times,
although they are observed in qualitatively different samples, in the sense that hydrated
myoglobin in [Jansson 2010] was in the form of a hydrated pellet, like in case of the BSA-
water sample of hw=0.28, while the water-glutathione sample in [Pagnotta 2010] was in a
form of a solution and the BSA sample of /+w=0.40 in the form of a concentrated solution,
provide additional support on both, the existence and the validity of the analysis of the w
relaxation. The origin of this process is not clear at this point and could be assigned to the
layer of molecules adjacent and strongly interacting with the substrate surface. This is the
water layer known to have the highest density and slowest translational dynamics
compared to the average [Bruni 2011]. Of course, the complexity of the systems studied
along with the quality of the results make it difficult to conclude with certainty about the
origin of the w relaxation. The possibility that the latter originates to a small amount of
“primitive” ice forms or even to protein fluctuations that are enhanced by ice formation
(protein cold denaturation) cannot be excluded. The particular relaxation will be further
examined in what follows and in chapter 7, in comparison to the results on other hydrated
biopolymers.

In order to clarify the picture of the dielectric map, experimental data from Fig. 5.20
are plotted again in Fig. 5.21, together with the results for hw=0.60. In particular, Fig. 5.21A
includes, apart from the relaxation times for hw=0.60, two characteristic TSDC thermograms
for hw=0.40 and 0.60 (Fig. 5.7) in the upper panel in the plot, together with the characteristic
temperatures by TSDC at the equivalent frequency, aiming at direct comparison between the
two dielectric techniques. Fig. 5.21B shows a) the temperature dependence of the relaxation
times for the w relaxation and the relaxations due to ice and b) the corresponding dielectric
strength Ae. A first observation in Fig. 5.21A is that process ice 2 which is detected only for
hw=0.40 corresponds to a weak peak detected for the same hw by TSDC, centered at about -
135°C. We recall the assumption made in sections 5.5.1, 5.6.1 that this peak denotes a
primitive ice population, a fact which is also suppoted by DSC (sections 5.4, 5.6.1).
Regarding the dielectric strength of ice 2 it can be seen in Fig. 5.20B that it is quite low when
compared to the one of ice 1 at higher temperatures. Nevertheless, the dielectric strength of
ice 1 decreases abruptly with decreasing temperature, from a value of about Ae=10?, which is
the commonly observed dielectric strenth of normal ice Ih [Rusiniak 2004], to much lower
values approaching the values for ice 1 (Fig. 5.21Bb)). This fact could explain the
discontinuity in the relaxation times observed approximately at the crossover temperature
(observed for the v relaxation) which is highlighted in the plot at about -103°C. The picture is
different for hw=0.60. In this case only one relaxation due to ice (icel) is detected in the entire
temperature range and the temperature dependence of its relaxation time is continuous in
Fig. 5.21 A. The extrapolation of the data at the equivalent frequency of TSDC leads to the
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Fig.5.21 A) A reproduction of Fig. 5.20 including the temperature dependence of the relaxation times
for the relaxations recorded for a BSA solution of #w=0.60, namely, the a relaxation (open squares),
icel(solid squares), the w relaxation (small open squares) and the v relaxation (large solid squares).
The upper panel shows the TSDC thermograms versus inverse temperature for #w=0.40 and 0.60. The
dashed line through the experimental data is the VTF fit of the data of the w relaxation for hw=0.40 in
the temperature range between the T; of the hydrated system and the homogeneous nucleation
temperature (-80°C<T<-40°C) B) a) Temperature dependence of the relaxation times and b)
corresponding dielectric strength, A¢, for the w, icel,ice2 relaxations at water fractions hw=0.28, 0.40
and 0.60. The Ty of the hydrated system and the homogeneous nucleation temperature T=-40°C are
highlighted in the plot by vertical dotted lines. The dashed line through the experimental data is the
VTEF fit of the data of the w relaxation for hw=0.40 in the temperature range between the T; of the
hydrated system and the homogeneous nucleation temperature (-80°C<T<-40).

peak centered at about -125°C (upper panel), which has already been attributed to the
relaxation in bulk ice (sections 5.4, 5.6.1). The dielectric strenth of icel for hw=0.60 at low
temperatures is now comparable to that of bulk ice. Coming back to the w relaxation, it is
seen in Fig. 5.21B that its trace is comparable for all, hw=0.28, 0.40 and 0.60. Its dielectric
strength exhibits a non-linear temperature dependence. In particular, the temperature
dependence of the w relaxation changes for all of the samples at about T=-40°C, i.e. the
homogeneous nucleation temperature, which is highlighted in the plot by a vertical dotted
line. In addition, its strength is enhanced for the sample of 1+w=0.40 in the temperature range
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of about 5<1000/T<6 (Fig. 5.21.Bb). This fact, in combination to the fact that the dielectric
strength of the v relaxation for hw=0.40 was supressed in the same temperature interval (see
Fig. 5.19 and comments in section 5.6.3), implies that the populations of the v and w
relaxations are probably associated, e.g. belonging both to the uncrystallized water fraction
in the material. Finally, assuming that the w relaxation corresponds to internal
uncrystallized water molecules, a VTF curve is fitted to the experimental data for /+w=0.40, in
the temperature range between the Ty of the hydrated system and the homogeneous
nucleation temperature (-80°C<T<-40°C). The VTF curve reaches the equivalent relaxation
time of DSC (1=100s) at T=-103°C, in accordance to the maxima of the peak detected by TSDC
for both hw=0.40 and 0.60 at the same temperature. This result would place the T; of confined
internal water at about T=-103°C and probes us to attribute the phase separation observed by
TSDC (see discussion in section 5.6.2) to the formation of a separate phase of internal
confined water.

Finally, we present an illustration (Scheme 5.1) regarding the picture deduced from
the present study on the glass transition of the BSA-water system. In Scheme 5.1the
representation refers to two water fraction regions which show different behaviour with
respect to the glass transition of the system, according to the experimental results of this
study. Scheme 5.1a refers to water fractions in the region 0.1<hw< 0.2. Within this water
fraction region, no crystallization of water occurs, while a glass transition step is detected by
calorimetry. Dielectric techniques show also a related relaxation process. Here, a single BSA
molecule is shown. The red and pink lines correspond to more and less hydrophilic
aminoacid residues, respectively. Water molecules attached to primary sorption sites (light
blue sheres) are shown as dispersed molecules on the protein surface. Some domains of the
protein surface are covered by extended water clusters (banch of dark blue spheres
indicated on the plot), which interact with the protein chains and finally form a percolating
water cluster. The combined motion of protein chains and water molecules organized in the
water clusters is detected as glass transition by DSC, and its magnitude increases with
increasing water fraction, due to gradual swelling of the protein and formation of additional
water clusters. Dielectric techniques in this water fraction region probe mainly electrical
polarization processes within the water clusters. The segmental relaxation processes
detected by DSC and dielectric methods are decoupled from each other in the temperature
domain, in the sense that dielectric relaxation occurs at lower temperature than the
calorimetric glass transition. Scheme 5.1b refers to water fractions in the region hw>0.3. In
this water fraction region, the creation of a separate water phase (ice phase) occurs and the
plasticization of the segmental processes is terminated. In Scheme 5.1b a group of BSA
molecules is shown. In this water fraction range hydration water molecules have already
formed a percolating water cluster (dark blue spheres), interconnecting protein chains. DSC
and dielectric techniques detect similar segmental dynamics, that is, combined motion of
BSA chains and uncrystallized water molecules, in fully swollen protein. In addition,
dielectric techniques detect a slightly faster relaxation process which might originate from a
second class of uncrystallized water. The specific features of this new form of organization
of uncrystallized water are not yet clarified.
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Scheme 5.1

Ilustration showing the picture deduced from the present study on the glassy transition of the BSA-
water system. a) 0.1 < hw < 0.2, a single BSA molecule is shown. Red and pink lines correspond to
more and less hydrophilic polar groups of the protein surface, respectively. Light blue spheres
correspond to water molecules attached to primary sorption sites. Dark blue spheres correspond to
water clusters on the protein surface. b) hw > 0.3, a percolating water cluster (dark blue spheres)
interconnects protein chains, while a separate phase of crystalline water (ice) is formed. (color version
online [Panagopoulou 2011b])

5.6.5. Conclusions

Glass transition and dynamics of BSA-water mixtures over extreme ranges of
composition were studied by thermal and dielectric techniques in comparison to
equilibrium water sorption isotherms and were discussed in terms of critical water contents,
distinct water populations, crystallization effects of water and the mechanisms by which
these factors affect protein structure. Several critical water contents/fractions were estimated:
i) hm=0.073 (grams of water per grams of dry protein) for the primary hydration water at
ambient conditions (corresponding to 270 out of 607 aminoacid residues in BSA molecule),
ii) about ha=0.25 for the onset of significant water clustering and the appearance of cold
crystallization of water, iii) #w=0.30 as the onset for crystallization of water during cooling
and iv) about hw=0.45 for the formation of bulk ice. The main water populations identified
are: A) uncrystallized water of two forms: i) primary hydration water, forming the primary
hydration shell, in the range of ha =0.2-0.4, ii) secondary hydration water forming the
secondary hydration shell, or “internal” water within small openings of the protein structure,
in the range of ha =0.4-0.7, and B) one population of water in the crystal phase (bulk ice
crystals). The fraction of uncrystallized water with respect to the total mass of the hydrated
protein was found to be stable in the range of 0.21-0.25, for hydration levels where
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crystallization effects are present. A rearrangement of the protein structure was concluded
to occur at each water content where swelling of the protein seems to play an important role.
Several dielectric relaxations are observed by the dielectric TSDC and DRS techniques, in
good agreement to each other.

(i) The a relaxation associated with the glass transition of the hydrated system was
observed by DRS for water fractions hw>0.07. A strong plasticization by water was observed
until a water fraction hw=0.28. The plasticization stops at higher water fractions, that is, at
water fractions higher than the critical water fraction for crystallization of water during
cooling (as measured by calorimetry).

(ii) The main relaxation of hydration water was followed over the water composition range
of the measurements. It was found that at low water fractions, hydration water triggers a
secondary relaxation of small polar groups on the protein surface of an average activation
energy value of Eax =0.6 eV, which was detected also for the dry sample. A plasticisation of
the relaxation of polar groups was detected until a water fraction hw=0.13. The dielectric
strength of the corresponding relaxation was found to increase in general with water
content. At higher water fractions, and, specifically, at water fractions /hw>0.18, which
corresponds to the water fraction for the formation of a percolating conductive cluster, the
position of the v relaxation of water saturates in the Arrhenius diagram and is described by
an Arrhenius law with an activation energy of about 0.55 eV. Additionally, the data imply
the existence of a crossover at about -103°C. Its dielectric strength increases initially and then
saturates at water fractions /w>0.28. Our results support the claim that the v relaxation is the
secondary Johari-Goldstein relaxation of water, similar to that in bulk water, in the sense
that water molecules are able to rotate and translate.

(iii) A relaxation denoted as w is observed for water fractions hw=0.28,0.40 and 0.60. It is
suggested that this relaxation originates from excess water, in the sense that it does not
crystallize during cooling. It has been found that the time scale of the w relaxation is
comparable to the traces of two unknown relaxations observed on other hydrated
biopolymers. A possible glass transition temperature Ty=-103°C is calculated for confined
internal water (w)

(iv) Two dielectric relaxations (in different temperature intervals) attributed to ice-like water
structures were detected for the sample of 1+=0.40 and a single one for 0.60.
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6. Fibrous Protein Elastin

6.1 Introduction

Elastin is a hydrophobic, insoluble protein which is a main part of several connective
tissues such as lung, arteries and skin. It exhibits quite complex structure and hydration
dependent functional properties, which are not yet clearly understood, despite the extensive
experimental and theoretical studies throughout the previous decades [Debelle 1999]. A
variety of structural studies have demonstrated that the elastin molecule consists of
tropoelastin subunits physically crosslinked by the enzyme lysyl oxidase [Sandberg 1984].
By this way a three dimensional network is formed, which obtains different conformational
states depending on the hydration level and the stress-strain applied. It has been viewed as a
random network devoid of any organization [Hoeve 1974], constituted of an aggregate of
tropoelastin globules [Partridge 1969], considered as a regular arrangement of successive (3
turns forming a 3 spiral [Urry 1984] or composed of isolated and dynamic {3 turns providing
classical entropic elasticity [Tamburro 2003, Tamburro 2006]. The dynamical entropy of the
system significantly decreases in the stretched state, and the classical theory of rubber
elasticity could be applied to the hydrophobic domains [Li 2002,Mackay 2005]. The
biological function of elastin is manifested mainly through the mechanism of elasticity,
which depends inextricably on a complex interaction with the solvent, i.e. hydration water.
Elastin is elastic only when hydrated [Partridge 1955]. In thermal analysis, elastin undergoes
a glass transition phenomenon, dependent on hydration. The glass transition temperature
varies from 200°C in the freeze-dried state to approximately 20°C in physiological
conditions) and is associated with the amorphous phase [Samouillan 2000,Hoeve 1980,
Kakinaya 1975]. Another well known characteristic of elastin is that it undergoes an inverse
temperature transition at approximately 20-40°C, a process that results in a reduction of the
protein radius of gyration, expulsion of water, and formation of a complex network of
hydrogen bonds [Urry 1988]. Recent studies have shown also that this inverse temperature
transition depends on the aminoacid sequence in the chains, pointing out that the
structuring of water in elastin exists as an inhomogeneous distribution [Ribeiro 2009].
Studies by deuterium Double Quantum filtered NMR [Sun 2010] indicated an increase in
order in the surrounding water molecules of the hydration shell in elastin, upon increasing
the temperature above temperatures characteristic of the inverse temperature transition.
Furthermore, results obtained by Tz-T2 exchange NMR measurements, provide information
on the exchange rate of distinct hydration water populations (water inside fibers, water on
the fiber surface, water between fibers and more free water) [Sun 2011]. Recent dielectric
studies on hydrated elastin powders at subzero temperatures and at different levels of
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hydration in the hydrated and immersed state, have shown the existence of three dielectric
relaxations connected to hydration water [Samouillan 2011]. Two relaxations (81, f2) are
attributed to distinct water populations of the hydration shell, and a third slower relaxation
(pl) is attributed to intrafibrillar water clusters (water between fibers). Finally, dielectric
measurements on hydrated elastin samples at various hydration levels showed that the
main dielectric relaxation of uncrystallized water in elastin (see chapter 2, section 2.2)
exhibits strong hydration dependence and includes contributions from protein segments
[Gainaru 2009].

6.2 Materials and Sample Preparation

Elastin from bovine neck ligament in form of powder (Sigma E1625), was purchased
from Sigma -Aldrich and used as received. Water with 10uS/cm conductivity was used in
the sample hydration procedure.

DSC, TSDC and DRS measurements, to be described in the following, were performed at
various levels of water content h, calculated on the dry and the wet basis, ha and hw,
respectively (see also chapter 5, section 5.2, eq.(5.1),(5.2),(5.3)).

For water ESI measurements solid samples were used, prepared by compressing an
amount of protein powder ~100 mg to a cylindrical pellet of thickness 0.6-0.8 mm and
diameter about 14 mm. ESI measurements were performed at room temperature by
exposing the samples to various controlled water vapor atmospheres in sealed jars above
saturated aqueous salt solutions [Greenspan 1977]. By this way, the water activity aw
(relative humidity, rh) was systematically varied between about 0.02 and 0.98. The
attainment of equilibrium and final weights were determined via continuous monitoring of
sample weight using a Bosch SAE 200 balance with 10 g sensitivity (see also chapter 4,
section 4.1, 4.1.1).

DSC measurements were performed in nitrogen atmosphere in the temperature
range from -120 to 120°C using a TA Q200 series DSC instrument. Solid compressed samples
were hydrated to the required degree by a) equilibration above open water in sealed jars
(100% rh) for a selected period of time or by b) immersion in deionized water, both followed
by a subsequent equilibration in sealed boxes for at least 1 day. The hydrated samples, of an
average mass in the range of 10-20mg, were closed in Tzero hermetic aluminium pans. The
water loss by this way during the measurement is eliminated. Cooling and heating rates
were fixed at 10°C/min (see also chapter 4, section 4.2, 4.2.1).

Samples for dielectric (TSDC and DRS) measurements were in the form of solid
compressed pellets, similar to those used for ESI measurements. Solid samples were
hydrated to the required degree by a) equilibration above open water in sealed jars (100%
rh) for a selected period of time or by b) immersion in deionized water, both followed by a
subsequent equilibration in sealed boxes for at least 1 day. For dielectric measurements, the
hydrated samples were placed between two electrodes forming a cylindrical capacitor 12mm
in diameter (see also chapter 4, sections 4.3, 4.3.1 and 4.4, 4.4.1).
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6.3 Elastin-ESI

Results of water sorption-desorption measurements are shown in Fig. 6.1: water
content hda (g of water per g of dry protein) against water activity aw at room temperature
(25°C) for an elastin sample (sorption, desorptionl, solid and open squares respectively). The
sorption-desorption procedure for the first sample took place successively. Another set of
desorption points is added to the diagram, which correspond to a sample which underwent
only the desorption procedure (desorption2), in order to compare in terms of aging (the
second sample was prepared approximately 5 months later than the first one and was not
subjected to the same hydrating procedure over time at lower relative humidity values, i.e.
the sorption process). Starting with the sorption data, as it can be seen in Fig. 6.1, an initial
linear region for water activity values from about 0.1 to 0.7 is observed, followed by a
departure from linear behaviour for aw >0.7, which is explained in terms of clustering of
water molecules (see chapter 4, section 4.1).

The GAB equation (eq. (4.2)) was fitted to the experimental data. The GAB fit is
satisfactory (see the solid line in Fig 6.1). For hm, which corresponds to the water content of
water molecules attached to primary hydration sites, a value of 0.067+0.003 was obtained for
elastin. Another critical water content is estimated by the data, although less unequivocal,
namely the water content where significant clustering occurs and the sorption data deviate
strongly from the roughly linear behaviour in the middle region of water activities (see
chapter 4, section 4.1). That is at around ©s=0.13 (equal to hw=0.12), corresponding to water
activities around 0.7. Regarding the desorption data, a pronounced hysteresis loop (see
chapter 4, section 4.1) is observed in the water activity range of about 0.2-0.8. Within this
region, the water content of the sample is higher at desorption when compared to the
respective one at sorption at the same aw value. Finally, the desorption experimental data
coincide between the two different samples (difference in preparation date and hydrating
procedure).

6.4 Elastin-DSC

DSC cooling and heating scans, both at a rate of 10°C/min, were recorded for
hydrated elastin pellets at various hydration levels. The maximum water uptake when the
hydration is achieved through vapor adsorption was determined in section 6.3 to be hw=0.23.
For DSC measurements the hydration of the samples of higher water fraction (hw>0.23) was
achieved by immersion in deionized water (see section 6.2). The water fraction values hw of
all the samples measured, along with the corresponding water content values hq, are listed in
Table 6.1 for reference.

Two successive cooling and heating cycles were performed, starting at 40°C, cooling
first to -120°C, then heating to 80°C, then cooling again to -120°C and finally heating again to
120°C or to 80°C, for the hydrated samples through adsorption or immersion, respectively.
The two cycles were performed for all the samples studied, except for the dry elastin pellet,
where a single cooling and heating cycle was performed (cooling from 40°C to -120°C,
heating from -120 °C to 240 °C). Cooling and heating thermograms recorded on several
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Fig. 6.1 Water content ha against water activity aw at 25 °C for an elastin sample, during sorption and
successive desorption procedures. Additionaly, points during desorption are added for an elastin
pellet which underwent only the desorption procedure, for comparison reasons in terms of aging.
Points are experimental data and the solid line is the fit of GAB equation (eq. (4.2)) to the sorption
data.

Table 6.1 Water fraction hw, water content h4, approximation of water molecules per tropoelastin
molecule, n, glass transition temperature, Ty and heat capacity step, ACp, for hydrated elastin pellets.

hw ha n Tg ACp

©0 (/g

0 0 0 191  0.368

0.100 0.111 444 84  0.320

0.125 0.143 572 60  0.446

0.130 0.149 596 63  0.692

0.187 0.230 920 40  0.835

0.224 0.287 1148 29 0.876

0.320 0471 1884 - -

0.390 0.639 2556 - -

0.450 0.818 3272 - -

0530 1.13 4520 - -
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elastin pellets, characterized by water fraction hw, are shown in Fig. 6.2a and 6.2b,
respectively. The heating thermograms for the samples hydrated through vapor adsorption
are shown in Fig. 6.3, for clarity reasons.

Elastin-DSC-Hydration through vapor adsorption(0<hw<0.224)-Glass Transition

Heating thermograms recorded on several elastin pellets, hydrated through vapor
adsorption, characterized by water fraction hw, are shown in Fig. 6.3. In the corresponding
cooling thermograms (Fig. 6.2a) it becomes clear that crystallization effects of water during
cooling are absent for the samples hydrated through vapor adsorption studied here, i.e. for
hw<0.224. Additionally, the thermograms are identical during the cooling scans of the two
successive cycles. The glass transition step of the system, which is observed in the cooling
scans for some samples, will be better observed in the heating thermograms.

In Fig.6.3, starting with the dry sample, an intense heat capacity step is observed in
the high temperature region. This step is associated with the glass transition of dry elastin,
in agreement with literature data [Samouillan 2000]. The evolution of the heating curve is
not smooth in the temperature region of the glass transition step for the dry sample, on the
contrary it exhibits implications of exothermic broad peaks at temperatures lower and
higher than the glass transition temperature Tz. A broad and weak endothermic peak
centred at about 110°C is probably due to the evaporation of residual water and has been
observed also in previous studies [Samouillan 2000]. The complex dynamics of dry elastin at
those high temperatures is out of the scope of this thesis, and the dry sample is studied by
DSC only for reference, with respect to the glass transition temperature.

In the case of the hydrated samples in Fig 6.3, two cycles of cooling and heating were
performed, as explained in the first paragraph of this section (section 6.4). Starting at low
temperatures (T<20°C), the first observation is that no crystallization of water during heating
(cold crystallization) occurs and that the curves coincide for the succesive cycles. Moving to
higher temperatures, the glass transition step can be seen and the picture is different for the
two successive cycles. The first heating scan (solid lines) is performed to 120°C for hw =0.1,
and to 80°C for the higher water fraction values. The hermetic pans used for the
measurements prevent water loss from the samples. Nevertheless, the heating during the
first scan was limited to 80°C, so that evaporation of water is avoided during the first scan.
The exception in the case of hw =0.1, is because this hydration level is considered to be the
most stable (in the sense that it is the water fraction at room temperature and ambient
conditions), but also because the T for this hw is higher and the first heating scan is intended
to extent at least just over the Tj. In the thermograms of the first scan a Ty step can be seen.
For hw =0.1, the T, step follows after three successive exo-endo-exothermic peaks, at lower
temperatures. For hw =0.125 and 0.13 two successive exo-endothermic peaks are recorded in
the temperature region of the Tg. For hw =0.187 a single endothermic peak is observed in the
Ty region. Finally, for hw =0.224, a clear glass transition step can be seen. During the second
heating scan (dashed lines), those complex exothermic and endothermic peaks near or at the
Ts, disappear for all the samples, except of the one of hw =0.1, as it can be seen in Fig. 6.3. For
hw =0.1 the curve is simplified in the second scan, but still an exothermic peak is observed at
temperatures lower than Tg. The origin of those complex peaks will be further discussed in
the following paragraphs.
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Fig. 6.2 Normalized heat flow during a) cooling and b) heating for two successive experimental cycles
(dotted and solid lines in (a) and (b)), both at 10°C/min, in hydrated elastin pellets at different water
fractions hw indicated on the plot. The samples of 0<hw<0.224 have been hydrated through vapor
adsorption, while the samples of 0.32<hw<0.53 have been hydrated through immersion in deionized

water.
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Fig. 6.3 Normalized heat flow during heating, for two successive experimental cycles, both at
10°C/min, in hydrated elastin pellets (hydrated through vapor adsorption) at different water fractions
hw indicated on the plot. A single scan is recorded for the dry sample.
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The glass transition of the hydrated system has been analyzed as it was recorded
during the second heating scan. The T and heat capacity step (ACp) values for the dry
sample and the hydrated pellets during the second heating scan are listed in Table 6.1,
together with the approximation of water molecules per tropoelastin molecule, n, assuming
that the average molecular weight of tropoelastin is 72,000 and that of water 18. The main
observation is the plasticizing effect of water on the glass transition of the dry protein. The
T values reduce from the value 191°C for dry elastin to 29°C for hw=0.224. This plasticization
trend is in accordance with results from literature [Van der Sman 2012], where it was found
that this trend is very well described by the Flory-Higgins theory for numerous meat
proteins including elastin and it was suggested that the thermodynamics in that case may
explain the phenomena, without the need for inducing parameters such as bound water. In
Table 6.1, the step of the specific heat, ACy, for all the samples is reported. For the dry
sample, a value of ACy=0.368 ]J/g is recorded, lower than but comparable to values given in
literature, i.e. 0.45 J/g for dry elastin [Samouillan 2000]. The initial increase of water fraction
from the dry sample to the one of hw=0.10, which is actually the water fraction of the protein
at room conditions, causes a decrease in ACp, from 0.368 to 0.320 J/g, while further water
fraction increase, causes an increase of the ACp as well. The initial decrease is not obviously
expected. Probably, in the case of hydrated elastin, it is associated with the complex elastic
properties of the elastin molecule. In particular, it is known that the elastic behavior of
elastin is highly water dependent and elasticity exists only in the hydrated state [Partridge
1955]. This probes to attribute the initial decrease of ACp to the fact that the dry sample is
qualitatively different from the partially hydrated ones. In particular, attenuated total
reflectance Fourier transform infrared spectroscopy (ATR-FTIR) measurements on elastin-
like polypeptides have shown that the inverse temperature transition is accompanied by a
decrease of the (3 spiral structure and a parallel creation of (3 sheets, at high temperatures
above 43°C [Serrano 2007], while simulation studies have shown that the intensity of the
cooperative dynamics in elastin increases with the increase of (3 spiral intrinsic strands,
which is also observed in experimental data [Rosmmeisl 2004]. These findings are in
agreement with the reduction in ACy observed in the present study. Nevertheless, the
elasticity of elastin and its connection to the glass transition of the hydrated system in detail
is out of the scope of this thesis. Another observation that should be stressed at this point, is
the fact that the increase in ACy is relatively high (with respect to the hw increase) when
increasing the water fraction from hw=0.125 to 0.13 (0.446 to 0.692 J/g, respectively, in Table
6.1). Recalling that the water fraction value hw=0.12 is found to be the onset of significant
water clustering by ESI, it may be assumed that uncrystallized water molecules participating
in clusters, are those which mainly contribute to the glass transition of the hydrated system,
by effecting the molecules attached to primary hydration sites. This assumption is in
agreement with a similar conclusion drawn for the globular protein BSA [section 5.5,
Panagopoulou 2011b] and could be of high significance for application in cryoprotection and
pharmaceutics.

In this work, the glass transition has been recorded during two successive scans and
an overshoot over the glass transition step was recorded in the first scan, which disappears
during the second scan. This overshoot may be associated with physical aging, like in the
case of synthetic polymers, where disruption of physical bonds formed during the slow
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rearrangement of the glassy material would cause the enthalpic relaxation [Samouillan
2000]. This overshoot has been already observed in DSC measurements on dry elastin
[Samouillan 2000]. In this work, the overshoot becomes more and more pronounced as the
water fraction of the hydrated pellets increases, and so the glass transition temperature (T5)
of the system moves to lower temperatures near RT. This can be seen in Fig. 6.3 for h=0.10,
0.125, 0.13 and 0.187. An exception, is found for the sample of the highest hw studied here,
i.e. for hw=0.224, where the overshoot becomes really smooth. The exception observed for the
highest hw value (hw=0.224) may be attributed, either to the fact that the Ty in that case is
comparable to RT (so the sample is stored actually not at higher temperature but at the
actual Ty or lower), or to the possibility that the inverse temperature transition, which is
expected to occur in that particular temperature region, affects the diffusive dynamics of
water. At this point, another factor which differentiates the sample of hw=0.224 should be
mentioned. In Table 6.1, the number of water molecules per tropoelastin molecule has been
calculated. Having in mind that the number of residues of the tropoelastin is about 800 [Urry
2002], it can be seen in Table 6.1 that the number of water molecules per tropoelastin
molecule n are 920 for hw=0.187 and 1148 for hw=0.224. By this it is obvious that in the case of
the highest hydration level, the number of water molecules exceeds the number of
aminoacid residues, by a factor of about 1.4, so the excess water molecules that are not
directly bound to aminoacid residues becomes significant. This may be the reason why the
diffusion of water in that case is more rapid and, consequently the hysteresis loop is absent
(Fig. 6.1). Of course, these assumptions need to be verified with additional experimental
studies.

Finally, some additional phenomena, apart from the enthalpic overshoot, were
recorded by DSC in the heating thermograms. These additional peaks, were described
earlier. They appear only for the samples of hw=0.1, 0.125 and 0.13, and are located at
temperatures close to about 50°C. Those peaks disappear in the second scan for the samples
of hw=0.125 and 0.13, while for /w=0.10 some peaks disappear but a broad exothermic peak
remains at temperatures lower than the glass transition, in the temperature range of about
30-50°C. Possibly, the observed phenomena are connected to the inverse temperature
transition (see introduction in this chapter) of the elastin molecule. Those phenomena are
not studied in detail in this thesis. Modulated DSC measurements would be very helpful to
study such phenomena in future work.

Elastin-DSC-Hydration through immersion in deionized water (0.32<hw<0.53) -
Crystallization and melting of water

In Fig. 6.2a and 6.2b the crystallization and melting events of water are clearly
observed in the case of the immersed samples. The thermograms corresponding to lower
hydration levels (hydration through vapor adsorption) are also shown for comparison. In
Fig. 6.2a the first water fraction for which crystallization of water occurs during cooling is
hw=0.32. For this hw value two weak, but clearly distinct crystallization peaks of water are
detected, centered at about -20 and -40°C, respectively. The first one, which exhibits a
crystallization temperature, Tc =-20°C, increases in magnitude with water fraction increase
for hw= 0.38, 0.45 and 0.53 and the corresponding T. slightly increases, more clearly for
hw=0.53. The second peak, with Te=-40 °C, is maintained at higher hw, but its magnitude and
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position remain almost stable, independently of water fraction. The results suggest that
there are two distinct populations of crystallizable water in the immersed samples. The fact
that the second peak does not increase in magnitude with water fraction increase, along with
the relatively low T. observed, suggests that it may correspond to the crystallization of
confined water molecules within the protein structure. In Fig. 6.2b the melting of water is
observed for all of the immersed samples, exhibiting a single melting peak of a melting
temperature Tm = 0°C, resembling the melting temperature of bulk water. A broad
exothermic peak is observed for hw=0.32 during heating, centered at about Tc = -20 °C. This
peak corresponds to cold crystallization of water during heating. Analogous crystallization
peaks are also observed at higher water fractions, i.e. hw=0.39 and 0.45, with increased T and
reduced intensity, while the cold crystallization is eliminated at hw=0.53. At this point it
should be mentioned that the heat capacity step which is associated with the glass transition
of the hydrated system is probably "hidden" underneath the melting peaks of all of the
immersed samples, a fact which is suggested by the observed relative difference in the
position of the baseline of the thermograms at temperatures lower and higher than the
melting temperature in Fig. 6.2b. For this reason, the analysis of the glass transition could
not be done for the immersed samples, and there is no possibility for calculated values to be
listed in Table 6.1, like in the case of the samples of lower hw. Modulated DSC measurements
are essential in order to observe the transition. In the present study a main assumption is
that the estimated T values (i.e. in the range from -10 -to 20°C in Fig. 6.2b according to the
baseline difference) are in agreement with literature reported Ty values of 20°C in
physiological conditions [Hoeve 1980, Kakinaya 1975].

Elastin- DSC -Uncrystallized water

The crystallization and melting enthalpies of water (AH«, AHm, respectively) have
been calculated by the crystallization and melting peaks in the thermograms in Fig. 6.2, by
the method which is described in section 5.4 for the globular protein BSA (see also chapter 4,
section 4.1). For elastin, the fraction of uncrystallized water has been calculated also by the
crystallization peaks during cooling, for comparison reasons. The fractions of elastin,
uncrystallized water (Ucw) and crystallized water (Crw), for the entire hydration range
studied, are shown in the composition diagrams of Fig. 6.4a and 6.4b, against hw, as
calculated from cooling and heating, respectively. By this way it becomes clear that the
fraction of Ucw in Fig. 6.4a corresponds to water molecules which remain uncrystallized
during cooling, including the fraction of water molecules which crystallize during heating
(cold crystallization). On the other hand, Ucw in Fig. 6.4b corresponds to the fraction of
water which remains uncrystallized during both, cooling and heating. The main observation
is that the fraction of Ucw remains stable in the high hydration range to a value of about
hw=0.24 or 0.18, in Fig.6.4a and 6.4b, respectively. In addition, the fraction of Ucw is
significantly enhanced for hw=0.32, in both cases.
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Fig. 6.4 Composition diagragv{s for the hydrated elastin pellets, showing the frgvétions of dry protein,
crystallized and uncrystallized water in the mixture, against water fraction hw. The fraction of
uncrystallized water, Xuew, has been calculated a) from the crystallization peak enthalpy during
cooling and b) from the melting enthalpy during heating, for comparison.

6.5 Elastin-Dielectric Measurements

A major conclusion which derives from ESI and DSC results, is the fact that no
crystallization of water occurs in the hydrated elastin pellets in the water fraction range
0<hw<0.23. The value hw=0.23 is the maximum water uptake for the hydrated pellets, if they
are hydrated in a vapor atmosphere at RT. By this fact it becomes clear that in this hydration
range only uncrystallized water is associated with the observed dynamics. For that reason,
the results will be described separately for the two cases, i.e. for samples hydrated through
vapor adsorption and for immersed samples, two categories which have been already used
in the previous section (6.4) regarding the DSC results.

6.5.1 Elastin-TSDC Results

Elastin-TSDC-Hydration through vapor adsorption (0</+<0.214)

Two series of TSDC measurements on hydrated elastin pellets, with polarization
temperatures Tp =-20 and 0°C, were recorded successively for each sample. Fig. 6.5a shows
TSDC thermograms with Tp=-20°C, in the temperature range from -150 to 20°C for several
hydrated elastin pellets of water fraction hw indicated on the plot. The TSDC thermograms
have been normalized to the same thickness (polarizing field) and the same surface area of
the samples. Thus, results for different compositions can be compared to each other not only
with respect to the temperature position of the peaks (time scale of the corresponding
relaxations), but also with respect to their magnitude (dielectric strength of the
corresponding relaxations). Starting at low hw and low temperatures, a relaxation peak is
seen for the almost dry sample (sample (1), iw=0.008, residual water), cantered at about -
115°C. This peak is attributed to the local rearrangement of polar groups of the protein
surface, triggered by hydration water like in the case of hydrated globular proteins
lysozyme [Panagopoulou 2011a] and BSA [Panagopoulou 2011b] (see also chapter 5, section
5.5, 5.5.1). Moving on to higher water fractions, the corresponding peak is moving to lower
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temperatures, and generally increases in magnitude. As it will be confirmed by DRS
measurements in section 6.5.2, but also by comparison with similar TSDC measurements on
hydrated elastin in a broader temperature range (down to -160°C) [Samouillan 2011], the
temperature range of the TSDC measurements is not sufficient to observe the complete
relaxation at high water fractions, i.e. part of the contributions to this peak is probably
manifestated at lower temperatures, out of the experimental window. For that reason, the
particular relaxation will be analyzed by DRS.

Staying at relatively low temperatures in Fig. 6.5a, the contributions at high water
fractions, hw>0.10, become more broad and a slower relaxation is observed, as a shoulder, at
higher temperatures, although vaguely (centered at about -90°C for samples (2)-(5) and at
about -100°C for samples (6)-(8)). A magnification of two of the thermograms is shown in
Fig. 6.5b, where the contribution of the relaxation in question is indicated by dashed lines,
drawn for eye guidance. This relaxation has been already observed by TSDC measurements
on hydrated elastin [Samouillan 2011] of water contents hs=0.1 and 0.25 (corresponding to
hw=10.09 and 0.2 respectively), where it was labelled as (2. In this work this relaxation will be
named w.

Moving on to the high temperature side of the experimental window in Fig. 6.5a, a
well shaped peak is centered at about -10°C for sample (3), (hw=0.117). For the two samples
of lower water fractions (samples (1),(2), hw=0.008 and 0.10 respectively), the corresponding
peak seems to be absent, and only weak contributions centered at the polarization
temperature T, are observed. The maximum of this peak is moving systematically to lower
temperatures with the addition of water (from about -20°C for sample (3) to about -65°C for
sample (9)). On the contrary, its magnitude changes non-monotonically with water fraction.
It initially increases for water fraction increase from hw=0.117 to 0.169 (sample (3)-(6)), then
starts to decrease for water fraction increase from hw=0.169 to 0.188 (samples (6)-(8)) and then
increases again for hw=0.214 (sample (9)). This process was also observed previously
[Samouillan 2011] for a hydrated elastin sample of h+=0.25. There it was named process pl
and was attributed to the glassy behavior of hydration water in elastin, or otherwise, the
reorganization of the whole hydrogen bonded network. In this work this relaxation has been
followed in small steps of hydration in a more wide hydration range, and its characteristics
will be further evaluated in this thesis. Here, we will refer to the particular relaxation mode
as to p mode.

The maximum temperatures of the relaxation peaks and the normalized
depolarization current values at the maximum temperature, for the w and p modes versus
water fraction hw, are shown in Fig. 6.6a and 6.6b respectively (for two series of
measurements at different polarization temperatures). In Fig. 6.6.a it is obvious that the
position of both peaks is moving to lower temperatures as the hydration level increases.
Assuming that these relaxations originate from water, this fact implies that both relaxations
are affected by protein components i.e. they correspond to water molecules interacting to
some extent with the protein.The temperature decrease is steeper for the p relaxation. The w
relaxation is detected for hw>0.10, and the p relaxation for hw20.117, at least in the
experimental temperature range studied in this work. In the case of hw=0.214, the w peak
could not be detected by TSDC, but its existence has been verified by TSDC measurements
using insulating thin foils at a comparable hydration level in previous studies [Samouilla
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Fig 6.5 a) Normalized TSDC thermograms (density of depolarization current divided by polarizing
electric field, J/Ep) against temperature T for hydrated elastin pellets of water fraction hw indicated on
the plot. The vertical line at T=-20°C indicates the polarization temperature Tp. b) The graph is a
magnification of two of the thermograms from Fig. 6.5a, showing the w relaxation peak, which
appears as a shoulder. The dotted lines are added for eye guidance.

2011]. The novel result in the current study, is the hydration dependence of the particular
relaxations. Interesting results arise also from the evolution of the intensity of the relaxations
with hydration level. Regarding the intensity of the w relaxation, it can be seen in Fig. 6.6.b,
that it remains almost stable in the hw range of about 0.10-0.14, while it increases at higher hw,
and decreases again for hw=0.188. The increase for hw> 0.14 shows that the w relaxation is
enhanced for hydration levels where water clustering is significant according to ESI (for
ha>0.13, see section 6.3). Further water increase causes the reduction of the intensity. This
result will be discussed later in comparison we the results by other techniques. Moving to
the intensity of the p relaxation, it can be seen in Fig. 6.6.b that it increases continuously in
the range of 0.10<hw<0.188, then decreases for h1w=0.188, and increases again for hw=0.214. By
these observations, a critical water fraction of about 0.18 may be estimated. This point will
be further discussed in comparison with the rest of the results by the other techniques
employed in this thesis.

Elastin-TSDC-Hydration through immersion in deionized water (0.30<hw<0.50)

Figure 6.7 shows TSDC thermograms with Tp=-20°C, in the temperature range from -
150 to 20°C for several hydrated elastin pellets of water fraction hw indicated on the plot. The
thermograms corresponding to the samples hydrated through vapor adsorption (data from
Fig. 6.5a) are also shown in Fig. 6.7, represented by gray solid lines, in order that the
evolution of the spectra with hydration level can be followed in a continuous way. Starting
at high temperatures in Fig. 6. 7, a steep increase may be seen in the spectra around 0°C, for
all of the immersed samples (samples (1)-(5)). This increase is due to water melting. This
increase is not present in the case of the samples in the hydration range 0<hw<0.214, where
there is n