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Chapter 1

Introduction

The term complexity derives from the Latin “complexus”, meaning something intertwined,
composed of a multiplicity of interdependent parts. A situation can be considered complex
because it originates from the interconnection of elements that interact with each other. In
a complex situation, it is difficult to identify and manage all the variables involved, just as
it is extremely challenging to predict its developments. A problem that has been defined as
complex does not present a unique solution, but needs to be considered globally, analysing
all the elements that make it up and their interactions. The most famous definition of a
complex system dates back to Aristotle who wrote in the work Metaphysic "The whole is more
than the sum of its parts". Indeed, complex systems are intertwined networks, working in
out-of-equilibrium conditions, which exhibit emergent properties, such as self-organization
phenomena. Examples of complex systems are both the unicellular and multicellular living
organisms, the brain network, immune system, ecosystems, human society, global economy,
climate, cells and the biomolecules that compose them [1]. The ability to self-organize and
spontaneously form dynamic and spatially variable structures is among the most intriguing
features of living systems. The ability to form organized temporal and spatial architectures
is peculiar of the whole organisms and tissues, but even occurs in the biomolecules that
constitute them [2], like nucleic acids [3], carbohydrates [4], lipids [5], peptides and proteins
[6]. This means that self-organization plays a fundamental role for the spatial and tempo-
ral organization of molecules inside cells [7]. Sadly, many of the mechanisms leading to
biological pattern formation are not directly testable in a living system because the number
of functional elements is enormous and it is impossible to reduce them without interfering
with cell functionality. Therefore, the investigation of the single biomolecules that compose
the cell and in vitro reconstitution approaches have become increasingly important. The

idea is to reduce the system under investigation to the smallest possible combination of
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molecules that is still able to reproduce a specific process or function, rigorously studying
this system in order to highlight molecular mechanisms and recurring structuring paths.
The purpose is to progressively increase the system complexity [7]. At this end, peptides
and proteins are excellent models in order to approach at the complexity of biological sys-
tems. Peptides and proteins are dynamic systems and they must have a great structural
flexibility to perform motions necessary to execute their functions. Motions are only possi-
ble if these biomolecules can assume a large number of different conformations, involving
both the atoms composing the biomolecules and those of the solvation shell [8]. Structural
dynamics and thus the activity of biomolecules are strongly influenced by the hydration
shell, making the water molecules an active partner of all the biomolecules functions. The
most relevant interactions are hydrogen bonds, a mainly local type of weak bonding among
water molecules and between water and the polar or ionic groups of the biomolecule, long-
range Coulomb forces, and hydrophobic forces. The hydrophobic contribution is less un-
derstood but still relevant for the aggregation properties of peptides and proteins. In recent
years, the necessity to describe the properties of water next to biomolecules is increased,
and the concept of hydration shell has been developed. Qualitatively, the hydration shell
consists of the first or the first few water layers that surround the biomolecule influenced
by and interacting with it. Moving away from the surface of the biomolecule, the water
molecules increasingly display properties of bulk-like water. From the viewpoint of both
structure and dynamics, the distinction of the hydration shell from bulk water poses ma-
jor challenges and requires the combination of structure-sensitive and time-resolved spec-
troscopic technique [9] with computational methods to gain quantitative insight [10]. The
hydration water plays a crucial role in protein folding, in their activity and even in deter-
mining the propensity toward aggregation of peptides and proteins [11]. Indeed the affinity
of proteins for the solvent is quantified through the statistical thermodynamics by the sol-
vation free energy (the change in free energy from gas to aqueous phases). The solvation
free energy of the protein monomer quantifies the overall strength of the interactions be-
tween the protein and the water molecules that surround it, taking account for hydrogen
bond, charged groups and hydrophobicity [12]. Hydrophobicity is often invoked to explain
biomolecular self-assembly in aqueous media. Biomolecules with larger values of solva-
tion free energy are more hydrophobic and the hydrophobic interaction between them is
thus more effective promoting the aggregation phenomena [13]. Among the huge number

of aggregation products, the most relevant are B-sheet oligomers and amyloid fibrils. Both
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these products perform a key role for the onset of important degenerative diseases and/or
for the development of smart biomaterials like hydrogels [6]. Amyloid fibrils and pB-sheet
oligomers are B-sheet rich and share a cross-p architecture. Fibres consist of -strands that
run perpendicular to the fibre axis and elongate in a preferential direction mainly via hydro-
gen bonding interactions between the main chain, but the association of the B-sheet is even
stabilized by interactions between the side chains. The cross-f structure represents the core
of the protofilaments, and several protofilaments associate laterally to form the mature fib-
ril. Changes in the sequence of amyloidogenic fragments and in the solvation environment
result in different morphologies arising from different packing arrangements [14]. Thanks
to this structural tuneability the self-assembling peptides and proteins are increasingly used
for the production of polymeric materials and hydrogels with applications spanning from
tissue engineering [15] to agriculture [16]. Understanding the molecular basis of peptides
and proteins organized aggregation lead to the possibility to exploit their self-assembling
ability for the production of new functionalised biomaterials including hydrogel networks
[14]. The aim of the present thesis is to achieve a deep comprehension of the effects that the
presence of ions in solution, the different surface charge and temperature variation have on
the distribution of water molecules around the molecular skeleton and on the structure of
biomolecules and its aggregates. In addition I want to exploit the capability of linear and
some non-linear spectroscopic techniques and compare their results to those obtained with
different techniques like neutron and x-ray scattering techniques. After this introductory
chapter, the thesis is organized as follows.

Chapter 2 deals with the basic theory of UV resonance Raman (UVRR) and heterodyne tran-
sient grating (HD-TG) techniques. The experimental set-ups used during this PhD period
are described. As already mention the characterization of these complex biological sys-
tems are achieved by combining several experimental techniques and the specific topics are
briefly described in the specific chapters.

Chapter 3 reports the outputs obtained about the tripeptide glutathione dissolved in pure
water and salts/water mixture investigated by means of the UVRR spectroscopy and the
computational method of molecular dynamics (MD). The UVRR measures are performed in
the IUVS beamline of Elettra Synchrotron in Trieste headed by Dr. Claudio Masciovecchio,
and the MD simulations are carried out by the group of Prof. Babak Minofar at the Institute
of Nanobiology and Structural Biology in the Czech Republic.

Chapter 4 focuses on a lysozyme self-crowded solution in acidic conditions to investigate
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globular protein unfolding, aggregation and gelation through a multi-technical approach.
In particular using Fourier transform infrared (FTIR) and circular dichroism (CD) spec-
troscopies to have molecular information on these processes. The differential scanning
calorimetry (DSC) technique to investigate the thermodynamics of the unfolding process.
Small angle x-ray scattering (SAXS) and small angle neutron scattering (SANS) techniques
are used to approach the problem from a structural point of view. Rheology and HD-TG
spectroscopy to investigate the viscoelastic behaviour of self-crowded protein solution and
protein hydrogels. The FTIR spectra are performed in the Department of Chemistry, Biology
and Biotechnology of the university of Perugia, in the research group of Prof. Assunta Mor-
resi and Prof. Paolo Foggi. Rheology and DSC measurements are performed in the School of
Pharmacy at the university of Camerino in the research group of Prof. Giovanni F. Palmieri.
SAXS and CD measures are made at the ETH of Zurich in the Laboratory of Food and Soft Ma-
terials of Prof. Raffaele Mezzenga. SANS experiments are carried out at the Budapest Neutron
Center. HD-TG experiments are performed in the Soft Matter Physics Group of Prof. Renato
Torre at LENS.



Chapter 2

A survey of Resonance Raman and

Transient Grating techniques

This chapter describes the UV resonance Raman and the transient grating spectroscopic
techniques. Section 2.1 presents conventional and resonance Raman scattering. Section 2.2
describes the non-linear transient grating spectroscopy. Spontaneous light scattering means
light scattering under conditions such that the optical properties of the material system are
unmodified by the presence of the incident beam, while the character of the light scattering is
profoundly modified whenever the incident light is sufficiently intense to modify the optical
properties of the material system. Figure 2.1 shows the general scheme of the scattered light
spectrum, in which Raman, Brillouin, Rayleigh and Rayleigh-wing spectral features appear
[17].
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FIGURE 2.1: Typical observed spectrum of the scattered light.

Rayleigh scattering is the scattering of light from non propagating density fluctuations,
described as scattering from entropy fluctuations. It is known as quasi-elastic scattering be-
cause it induces a slight frequency broadness.

Rayleigh-wing scattering is scattering from fluctuations in the orientational of anisotropic
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molecules; this phenomenon does not occur for molecules with an isotropic polarizability
tensor.

By definition the components of the scattered light that are shifted to lower frequencies with
respect to the central Rayleigh component are named Stokes components and those that are
shifted to higher frequencies are known as Antistokes components.

One of these scattering process is the Raman scattering, that results from the interaction of
light with the vibrational modes of the molecule constituting the scattering medium. Raman
scattering can be described as the scattering of light by optical phonons [17].

Brillouin scattering is the scattering of light from sound waves, which is from propagating
pressure (and thus density) waves. Brillouin scattering can also be considered to be the scat-
tering of light from acoustic phonons.

In spontaneous Raman and Brillouin scattering the applied optical fields are sufficiently
weak that they do not alter the optical and the acoustic properties of the material system.
Whereas in the framework of the impulsive stimulated scattering experiment, depending on
the molecular modes which are excited, the experiments have different name. In particular,
if the acoustic modes are excited through the electrostrictive effect, it is possible to talk about
impulsive stimulated Brillouin scattering, while, if the excitation involve optical phonons and
molecules vibrational modes, the experiment is called impulsive stimulated Raman scattering

[18].

2.1 Ultraviolet Resonance Raman Spectroscopy

In conventional Raman scattering, the incident photons have a frequency lower than elec-
tronic transitions, and the inelastically scattered photons, leave the molecule in an excited vi-
brational level of the electronic ground state. The same mechanism takes place in resonance
condition, but in this case the incident photon frequency matches electronic transitions, and
the molecular vibrations couple to the electronic motion occurring during the transition. In
resonance Raman scattering, only the vibrations localized around the chromophoric group
are enhanced, making a simplification in the number of signals present in the spectrum. Ap-
propriately tuning the excitation wavelength, it is possible to increases the signal intensity

of the vibrational bands, originated from a particular region of the molecule.
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This section is aimed to provide the theoretical basis of the Raman scattering, and to high-
light the differences and the advantages in using excitation beams with sufficient energy to
generate the resonance condition.

Subsections 2.1.1 and 2.1.2 formally introduce the Raman scattering process, using classical
and quantum theory, respectively. Subsection 2.1.3 mathematically describes the intensity
increases in the resonance Raman compared to the off-resonance one, specifying the advan-
tages and limitations of the resonance condition. Section 2.1.4 highlights the importance to
use sources that allows the fine tuning of the excitation wavelength, and therefore the use

of a synchrotron source [19].

2.1.1 Classical description of Raman scattering

Light scattering phenomenon refers to the process in which the incident photons with char-
acteristic energy and momentum are diffused by matter. In the scattering process the oscil-
lating electric vector of the electromagnetic field interacts with matter and induces on the
molecules an oscillating electric dipole moment (1) that becomes a new emitting source of
electromagnetic field that is the scattered light [20]. The induced electric dipole momentum
is proportional to the incident electric vector (E) and to the capacity of the molecules to de-
form its electronic cloud; this quantity is a tensor called polarizability («). We can define the
elastic scattering when the incident photon energy is the same of the diffused one, while we

refer to inelastic scattering when there is an energy variation.

i =&E (2.1)

Each component of the induced dipole can be expressed as:

z
Mo =Y topEs (2.2)

Each component of E can be related to the vy frequency of the incident electromagnetic

wave by the relation:

E; = E(0)y cos(27tvpt) (2.3)
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Consequently, the induced dipole is an oscillating vector and each of its components can

be obtained combining equations 2.2 and 2.3 by the relation:

Ho =Y gpE(0)y cos(27tvpt) (2.4)

To make the explanation easier, it is useful to ignore the molecular rotation but just con-
sider the vibrational part, and it is to be expected that the polarizability will be a function of
the nuclear coordinates. Therefore, the 3N-6 (3N-5) vibrational modes are supposed to in-
duce a variation in this quantity. For a diatomic molecule with the single normal coordinate
(Qx), the position of the nuclei is time dependent because the molecule is vibrating with

frequency (v), and the motion can be expressed as:

Qr = Q(0) cos(2mtvt) (2.5)

The variation of components in polarizability tensor («,,) with vibrational coordinates (Qx)

is expressed in a Taylor series expansion:

e 1 % ttpy
oo = a(0)pr + ) (aank >0Qk 5L < aQ:;PQ >0Qsz + o (2.6)

k k1 !
By keeping only the first two terms of the Taylor series, the components of the induced

dipole of relation 2.4 can be redefined as:

1o(Qx) = i #(0)opE(0)y cos(27tvpt)
= 2.7)

z

+% Y E(0)sQ(0)k <ZXQPZ>O[COS 27t (vp + v) + cos 27t (vy — V)]

g=X

By looking to the expression above, the radiation emitted by the oscillating dipole in-
duced by the incident electromagnetic field on the molecule have three different compo-

nents:

1. Yo, #(0)opE(0)y cos(27tvpt) that accounts for Rayleigh or elastic scattering;

2. _|_% Z%r:x E(O)UQ(O)k <%‘XQPZ

tering;

> [cos 271t (v + v)] that accounts for Anti-Stokes Raman scat-
0

3. +3 Y5 E(0)+Q(0) <%0;5:> [cos 27Tt (v — v)] that accounts for Stokes Raman scatter-
0

ing.
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For a given vibrational mode (i. e. at a fixed frequency of detection) the Raman scattering

total intensity will be defined as [19, 21]:

2
1(©) = B(vo £ v)*Io (?‘Q‘"D sin? ® 2.8)
0

The Raman scattering intensity is dependent on:
1. The kind of vibrational motion and on its impact on the molecular electron cloud by

2
IMpr
mean of < 30 >o

2. The incident radiation energy by means of (vo & v)*

From the classic theory, the intensity of the scattered radiation is proportional to the
fourth power of the frequency and to the square of the maximum oscillation amplitude,
hence the intensity of the Rayleigh radiation is proportional to A3 and the intensity of the

0 pr

Raman radiation at < 30, ) . Therefore, it is immediately visible how the Rayleigh scattering
0

is more intense than the Raman one. However, the classical approach to the Raman effect
fails in the prediction of the Stokes and Anti-Stokes intensities ratio, and we need to the

quantum mechanical approach to explain that.

2.1.2 Quantum mechanical description of Raman scattering

According to the quantum theory, a radiation is emitted or absorbed as a result of the energy
transfer between the electromagnetic field and the molecule due to their interaction. The
quantum-mechanical description of the scattering process of the electromagnetic wave with

energy E = hyg induced by the molecule can be schematized as follows:

Virtual
Energy States

Vibrational
Energy States

S = N W

hvi

Rayleigh Stokes Anti-Stokes
Scattering Raman Raman
Scattering  Scattering

FIGURE 2.2: virtual energy diagram to compare the elastic and the two inelas-
tic scattering processes.
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Figure 2.2 shows a virtual energy diagram that evidences the difference between Rayleigh

scattering, Stokes Raman scattering and Anti-Stokes Raman scattering.

1. Rayleigh scattering E = hvp: is the term that describes the quasi-elastic scattering

of light by molecules and is the most dominant scattering process. The interaction
light-matter does not change the energy state of the molecule and therefore the scat-
tered photons have the same energy as the incident ones. In a Raman experiment, the
Rayleigh scattered light must be removed from the collected light otherwise it would

cover the Raman signals.

. Stokes Raman scattering E = h(vp — v): is the inelastic scattering process where there

is an energy transfer from the electromagnetic wave to a molecule’s vibrational degree
of freedom. Hence, the scattered photons have a lower energy (red shifted) compared
to the incident ones. The amount of transferred energy is equal to the amount neces-
sary to excite one of the molecule’s vibration. The composition of the scattered light is
therefore like a fingerprint of the molecules. The Stokes component is the most com-
monly acquired in a Raman experiment because, although its intensity is about 101
times lower than the excitation light, it remain the most intense component containing

molecular information.

. Anti-Stokes Raman scattering E = h(vp + v): is another inelastic scattering process,

where a specific amount of energy is transferred from a molecular vibration to the
photon. Hence, the scattered photons have higher energy (blue shifted) compared to
the incident ones. This component contains the same molecular information of the

Stokes component, but is less intense; in fact, it is generally unused.

The virtual energy diagram points out that the Stokes Raman scattering is more probable

than the Anti-Stokes one, because at room temperature most molecules are in their ground

state. However, with increasing temperature, more of the molecules can access to the vibra-

tional excited state, in accordance with the Boltzmann distribution. In quantum mechanics

any direct transition between two energy levels is accompanied by emission or absorption

of radiation if the dipole moment of the transition is #0. Hence, a transition from an initial

state described by the wave function ¥; to a final state ¥ y must induce a variation of the

molecular dipole moment during the transition i.e. [19]:

uri = (Yrlp¥s) # 0. (2.9)
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fi is the dipole moment operator and for absorption or emission phenomena corresponds
to the permanent electric dipole operator, while for the scattering process is the induced
dipole moment operator. For scattering process using the relations 2.1 and 2.9 the dipole

moment of the transition becomes:

prio= (Yrla[¥;)E (2.10)

. Iy . . . .
In the quantum mechanical approach the term < 30 > ) in the intensity equation 2.8 must

be replaced by the Raman scattering tensor [a,.]¢; in order to have a rigorous description of
1(©).
The expression of the Raman scattering tensor is obtained accordingly to the Kramers, Heisen-

berg and Dirac theory [22, 23]:

[zx ] o lz <Tf’7/ip|1fv><‘¥v|lf0|‘?i> + <Tf‘ﬁv|lyv><‘¥v|lfp"¥i>
polfi hce v Vp — Vo — Vexc + ZTZ; Vp — Vo + Vexc + ZTU

(2.11)
¥; and ¥ are the vibrational wave functions of the ground electronic level of a starting

(i) vibrational level and a final (f) one.

Y, is the vibrational wave function describing the virtual state, the summation operates on

all the vibrational states of the system.

I', is the width of the band associated with the |'¥,) vibrational state.

Usually in a conventional Raman experiment the energy of the excitation beam v,y. does not

coincide with any transition frequency and in these conditions the Raman associated signal

to a given normal mode is weak.

2.1.3 Resonance Raman scattering

Talking about Raman intensity it is necessary to distinguish between conventional and res-
onance Raman scattering. In both cases, Raman spectroscopy is a fundamental state spec-
troscopy since the transition occurs between vibrational states of the electronic ground state.
The difference is that in conventional Raman the electronic excited states take part to the pro-
cess as virtual intermediate states, while in resonance Raman as real intermediate states. In
this latter the frequency of the exciting beam falls into an electronic absorption band, there-
fore the Raman intensities become a very specific and sensitive probe of the structure and

dynamic of the electronic resonant states.
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electronic

excited state v=0
Sy
virtual
energy states
h(vo—v) h(vy—V)
vibrational \‘/; 431
energy states V=2
of the )
electronic v=1
ground state hv
So v=0
Stokes Stokes
Raman Resonance
scattering Raman

scattering

FIGURE 2.3: virtual energy diagram to compare the conventional and the res-
onance Raman scattering.

In the equation 2.11 the summation operates on all the vibrational states of the system,
and the summation on (v) is required to describe an intermedium state that is not a system
eigenstate.

In non-resonant condition, the molecular polarizability is the result of the linear combination
between all the system states, and the interaction with the exciting photon will originate
only a slight perturbation on the equilibrium condition. Instead, in resonance condition, the
energy difference on the denominator of the first term of the equation 2.11 tends to zero,
and the condition of slight perturbation is not valid anymore, therefore it is necessary to
consider the incident photon degeneration with the excited state that acts as intermediate
state. Because (v, — Vg — Vexc) — 0 the first term of the equation 2.11 in resonance condition

become dominant and the relation can be simplified to [19, 21]:

<Tf|ﬁp|Tv><Tv|Pfa|Ti>
Vy — Vg — Vexe + irv

1
[“pa]fi =~ e ; (2.12)

Notice that in the resonance Raman condition [a,] r; should become greater than in con-
ventional Raman condition, due to the smallness of the denominator. In this condition I(q)
of the associated normal mode should be enhanced. The imaginary part that appears in the
denominator of the expression 2.12 considers that in resonance condition the effect of the
electromagnetic perturbation is related also to the life time of the excited state, hence I’ is
a quantity inversely proportional to the life time of the vibrational excited states v. Excit-
ing an electronic transition of a specific chromophore, some normal modes result intensified

more than others. Therefore, in resonance condition the spectrum of a sample can be very
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different compared to those out of resonance. The resonant active Raman signals can result
orders of magnitude higher (from 3 to 8 order of magnitude) than those in out of resonance.
Indeed, in resonant condition, the sensibility of the technique increases a lot and this is very
useful to analyse heterogeneous sample. Using the resonance condition, it is possible to
record in a selective manner the signals of a molecular portion of the sample or a specific
component in a complex mixture [20, 24]. The terms at the numerator of equations 2.11 and

2.12 can be explicated depending on the validity of the following approximations:

1. Born-Oppenheimer approximation
This approximation allows separating the nuclear motion from electronic one, con-
sidering the nuclei in a fixed position during the electronic motion. Therefore, the
vibrionic terms can be factorized in the product between electronic and vibrational
states (Yoo |¥i) = (@ol(Poltlp| i) i)
¢; and ¢, are the electronic wave functions of the ground and excited states respec-

tively, while ¢; and ¢, are the respective vibrational functions.
2. Condon approximation

The validity of the Born-Oppenheimer approximation implies the possibility to assume
that the electronic transition occurs instantaneously into the temporal scale of the nuclear vi-
bration, hence for constant inter-nuclear distance. The transition probability is proportional
to the superposition integral between the vibrational wave functions of the two different
electronic states. Therefore, the transition moment considering the electronic part is much
higher compared to its variations due to the vibrational mode, hence it is possible to approx-
imate it with the pure electronic transition moment (R,). Only the vibrational levels of the
resonant electronic state give an important contribute at the sum on the intermedia states.
If these approximations are valid, it is possible to write the following equation (A Albrecht
term) [19, 21]:

[“pa]fi(}\exc> _ (RE)Z%C Z <(Pf|§0v><¢v‘¢l> (2'13)

Vo — Vi + Vo — Vexc + irv

The absorption cross section has the following expression:

r [(¥5[¥o)|?

E = CE; (R 2
0a(Eexc) = CEL(R) Z(hC)ZTC (Vo — Vi + V0 — Vexc)? + 17

[

(2.14)
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The absorption cross section depends on the same exciting state parameters of the Ra-
man cross section, but in equation 2.13 the initial and final states of the transition are defined,
while equation 2.14 reports the transition probability at some indefinite final state. Based on
the analogies between equations 2.13 and 2.14 it is easy to state that the active modes on
the electronic transition f <— i have comparable activity in the absorption spectra and in the
correspondent resonance Raman spectra. Some modes that are inactive in absorption or in
emission can show resonance Raman activity.

Resonance condition
To understand when the superposition integrals are non-zero, it is sufficient to consider the
harmonic oscillator and the symmetry of the normal modes. The resonance Raman process
is represented describing the ground and excited electronic states as an harmonic potential,

as shown in figure 2.4.

V(@) = v (v) V(@) # v (V) (D) = v () V(@) # ve(v)
AQr =0 AQy =0 AQg # 0 AQg # 0

Potential Energy (V)
Potential Energy (V)
Potential Energy (V)
Potential Energy (V)

by

I

N TN, B i S .

AQ

i b

b

Normal Coordinate (Q) Normal Coordinate (Q) Normal Coordinate (Q) Normal Coordinate (Q)

FIGURE 2.4: diagrams of the potential energy (V) as a function of the normal
coordinate (Q) of the ground ®; and excited &, electronic states.

In correspondence of a fundamental band of the Raman spectra, the transitions from the
ground state i=0 at the intermediate states and from the intermediate states to the final state

f=1, is non-zero if:

1. the potential curves of the involved electronic states are shifted with each other AQ; #

0
2. the mode frequency of the two states changes vk (i) # vi(v)

3. both the above conditions are satisfied

Totalsymmetric modes

Considering the validity of the Condon approximation, only the totalsymmetric modes
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show Raman activity and the resonance Raman spectra are mainly due to the terms de-

scribed in equation 2.13, the A Albrecht term.

N AQ # 0 _
Z =
> >
on on
5] 5]
= =
53] m
= =
] s
L L
S )
~ ~

! A}

alk

Normal Coordinate (Q) Normal Coordinate (Q)

FIGURE 2.5: potential curves (V) that highlights the dependence of the inte-
gral superposition as a function of the normal coordinate (Q), in the validity
of the Frank-Condon approximation.

As regards the totalsymmetric modes, the inter-nuclear distance changes AQ; # 0 dur-
ing the vibration, and the electronic ground and excited state curves are shifted with each
other, hence there is always a case where both superposition integrals are non-zero, as
shown in the left graph of figure 2.5. Concerning the non-totalsymmetric modes, the inter-
nuclear distance does not change AQ; = 0 during the vibration and the curves have the
same equilibrium position, therefore a condition that simultaneously makes the integral su-
perposition non-zero doesn’t exist, as shown in the right graph of figure 2.5. Therefore,
considering the A Albrecht term, only the totalsymmetric modes are active in the resonance
Raman spectra, but the Condon approximation is not always valid. Indeed considering the
vibronic coupling it is necessary to take account also of the B and C Albrecht terms that are
the responsible of the non-totalsymmetric modes activity.

Non-Totalsymmetric modes
The Non-totalsymmetric modes activity is due to the vibronic coupling phenomenon be-
tween the electronic excited states by means of the normal coordinate (Q). The normal co-
ordinate must be non-totalsymmetric. This coupling between the electronic excited states is
explicated in the electronic component of the transition momentum:

IRy

Ry, = RY, + <8Qk) Qk + - (2.15)
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It is possible to write the forward and backward transitions in the following formalism:

(Yolpio|¥i) = Rgz‘(‘PU"Pl’) + R£i<¢v|4’i>

(2.16)
(Fslfol¥o) = RO{@fl@o) + Ri(Pldo)

Considering the relations 2.15 and 2.16 it is possible to write the Albrecht terms:

A = (R))*(¢o| i) + (@flpo)
B = R (o) RL (b1 Qlpo) 2.17)
C = Ryi{osldo) Rei(po| Qlepi)

The B and C Albrecht terms reproduce a non-vertical transition (in absorption or in emis-
sion). This is possible because there is a vibronic coupling that acts. A non-totalsymmetric
normal coordinate couples the two electronic excited states. This describes a phenomenon

of equilibrium geometry distortion in concomitance of the absorption or emission processes

as shown in the figure 2.5.
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FIGURE 2.6: diagrams that illustrate the vibronic coupling in emission mathe-
matically described by the B Albrecht term (left part) and in absorption math-
ematically described by the C Albrecht term (right part).

Advantages and limitations
The main problem to exploit the resonance condition is related to the possibility to observe
the scattering phenomena and the emission process together. Usually the intensity of the
emitted light is higher than the diffused one, hence it is possible that the resonance Ra-
man spectra is completely covered by the emission signal. The fluorescence emission can be

reduced changing the excitation wavelength, and realizing a pre-resonance condition. In
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some cases, it is also possible to record the Anti-Stokes part of the Raman spectra because
the emission process occurs at lower frequencies than the excitation, therefore the emission
intensity is reduced in the Anti-Stokes branch. In a resonance Raman experiment it is pos-
sible that a portion of the scattered light is reabsorbed by the sample. This phenomenon
reduces the total scattered light because it is self-absorbed by the molecules in the scattering
volume. Due to self-absorption, it is even possible to have a change of the peaks relative in-
tensity. Another problem of the resonance Raman experiment is the possibility of the sample
photo degradation, due to the focalization of the beam in a small volume. To avoid the sample
damage it is better to maintain an adequate excitation power of the beam and continually
renewing the sample’s illuminated volume, using a flow cell or oscillating/rotating the sam-
ple holder.

On the other hand, the vibrational spectroscopic techniques are powerful tool to study the
molecular structural changes induced by chemical reactions or by external stimuli. This
kind of analysis are useful to take out qualitative and quantitative information of the investi-
gated sample. Indeed, it is possible to apply them in a lot of research fields spanning from
analytical to biological ones. Compared to infrared absorption, both conventional and res-
onance Raman are considered powerful techniques to study water-containing sample due to
water’s low polarizability. In fact, to study biologic molecules in physiologic condition, it
is recommended to use water as a solvent and to collect the measurement directly in the
natural environment with the minimum sample preparation, in order to avoid the human
interference. Unfortunately water has a great infrared absorption and the OH banding sig-
nal covers a spectral region where the main signals of peptides and proteins [25] [26] fall.
To avoid this problem scientists use deuterium oxide instead of light water because the OD
bending signal falls at different frequency. Using Raman techniques it is possible to analyse
aqueous solution without the necessity of isotopic substitution due to the very low intensity
of the OH banding signal in Raman spectra. Using Raman technique it is possible to inves-
tigate samples in the gaseous, liquid and solid state, and due to its non-destructive nature,
it is a great candidate to investigate delicate materials. Resonance Raman spectroscopy has
greater sensitivity with respect to its non-resonance counterpart. It is capable of analysing
samples with concentrations lower than 108 M, while conventional Raman can detect sam-
ples with concentrations not lower than 0.1 M. Resonance Raman technique produces sim-
plified spectra compared to non-resonance one (relatively few signals). The reason is that

exploiting the resonance condition the enhanced signals are only those affiliated with the
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chromophores of the sample, giving to this technique a unique selectivity. This is very use-
ful to analyze samples with a very complex composition and follow only a precise species,
or to investigate molecules with large structures like biomolecules. Monochromatic radi-
ation in the ultraviolet region is generally used for resonance Raman spectroscopy, and a
tuneable source like a synchrotron is preferable. Indeed, only one laser is not sufficient to
investigate multiples samples in which each one requires a different excitation wavelength.
Synchrotron sources allows the user to switch the excitation wavelength as near as possible
to the chromophore’s electronic transition. By means of resonance Raman spectroscopy;, it is
also possible to record the excitation profile of a particular Raman active mode. In fact, for
each Raman active mode, it is possible to follow the signal intensity variation as a function
of the excitation frequency into the absorption band. The result, called excitation profile, re-
produces the vibronic transition associated with the particular normal mode, before that the
system relaxes from the electronic excited state levels. To perform this kind of experiment a

tuneable and highly monochromatic source, like synchrotron one, is requested.

2.1.4 Synchrotron set-up

UV Resonance Raman (UVRR) spectroscopy is a very valuable tool for collecting chemically
specific information about a large variety of systems, due to the fact that organic molecules
exhibit many and strong absorption transitions in the UV range. However, the full exploita-
tion of UVRR spectroscopy would require to overcome some critical issues, manly related

to the need of UV sources with appropriate characteristics.

1. Until now, little is known about the electronic transitions that occur in the UV region
below 7 eV (~ 180 nm) due also to the difficulty of vacuum-UV spectral measurements
required for exploring this range. The importance of extending the UV domain lies in
the possibility to cover the whole range of outer electronic transitions in matter (i.e.

up to ~ 10 — 15 eV) by selectively exploring specific orbitals and bands.

2. By using a continuously tunable excitation source it is possible to map the whole res-
onances range of the sample in order to achieve a fine matching between the exciting
radiation energy and the resonance conditions of specific chromophores. This allows
to perform, for examples, accurate UVRR measurements not biased by self-absorption

effects.
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The optical set-up developed at the BL10.2-IUVS beamline (Elettra synchrotron facility, Tri-
este, Italy) exploits a tunable UV synchrotron radiation (SR) source for exciting and collect-
ing UVRR spectra from different kinds of samples, i.e. solids, liquids and gels.

Figure 2.6 shows the technical layout of the instrument [27].

Spinning
£ == system

Temperature
controlled holder

Switching mirror

Czemy-Tumer
Monochromator
f=750nm

FIGURE 2.7: Technical layout of the SR-based set-up for UVRR measurements
at BL10.2-IUVS beamline (Elettra synchrotron facility, Trieste, Italy).

The 32 mm undulator inserted in the radiation source of the beamline generates linear
polarized SR with energy ranging from 4.4 to 11 eV (corresponding to wavelengths between
about 113 and 280 nm) [28]. The main advantage of this undulator design is the strong re-
duction of the total on-axis power density that is achieved with no penalty on the useful
photon flux in the first harmonic of the emission spectrum. The beam coming from the SR
source is cleaned from the higher order harmonics of the undulator through two mirrors.
A first gold coated GLIDCOP, internally water-cooled, deviates the photons in the vertical
plane with an angle of 60° and a second externally water-cooled silicon mirror is used to
bring back the beam parallel to the floor. Finally, a silicon switching mirror is used to guide
the SR to the UVRR stage instead of the conventional high resolution inelastic UV scatter-
ing (Brillouin) spectrometer. Suitable UV-enhanced coating mirrors (with reflectivity of 90%
in the whole range 250-185 nm) are used to route and focus the SR radiation into the en-
trance slits of the monochromator (see figure 2.7). Overall the transport system delivers to
the monochromator UV radiation with power of ~ 10 mW (at A = 270 nm of wavelength)
with a typical bandwidth of 4* ~ 0.01, corresponding to &~ 350 cm~!. The SR radiation
is monochromatized trough a Czerny-Turner monochromator (Acton SP2750 produced by

Princeton instruments) operating with three exchangeable flat holographic gratings with



20 Chapter 2. A survey of Resonance Raman and Transient Grating techniques

1800, 2400 and 3600 groves/mm. The maximum wavelength resolution at 270 nm provided
by the monochromator is &~ 0.012 nm which corresponds to a half-width of ~ 1.6 cm~L.
After the monochromatization, the UV beam is collimated by a lens and transported to the
Raman analyzer system and the incident beam is focused on the sample and collected in
back-scattering configuration trough plan-convex lens and mirrors. In this configuration
the typical size of the beam spot on the sample is of few mm?. The Raman signal is ana-
lyzed by a three-stages spectrometer (IriVista 557, Princeton Instruments) where each stage
is equipped with a selection of flat holographic gratings (1800 and 3600 groves/mm) op-
timized for both UV and visible radiation. Finally, the scattered photons are detected by
a peltier-cooled UV-enhanced CCD camera. The calibration of the spectrometer is stan-
dardized using cyclohexane. Polarized parallel (VV) and depolarized orthogonal (HV) UV
Raman spectra can be collected by inserting in the optical path a Fresnel Rhomb Retarders

(Half-Wave Retardance with broader wavelength range) and polarizers (see Figure 2.7).
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2.2 Heterodyne Transient Grating Spectroscopy

In spontaneous Brillouin scattering the applied optical fields are sufficiently weak that they
do not alter the acoustic properties of the material system, and the incident radiation is
scattered by the sound waves that are thermally excited. Whereas in impulsive stimulated
Brillouin scattering the excitation laser fields are sufficiently intense that they are able to
give rise to density and pressure variations by means of the electrostrictive effect. The probe
laser field is then scattered by the refractive index variation that accompanies these density
variations [17]. The Tranisient Grating experiment can be complexly described as an impul-
sive stimulated Brillounin scattering event.

In this section the Transient Grating experiment is described giving some theoretical back-
ground, and describing the problem in the context of Four-Wave Mixing (FWM). More
specifically, the subsection 2.2.1 introduces the Transient Grating experiment, which is the-
oretically described in the subsection 2.2.2. The last two parts, 2.2.3 and 2.2.4, describe the
experimental details in terms of the used optical set-up, the data collection and the fitting

procedure [18].

2.2.1 Description of Transient Grating experiment

At the end of the 1970s it has been discovered that it was possible to take access to important
information on the dynamical properties of a material [29, 30], probing the relaxation of the
spatial periodic modulation of its optical properties, previously induced by the interference
field of two pump beams [31]. This kind of experiment takes the name of Transient Grating
(TG) Spectroscopy.

In a TG experiment a single high power laser beam is divided in two pulses. These two
excitation pulses, E.y1 and E,y, interfere and produce into the sample an impulsive spatial
modulation of the material optical properties (i.e. index of refraction and absorption coeffi-
cient). The induced modulation of the optical properties of the material, is probed through
a continuous-wave (CW) third beam, where the whole temporal response is recorded in a
single laser shot. This peculiarity enlarges the temporal window of the experiment from
nanoseconds to milliseconds, allowing to cover a wide range of scale times, over which the

polymers and gels relaxation dynamics occur.
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The pump beams produce two acoustic pressure waves (i.e., two longitudinal bulk ultra-
sonic waves), which counter-propagate in the g-direction; their superposition creates a sta-
tionary wave. The probe beam is scattered by the standing wave, which produces the os-
cillations in the acoustic signal. A schematic drawing of the TG experiment is reported in

figure 2.8.

FIGURE 2.8: Schematic drawing of a transient grating experiment. Two exci-

tation pulses, E.yc1 and E,y» induce an impulsive spatial modulation of the

dielectric constant with step A. The relaxation of the induced transient mod-
ulation is probed by the Bragg scattering of a third beam, Epy,.

The spatial modulation (A) of the optical properties within the sample is characterized
by the wave vector (q), which is given by the difference in the wave vectors (k; — k2) of the

pump pulses (see figure 2.8). The modulus of q is given by:

477 sin O,y

. (2.18)

where A,y and 0,, are the wavelength and the incidence angle of the exciting pulses, re-
spectively. It is possible to have the modification of the optical properties of the material
in the real part of the index of refraction, building up a birefringence and/or phase grating;
or in the imaginary part, giving a dichroic and/or amplitude grating. Which is the type of
grating that is built up, depends on the energy of the pump pulses. If the energy matches
some absorption of the sample, then a dichroic-amplitude grating is formed, otherwise only
a birefringence-phase grating is present. Several interactions between the excitation pulses
and the material could take place, inducing a variation of the optical properties of the sys-

tem, and thus building up the grating. One important effect is the weak absorption, in the



2.2. Heterodyne Transient Grating Spectroscopy 23

near infrared spectral region, due to the presence in the sample of harmonic/combination vi-
brational bands. The excess energy due to the pump absorption builds up a density grating
via thermal expansion, giving rise to a pressure grating. The pressure launches two counter-
propagating acoustic waves whose superposition makes a standing wave. This wave oscil-
lates with a period defined by the material sound velocity and by the used experimental
conditions (q value). Generally, this acoustic oscillations decays in time with an exponential
law, whose decay time is determined by the sound damping rate. Besides acoustic waves,
the temperature grating, supports a constant density grating, that relaxes by thermal diffu-
sion, with a different exponential law, much longer than the acoustic oscillations damping
time.

Another important interaction channel, able to give rise to a density grating, is represented
by the electrostrictive effect. The interference field induces an electric dipole in every molecule,
giving rise to a migration of the induced dipoles in the regions of the maximum of the elec-
tric field gradient. Contrary to the absorption effect, this grating produces the same acoustic
standing wave but with a phase difference of 71/2 with respect to the grating produced by
the weak absorption. Through the electrostrictive effect it is only possible to produce acous-
tic waves.

In anisotropic materials, other possible effects could take place: the rotation-translation cou-
pling effect and the induced birefringence directly by the electric field. The rotation-translation
coupling is generated by the alignment of the molecules due to the molecular velocity grat-
ing or strain grating, which is created by thermal and electrostrictive effects. The pump
induced birefringence is related to the molecular distortion and partial alignment due di-
rectly to the pump electric field. Both these effects produce a birefringence grating.
Therefore, the exciting fields produce three excitation forcing terms that drive the material
modes: a heat deposition that drives directly the temperature, an electrostriction that drives the
velocity and an electric-torque that drives the local orientational distribution of the molecules.
All of these forcing terms are normally present but, depending on the radiation-material in-
teraction nature, some of them may not be effective. The excitation modifies the dielectric
constant of the material, whose relaxation is directly connected with the relaxation functions
of the material modes (i.e. temperature, velocity and orientation). Which mode is really ef-
fective in defining the dielectric relaxation depends on which one of the forcing components
is active and on the equations governing the mode dynamics [17].

It is possible to insert the diffraction process generated by a transient grating, in a more
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general context concerning the light-matter interaction. Indeed, several approaches, with
different level of complexity, can used to describe this phenomenon.

The simplest approach is the one described above, i.e. to consider the excitation and the
probing as separate processes and to use a complex refractive index to account for dichroic-
amplitude grating or a birefringence-phase grating.

The most complex approach is to consider TG experiment as an impulsive stimulated scatter-
ing event. In this description, the two pulses excite coherently the molecular modes, and the
probe measures the relaxation of the induced coherence. The description of the experiment
in this terms needs a totally quantistic approach.

Another rigorous approach is to consider the problem in the framework of nonlinear optics,

in particular in the Four-Wave Mixing (FWM) context [32, 33].

2.2.2 Four-wave mixing description

Non-linear optics is the study of phenomena that occur as a consequence of the modification
of the optical properties of a material system by the presence of light. Non-linear optical
phenomena are "non-linear" in the sense that they occur when the response of a material
system to an applied optical field depends in a non-linear manner on the strength of the
optical field [34]. In the case of conventional (i.e. linear) optics, the induced polarization
depends linearly on the electric field strength by the relationship:

P(t) = eoxWE(t) (2.19)

where the constant of proportionality x(!) is the linear susceptibility and e is the per-
mittivity in the free space.
In non-linear optics, the optical response can be described by generalized equation 2.19 by

expressing the polarization P(t) as a power series in the field strength E(t) as:

P(t) = eo[xWE() + xPE2(t) + XD E3(t) + ..
(2.20)

= PU(t) + P*(t) + P3(t)

the terms x(?) and x(®) are known as the second- and third-order non-linear optical sus-
ceptibilities, respectively.

The TG experiment is a time-resolved optical technique, based on the third-order non-linear
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optical response (i.e. those described by a x(®) susceptibility). Therefore, it is useful to define
theoretically the non-linear polarization in condensed matter using a perturbative approach.
In the perturbative approach, the third-order polarization P?(r,t) at the point r and at the
time t for homogenous media can be written as spatial and temporal convolution of the

electric field with a response function:

Pi(3)(r,t) = /drldrzdrg/dtldtzdt:;

3
Rz(]k)l(r — 1", r—7y,1— 1’3,f — tl,t — tz,t — t3)- (2'21)

Ej(r1,t1)Ex(r2, t2) Ey (73, t3)

E; is the total classical electric field, which is the sum of the three incoming fields (the
two pumps and the probe) and the indices i, j, k, [ refer to the x, y, z component of P(®) and
E.

The function Rff;{)l is the third-order response function, that contains the complete microscopic
information about the system and hence about all its equilibrium dynamic properties.
Assuming the validity of the Born-Oppenheimer approximation (i.e. the incident electromag-
netic energy is much lower than any electronic transition) it is possible to express the third-
order polarization as the sum of an electronic and a nuclear contribution. The electronic
part, for a given nuclear equilibrium position, takes account of the material’s instantaneous
response that arises from the non-linear distortion of the electronic clouds. This response
is temperature independent at fixed density. The second term, instead, describes the polar-
ization due to changes in the nuclear configurations induced by electronic distortions and
generally is strongly temperature dependent.

Assuming that the energy of the fields is lower than any nuclear resonance it is possible to
separate the excitation and probing processes. Furthermore, considering the probe beam
intensity weaker than the pump one, and the excitation pulses much shorter than the relax-
ation time, it is possible to neglected the probe field in Ex(r,t ) and E;(r,t), and consider it

in E;(r,t) outside the integral:

PP (r,t) = EP(1,1)

i i ! ! i i ! i (2.22)
/dr /dt RUSD (r ¢ — (VES (7, £ )EL) (7 )
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E l.(m) (r',t) is the field sum of the two pump fields and E](p r0) (r,t) the probe one.
The excitation pulses produce through the third-order susceptiblity a linear dielectric con-

stant change (¢;)):

Seij = 471/6[1’, / dt’R%ld)(r —r = tl)Elgm) (r, t’)El(Cxc)(r/, t) (2.23)

Then the probe field interacts linearly with the medium giving a polarization P(®). There-

fore it is possible to rewrite the equation 2.22 as:

(3) _ p(pro) 1
P, (r,t)—E].pm (r,t)Eéeij(r,t) (2.24)

This polarization P®) become the source of the scattered field [18].

Excitation Process
The excitation process produces a dielectric constant change, as expressed by the relation
2.23, that is convenient to express in the g-space. Indeed in a TG experiment the interesting

quantity is a g-component of the spatial Fourier transform of €;;.

(561‘]'([], t) = 47T/dt,R5;;(l;Cl)(q,t — t,)Fkl<q, t,> (2.25)

where Fy;(g,t') is the spatial Fourier transform of:

!

Fu(r,t) = E% (¢

e (o EVECI () (2.26)

Considering that the spot sizes of the excitation pulses (mm) are much larger than the
induced grating spacing (um), we can approximate the excitation fields as plane waves,

expressing it as:

ESZCXC) (7’, t) - énEexc(t)Bxp[i(kn T — Wexct)] + C.C.;
(2.27)

n=12,..

Ecxc(t) is the pulse time profile. The two excitation pulses are time coincident, and have
the same frequency and intensity. Furthermore, the induced grating is instantaneous be-
cause the excitation pulses are much shorter than the oscillation period of the excited mate-

rial modes. All this considerations allow to consider an ideal excitation state.
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If we consider the equation 2.27 it is possible to rewrite the expression 2.26, and the excita-

tion terms become:

Fy(r, t) = 2E? (#)[(E1xb11 + éxxfy1) + cos (‘10 1)Uy (2.28)

(exc)

It has been defined the tensor Uy = (é1x81; + éxé21), and go = k1 — ko.

It is convenient to express the equation 2.28 in the g-space, obtaining:

Fa(q,t) = 2m)% (exe)0 (1){20(q) (81lus + Eaéay)

+[6(9 — q0) + (9 + q0)|Uxs }

(2.29)

The term e%m) is proportional to the pump field energy. The §(g) term represents a

spatially uniform excitation that does not contribute to the induced grating. While the other
two terms [5(q — go) + 6(q + qo)] contribute to build up the induced grating [18].
Scattered Field

As shown by the relation 2.24, the polarization P(®) becomes the source of the scattered field.
In this section the relation that describes the scattered field by the induced P®) will be ex-
pressed. As a first approximation we can consider that P(® is entirely generated by the
pumps and probe beams and that their propagation is unaffected by the scattered beam.
According to this approximation, the excitation and probe beams propagate in the medium
with negligible modification. Using the Green’s function approach and the equation 2.24 to

express P(3), the following result for the scattered field is obtained:

Esig(r,t) o —/dtd3’
Cm
(2.30)

572 [5e(r t) - Epro(r, 1))

cm is the speed of light in the medium.
Then considering the probe as CW field E,, (1, t) = Epm( Yexpli(kpro -7 — Wppo - t)] + c.c., in-
troducing the slowly varying amplitude approximation for de, and performing the integral

in dt , the scattered field equation becomes:
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2
w /
Esig(”/ t) X szro /d?’i’

r =] cm (2.31)

To further simplify the scattered field expression, it is reasonable to assume that the size
of sample is small compared to the distance r, and to center the coordinate system at 7y = 0.
Taking account for these approximations, the terms of the equation 2.31 are simplified to,
lr—#| =rand |r —#| = r — 77 in the denominator and in the argument of exponential,
respectively. In addition it is possible to suppose that the frequency change between probe

and diffracted beams is negligible. Therefore, the equation 2.31 becomes:

wz ’ ’ . L / ’
Esig(r, t) o % /dSr Oe(r , tyro)exp(iwprot pro — iqr )Epm(r )+ c.c. (2.32)

Considering the spot size of probe much larger than 277/g, the integral is the spatial

Fourier transform of de(r, t)

w2

Esig(r, t) o CZO de(q, tpro) - E;,mexp[i(ksig 1 — Wppot)] + c.c. (2.33)

Taking account of all the introduced approximations, the equation 2.33 shows how in a
TG experiment, the scattered field has the same probe frequency wy,, and an amplitude
directly proportional to the dielectric tensor change de(q, tpm), and thus to the response
function R through the relation 2.25 [18].

Measured Signal
The effective signal measured in a TG experiment can be introduced using some of the ap-
proximations used above to describe the pump and the probe fields. The expression of the
forcing term, 2.29, that induces the variation of the material’s optical properties, and that
of the field scattered by the grating, 2.33, are introduced in the relation that expresses the
response of the material to the perturbation induced by the pump fields, 2.25.

Obtaining the following relation for the dielectric constant:

de(q,t) < R(qo, t)[0(q — q0) + (g +q0)] - U (2.34)

where R and U are the response function tensor and the tensor described in the expres-

sion 2.26, respectively.
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Therefore, the scattered field becomes:

2 2
pro€exc

Egig(r, t) o 2 [06(g —q0)+6(qg+4q0)]-U- E;m x expli(ksig - 7 — Wprot)] +c.c. (2.35)

The two g-space 6 functions express the Bragg condition for a thick grating delineated
in section 2.2.1 and they fix unambiguously the propagating direction of Egjq : ksig = +q0 +
kpro. Assuming that the probe beam is a CW field incident at the Bragg angle and omitting

the temporal delay, we get:

2 2 2
Whoro€exc€pro

Esig(r, t) o 2,

[R(q,t) - U - epro] x expli(ksig - ¥ — wWprot)] + c.c. (2.36)

where E;m = €profpro; thus the scattered field is directly proportional to a projection of
the response function, R.

Using the heterodyne detection (HD), it is measured:

SHP(q,t) = 4(Eioc - Esighopec. % ExcEprotioc(d - R(q, ) - U - épro) (2.37)

where Ej, = €04 is the local field, obtained by taking a part of the probe beam. Indeed,
Ejoc is a CW field with the same frequency of the probe one and is collinear to the signal

field.

SHP (g,1) < € e proR(q, 1) (2.38)

where R(g,t) is the projection of response function tensor on the pumps, probe, and
detection field polarization directions. The expression 2.38 shows the relevance of the het-
erodyne detection, that allows to directly access the dynamics of the response function [18].
Response Function
The response function can be described thought models based on hydrodynamic description
of the sample. This approach has been particularly successful for the interpretation of TG
results on complex liquids. According to these models, two contributions in the response

function can be identified.

(nucl) _ (ISBS) | 1(ISTS)
Ri]'rilf = Rij + Ry (2.39)
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ISBS stays for impulsive stimulated Brillouin scattering and ISTS for impulsive stimu-
lated thermal scattering. The first contribution is always present, while the second is present
only if a thermalized light absorption takes place. The ISBS response describes all the signal
contributions generated by the excitation laser interaction with the fully nonresonant part
of the liquid dielectric constant (i.e., the electrostriction and electric-torque forcing terms).
The ISTS response is that induced by laser heat deposition in the sample (i.e., by the ther-
malization of molecular states excited by the laser absorption).

The ISBS response can be directly connected with the correlation functions of the dielectric

constant, because verifies the fluctuation—dissipation theorem.

o(t) o
R 0.0) o Geuta D —.1) 240

6(t) is the Heaviside step function, kp is the Boltzmann constant, and T is the tempera-
ture. Equation 2.40 expresses and connects the nonequilibrium response function to equi-
librium properties, in particular to the correlation function of the dielectric constant fluctu-
ations ordinarily measured in a light scattering experiment.
The response functions, both of ISBS and ISTS type, can be expressed as a sum of elementary
response functions, which are strictly related to the Green’s functions of the hydrodynamic
equations. Each elementary response functions describes a single excitation—propagation—detection

process taking place in a TG experiment.



2.2. Heterodyne Transient Grating Spectroscopy 31

2.2.3 Optical set-up

The scheme of the lasers and the optical set-up, built up in the LENS laboratory to perform

HD-TG experiments, is shown in figure 2.9.
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FIGURE 2.9: Laser system and optical set-up in a HD-TG experiment.

Infrared pump pulses at 1064 nm wavelength with temporal length of 20 ps are produced
by an amplified regenerated oscillator (Nd-YAG EKSPLA PL2143). The probe beam, at 532
nm wavelength, is produced by a Nd-YVO (Verdi-Coherent), that is a CW single-mode laser.
To avoid any undesirable thermal effects on the sample and to not burn the photodiode,
the Nd-YVO (Verdi-Coherent) laser energy has been reduced. To do that the CW beam is
limited in a time window of about 1 ms every 10 ms, by using a mechanical chopper that is
synchronized with the excitation pulses (see figure 2.9).
To properly measure the natural damping of the induced acoustic oscillations, as shown
in figure 2.10, the pump beam is focused with a cylindrical shape to have on the sample an
excitation grating extended in the g-direction (about 5 mm), while the probe beam is focused
to a circular spot in order to have a probe area with smaller dimensions in g-direction (about
0.5 mm). Without this geometry of the beams, an acoustic damping due to geometrical
reasons could be probed, affecting the detection of the natural damping time of the sample
[35, 36]. This latter is properly extracted if it is shorter, compared to the geometrical damping
time. Since in our samples the natural damping time is quite long (tens and hundreds of ns),
a very precise alignment of the pump and the probe beams is required in order to measure
the natural damping. Therefore, the alignment is done through a camera, which permits a

micrometric control of the centering and of the spatial superposition of the beams.
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FIGURE 2.10: Picture of the spatial superposition of the pump beam (red beam
with cylindrical focus) and the probe beam (green beam with circular focus).

Then, the two beams are collinearly coupled by the dichroic mirror and are sent on the
grating phase. By choosing different spacing of grooves of the grating phase, it is possible to
easily change the angle between the exciting beams and consequently the g-vector induced
in the sample. For the latter reason, we use a phase mask composed of six phase gratings
characterized by different spacing, able to produce on the sample the following g-vector
values: 0.63, 1.00, 1.39, 1.79, 2.09 and 2.51 ym_l (if the achromatic doublet lenses have the
same focal length) [37, 38].

The grating diffracts the beams, and the zero order is stopped, while the first order beams
are used to produces the two excitation pulses (E,y), the probe beam (Epm), and the local
field (Ejo). These beams pass through a doublet of achromatic lenses both with focal length
160 mm. The second lens of the achromatic doublet recombines and focuses the beams on
the sample, in order to reproduce the same spatial modulation of the phase mask. The ref-
erence beam (Ej,) is attenuated by a neutral density filter, and adjusted in phase by passing
through a pair of quartz prisms, to produce a heterodyne detection. The HD-TG signal is
optically filtered and measured by a fast avalanche silicon photodiode with a bandwidth
of 1 GHz (APD, Hamamatsu). The signal is then amplified by a DC-800 MHz AVTECH
amplifier and recorded by a digital oscilloscope with a 7 GHz bandwidth (Tektronix). The
temporal resolution of the experiment does not depend on the pump pulse width, but only

on the bandwidth of the detection system.
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2.2.4 Data collection and fitting procedure

The data are recorded using the heterodyne detection, characterized by the superimposition
of the signal and the reference fields to the detector, which records their interference. The

scattered field can be written as:

Esig(t) = éegig(t)expli(ksig - v — wt)] + c.c. (2.41)

since &4 (t) is a complex function, it has been chosen a reference field with the same
wave-vector, direction and frequency of Eg(t) and with a constant amplitude Ejo(t) =
eejocexpli(ksig - v — wt + @)] + c.c., (¢ is the optical phase between the signal and the reference

field). As a consequence, ¢/, is a real amplitude and the heterodyne signal is:

S(t) - <‘Ei + Eloc’2>o .C.
8 ’ (2.42)

= Lijg(t) + Tioc + 2{Relesig(t)]eroccos(@) + Imesig(t)]eocsin(@) }

the first two terms of the equation 2.42 are the homodyne contribution and the local field
intensities respectively. The third term represents the heterodyne contribution. High local
field intensities make the homodyne contribution negligible and the temporal variation of
the signal is dominated by the heterodyne contribution. This latter is directly proportional
to the signal field, and not to its intensity as for the homodyne contribution. The heterodyne
term (between curly braces) can be experimentally isolated by subtracting two signals char-
acterized by different phases. In addition, the heterodyne detection enables the cancelling
of eventual spurious contributions present in the signal. We recorded two HD-TG signals
with different phases of the local field, the first signal S with ¢ = ¢ and a second one S_
with ¢4 = ¢¢ + 7, we then subtracted S_ from S.. This procedure extracted the pure HD
signal from the not phase sensitive contributions, including the homodyne and local field

ones:

SHP(t) =[S+ —S-]
(2.43)

= 4{Reesg(t)]e10ccos(po) + Imesig(t)]eocsin(@o) b

In a TG experiment, the dynamic birefringence-phase and dichroic-amplitude gratings

are linked to Relesig(t)] and Imles;q(t)], respectively. It is evident that choosing @ = 0 or
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o = 71t/2, and substituting the values in the relation 2.43 it is possible to extract only the
real or the imaginary part of [eg;(t)], selectively measuring the dichroic-amplitude or the
birefringence-phase contribution.

When the dichroic-amplitude grating is negligible, [e4;,(t)] is real and the heterodyne term

is €5i¢ (t)€10cc05( @), then choosing ¢ = 2n and ¢ = (2n + 1)7t, with n integer, we obtain:

SHD(t) =[S+ —5-]= 4€sig<t>€loc (2.44)

In a HD-TG experiment the pump fields interacted with the material, inducing into the
sample a density grating; this is build up by both a weak absorption of the laser pulses
and the electrostriction effects. The absorption was due to the presence in the sample of
harmonic/combination vibrational bands having frequencies resonant with the laser wave-
length, 1064 nm. The electrostriction was due to the migration of the induced dipole in the
regions of the maximum of the electric field gradient. These mentioned effects produced
two standing acoustic waves characterized by a phase difference of 71/2. Both the standing

Ty

waves decayed in time with the exponential law, e 14!, The laser absorption phenomena

induced in the sample a third interaction effect, the thermal grating. This is static grating
that decays through the heat diffusion processes; represented by the exponential law, e~ 4.
The thermal diffusion time constant, Ty = %, was typically much longer than the damping
time of the acoustic oscillation, T4 = ﬁ.

The generalized hydrodynamic equations are used to express the transient grating signal,
taking account of the complex aspects of the relaxation dynamics of the soft materials, such
as the viscoelasticity. In the present thesis the hydrodynamic models and all the mathemat-

ical steps leading to the S"P are not reported, but only the expression that has been utilized

to perform the fitting of the measured HD-TG signal is indicated [18].

SHD — Ae~Tat cos (wat) + Be T4l sin (wut) + Ce Th! (2.45)

The fitting parameters are: the acoustic angular frequency, w,, the acoustic damping
rate, I'4, the thermal decay rate, 'y, and the corresponding amplitude constants, A, B and
C. In this thesis, the attention is focused on the speed of sound, Cs = w4 /g, and the acoustic
damping rate, I'4. The relative uncertainties associated with these values are those related
to the fitting procedure, which are Aw,/wa < 0.1% and AT’ 4 /T 4 < 1%, respectively.

The measured signal expands over a very wide time range, therefore, in order to have a good
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sampling of all the dynamic processes, it is necessary to acquire two time scales. We record
the data using a fast time window ( 0-80 ns range with a 50 ps time step of sampling) and
a long one ( 0-2 us range with 800 ps time step). The measurements are merged in a single
data file. Each track is the average of 1000 records, this procedure produces an excellent

signal to noise ratio.
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Chapter 3

Glutathione hydration in pure water

and in water/salts mixtures

Environmental conditions such as pressure, temperature and all properties related to the
solvent such as pH and ionic strength play a fundamental role in the correct structuring
and functioning of biomolecules. Water is the most common solvent in living systems, and
water molecules surround and interact with biomolecules, exerting a strong influence on
their structure, flexibility, and functionality. Biological molecules like nucleic acids, proteins
and peptides play their role in aqueous environment and often in presence of high salt con-
centrations. Understanding the function that salts perform in affecting the biomolecules
behavior is not a scientific trivial problem and is crucial to the correct comprehension of
their mechanism of action. Indeed ions have a key task in a huge number of biochemical
processes, and can interact directly with the surface of the biomolecule or can modify its
solvation shell by acting on the water hydrogen-bonding network [39]. The parameters that
influence the interactions between ions and biomolecules are manifold i.e. the ions steric en-
cumbrance, the charge density, the possibility to establish hydrogen bonds and the tendency
to exist in solution as ionic pair. The effect of salts on biomolecules has been studied for the
first time by Hofmeister and summarized in the so-called “Hofmeister series”, that reflects
the capacity of ions to stabilize or destabilize the proteins native structure by influencing the
surrounding water network [40, 41, 42]. Based on this ability it is possible to divide ions into
kosmotropic and chaotropic. The first have high charge density, therefore ion-water inter-
actions are stronger compared to water-water ones. This phenomenon increases the water
structure, shifting the equilibrium to low-density water. Instead, the chaotropic ions have
the opposite effect [43]. The understanding of ions effect on proteins and peptides stability

[44] based on the Hofmaister series is not always correct because ions can interact with the
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molecule surrounding water or can directly penetrate into the water layer and interact with
the peptide surface [45]. Moreover the Hofmeister ions effect become important when the
electrostatic forces are screened by high salt concentrations, while at low salt concentration,
ions affect peptides mainly via electrostatic interactions [39]. Recently the scientific world
has gained great interest in a new category of salts namely ionic liquids (ILs). They are a
wide class of molecules able to stay as molten salts at room temperature [46]. In order to
deeply understand and fining tune the solvation environment of biomolecules, it is possible
to use ILs as co-solvents or as pure solvents. ILs are formed by an organic cation linked
with an anion. By tuning the typology of ILs i.e. changing the cation and the anion, or
regulating the molar fraction between ILs and water, it is possible to control and improve
different properties of the systems like reaction reactivity, aging and thermal stability of
biomolecules in solution [47]. The structure of the solvation network created by ILs could
be complex due to the complexity of ILs molecules and the possibility to participate with
different types of interactions. The ability of ILs to solvate biomolecules mainly arises from
the directional short-range hydrogen bond interactions and the unidirectional long-range
electrostatic forces [48].

In this chapter, the solvation and the thermal behavior of the reduced glutathione (GSH)
in pure water [49], in a binary mixtures of water/inorganic salts and water/ionic liquids
have systematically been studied. It has been decided GSH as a case study for its relevance
in living systems. Indeed, GSH is a tripeptide present as a sub-major constituent in the
intracellular space of plants, animals and microorganisms, composed by three amino acid
residues, i.e. glutamic acid (Glu), cysteine (Cys) and glycine (Gly). It is the smallest thiol
existing in mammalian cells, with a concentration higher than mM [50]. As shown in fig-
ure 3.1, depending on the concentration of H3O™" ions in solution, glutathione coexists with
different percentages of its forms, namely GSH_,; and GSH_ 1, that differ for a protonated
(GSH_,1) and deprotonated (GSH_,12) glycine residue, respectively. In particular, in acid
condition (pH= 3) the tripeptide is present as GSH_,; (about 60%) and GSH_ 1> (about 30%)
[51].
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FIGURE 3.1: Structure of glutathione in its protonated (GSH_,;) and deproto-

nated (GSH_,12) forms; this two forms are in equilibrium with each other. In

acid condition (pH= 3) the tripeptide is present as GSH_,; (about 60%) and
GSH_ ;15 (about 30%).

The major role of glutathione is in the enzymatic reduction of hydrogen peroxide and
other peroxides, and in general in the protection of cell components against oxidation for
maintaining a reducing cellular environment. Indeed, the thiol group of GSH is a power-
ful reducing agent that has, as a target, the Reactive Oxygen Species (ROS). The tripeptide
exists in the organisms in its reduced (GSH) and oxidized (GSSG) states, and maintaining
an appropriate ratio between these two forms is fundamental to prevent cellular oxidative
stress. If there is a deficiency of GSH in the cell environment, there is the risk of membrane
oxidation, which is related with the onset of a great amount of pathologies [52, 53, 54].

The different hydration condition in terms of temperature, pH, GSH concentration and dif-
ferent ions has been investigated, with the aim of correlating some of the Raman spectral fea-
tures to specific peptide structures and to the description of interaction of water molecules
on the peptide bond. In addition, short peptides as GSH, even though lacking many fea-
tures of the longer amino acid chains, can be considered as a model systems for examining
peptide-water interactions that are crucial to biological activity and for water accessibility.
The investigation of peptides behaviour in aqueous environment is key to understand how
proteins are able to perform and maintain at different conditions their functions within the
human body [55]. Thus, a description, at the atomic scale, of peptide hydration in different
environmental conditions can provide insights on still open and important issues, like pro-
tein folding and association as well as protein-ligand binding processes [56].

The vibrational spectroscopic techniques, such as infrared absorption and Raman scattering,
are extremely sensitive to the intra- and inter-molecular interactions, and therefore they are
very useful for providing insights on possible correlations existing between conformational
changes in peptides and proteins and the molecular properties of the hydration water. In

order to study GSH in aqueous environment, Raman scattering is certainly one of the most
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suitable techniques. Compared to infrared absorption, Raman spectroscopy have the ad-
vantage to be particular sensitive to the amide signals even in diluted conditions (i.e. few
mg of peptide for ml of solution), because of the weak interference of the small Raman
cross section of the OH bending mode of water. Moreover, both selectivity and sensitiv-
ity of the technique can be dramatically improved, by resonance effect, by exploiting UVRR
spectroscopy that greatly enhances specific vibrational signals of targeted molecular groups,
through an appropriate tuning of the excitation wavelength [57, 58, 59].

Thanks to the analysis of UVRR spectra of water-GSH solutions in a wide wavenumber
range between 1000 and 4000 cm ™!, it is possible to simultaneously follow, as a function
of the investigated parameters, the changes of the signals arising from peptide backbone
(Amide vibrations, 1200-1800 cm™!) [60, 61], and from water molecules (OH stretching
bands, 2800-3800 cm~1!). The bands that fall in these vibrational ranges can be used as sensi-
tive spectroscopic markers of the GSH structure and of the hydrogen-bonding environment
of backbone and side-chain groups of the tripeptide [49]. The experimental results are com-
pared with theoretical ones in order to obtain a detailed view of the solvation environment
around GSH molecules which is responsible for its conformational changes. Among the var-
ious computational techniques, molecular dynamics (MD) simulation is the most powerful
tool to understand the details of solvation processes at molecular level. For performing the
MD simulations and quantifying the interaction of GSH with the ionic liquids and the inor-
ganic salts in the aqueous solutions the General Amber Force Field (GAFF) [62] is used. It
is worthy to mention that the general accuracy of GAFF in the case of ILs solvents has been
tested and GAFF is widely used in ILs simulations [63, 64, 65]. For analyzing MD simula-
tions, a radial distribution function (RDEF), g(r), is used to describe the distribution of solvent

molecules around specific molecule or atom.
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3.1 Experimental methods

3.1.1 Samples preparation

Glutathione GSH (C10H17N306S, y-L-Glutamyl-L-cysteinyl-glycine) is purchased from Sigma
Aldrich (> 98.0 %) and used without further purification. Aqueous solutions of GSH are
prepared by dissolving GSH in doubly distilled deionized water at different concentration,
ranging from 160 to 20 mg/ml. The pH of these solutions is measured by using a standard
pH meter. By dissolving the tripeptide in water without the addition of other substances, the
pH of the solution reaches the value of 3.0. Instead, small amounts of KOH were added to
the solution of GSH to regulate the pH to 8.0 up to a final concentration of KOH correspond-
ing to 1 uM (three order of magnitude less than the concentration of peptide). Deuterated
GSH solution at concentration of 20 mg/ml is prepared by dissolving the tripeptide in deu-
terium oxide (99.9 atom % D, Sigma Aldrich).

GSH-water /salts solutions has been prepared dissolving 20 mg/mL of the tripeptide in dou-
bly distilled deionize water, reaching a concentration of 0.07 M and pH 3.0. The used salts
are dissolved in different quantity based on the respective molecular weight, in order to
have an equimolar condition with GSH molecules. All solutions are freshly prepared and

placed into a 1 cm path quartz for UV Raman measurements.

3.1.2 UVRR spectra

UV resonance Raman (UVRR) experiments using synchrotron radiation (SR) are carried out
at the BL10.2-IUVS beamline of Elettra Sincrotrone Trieste (Italy) [27], described in detail in
chapter 2 in the subsection 2.1.4.

The exciting wavelength of Raman spectra has been selected in the range between 210 and
270 nm by varying the range of the undulator gap between 25 and 19 mm. A Czerny-
Turner monochromator (Acton SP2750, Princeton Instruments) is used to monochromatize
the incoming SR. The UVRR spectra are collected in a back-scattered geometry by using a
triple stage spectrometer (Trivista, Princeton Instruments). The spectral resolution is set to
about 15 cm~! for SR experiments in order to have a sufficiently high signal to noise ratio.
The calibration of the spectrometer is standardized using cyclohexane (spectroscopic grade,
Sigma Aldrich), which does not absorb UV within the wavelength range of interest. The
UVRR spectra of solutions collected in the OH stretching region (2000-4000 cm 1) are excited

with the wavelength of 266 nm provided by a Q-switched DPSS laser. In this configuration,
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the experimental resolution is set to about 5 cm~!. During all the experiments, the measured
power radiation on the solutions is kept sufficiently low (a few yW) to avoid possible photo-
damage effects or heating of the sample. The Raman spectra of solutions are acquired at
different values of temperature ranging from 5 to 50 °C. Visible Raman spectra recorded on
dry powders and aqueous solutions of GSH are collected at room temperature, by means
of a micro-Raman setup (Horiba-JobinYvon, LabRam Aramis) with a spectral resolution of

about 1 cm~!. The exciting radiation at 632.8 nm is provided by a He-Ne laser.

3.1.3 MD simulations

The MD simulations are carried out by the group of Prof. Babak Minofar at the Institute of
Nanobiology and Structural Biology in the Czech Republic.

For performing the MD simulations the General Amber Force Field has been used. The
starting structure for the salts has assembled in a simulation box containing an equivalent
amount of cation and anion. A total amount of 100 molecules cation and 100 molecules
anion are added randomly to reach the desired ILs concentration, in a cubic box with di-
mension 6.0 x 6.0 x6.0 nm® where the box later solvated by water molecules. For random
distribution of GSH in the simulation boxes Packmol package is applied [66, 67]. Even ions
and water molecules are randomly added to the simulations boxes, some unfavorable in-
teractions may occur in the systems therefore, minimization is required. For minimization
of the systems, steepest descent minimization procedure is used to remove all unfavorable
interactions. After minimization, all systems are equilibrated by performing 500 ps NVT
(Canonical ensemble) restrained simulations followed by 500 ps NPT (isothermal-isobaric
ensemble). Equilibration proceed with the production runs where the linear constraint
solver (LINCS) algorithm [68] is employed for all bonds involving hydrogen atoms and
short range non-bonded interactions are cut off by 1.2 nm. Long-range electrostatic inter-
actions are treated by the particle mesh Ewald method [69] procedure. For production of
initial velocities Maxwell-Boltzmann distribution is used for all simulations at 27, 47 and
67°C. V-rescale coupling algorithm is used [70] with the coupling constant of 0.1 ps to en-
sure constant temperature and pressure during the simulations. MD production runs are
performed in NPT ensemble for 100 ns at 27, 47 and 67°C where 2 fs time step is used. Data
for further analysis is stored in every 5 ps for all simulation. Gromacs 4.6.5 program pack-

age is used for performing MD simulations [71, 72, 73] whereas Visual Molecular Dynamics
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(VMD) is used for visualizations and preparation of snapshots [74]. For analyzing MD sim-
ulations, a radial distribution function (RDF), g(r), is used to describe the distribution of
solvent molecules around specific molecule or atom. RDF can be calculated according to

equation:

1
g(r) = PN<ZZ':;5V —1ij]) (3.1)

N is the total number of atoms, p = N/V is the number density, 7;; is the distance between

atoms i and j, and the brackets indicate the ensemble average.
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3.2 Results and discussion

3.2.1 Influence of GSH on the water H-bond network

In aqueous solution, the hydrophilic sites of peptides interact with water molecules, which
change their locations and orientations in the hydration shell around the solutes. As a re-
sult, depending on the entity of this destructuring effect due to the solute, changes in the
OH stretching band shape of water are observed. These changes, have been related to mod-
ifications of the water hydrogen bond network [75, 76]. Figure 3.2 shows the Raman OH
stretching band collected on GSH solutions at two concentrations (20 and 160 mg/ml) and
at two pH values, 3 and 8. Since it is known that the presence of ions affects the hydrogen
bond network of water [77, 78], the spectra of GSH are compared in figure 3.2(a) and (b)
with those of pure solvent at the same values of pH, 3 and 8 respectively. In this way, the
different effect of the two forms GSH_,; and GSH_,1> on the H-bond network of water can

be more reliably evidenced.
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FIGURE 3.2: UV Raman spectra (Aey.= 266 nm) collected at room temperature
for diluted and concentrated solutions of GSH at pH= 3 (panel a) and pH=8
(panel b). The Raman profile of acid (pH= 3) and basic (pH= 8) water is shown
in the same graph for comparison. The spectra are normalized to their maxi-
mum intensity. The results of the fitting procedure carried out for the spectra
of GSH/water at pH= 3 and concentration of 160 mg/ml are reported in panel
(a). Inset: difference spectra AI = I(GSH) — I(water) calculated for both pH
conditions.
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Figure 3.2 points out that the OH stretching signal results in a Raman broad band, due
to the sum of several components. The component at 3200 cm ! has been attributed to the
contribution of the more ordered water structures [79, 80] and it decreases as a function of
GSH concentration (figure 3.2(a) and (b)). The same trend is found for both GSH solutions
at pH= 3 and pH= 8. However, it is visible that the effect of GSH at basic conditions on
the ordered water H-bond environments is greater compared with that of the tripeptide in
acid solution, as evidenced by the difference spectra reported in the inset of figure 2. This
finding can be rationalized by considering that at pH= 8 glutamic acid is in its zwitterionic
form and cysteine remains with the same protonation state that has at pH= 3, while is sig-
nificantly greater the number of COO™ groups, due to the glycine deprotonation at basic
condition, that can perturb the H-bond of surrounding water.

To quantify the spectral changes described above, a curve-fitting procedure has been em-
ployed [81, 82, 83] to reproduce the whole OH profile by considering three distinct com-
ponents: a mixed Gaussian-Lorentzian function for the contribution arising from the more
ordered water structure (w; ~ 3200 cm™~!), and two Gaussian profiles for the contributions
assigned to the “closed” water structure where H-bonds are partially distorted and to the
OH groups weakly stabilized by H-bonds interactions (w, ~ 3450 cm ! and w3 ~ 3600
cm ™!, respectively). It is noteworthy that all these species have to be considered as formed
transiently during the H-bond reorganization of the water network [84]. In order to iso-
late the ordered water component from the Raman spectra of GSH solutions a simplified
approach, with respect to the many other decomposition methods introduced for the anal-
ysis of OH stretching band of water, it has been chosen. As recently shown in the case of
sugar-water solutions [85], the data handling used in this thesis represents a simple and
convenient tool for a comparative evaluation of the different extent of tetrahedral order in
aqueous systems. Figure 3.2(a) displays an example of the fitting results obtained for the
GSH solution at pH= 3 and concentration of 160 mg/ml. The relative amount of OH groups
involved in the more ordered water structure can be estimated by the quantity C(c), de-

fined as the relative area of the w; component, I, (C), with respect of the whole OH band,

Iiot(c) = Lo, (c) + L, (c) + Lo, (c):

C(C) _ Iw] (C)

= Tt (C) (3.2)

Figure 3.3 shows the concentration dependence of C(c) at room temperature, obtained
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for GSH in protonated and deprotonated form, compared with that of corresponding acid
and basic water. The value of C(c) decreases with increasing GSH concentration, both at
pH 3 and 8, suggesting that the interactions with the chemical groups of peptide affect the

tetrahedral ordering of a large fraction of water in the hydration shell of the tripeptide.
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FIGURE 3.3: Concentration dependence of the quantity C(c) calculated by

equation 3.2, for GSH aqueous solutions at pH= 3 and pH= 8. Dashed lines

are linear fit of the experimental data. The values of C (c = 0) obtained for

acid and basic water solutions are reported for comparison. The inset shows

the concentration-dependence of the relative area of the component I,, (c) for
GSH at pH= 3 and pH= 8.

As discussed above, the linear decrease of C(c) with concentration of GSH reflects a pro-
gressive disruption of the ordered H-bond structures of water induced by the increasing
number of peptide molecules, at both acid and basic conditions. In the case of the sam-
ple at pH=S8, larger statistical fluctuations are visible in figure 3 due to the worst signal to
noise ratio shown by the Raman spectra of GSH basic solutions with respect to acid ones.
Nevertheless, it is clearly recognizable, within the experimental error a linear trend of the
quantity C(c) as a function of peptide concentration, for both pH= 3 and 8. Interestingly, a
more marked effect on the H-bonds of water is brought by GSH in its deprotonated form
with respect to the protonated one, at the same concentration. This finding is also confirmed
by the trend found for the relative area of I,,(c) component as a function of concentration
(see figure 3.3 inset). In a recent work [56] based on the combination of neutron diffrac-
tion experiments and computer simulations, a structural study of the hydration of GSH

was carried out. The authors found a noticeable difference between the number of water
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molecules in the first hydration shell around the different carboxylate groups, with less than
five water molecules hydrating the COO™ site of the glutamic acid, and more than seven
water molecules hydrating the COO™ on the glycine with a sensibly different spatial dis-
tribution. Instead, in acid environment, glycine is also present in its protonated form and
the carboxylic group has a relatively smaller coordination number so leading to less than
four water molecules hydrating this specific peptide site [56]. Therefore, it is reasonable to
state that water molecules are less tightly bound to the COOH group in comparison with
the carboxylate group. These structural data are in agreement with the present outcomes on

the effect induced by the two different species of GSH on the water H-bond network [49].

3.2.2 Dependence of Amide bands on pH and concentration

The analysis of UVRR spectra of glutathione solutions in the 1000-2000 cm~! frequency
range gains insights on the intermolecular interactions that can exist between the tripep-
tide backbone and the water molecules. It is well known, that the UVRR spectra of proteins
and peptides contain more specific information in comparison to IR and conventional visi-
ble Raman spectra [24, 86, 87, 26, 88, 89, 90]. This is due to the enhancement of the Raman
cross section of the amide modes, obtained by irradiating the sample with the ultraviolet
radiation [26, 91, 92, 93]. This makes UVRR technique particularly informative by consider-
ing the unique response exhibited by amide bands to the backbone conformational changes
of peptides and to the hydrogen-bonding environment [87, 94, 95]. In order to monitor the
selectivity of UVRR to the Amide vibrations, the excitation wavelength dependence of the
Raman spectra of GSH aqueous solution, has been investigated. Figure 3.4(a) shows UVRR
spectra collected at different exciting wavelengths ranging from 266 to 210 nm compared

with a spectra registered with an excitation wavelength of 633 nm.
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FIGURE 3.4: (a) Raman spectra of GSH aqueous solution (100 mg/ml, pH=

3) excited at 633, 266, 250, 226 and 210 nm of excitation wavelength. An ex-

ample of the spectral decomposition of the spectral profiles into Al and All

bands is also reported (yellow lines). (b) UV-VIS absorption spectra of GSH

aqueous solution (purple line) and intensity ratio, observed in UVRR spectra,

between the AIl and Al bands at the corresponding excitation wavelengths
(empty circles).

The comparison between the different UVRR spectra in figure 3.4 evidences the progres-
sive increasing, at low excitation wavelengths, of the Raman cross section for all the Amide
signals, falling in the wavenumber range 1100-1800 cm !, with respect to that of SH stretch-
ing (2600 cm™!). This trend is expected on the basis of the pre-resonance condition of the
UV excitation with the amide m — 7t transition occurring at 190 nm and it is in agree-
ment with what observed also for other simple peptides [92, 93]. More interestingly, figure
3.4(a) shows that the signal associated to the Amide II mode ( 1560 cm~!, All), completely
absent in the spontaneous Raman spectrum excited at 633 nm, becomes dominant with re-
spect to the band of Amide I (1660 cm~!, Al) in the UVRR spectra of GSH excited at the
lowest wavelengths, i.e. 210 and 226 nm. This specific selectivity on the AIl mode has to
be ascribed to the nature of the electronic transition of amide groups of GSH [92, 93], as
evident from the inspection of figure 4(b). Here the intensity of the ratio between the area of
All and Al modes is superimposed to the absorption spectrum of GSH recorded in aqueous

solution. As expected, the strong upturn of the absorbance spectrum of GSH observed at
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low wavelengths is followed by a rapid increment of the ratio between the Raman inten-
sities of AIl and Al band detected in the corresponding UVRR spectra. By looking at the
UVRR spectra of GSH excited at 266 and 250 nm, it appears that both the Amide bands and
the SH stretching mode (2580 cm™!) arise in the spectra with a relative comparable inten-
sity (fig.3.4(a)). In particular, the excitation at 266 nm, although quite far from the Amide
resonance condition, offers the opportunity to operate in the best experimental conditions
needed to simultaneously probing different chromophores, i.e. the signals of GSH arising
from the peptide backbone and from the side-chain groups (COOH and SH modes). Figure
3.5(a) and (b) shows respectively the spectra of dry GSH powders and those of GSH aqueous

solution, at the two investigated pH values, 3 and 8.
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FIGURE 3.5: (a) Non-resonance and UV resonance Raman spectra of dry GSH

powders; (b) UVRR spectra (Aexe = 266 nm) of GSH aqueous solutions (100

mg/ml) at pH= 3 and pH= 8 at 20 °C; the spectra have been arbitrarily nor-
malized on the intensity of the SH stretching mode.

The main components that dominate the spectrum of the dry GSH powder are also visi-
ble in that of the peptide water solution, although in the latter profile the bands are broader

and fall at slightly different frequencies. The frequencies blue shift of the Amide and SH



50 Chapter 3. Glutathione hydration in pure water and in water/salts mixtures

bands, that occur passing from the dry sample to the hydrated one, is related to the involve-
ment of the Amide and SH sites in stronger hydrogen bonds in the dry sample compared
to the hydrated one, due to the higher packing of the tripeptide in the dry form. In the
1100-1800 cm~! spectral region, we recognize the Al band that is mostly due to C==0
stretching vibration and the AII that results by the out-of-phase combination of N——H
in-plane bending and C ——N stretching [91, 96]. Both Al and AII appear as two distinct
sub-components, spaced by 20-30 cm ! in the spectra of GSH dry powder. The Al and All
signal splitting denotes that in the crystalline form the two peptide bonds present in the
structure of glutathione are differently involved in inter-molecular H-bonds [97, 98]. The
different entity of the splitting observed for Al band (Av;= 30 cm ™) with respect to that of
the AIIl (Avarr=20 cm™!) is ascribed to the different normal mode composition of these two
amide bands that leads to give a major sensitivity to the H-bond on the C==O site for Al
signal, whereas the AIl band is mainly affected by the interactions involving the N——H
site [99].

Amide III (AIII) is a very complex band arising from the in-phase combination of N——H
bending and C——N stretching. In figure 3.5(b) the component at 1260 cm™~! labeled as
Alll3 arises from the mechanical coupling between the N——H and C, — H in plane bend-
ing, therefore it exhibits a great sensitivity to the ¥ dihedral angle in peptide and proteins
and to the number and types of amide hydrogen bonds [60, 87, 94, 95, 96, 100]. The UVRR
spectra of GSH solutions at both pH conditions exhibit a strongly resonance-enhanced band
at 1400 cm~!, which was identified by Spiro and co-workers as “Amide S” (AS) for its sen-
sibility to the peptide structure [101]. This band is related to the C, — H bending mode and
its resonance enhancement derives from the mixing of the C, — H bending coordinates with
those of AIII [102, 103, 104]. Fig. 3.5(a) evidences the existence in the spectra of dry GSH of
a Raman peak at 1707 cm~! that is assigned to the carboxylic (COOH) stretching vibration
of GSH. This band is clearly visible at 1730 cm ! in the UVRR spectrum of hydrated GSH at
pH= 3 where the tripeptide is mainly present in its GSH_,; form, while the peak disappears
in the spectrum at pH= 8 where the most abundant form of glutathione is the GSH_15.
Accordingly, this is accompanied by an increment in the spectrum of GSH at pH= 8 of the
signal at 1400 cm ! where the stretching vibration of carboxylate group (COO™) is expected
to fall. In the spectrum of the GSH solutions compared to that of its dry form, a blue shift
of the COOH signal is observed and this suggests that when the peptide is solvated by wa-

ter a weakening of the hydrogen bonds involving the C==0O groups takes place. This



3.2. Results and discussion 51

effect is consistent with the upshift of the signal associated to the stretching of SH from 2527
cm~! (dry GSH) to 2582 cm ™! (solutions of GSH) due to solvation effect. The occurrence
of stronger H-bonds that involve the terminal moieties of GSH, i.e. COOH and SH groups,
in dry with respect to solvated tripeptide may be consistent with the close packing of the
molecules of GSH in the dry powders.

Figure 3.5(b) points out that the frequency of Al band shows a slight pH-dependence for so-
lution of GSH. Conversely, moving from acid to basic environment a red shift of AIl (Avar=
-21 ecm™1) and AIIl (Avp= -13 ecm™!) bands is found. Because both these two molecular
vibrations contain a large C——N stretching contribution, their pH-sensitivity is ascribed
to the strict relationship that exists between the C——N oscillator strength and the type
of side group bonded to the amide nitrogen. Electron-withdrawing groups linked to the
amide nitrogen perturb the C——N oscillator strength in proportion to the magnitude of
their inductive effect and their capacity to decrease the electron density on the nitrogen
atom. Therefore, the red-shift undergone by AIl and AIIl bands at pH= 8 where the glycine
residue of GSH exists mainly in its deprotonated state can be explained on the basis of the
lower electron-withdrawing character of carboxylate anion (COO™) with respect to the car-
boxylic group (COOH) [89]. Figure 3.6 shows the comparison between the UVRR spectra
collected at room temperature for a diluted and concentrated solution of GSH at pH= 3 and

8.
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FIGURE 3.6: UVRR spectra (Aex, = 266 nm) collected at room temperature for

diluted (20 mg/ml) and concentrated (160 mg/ml) solutions of GSH at pH=

3 (a) and pH= 8 (b); the spectra are shown in the Amide region and they have
been arbitrarily normalized on the intensity of Al for a better visualization.

At the lowest investigated concentration of GSH (20 mg/ml), 870 molecules of water
per peptide are available, whereas at the highest concentration (160 mg/ml) the tripeptide
is solvated by 106 molecules of solvent. By looking at the concentration dependence of the
spectra in the case of the acid solution of GSH (figure 3.6(a)), the Al band appears broader
in the diluted conditions with respect to high-concentrated situation. This finding is ra-
tionalized considering a picture where in the highly solvated GSH, the C==0O groups of
tripeptide can be involved in more than one H-bond with surrounding water molecules.
This is consistent with the presence of C==0 oscillators with a slight different strength
that co-exist in the same system giving rise to a broadening of the AI mode. Increasing the
concentration from 20 to 160 mg/ml, the number of water molecules available in the hy-
dration shell for each peptide decreases eight fold, and the C==0O groups result mainly
involved in only one H-bond. This interpretation is confirmed by the upshift (from 1650

to 1659cm 1) observed for the Al band at high concentration of peptide since less strongly
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H-bonded C==0 groups are expected to vibrate at higher frequency. In line with this pic-
ture, the downshift observed for AIl band from 1578 to 1564 cm~! in the spectra of figure
3.6(a) can likewise be explained by the reduction of the C——N bond length in the amide
groups upon decreasing of the number of water molecules bonded on C==0 site [60, 99,
100, 105].

Figure 3.6(b) shows the concentration dependence of the spectra of GSH solution at pH=
8. In this condition the Amide site is more solvated compared to the situation at pH=3, be-
cause the COO— group of the glycine (favoured at pH= 8) has a less pronounced electron-
withdrawing character with respect the COOH group (favoured at pH= 3). Therefore, the
electron density on the Amide nitrogen atom is less perturbed at basic conditions respect
to acid ones, making the C==0 electronic doublets more available to interact via H-bond
with hydration water molecules. This situation promotes, in the diluted GSH solution at
pH= 8, the splitting of Al band in two components, clearly detected at 1657 cm~! (C==0O
weakly bonded) and 1620 cm ! (C==0O strongly bonded). The component at 1620 cm ! is
more intense than that at 1657 cm ™!, suggesting that the carbonyl groups interacts mainly
using both electronic doublets. In agreement with the concentration-dependence already
observed in figure 3.6(a), also at basic condition, increasing the concentration from 20 to 160
mg/ml only the component of Al mode associated to the C==O more weakly bonded
remains evident in the UVRR spectrum. Both panels (a) and (b) of figure 3.6 show that
solvation of GSH enhances the UVRR cross-section of AIl mode, in agreement with what
previously observed for other peptides [61]. This effect can be rationalized considering the
changes in C==0 and C——N bond lengths with solvation. In particular, the formation
of hydrogen bonds between peptide sites and water molecules stabilizes the ground state
dipolar resonance ("O——C==NH,) structure that becomes more favored with respect
to the neutral resonance structure (O=—=C ——NHj)) [61]. The contraction of the C——N
bond length induces an increment of the displacement between the electronic ground and
excited states along the C——N coordinate, which results in an enhancement of the Raman
cross section of the AII vibrational modes. These solvation effects on the peptide sites of
GSH are accompanied by the spectral changes observed in figure 3.6 for the AS and Alll
bands that can be correlated with both the changes of the peptide’s dihedral angles and the

establishment of H-bond links between the water molecules and the Amide site [49, 100].
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3.2.3 Deuteration and temperature effect on Amide bands

Figure 3.7(a) and (b) report the UVRR spectra collected at 5 and 50°C of GSH dissolved in
aqueous solution at pH= 8 and pH= 3, respectively. In addition, the spectra of GSH dis-
solved in deuterium oxide at pH= 3 can be inspected in figure 3.7(c). In D,O environment
the hydrogens linked to S, N and O atoms in the molecule of GSH can be replaced by deu-
terium and this H/D exchange leads to very different spectral features in the UVRR spectra
of peptide in D,O compared to those obtained in H,O (figure 3.7(b) and (c)). This effect is
here exploited in order to better resolve the normal mode composition of the Raman bands

of peptide that exhibit the most important temperature variations.
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FIGURE 3.7: UVRR spectra (Aqxc = 266 nm) collected at 5 and 50°C for GSH

(20 mg/ml) in H,O at pH= 8 (a) and (b) at pH= 3; (c) spectra of GSH dissolved

in D,0 (20 mg/ml) at pH=3 at the two temperatures, 5 and 50°C. The spectra

are shown in the Amide region and they have been arbitrarily normalized on

the intensity of Al (a, b) and AIl (c). An example of fitting procedure of the

main bands is reported for the UVRR spectrum of GSH in D,0 (yellow lines
and shaded areas).

The frequency position of Al band is not sensibly affected by the H/D isotopic exchange,

probably because of its strong C==O stretching character. On the contrary, the downshift
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of 106 cm~1! observed for AII' band, due to deuterium mass substitution, can be explained
with the main character of N——H bending of the Amide II vibrational mode. Similarly,
the deuterium substitution on the N sites of GSH leads to a band shifts of Alll; from 1273
to 992 cm ™. The bands labelled as AIll, and AIll; do not fully disappear in the spectra of
figure 3.7(c), suggesting that both these signals have an important N—— H bending contri-
bution although even CN, CO and CaC molecular movements participate to the AIIl, and
AlIlly vibrations. Moreover, to further support these assignments, as it can be noted in the
spectra of figure 3.7(c) Alll, and Alll; peaks exhibit a poorly temperature dependence [60,
106]. By inspection of figure 3.7 (a) and (b) it appears that the increasing of temperature from
5 to 50°C causes in both the solutions of GSH at pH= 3 and 8 a slight upshift of the Al band
along with a more pronounced downshift of the AIl and Alll; signals. Similar changes in the
frequency positions of Amide bands have been previously observed in the case of other pep-
tides [107] and these trends have been related to the effect induced by hydrogen-bond on the
oscillation strength of Amide modes [99]. In order to extract more quantitative information
on the temperature-dependence of the amide bands, the experimental UVRR profiles have
been fitted by employing a minimum number of Voight functions. An example of the fitting
results is shown in figure 3.7(c) for GSH in D,0O at 5°C. Figure 3.8 reports the temperature-
dependent evolution of the wavenumber position of Amide bands for glutathione in H,O

and D,O obtained by the fitting procedure.
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Al (a), All (b) and Alllz (c) bands for GSH dissolved in H,O at pH=3 and 8
and dissolved in D,O at pH=3

Despite the statistical fluctuations affecting some set of data in figure 3.8, the blue shift
of Al and the red shift of AIl and AIIl bands due to the temperature increase are clearly
recognizable within the experimental error. These trends observed for the wavenumber po-
sitions of Amide bands reflect the progressive weakening of the hydrogen bonds between
water molecules and the amide carbonyl and N——H groups of GSH, due to the increas-
ing thermal motion. The opposite temperature behavior, down- or up-shift, reported for
All and AIII with respect to Al in figure 3.8 can be rationalized by considering the different
normal mode composition of these bands [99]. In particular, the sensitivity to hydrogen-

bonds strength of the Al mode mainly derives from the C== O group of the peptide, while
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the frequency dependence of the AII vibration is primarily due to the H-bond involving
the N——H groups of the peptide linkage. Interestingly, the plots in figure 3.8 provide
evidence that the pH does not seem to significantly affect the temperature dependence of
Amide bands of GSH.

More remarkably, differences in the dependence on temperature is observed for the Amide
vibrations of glutathione in D,O solution. The AI' band undergoes a more significant up-
shifts (+0.22 cm ™! /°C) with respect to the shift found for Al (+0.04 cm™1/°C) signal in HyO.
Conversely, increasing of thermal motion has only a slight effect on AIl' band that down-
shifts of about 0.04 cm~!/°C with respect to the change of -0.29 cm~!/°C observed for the
frequency position of Al Finally, the temperature-dependence of AIIl} and Alll; is quite
comparable since they move towards lower frequency by 0.09 cm~!/°C and 0.13 cm~!/°C,
respectively. By looking to the profiles of figure 3.7(b) and (c), it clearly appears that the
increase of temperature causes in the spectra collected both in light and heavy water the
progressive increment of a signal observed at 1500 cm ™! in H,O and at 1528 cm~! in D,0O.
These two signals have been assigned to the cis-amide bands (cis-AIl and cis-AlIl!, respec-
tively) and they mark the conformational change from trans to cis isomer of the peptide
group of GSH [89, 108] promoted by the temperature increase. It has to be noted that the
intensity of the cis—All band increases with the enhancement of thermal motion without any
frequency shift, whilst the trans—All and —Alll bands down-shift of 16 and 5 cm ™! respec-
tively (figure 3.7(b)) [109]. This finding suggests that cis—All signal is mainly due to C——N
stretching mode [49, 110].
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3.2.4 Ions effect on GSH structure and hydration

Figure 3.9 shows the spectra of aqueous GSH solutions in the presence of different halogenic
ILs compared with those of inorganic salts with the same anion, at 20 °C. The spectrum of

GSH dissolved in pure water (blue line) is used as a reference.
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FIGURE 3.9: spectra of GSH in the different solvation environments collected
at 20 °C. Panel (a) comparison between IL and inorganic salt with chloride
anion, panel (b) comparison between IL and inorganic salt with bromide anion
and panel (c) comparison between IL and inorganic salt with iodide anion.
The spectrum of GSH solved in pure water is used as a reference (blue line).
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From the spectral features of figure 3.9 is evident how the different solvation environ-
ments influence both the frequency position and the relative intensities of the Amide signals
[99]. The spectra show that with the same anion, the ionic liquids and the inorganic salts act
in the same direction but do not differ too much from each other. Despite the great differ-
ence of the used cation ([BMIM]* and Na™) no marked differences as regards the bands fre-
quency and the spectral shape are found. The biggest difference is on the AIl and Al bands
relative intensities. The use of a different cation does not seem to have a great influence on
the spectral features. Therefore, to deeply investigate the effect of the different cation on
the peptide site, molecular dynamic simulations are performed. From UVRR experiments
and even in previous literature works, effectively seems that the anion plays a predominant
role in influencing the peptides and proteins solvation [46, 39]. Figure 3.10 shows the distri-
bution of ring H-atoms of [BMIM] " around the carboxylate group of glutamate residue of
GSH in aqueous solution of [BMIM]Br. In this study, the hydrogen atoms of [BMIM] ™ ring
are denoted H1, H2, and H3.
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FIGURE 3.10: RDF of the hydrogen atoms of imidazolium-ring around the car-

boxylate group of glutamate residue of GSH in aqueous solution of [BMIM]Br.

In the inset, the chemical structure of 1-butyl-3 methylimidazolium [BMIM]

cation is shown. H: Ring H-atom (H1), H: Ring H-atom (H2) and H: Ring
H-atom (H3).

Figure 3.10 confirms that the H1 atom of imidazolium-ring is the most affine to the car-
boxylate group of GSH, due to its highest positive charge density in comparison to the other
hydrogen atoms. The kosmotropic carboxyl moiety [111] of GSH is strongly hydrated by

water molecules, and the interaction between the H1 of kosmotropic imidazolium cation is
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weak than water molecules as evidenced in figure 3.11.
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FIGURE 3.11: RDF of water molecules and H1 atom of imidazolium-ring
around the carboxylate group of glutamate residue of GSH in the aqueous
solutions of [BMIM]I at 27 °C.

In order to understand the effect of ionic pair formation on the solvation structure of
GSH, contact ion pair have been derived from MD trajectory by performing RDF of cations

and anions.
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FIGURE 3.12: RDF of chloride anions around the cations in the aqueous solu-
tions of [BMIM]CI and NaCl at 27 °C.

According to figure 3.12, H1 results the most acidic proton of [BMIM] ™ cation, and have

small affinity to make contact ion pair with chloride anion in comparison to Na* cation.
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Contact ion pair occur in solution and the effect of the anion on the solvation structure of
GSH is more damped in the inorganic salts in comparison to the solutions of ionic liquids as

shown by figure 3.13.
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FIGURE 3.13: RDF of chloride anions around the nitrogen atom of cysteine
residue of GSH (N2) in the aqueous solutions of [BMIM]CI and NaCl at 27 °C.

According to the RDF analysis, it can be concluded that the halide anions of ionic liquids
have the greatest effect on solvation structure of amide carbonyl groups of GSH in compar-
ison to the inorganic salt, since Na™ has a greater propensity to form ionic pairs. Evidently,
this effect is not so marked to be noticed experimentally. Moreover, according to the MD
simulation, the cations do not have significant effect on dihedral angles of GSH therefore no
strong conformational changes due to cations occur in the studied solutions. This theoretical
result is in total agreement with the experimental findings, indeed the spectral features are
similar in all the investigated environments.

According to literature findings, is evident from our experiments that the anion have the
main effect on changing the interaction potential of GSH in solution. The presence of chlo-
ride in the solvation environment, with both cation ([BMIM]* and Na™) generate a slight
upshift of Al and a more visible downshift of All signal (see figure 3.9(a)). This effect could
assigned to the direct interaction of the ions with the GSH structure and/or to the alteration
of the hydration shell around the peptide link. The behavior of the amide bands in terms
of intensity and frequency variation can be rationalized in terms of the resonance equilib-
rium of the peptide link. Indeed peptides exists in solution in both the neutral form and the

zwitterionic one.
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FIGURE 3.14: equilibrium between the neutral and the zwitterionic form of
the peptide link in GSH tripeptide.

The equilibrium between these two forms can be shifted toward one of the two, depend-
ing on the solvation environment.
The energetic situation that favors the amide dipolar resonance structure (CO——C=—= NHZr )
increase the intensity of the All vibrational band due to the C——N stretching contribution
on generating it. While the amide neutral resonance structure (O =—=C ——NH;) lead to an
increase of the Raman cross section of the Al band [101]. Even the force constant of the oscil-
lators is affected by the greater stabilization of one of the two resonance structures. In fact,
the strengthening of the C——N bond with respect to C==0 in the dipolar form leads a
blue shift of AIl and a red shift of Al band. The opposite trend occurs when the C=—=0
double bond character is increased over the C——N one. Analyzing the intensity and the
frequency of Al and AlIl bands in the ions solutions with respect to that of GSH dissolved in
pure water, information on the alteration of solvation environment are obtained.
Based on the resonance model, the interaction between peptide link and CI™ increases the
C==0 bond character, resulting in a frequencies shift of the amide signals than those ob-
tained for pure water, and on the greater intensity of the Al signal than that of AIL The
frequencies shift and the intensity relation of the amide bands is due to the highest stabi-
lization of the amide neutral resonance structure (figure 3.14) induced by the Cl~ anion.
Bromide anion (figure 3.9 (b)) shows the same type of effect on the UVRR spectral features
and presumably, the same type of interaction with peptide link observed for the chloride
anion. The effect of bromide is lower than that induced by chloride. In agreement to the
experimental findings, the MD simulations results are illustrate in figure 3.15, that shows

the distribution of the anions around the nitrogen atom of cysteine residue (N2) at 27 °C.
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FIGURE 3.15: RDF of anions around the nitrogen atom on cysteine residue of
GSH (N2) in the aqueous solutions of [BMIM]CI, [BMIM]Br and [BMIM]IL.

According to figure 3.15, it can be concluded that chloride and bromide ions come closer
to the N—— H site of the peptide links in GSH. The distribution of chloride ions around the
nitrogen atoms of GSH is higher in comparison to bromide ones, due to the higher charge
density of chloride. Molecular dinamic simulations have seen no changes on GSH dihedral
angles. UVRR and MD simulation outputs highlight that chloride and bromide due to their
high charge density, approach the N——H site of the peptide bond at the expense of the
water molecules. The number and/or the strength of the hydrogen bonds at the peptide
site decreases compared to GSH in pure water. The reduced polar environment stabilizes
the GSH neutral resonance structure, resulting in a blue shift of Al, a red shift of AIl and a
stronger intensity of Al than AlI (figure 3.9 (a) and (b)).

The effect of iodide anion compared to those induced by chloride and bromide, acts in the
opposite direction as regards both the frequency and the relative intensity of Al and AIl
bands. Figure 3.9 (c), shows that iodide promote a downshift of Al, an upshift of AIl band
and an intensity enhancement of the All signal with respect to Al, especially for the solution
with [BMIM]L.

Figure 3.16 shows RDF of water molecules around the amide carbonyl of glutamate residue

of GSH (O3) in pure water and in the aqueous solutions of [BMIM]I and Nal at 27 °C.
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FIGURE 3.16: RDF of water molecules around the amide carbonyl of gluta-
mate residue of GSH (O3) in pure water and aqueous solutions of Nal and
[BMIM]I at 27 °C.

The graph shows that there is the highest distribution of water molecules around O3
in aqueous solution of [BMIM]I and Nal in comparison with water solution. According to
these results, at a distance of 1.8 A, water molecules solvate O3 of GSH at 0.66, 0.68 and 0.74
g(r) values for water, Nal and [BMIM]], respectively. This finding is in good agreement with
experimental results i.e. the frequency of Al at 27 °C is red shifted in presence of iodide
anion. Accordingly, MD results find more water molecules around O3 in aqueous solu-
tions of Nal and [BMIM]I. The solvation status of GSH shows similar trend for both amide
carbonyl groups of GSH. The experimental and theoretical common view suggests that the
iodide presence in solution generates an increment of the water molecules around the pep-
tide bond creating a strong polar solvation environment. The increased polarity (hydrogen
bonds) results in a stabilization of the GSH dipolar resonance structure with a red shift of
Al a blue shift of AIl band and an intensification of the All signal.

The temperature dependence of the hydrogen bond network of GSH solution in the binary
water/salts mixtures has been investigated, using as a reference the temperature depen-
dence of the tripeptide in pure water that are previously discussed in the subsection 3.2.3.
It is possible to take a look this effect directly from the spectra at the lowest and the highest
temperature shown in figure 3.17 of this chapter. The spectra of GSH in pure water, shown
in panel (a) of figure 3.17 is used as a reference. The spectra of GSH with the presence of ILs

are shown in the left panels while those with inorganic salts in the right ones.
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FIGURE 3.17: spectra of GSH in the different solvation environments collected

at 20 and 65 °C. The spectrum of GSH dissolved in pure water is used as a

reference (panel a), this latter is compared with the samples that contain the

salts (right panels ¢, e and g) and, with those that contain the ionic liquids (left
panels b, d and f).

The outputs indicate that the increase of temperature downshifts the AIl and AlIll; band
frequencies, while the Al band shows a small upshift. This behavior is a direct consequence
of the GSH-water hydrogen bonds weaken. As amply discuss in literature the opposite shift

of the Al band with respect to All and Alllz bands is due to their different normal modes
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composition. In fact because of the weakened of the H-bond between GSH and water at
the C==0 and N—— H sites, both bonds get shorter with a consequent lengthens of the
C——Nbond.

The following figures (from figure 3.18 to figure 3.24) show the radial distribution functions
of water molecules around the GSH hydrogen of cysteine residue (H11), the hydrogen of
glycine residue (H15), the amide carbonyl of glutamate residue (O3), the amide carbonyl of
glutamate residue (O4); and the analysis of the normalized average dihedral angle of GSH
(O3-C4-N2-H11) and (O4-C8-N3-H15) at three different temperature value 27, 47 and 67 °C.
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FIGURE 3.18: RDF of water molecules around the GSH (a) hydrogen of cys-
teine residue (H11), (b) hydrogen of glycine residue (H15), (c) amide carbonyl
of glutamate residue (O3) and (d) amide carbonyl of glutamate residue (O4),
in pure water at three different temperature value 27, 47 and 67 °C. Analysis
of the normalized average dihedral angle of GSH (e) (O3-C4-N2-H11) and (f)
(O4-C8-N3-H15), in pure water at three different temperature value 27, 47 and

67 °C.
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FIGURE 3.19: RDF of water molecules around the GSH (a) hydrogen of cys-
teine residue (H11), (b) hydrogen of glycine residue (H15), (c) amide carbonyl
of glutamate residue (O3) and (d) amide carbonyl of glutamate residue (O4),
in water/NaCl mixture at three different temperature value 27, 47 and 67 °C.
Analysis of the normalized average dihedral angle of GSH (e) (O3-C4-N2-
H11) and (f) (O4-C8-N3-H15), in water/NaCl mixture at three different tem-
perature value 27, 47 and 67 °C.
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FIGURE 3.20: RDF of water molecules around the GSH (a) hydrogen of cys-
teine residue (H11), (b) hydrogen of glycine residue (H15), (c) amide carbonyl
of glutamate residue (O3) and (d) amide carbonyl of glutamate residue (O4),
in water/NaBr mixture at three different temperature value 27, 47 and 67 °C.
Analysis of the normalized average dihedral angle of GSH (e) (O3-C4-N2-
H11) and (f) (O4-C8-N3-H15), in water/NaBr mixture at three different tem-

perature value 27, 47 and 67 °C.
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FIGURE 3.21: RDF of water molecules around the GSH (a) hydrogen of cys-

teine residue (H11), (b) hydrogen of glycine residue (H15), (c) amide carbonyl

of glutamate residue (O3) and (d) amide carbonyl of glutamate residue (O4),

in water/Nal mixture at three different temperature value 27, 47 and 67 °C.

Analysis of the normalized average dihedral angle of GSH (e) (O3-C4-N2-

H11) and (f) (O4-C8-N3-H15), in water/Nal mixture at three different tem-
perature value 27, 47 and 67 °C.
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FIGURE 3.22: RDF of water molecules around the GSH (a) hydrogen of cys-
teine residue (H11), (b) hydrogen of glycine residue (H15), (c) amide carbonyl
of glutamate residue (O3) and (d) amide carbonyl of glutamate residue (O4),
in water/[BMIM]CI mixture at three different temperature value 27, 47 and 67
°C. Analysis of the normalized average dihedral angle of GSH (e) (O3-C4-N2-
H11) and (f) (O4-C8-N3-H15), in water/[BMIM]CI mixture at three different

temperature value 27, 47 and 67 °C.
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FIGURE 3.23: RDF of water molecules around the GSH (a) hydrogen of cys-
teine residue (H11), (b) hydrogen of glycine residue (H15), (c) amide carbonyl
of glutamate residue (O3) and (d) amide carbonyl of glutamate residue (O4),
in water/[BMIM]Br mixture at three different temperature value 27, 47 and 67
°C. Analysis of the normalized average dihedral angle of GSH (e) (O3-C4-N2-
H11) and (f) (O4-C8-N3-H15), in water/[BMIM]Br mixture at three different
temperature value 27, 47 and 67 °C.
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FIGURE 3.24: RDF of water molecules around the GSH (a) hydrogen of cys-
teine residue (H11), (b) hydrogen of glycine residue (H15), (c) amide carbonyl
of glutamate residue (O3) and (d) amide carbonyl of glutamate residue (O4),
in water/[BMIM]I mixture at three different temperature value 27, 47 and 67
°C. Analysis of the normalized average dihedral angle of GSH (e) (O3-C4-N2-
H11) and (f) (O4-C8-N3-H15), in water/[BMIM]I mixture at three different
temperature value 27, 47 and 67 °C.
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Figures from 3.18 to 3.24 show that the temperature increases causes a slight decrease

in the distribution of water molecules around the amide carbonyl groups, due to the ther-

mal motion. Indeed, increasing of temperature causes the progressive weakening of the

hydrogen bonds between water molecules and the amide carbonyl groups. Amide carbonyl

groups show the same behavior in both pure water (figure 3.18) and in the binary solutions

of salts (figures 3.19, 3.20 and 3.21) and different halogenic ILs (figures 3.22, 3.23 and 3.24).
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This finding is in good agreement with experimental results i.e. a blue shift as a function of
temperature of the Al signal. Panels (a) and (b) of the figures show the temperature effect
on the N——H sites. In particular, panel (a) shows the RDF of water molecules around
the hydrogen of cysteine residue (H11) and panel (b) that around the hydrogen of glycine
residue (H15) of GSH. Increasing the temperature from 27 to 67 °C the number of water
molecules around the hydrogen of both cysteine and glycine residues are reduced. Hence,
the H-bond between GSH and water at N——H sites are weakened. These results sup-
port the experimental ones where weakening of the H-bond between GSH and water at the
carbonyl and the amide sites decreases the length of C==0 and N——H bonds, with a
consequent lengthens of the C——N bond, causing a red shift of AIl and Alll3 signals. The
same trend of amide bands shift and RDFs for all the investigated solvation environments
is found.

As shown in the spectra of figure 3.17, at elevated temperature a signal in the 1480-1500
cm~! spectral region appears. This band is assigned to the cis-All mode as previously men-
tioned in the section 3.2.3. As suggested by Y. Wang et al. [101], the term cis-All is used by
analogy with the presence of the C ——N stretching component, even though the N——H
in-plane bending component is much smaller. Indeed cis-All band have a large component
of C——N stretching, which make its Raman cross section extraordinarily large as deter-
mined by its great increase intensity with temperature. The increased Raman cross section
of cis-peptides derives from a large red shift of the 7= — 77* electronic transition compared
to that in the trans-peptides [109, 108, 112, 110]. The cis-All signal have not any apparent
frequency shift, while the trans-All and Alll3 bands shift down. The same frequency shift
of the AIl and Alll; signals is due to the weakened N——H - - - O hydrogen bonding at
elevated temperatures, which decrease the frequency of the N——H in-plane bending com-
ponent and thus lower the frequencies of AIl and Alll; modes. Moreover, if the 1500 cm ™!
band were dominated by C——N stretching with a low contribution of N——H in-plane
bending, this would explain its modest frequency dependence upon temperature. Indeed,
changes in hydrogen bonding with temperature are expected to affect primarily the N—H
in-plane bend component [109, 108, 112].

Panels (e) and (f) of the figures from 3.18 to 3.24 show the normalized average dihedral angle
of peptide bonds of GSH at different temperatures. According to MD results, temperature
does not have a significant effect on the conformational changes of peptide bonds. The ap-

parent discrepancy between the UV Raman experimental results and the MD simulation is
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due to the resonance effect. In fact, to promote the trans-cis isomerization the combined
temperature and resonance effects are needed. The UV radiation used as excitation wave-
length together with the temperature increases, are able to lead to a cissoids form of GSH.

An approach to measures the temperature dependence of the trans-cis population ratio is

the uses of the cis-All and trans-AIl Raman bands intensities:

I
Ncis _ (ﬁ)
Ntrans (M)

Otrans

= ¢~ (&7) (3.3)

Where I ;s and I}, are the cis and the trans Raman bands intensities and o,;; and 0,45
are the AIl Raman cross sections of the cis and the trans conformers, R is the gas constant
and T is the temperature.

Using the linearized formulation of the equation, it is possible to determine the Gibbs free
energy difference between the ground states of the cis and the trans isomers by examining

the temperature dependence of the relative cis-All and trans-All Raman bands intensities.

Icis

) —In ( Ocis . &
Itruns Otrans RT

In(

(3.4)

The natural log of the ratio of the cis-All and trans-All intensities has been plotted
against 1/T. The slope (AG/R) of the linear best fit gives the AG value [108, 112]. The

resulting plot and the free energy values are shown in figure 3.25.
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trans amide forms.

The ions effects on the trans-cis isomerization are explained by the dehydration and hy-
dration of the peptide link mainly induced by anion. Chloride and bromide anions stabilize
the neutral resonance structure of the peptide link in the ground state, that is suppressed in
the excited state, creating an impediment to rotate around the C——N bond. The reduction
in the trans-cis isomerization yield in presence of chloride and bromide anions compared to
that in pure water is highlighted from the lower intensity of the cis-All band in the Raman
spectra of GSH in presence of C1™ and Br™ than that of GSH in pure water. The estimated
AG value with chloride and bromide is lower than in pure water, indicating a lower thermo-
dynamic stability of the cis form when the peptide link is partially dehydrated by the anions
presence. The GSH trans-cis isomerization yield in presence of iodide anion is higher than
that of GSH in pure water; this is visible from the higher intensity of the cis-All Raman
band in the presence of I~ compared to that of GSH dissolved in pure water. Indeed the
effect of iodide anion is to stabilize the dipolar resonance form of GSH in the ground state

and suppress it in the excited one, allowing the rotation around the C ——N bond.
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Chapter 4

Self-assembly of lysozyme in

self-crowded conditions

Formation of amyloid aggregates has been subjected to a huge number of investigations due
to their implication in relevant diseases [113, 114, 115, 116]. The capability of giving rise to
amyloid fibrils is a general property of non-native proteins, and the high temperature rep-
resents a simple approach to induce their aggregation [117, 118, 119, 120]. The aggregation
is generally an irreversible process [121], even if under native conditions the reversibility
has been demonstrated [122]. As a model protein, lysozyme (LYS) received considerable
attention due to its propensity to form in vitro amyloid fibrils [123], a preferential route to
form them is the incubation of LYS at low pH and high temperature [114, 123, 124, 125, 126,
127,128, 129], while at neutral or high pH amorphous aggregation is favored [130, 131, 132,
133]. The LYS self-assembly at low pH has deeply investigated, evidencing the formation
of pathway-specific products [134, 135, 136]. Two distinct fibril growth pathways are iden-
tified: one at high ionic strengths involving the formation of oligomeric aggregates, and
another at low ionic strengths in which single filaments grow up by addition of monomers
[134, 135]. Both mechanisms are amyloidogenic and lead to structurally differentiable fibrils
depending on the early stages of self-assembly [135]. The growth of rigid fibrils and globular
oligomers follows independent mechanisms, and oligomers might transform in curvilinear
fibrils or amorphous precipitates, but do not convert into stable rigid fibrils [137]. These
latter preferentially form at low protein contents, while the globular oligomers become ki-
netically favored above a critical concentration and inhibit the growth of rigid fibrils [137].
Recently, globular oligomers have been highlighted as off-pathway competitors with rigid
fibrils [138], that have been revealed the mainly responsible for cellular toxicity [116, 136,

137, 138], although the study of these species is inherently challenging due to their transient
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character [116]. Networks of self-assembled amyloid fibrils constitute suitable biomaterials
in different scientific fields [139, 140, 141, 142], despite they could also be formed within the
intra- and extra-cellular medium, representing a possible mechanism of cell toxicity [143,
144]. Fibrillary gels are formed through complex multi-stage mechanisms strongly depen-
dent on temperature, time, and protein type [117, 118, 119]. Exploiting its propensity to
form fibrillary networks, LYS has been employed to create different functional biomateri-
als, as biocompatible hydrogels used as scaffold for cell cultures [145, 146, 147], as fibril
networks with controllable morphologies [148] and as nontoxic microgels suitable for drug
delivery [149]. Aggregation of globular protein is also of great interest in food technology.
Indeed, the formation of aggregates with different morphologies and tunable gels network
might represent a useful way to improve food properties and preservation [150, 151, 152,
153]. The majority of investigations connected to human diseases or functional materials,
have considered the formation of amyloid fibrils at low protein concentrations within 1-4
wt.% [125, 134, 135, 144, 145, 146, 147, 148, 154, 155, 156]. In these conditions, the growth of
amyloid fibrils takes place at temporal scales of days, and usually occurs through hydrolytic
processes [148, 155, 156]. Relatively less efforts have been devoted to the study of LYS un-
folding and aggregation in highly concentrated samples, with protein content larger than 10
wt.% (100 mg/ml) [157, 158, 159, 160, 161, 162]. Nevertheless, understanding the behavior
of crowded protein samples is of relevance in cellular biology, industrial and pharmaceuti-
cal fields [157, 163, 164, 165, 166, 167, 168]. A broad range of pharmaceutical applications,
require formulations with protein concentrations higher than 100 mg/ml, and issues caused
by the high viscosity and protein aggregation have been evidenced [160, 163, 164], needing
the development of methods for monitoring in situ concentrated protein samples [160, 163,
169]. Studying protein solutions in crowding conditions is also mandatory to explain their
behavior within the cellular environment [165, 166, 168], where the total macromolecules
concentration is higher than 400 mg/ml [168, 170]. In these macromolecular crowding con-
ditions, excluded volume and viscosity are considered relevant factors in determining pro-
tein aggregation features, such as the acceleration of a-synuclein fibrillation [170]. These
factors act even for protein self-crowding [171, 172], affecting the stability of the native pro-
tein [173] and its aggregation due to thermodynamic and kinetic effects. Significant changes
of hydration properties, attributed to protein clustering [174], are expected to occur for LYS
solutions with concentrations larger than 100 mg/ml [175, 176, 177]. The melting temper-

ature of LYS is found to significantly increase with concentration in diluted regimes (up to
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15 mg/ml) because of excluded volume effects [178]. Instead, at high protein concentration,
even if going from 2.5 to 300 mg/ml no changes of the secondary structure is evidenced
[158], a thermal destabilization, attributed to an enthalpic effect induced by protein-protein
interactions, is revealed [159, 162]. Based on the informations mentioned above, deeper in-
vestigations of the amyloid-like association in self-crowded conditions, might reveal novel
important insights in several areas, including cellular biology, biotechnology and food sci-
ences. In this work, highly concentrated (18 wt.%) LYS aqueous solutions in acidic condi-
tions have been prepared. The in situ investigation of the thermal aggregation, is made by
means of Fourier-transform infrared (FTIR) spectroscopy, able to follows the development
of amyloid-like cross B-sheet structures [145, 146, 147, 179]. Protocols are selected leading
to the formation of protein hydrogels in reduced temporal scales (few hours), such that
the whole process can be monitored. Different protein hydrogels, whose properties can be
modulated by changing the curing temperature, are obtained. New molecular insights on
self-assembly are related to the results of small angle scattering (SAS), differential scanning
calorimetry (DSC), rheological and transient grating experiments, giving a consistent pic-
ture of the molecular phenomena responsible for the macroscopic properties of the system.
The SAS data are preliminary results. In this thesis are only reported the scattering curves
without the application of a model, and the data are discussed qualitatively. However, a con-
sistency with all the results obtained with the other experimental techniques is evidenced.

An interesting outcome of this work is the possibility of forming hydrogels constituted by
amyloid oligomers instead of fibril structures, as instead is commonly reported in literature

[180].
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4.1 Experimental methods

4.1.1 Solutions preparation

The lyophilized powder of hen egg-white lysozyme (Sigma Aldrich, L6876) is dissolved
without further purification in deuterium oxide (99.9 atom % D, Sigma Aldrich) to obtain
solutions with concentrations of 60, 120 and 240 of mg of solute/ml of solvent (here referred
as mg/ml), corresponding to 5, 10 and 18 wt.%, and denoted as LYS60, LYS120, LYS240,
respectively. The sample is left overnight to ensure total protein dissolution. The pD is then
adjusted to 1.8, adding small amounts of 2M deuterium chloride (DCl) to reach a pH meter
reading of 1.4; as usually done, since deuterated water is employed, 0.4 units should be

added to the pH meter reading.

4.1.2 HD-TG experiments

A single 1064 nm laser beam is divided in two pulses, which interfere and produce into the
sample an impulsive spatial modulation of the material optical properties, characterized by
the wave vector q. The temporal evolution of the induced modulation is probed through a
532 nm third beam. The angle between the exciting beams and consequently the g-vector in-
duced in the sample, are changed using different spacing of the grooves of the phase mask.
In this thesis g-vector value of 2.1 um~! has been used. The grating diffracts the beams,
passes through a doublet of achromatic lenses, and the second lens of the achromatic dou-
blet recombined and focused the beams on the sample, reproducing the same spatial mod-
ulation of the phase mask. A reference beam is used to produce the heterodyne detection.
The HD-TG signal is optically filtered and measured by a photodiode with a bandwidth of
1 GHz. The signal is then amplified and recorded by a digital oscilloscope with a 7 GHz
bandwidth. We record the data using a fast time window ( 0-80 ns range with a 50 ps time
step of sampling) and a long one ( 0-2 ps range with 800 ps time step). The measurements
are merged in a single data file. Each signal are the average of 1000 records, producing an
excellent signal to noise ratio. The samples are kept directly in the cuvette, introduced in
a copper cell holder, connected to a thermostat and a thermocouple to feedback the tem-
perature control. The temperature is varied from 20 to 80 °C. More information on HD-TG

experiment and on the origin of the TG signal are provided in section 2.2 of chapter 2.
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4.1.3 FTIR spectra

Infrared absorption measurements are collected using a FTIR Bruker spectrometer model
Tensor27, equipped with a DTGS detector. The Opus 5.5 Bruker Optics software allowed
the acquisition and the analysis of spectra. Transmission spectra are obtained employing
a home-made cell equipped with CaF2 windows; the cell is positioned into a jacket whose
temperature is controlled by circulating water through a Haake F6 thermostat. To monitor
visually macroscopic changes, parallel thermal treatments are performed on sample aliquots
placed into standard cuvettes. The spectra are acquired with a resolution of 2 cm ™! by aver-
aging over 20 scans for each spectrum. To track the temperature and time dependence of the
amide I peak position located at 1650 cm ™!, the center of gravity of the band is determined

at 20 % from the maximum intensity with the corresponding Opus 5.5. routine.

4.1.4 CD spectra

Circular dichroism spectroscopy is performed using a CD spectrometer (JASCO, Easton MD,
US) equipped with a CD-4265/426L Peltier cell. Protein samples in D,O are placed in a
Hellma quartz glass high-performance cuvette with a 1 cm path length and a magnetic stir-
rer bar. CD spectra are obtained in the range from 190 to 260 nm at a scanning rate of 50
nm/min averaging 10 accumulations with a data pitch of 0.2 nm, D.LT of 4 sec, bandwidth

of 1 nm and a standard sensitivity.

4.1.5 Micro-DSC thermograms

Micro-calorimetry analyses are performed using a microDSC III (Setaram, France). Firstly,
0.750 g of LYS dispersion at the three different concentrations (60, 120 and 240 mg/ml) are
loaded inside a Hallostey calorimetric cell and analyzed using the following thermal pro-
gram: isotherm at 20 °C for 20 min followed by a consecutive heating and cooling ramp
from 20 to 80°C at 1°C/min. The same thermal program is used also to analyze the LYS gel,
formed through the thermal treatment involving curing at 50 °C, as described below. The
temperature and the enthalpy are calculated from the peak and the area of the transition,

using the tangent method.
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4.1.6 Rheologcal experiments

Viscoelastic properties of the LYS gel matrix is studied using a rotational rheometer (Kinexus,
Malvern) equipped with a 20 mm plate geometry at a gap of 1 mm. The frequency sweep
tests are performed at a shear stress of 0.5 Pa in the frequency range 0.01-10 Hz at tempera-
tures of 15, 25, 35 and 50°C. The temperature sweep test is conducted at a frequency of 1 Hz
and a stress of 0.5 Pa between 15 and 70°C at a rate of 1°C/min. The time sweep test at 0.5
Pa and 1 Hz at two temperatures (50 and 25°C) for 20 min, is made and repeated for both

temperatures two times consecutively.

4.1.7 SAXS measurements

SAXS measurements are performed on a Bruker AXS Micro instrument during the period
abroad at the ETH of Zurich in the laboratory of Food and Soft Materials of professor Raf-
faele Mezzenga. The source is a microfocused X-ray operating at voltage and filament cur-
rent of 50 kV and 1000 A, respectively. The Cu Ka radiation (ACu Ka= 1.5418 A) is colli-
mated by a 2D Kratky-collimator, and the data are collected by a 2D Pilatus 100 K detector.
The scattering vector ¢ = (471/A)sinf, with 20 is the scattering angle, calibrated using silver
behenate. Data are collected and azimuthally averaged using the Saxsgui software to yield
onedimensional intensity versus scattering vector g, with a q range from 0.004 to 0.5 A~".
All the samples are filled into 2 mm diameter quartz capillaries which are sealed with epoxy
glue (UHU). Measurements are performed as a function of temperature and the scattered

intensity is collected between 2 or 6 h, depending on the sample concentration.

4.1.8 SANS measurements

SANS experiments are carried out using the Yellow Submarine diffractometer operating at
the Budapest Neutron Center. Samples are placed in 1 mm-thick quartz cells. Temperature
is controlled within 0.1 K using a Julabo FP50 water circulation thermostat. The range of
scattering vectors q is set to 0.038-0.38 A~'. The q value is defined as g = (47/A)siné,
where 20 is the scattering angle. In order to have access to the whole range of q, two different
configurations are used. In particular, the sample-detector distance is set to 5.125 m from the
sample and the incident neutron wavelengths are 4.4 and 10.23 A, for medium and low q
range respectively. The raw data have been corrected for sample transmission, scattering

from empty cell, and room background.
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4.2 Results and discussion

4.2.1 Concentration effect on LYS structure

Figure 4.1 (a) shows the X-ray scattering intensity, I, as a function of the scattering vector, q

, of a range of LYS concentrations at pH= 1.8 and 20°C.
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FIGURE 4.1: (a) concentration dependence of the experimental scattering

curve I(q) at 20°C, of LYS in D,O at pH 1.8. The protein concentration was

varied from 0.5 to 22 wt.%. (b) Guinier plot to highlight the linear dependence
of In[I(q)] versus ¢° at low q values.

At LYS concentration of 0.5 wt.%, the scattering intensity forms a plateau up to 0.07 A
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Such plateau is characteristic of dilute protein monomers, when they are monodispersed
and homogeneously distributed in the solution. In this case, the inter-particle distances re-
main higher than the intra-particle ones, and the measured scattering curve corresponds to
the form factor if S(q)= 1, a brief mention to the SAXS and SANS techniques is provided
in the appendix 6.1. Increasing the protein concentration from 3 to 22 wt.%, a broad hump
characterizes the shape of the structure in reciprocal space. Inter-particle distance correla-
tions due to charge repulsion give rise to a non unity S(q) that suppresses the lowest angle
scattering. Indeed, the descent in intensity at small g-values indicates a repulsive interac-
tion potentials between protein monomers [181, 182]. In concentrated systems, the particles
are densely packed, and the distances relative to each other became of the same order of
magnitude as the distances inside the particles. In this case, the scattering curve also con-
tains contributions coming from neighbouring proteins. Therefore, for concentrated sam-
ples, the experimental scattering curve contains both contributions: the form and structure
factors. The high used concentrated solutions enable to obtain high-statistic scattering data
in a wide q range, allowing getting internal structural information of the proteins in the real
space. Figure 4.1 (b) shows the Guinier plot of the experimental scattering curves [183]. It is
possible to notice that in the g2 interval 0.01-0.05 Afz, the data points of the diluted LYS 0.5
wt. % solution fall onto a straight line.

The q range 0.1-0.2 A in figure 4.1 (a) reflects the tertiary structure of LYS in the real space
distance of about 3 nm, such as molecular shape and dimensions, while the scattering curve
in the q range of 0.3-0.6 A7 mostly reflects the intramolecular structure in the real space
distance of 1 nm, such as structural domain correlation and polypeptide arrangement [184,
185]. The SAXS data highlight that, as a function of protein concentration, a progressive shift
at high q value of the low-q peak occurs, probably related to the excluded volume effect with

a greater proximity between the proteins and therefore lower correlation distances.
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4.2.2 Thermal unfolding of dilute LYS solution

Figure 4.2 shows the temperature dependence of the X-ray scattering curves I(q) of the di-
luted (0.5 wt.%) LYS solution, where the temperature is varied starting from 20 until 80°C,
each 20°C. After the thermal ramp, the sample is cooled again to 20°C, and the scattering

curve is acquired to test the effective thermal reversibility of protein structure.
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FIGURE 4.2: temperature dependence of the experimental scattering curve
I(q), of a diluted 0.5 wt.% LYS solution at pH 1.8. The temperature was varied
from 20 to 80°C.

Figure 4.2 shows that with elevating temperature the greatest variation of the scattering
curve in the middle q range occurs between 40 and 60°C, suggesting that the thermal de-
naturation of LYS occurs in between [184, 185]. The radii values of LYS are obtained from
the SAXS curves fitting, assuming an ellipsoidal shape of the LYS globular protein. The po-
lar and the equatorial radii trends as a function of temperature are reported in the inset of
figure 4.2 evidencing that the polar radius slightly increases with increasing temperature,
while the equatorial radius value remains constant. The outcome highlights that LYS seems
to have a preferred direction of unfolding in the used experimental conditions. In addition,
a high thermal reversibility of the LYS structure is demonstrated. Indeed, in figure 4.2, the
scattering curves collected at 20°C, before (black curve) and after (cyan curve) the thermal

treatment, are perfectly superimposed. This suggests that even at low pH and after a drastic
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heat treatment, LYS protein maintains a high structural reversibility. The outcomes is sup-
ported by previous literature finding on a similar system [184, 186].
To supplement the SAXS data, circular dichroism spectra of a very dilute solution of LYS are

recorded as a function of temperature, the data are shown in the figure 4.3,
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FIGURE 4.3: Circular dichroism spectra as a function of temperature of a LYS

solution at pH 1.8. The top panel shows the heating thermal ramp from 20 to

80°C. The bottom panel shows the comparison between the spectra at 20°C
performed before (black line) and after (green line) the thermal ramp.

The CD spectra show the typical features of LYS, a mixture of B-sheet and a-helix with
the former dominating, similar to published data [154]. The negative peaks at 208 nm and
222 nm are attributed to the helical features, whereas the shoulder around 218 nm is re-
flecting the B-sheet components. By following the behaviour of these peaks as a function
of temperature, it is possible to monitor changes in secondary structure qualitatively [187].
The influence of temperature on the spectra is shown in panel (a) at an interval of 10°C. The
spectra between 20°C and 40°C coincide with the folded one. The most drastic change of

the secondary structure of LYS, in the used experimental conditions, occurs between 40°C
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and 60°C. The decrease and shift of the peak at 208 nm and the decrease in the shoulder at
222 nm are indicating a change from helical features to S-sheet components and random coil
[154, 187]. Panel (b) shows the comparison between the CD spectra collected at 20°C before
and after the thermal treatment. The solid and dotted black spectra indicate an almost full
reversibility of protein secondary structure. Additionally, a isodichroic point at 204 nm was

observed indicating a two-state cooperative unfolding process [188].
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4.2.3 Thermal unfolding of LYS in self-crowded conditions

The thermal unfolding of LYS120 in self-crowded condition it has been characterized by
different techniques. The spectroscopic bands of interest are Amide I (Al) and Amide II
(AlII), which are generated by different vibrational modes (see chapter 3). Amide I band
is mainly due to C==0O stretching, and depending on the involvement of the carbonyl
groups in the formation of the different secondary structures of protein, the C==0 groups
vibrate at slightly different frequency. Following the evolution of the Al band as a function
of temperature means following the development of the protein secondary structure. Figure

4.4 shows the FTIR spectra recorded from 25 to 87 °C of LYS120 solution.
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FIGURE 4.4: (a) FTIR spectra of the LYS120 solution recorded as a function

of temperature in the amides spectral region. (b) Al frequency shift of the

partially and the totally deuterated LYS120 samples. (c) All absorbance of

partially deuterated LYS samples determined at different temperatures: LYS
120 (red curve) and LYS240 (black curve) solutions.
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The temperature dependence of the Al peak position is reported in figure 1b (green full
circles): the band shifts to lower wavenumbers in the range 40-50 °C then progressively
moves to higher wavenumbers. The observed red-shift is caused by the H/D exchange be-
tween the D,0 solvent and amide hydrogens localized in the core of the folded structure
[189, 190]; this is also indicated by the parallel decrease of the AIl band, which is mainly
ascribed to a N——H bending vibration. The full H/D exchange is reached at Tex 50 °C
(figure 4.4 c), a few degrees below the melting temperature T,,= 53 °C (see hereafter), as
also observed in other cases [179, 189, 191]. This fact is related either to a change of the
tertiary structure that precedes the global unfolding, giving rise to an intermediate with a
native-like secondary structure, or to conformational changes of more local and transient
character [179, 191]. The LYS behavior in self-crowded condition can be simply explained
considering a cooperative two-state process, involving folded (F) and unfolded (U) species
in thermal equilibrium [179, 189], as previously observed for the dilute LYS solution, from
the CD data. In fact, if the exchange of internal N ——H groups becomes fast enough in the
U state, as expected, even the presence of a small fraction of U at T < T, will cause the rapid
exchange of the total amount of protein in the sample. In these conditions, the signal deple-
tion rate is expected to depend directly on the fraction of U species [192, 193, 194, 195]. The
temperature dependence of the Al peak position, in the LYS120 sample totally exchanged
after one-hour incubation at 50 °C, is reported in figure 4.4 b (green empty circles). The data
follow a pseudo-sigmoidal functional form, evidencing a melting region at around 50-60
°C and both pre- and post-melting linear domains; for T > T, the curves obtained with or
without the pre-treatment recover. The unfolding process can be described by a two-state
model, based on the equilibrium between folded (F) and unfolded (U) species [196, 197].
The spectroscopic observable yr (band position or signal intensity) can be expressed as the
sum of its value in the folded and in the unfolded states weighted for their corresponding
population. Considering a linear temperature dependence of the observable within each of

the states leads to the following expression:

_ypt+mp-T+ (yut+mu-T) Ky
T 1+Kr

(4.1)

Kr is the equilibrium constant at a given temperature, yr and yy; are the values of the
observable when the proteins are respectively in the folded and in the unfolded state at T=

0 K, mr and my; describe their temperature dependence in pre and post-melting region. The
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equilibrium constant can be written as a function of the unfolding enthalpy (AHr_{;) and of

the melting temperature (T,):

In(Kr) = S5 (- ) 42)

R is the gas constant. From the two relationships, the following one can be obtained:

Cyr+mp-TH (yu+my-T)-
Yyr = AHp_y 1
1+e ® \Tw

- (4.3)

— | s

This functional form was employed to reproduce the melting curves. Similar melting
curves are previously observed for LYS solutions containing denaturing cosolvents (ethanol
and DMSO) and are modelled based on a classical two-state picture, with a rather contin-
uous thermal restructuring within the F and U states themselves [189, 196, 198]. Based on
such a model, thermodynamic parameters are extracted at different pH values as shown in

figure 4.5.
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FIGURE 4.5: Al frequency shift of LYS solutions at different pH, as a function
of temperature.

pH | T,(°C) | AHf_y (kcalmol™!)
4.0 | 747 £ 09 113 + 20

35 [727+05 116 £ 15

28 | 71.6 £ 0.6 85+ 8

1.8 | 53.2+0.3 67 +4

TABLE 4.1: Thermodynamic parameters obtained by reproducing the experi-
mental data (Al peak position) with the two-state model function.

Going from pH= 4.0 to 2.8 only leads to minor changes on T, from 75 to 72 °C, in line

with other FTIR studies [157]. Relevant effects are instead observed at pH= 1.8, when both
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the Tm and enthalpy change (AHf_(;) decrease down to 53 °C and about 70 kcal/mol, re-
spectively. These results are reasonably consistent with those obtained for more diluted
solutions using different approaches [154, 160, 178]. The T,, and AHr_; obtained at pH=
1.8 are practically coincident with those (T,;= 51 °C and AHr_y; 70 kcal/mol) previously
obtained for a LYS solution (120 mg/ml; pH= 3.0) in presence of ethanol (18 % mole frac-
tion); yet, in that case, the development of a large amount of ordered pB-sheet aggregates is
observed in the 30-64 °C range [196] and rapid gelation at the macroscopic level [199]. Thus,
even if at any given T the fraction of U species, prone to aggregation, must be similar in the
two environments, the self-assembly is strongly suppressed at pH= 1.8. This can be mainly
ascribed to the effect of coulombic repulsive interactions among heavily charged proteins
(a net protein charge of 17-18 is predicted at the working pH) [200]; the role of ethanol in
favoring aggregation might be also taken into account.

From a methodological point of view, we notice that the estimated T,y is 3 °C lower than
T, similarly to what found for LYS in other solvent conditions [189]; this indicates that T,
is a reasonable approximation of the melting temperature T,,, as long as comparable FTIR
acquisition procedures are considered.

Figure 4.6 shows the SAXS curves of the concentrated LYS120 solution as a function of tem-
perature. The temperature variation of the scattering curve reflects the evolution of the LYS
structure due to the unfolding process.

In this concentration regime I(q) is the results of both, P(q) and S(q) contribution, as ex-
plained in the appendix 6.1, and the statistics of the scattering data is high enough to make
it possible to obtain information about the correlation between internal structures of LYS

monomers, which will be the subject of future investigations.
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FIGURE 4.6: Experimental scattering curve I(q), of LYS120 solution at pH 1.8,
as a function of temperature. (a) shows the heating treatment from 20 to 80°C.
(b) shows the cooling ramp from 80 to 20°C.

Depending on the investigated q range, the scattering curve contains different structural
information of proteins. The low q region gives information on the spatial correlation be-
tween monomers. The middle q region reflects the spatial arrangement of the polypeptide
chain that provides protein’s shape and size. The high q region reflects the spatial corre-
lation between different chain domains, i.e. the intramolecular arrangement of the protein
chain [184, 185, 186]. As shown from figure 4.6 (a) the middle q region (0.1-0.2 Afl) is char-
acterized by a broad hump [184, 186], which remains unaltered until 40°C. This suggests
that no significant structural variations of the protein occur in this temperature range. At
50°C the scattering curve move towards lower wave vectors, indicating that the globular
shape of protein starts to unroll. In agreement with FTIR data, the major conformational
variation occurs between 50 and 60°C, and the shape of LYS becomes more elongated. At
80°C the persistence of the broad peak highlights that, even at the highest temperature, LYS

. . o —1
monomers continue to have a certain compactness. In the q range between 0.3-0.5 A ~ there
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is another hump in the scattering profile [184, 186] which remains unchanged in shape and
position until 50°C, and disappears at 60°C.

The SAXS data suggest that the greatest LYS structural variation occurs between 50 and
60°C. The almost negligible variations at low temperatures of the scattering curves are
related to the flexibility of the protein chain, which allow some little conformational rear-
rangements. Even the SAXS outcomes confirm the possibility to describe the LYS unfolding
process with two state model (folded <— unfolded) also in the high concentrated regime.
Figure 4.6 (b) shows the SAXS curves during the cooling thermal treatment. The scattering
profiles at 20°C before and after the heat treatment are similar in the middle /high q regions.
This result highlight a good reversibility of the protein structure, even in self-crowded con-
dition.

The structural changes of proteins in solution have a strong influence also on the interactions
occurring between the macromolecules and the surrounding hydration water molecules. In-
deed these changes could have a strong impact on the system viscoelastic behaviour. This
latter is characterized by both the bulk and the shear moduli, and strongly influence the
propagation of acoustic waves into the soft media [201]. The protein molecular composition
mainly affect the bulk properties of the system, while its space organization has influence
on the shear properties. The chemical and physical interaction between proteins and water
molecules leads to relevant modification of the acoustic waves propagation [202]. Figure 4.7
reports the temperature dependence of the acoustic parameters of self-crowded LYS120 so-
lution. In particular panel (a) shows the acoustic wave sound velocity Cs, and panel (b) the
acoustic wave damping rate I' 4. The function used to fit the HD-TG signal and to obtained

the acoustic parameters, is expressed in chapter 2 in subsection 2.2.4.
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FIGURE 4.7: temperature dependence of self-crowded (9.8 wt.%) LYS solution:
(a) sound velocity Cg, (b) damping rate I 4.

According to the elastic theory the absolute value of Cg is higher in the protein solution
than in pure solvent, due to the higher density of the polymer solution. Instead the trend
of Cs as a function of temperature retraces that of the pure solvent (D,0O). In particular Cg
strongly increased with temperature until 50°C, less rapidly until 75 °C, and decreased after
75°C, as shown by the blue curve in figure 4.7 (a) and in previous experimental works on
D,O [166] and H;O.

The temperature dependence of the acoustic wave damping rate I'4, shows a linear de-
crease until 45°C, like the thermal behaviour of a pure liquid [203]. In the range 45-60 °C,
the acoustic wave damping rate remains constant, this behaviour is connected to the tran-
sition of protein from the folded structural conformation to the unfolded one [204, 161]. A
compensation effect on the viscosity could occurs. On one hand the thermal motion that
breaks the hydrogen bonds between water molecules, leads a viscosity decrease. On the
other side the increases of temperature unfold the protein globule, inducing an exposition

of the hydrophobic part. This process lead to a variation of the hydration shell, that could
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increases the system viscosity [204, 205, 206]. The overall effect is the stationary value of the
acoustic wave damping rate during unfolding. After 60°C the I' 4 trend recover the expected

behaviour of the pure solvent.
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4.2.4 Amyloid aggregation of LYS in self-crowded conditions

The same analysis previously performed for the LYS120 solution is conducted for the LYS240

sample. The corresponding thermal evolution of the Al and AIl bands is shown in figure

4.8.
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FIGURE 4.8: FTIR spectra in the amides spectral region obtained for LYS240
in two temperature ranges: (a) from 25.5 to 54.1 °C and (b) from 54.1 to 79.0
°C. Panel (c) shows the temperature dependence of the aggregate signal ab-
sorbance at 1618 cm~! together with the AIIl absorbance depletion resulting
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In this crowded sample, within the range 30-55 °C, the protein self-association is found
to occur, as testified by the increase of the two spectral components peaked at 1618 and 1690
cm™!, typical for inter-protein antiparallel B-sheet [145, 146, 155, 179]. Following previous
interpretations [196, 198, 207], B-sheet oligomers, rather than amyloid fibril, are expected to
be formed in the actual conditions. This seems also to agree with the mechanism of amyloid
growth proposed by Hill et al. [125], in more diluted conditions. In this case, LYS oligomers
are found to develop soon at 50 °C without nucleation barrier, during the lag phase that
precedes the protofibril nucleation step. This is also consistent with the conclusions of Zou
et al. [155] who specifically attributed the two spectral components at around 1618 and
1690 cm ™! to antiparallel B-sheet configurations of LYS oligomers; whereas, parallel B-sheet
arrangements, should characterize amyloid fibrils that form after long incubation periods
(tens of hours) at higher temperatures (62 °C) [155].
Because of the occurrence of aggregation, it is challenging to monitor the unfolding process
in this concentrated sample using the Al signal. On the other hand, we can easily follow the
intensity decrease of the AIl band at 1540 cm ™! due to the H/D exchange. As previously
mentioned , the overall exchanging rate depends on the fraction of U species, thereby the
intensity reduction of the AIl band can be related to the position of the F <+ U equilibrium
[189, 192, 193, 194, 195]. Figure 4.4 c shows similar depletion trends for the two LYS120 and
LYS240 samples, leading to the same exchange temperature (T.y 50 °C). This suggests that,
at high concentrations, the melting process is basically independent on the protein content,
even when strong self-association occurs. An analysis of the exchange kinetic at 45 and 50
°C further supports the notion that the F <+ U equilibrium is not affected by the protein

content and amyloid self-assembly.
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FIGURE 4.9: FTIR spectra of LYS120 (panel a) and LYS240 (panel b solutions

recorded at 50 °C as a function of time. Panel (c) and (d) report the area values

of All band at 45 and 50 °C respectively. The experimental data are fitted using

an exponential function, whose inverse value is the experimental exchange
kinetic constant

To describe H/D exchange kinetic in proteins it is possible to adopt local unfolding and

solvent penetration model [195, 208]:

k s
L. ouH) S

F(H)
F(H) and U(H) are the hydrogenated folded and unfolded species, F(D) and U(D) the

U(D)

corresponding deuterated ones. k; and k_; are the kinetic constant of unfolding and refold-
ing, respectively, while k; is the kinetic exchange constant when the protein in the unfolded

state. The collective exchange pseudo constant is given by:

klks

kex - 7,{_1 T ks

(4.4)

If ks >> k;, the hydrogen exchange constant is much greater than the refolding one and

the experimental constant equals the unfolding one:
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kex = kl (4'5)

If ki >> ks, the refolding constant is much greater than the isotopic exchange one and

the experimental constant is given by:

kex = KTks (4-6)

In this limit the protein unfolds and refolds many times before that all the exchangeable

hydrogens of the segment can be replaced by deuterium.

[LYS] (mg/ml) | T(°C) | K7 | Kexp (min—1)
120 45 0.07 | 0.065 £ 0.006
240 45 0.07 | 0.079 £ 0.002
120 50 0.36 | 0.230 £ 0.008
240 50 0.36 | 0.247 £ 0.005

TABLE 4.2: Equilibrium constant ( K1) and experimental exchange kinetic
constant (keyp) values at different experimental conditions.

The T-dependence of the aggregate band intensity at 1618 cm ™! is reported in figure 4.8
(c): the signal increases above 40°C, when a small fraction of U is present (1.4 %), in line with
the idea that the formation of ordered aggregates requires unfolding. The band reaches a
maximum at 54°C, close to the Tm, then start decreasing to practically disappear at 80°C; a
characteristic “depletion temperature” Tdep about 65°C can be inferred. The disappearance
of this band has been already observed in similar T-ranges, when LYS aggregates are formed
under reducing conditions [179] or in presence of denaturing cosolvents [196, 198]. This de-
pletion indicates the dissociation of the ordered oligomers formed at lower T and/or their
rearrangement towards unordered aggregates. In fact, a protein precipitate, which recalls
an opaque particulate gel[146], is observed at the end of the thermal treatment, suggesting
that the formation of amorphous aggregates does occur at high T. We remark that the FTIR
Al signal is not sensitive to aggregates of amorphous nature [209]. The initial loosening of
B-sheet contacts starts at lower temperatures (10°C or more) than previously observed for
analogous structures formed in different environments (presence of DMSO or ethanol and
higher pH) [196, 198], suggesting that the thermal stability of amyloid oligomers depends
on the solvating conditions. Likely, the high surface charge of lysozyme at pH= 1.8 [200]
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might induce the formation of relatively small oligomers, with a lower thermal stability.
To provide additional insights on the properties of concentrated systems, micro-DSC mea-

surements are performed on the LYS60, LYS120 and LYS240 samples.
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FIGURE 4.10: (a) Micro-DSC measures of LYS60, LYS120 and LYS240 so-

lutions, the heating (solid line) and cooling (dashed line) thermograms are

shown. The curves are rescaled to a better visualization. (b) Comparison be-
tween the first and the second heating ramp for the LYS240 sample.

The calorimetric scans reported in figure 4.10 (a) display an endothermic event centered
at about 50°C consistent with the outcomes of the FTIR results, and with the trend reported
in literature as regards the thermal unfolding of LYS at low pH and higher dilution [154,
160, 178]. For the LYS60 and LYS120 samples, the profile is typical of a two-state transition
with a high degree of reversibility, as assessed by the cooling scans. An apparent enthalpy

change of 50 £ 6 kcal/mol (LYS60) and 54 + 6 kcal/mol (LYS120) can be estimated from the
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thermograms, in reasonable agreement with the FTIR estimate 67 + 4 kcal/mol (LYS120),
also in view of the simplifying assumptions considered to extract these values. For the sake
of comparison, recent DSC investigations on diluted samples led to enthalpy changes of 70
kcal/mol [178] and 100 kcal/mol [160] at pH= 2, while an average transition enthalpy of 97
kcal/mol (Tm= 58°C) result from previous independent studies (LYS concentration from 1
to 10 mg/ml and pH from 2.3 to 2.5) [210]. For the LYS240 sample in which development of
ordered aggregates has been observed by FTIR the thermal behavior follows a more complex
profile under which several transitions can be identified: after the first peak centered at
50°C due to unfolding, a transition at 64°C and a well-defined peak at 72°C can be also
observed. Protein precipitation is found to take place at the end of the heating ramp, due
to the formation of amorphous aggregates. The formation of opaque irreversible gels has
been observed after incubation at 81°C of more diluted samples at neutral pH [132]. Figure
4.10 (a) indicates that, also in this case, significant reversibility of the unfolding process is
observed by the cooling scan, suggesting that a large fraction of protein is still present in the
monomeric form. This is confirmed by looking at the second heating scan reported in figure
4.10 (b). The melting temperature is not affected by the concentration increase and a rather

minor reduction of the apparent enthalpy change is observed.

Sample | T,(°C) | AHp_y (kcalmol™!)

LYS60 | 494 +£1.5 499 £55
LYS120 | 504 £ 1.6 53.7 £5.9
LYS240 | 50.3 = 1.6 451 +£5.1

TABLE 4.3: thermodynamic parameters of the melting temperature (T,,) and
enthalpy (A Hr_y;) obtained by the mDSC thermograms

This is likely due to the interference of amyloid self-aggregation occurring along the
melting range. Interestingly, on the basis of a detailed DSC study on quite concentrated
LYS solutions (up to 100 mg/ml) at higher pH values, the occurrence of irreversible aggre-
gation, probably of amorphous nature, does not seem to modify very much the features of
the unfolding endotherm during the heating cycle [211]. Overall, DSC results confirm that,
self-crowding and supramolecular assembly do not alter considerably the F <— U equi-
librium in these concentrated samples. The second and third endothermic peaks of figure
4.10 (b) at 64°C and 72°C are rather small: they might reflect either an entropy driven event

(like a dissociation/association phenomenon) or a further conformational change of a partly
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unfolded state [179]. Anyhow, the appearance of these features, not evidenced at lower con-
centrations, should be mainly connected to the development of ordered aggregates that form
starting from 40°C and then tend to disappear at T > 55°C (Figure 4.8 c). The fact that the
depletion temperature T;., about 65°C estimated form FTIR data is close to that at which
the second endothermic feature appears, might suggest a common origin. Concerning the
peak at 72°C, in the case of a LYS hydrogel thermally produced upon addition of DTT, an
endothermic component found within 75-80 °C is assigned to the melting of gel aggregates
[147]. On the other hand, higher melting points (110-115°C), assigned to the formation of
strong fiber-fiber interaction, were obtained for gels of amyloid fibers formed starting from
10-100 mg/ml LYS solutions, after long incubation times at 55°C and pH= 2.5 [144]. A differ-
ent explanation is needed in our case, since amyloid aggregates are not present for T > 70°C.
For the LYS240 sample, after the unfolding, several thermal events take place; these include
the formation of amyloid oligomers, their dissociation, amorphous aggregation, and other
possible conformational changes. Structural information regarding the formed oligomers, is
obtained from SAXS measurements. In this respect figure 4.11 shows the scattering curves

of the concentrated LYS240 solution as a function of temperature.
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FIGURE 4.11: Experimental scattering curve 1(q), of LYS240 solution at pH

1.8, as a function of temperature. (a) shows the curves at the temperatures

in which the aggregation occurs. (b) shows those in which the aggregates
dissociates.

The thermal evolution of the scattering curves (figure 4.11 (a)) is in total agreement with
the FTIR and the mDSC findings, evidencing that the effect of protein concentration on
the protein melting temperature is negligible, suggesting that the self-crowding and the
supra-molecular assembly involved in the aggregation process, does not have an important
influence on the transition from the folded to the unfolded state. At temperature higher
than 40°C the inter-particle distance correlations due to attractive potential give rise to an
enhancement of the low angle scattering. The formation of LYS aggregates is visible from
the increase of I(q) in the low-q region. After 60°C the aggregates dissociation take place.
Indeed in figure 4.11 (b), I(q) at low angle decreases. At temperatures above 60°C, the in-
teractions that induce the proteins to form the amyloid-like aggregate structures are broken.
Panel (b) shows the comparison between the SAXS curves collected at 20°C before and after

the thermal treatment. The solid and dotted black curves overlap in the medium/high q
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regions [184, 186]. Instead the curves differ in the low q region, still indicating the pres-
ence of some aggregates. However, it is important to remember that the speed of cooling
is very important in the possibility of reactivating the kinetics of aggregation. Indeed in
subsection 4.2.5 the aggregation kinetics at 4 different temperatures are investigated with
the FTIR technique. The SAXS curve at 20°C after the heat treatment of the sample has a
lower scattering intensity values at low q than the SAXS curves recorded at 55°C and 60°C,
indicating that many aggregates have been dissociated. The reversibility of the system is to
be understood as the structural reversibility of the protein monomer and not so much as the
global reversibility of the system. Probably by implementing a much faster cooling it is also
possible to achieve greater reversibility of the whole system. These findings suggest that the
oligomers have a low thermal stability because are mainly generated by the establishment
of physical interactions between the protein monomers.

Figure 4.12 reports the temperature dependence of Cs and I' 4 of LYS240 solution.
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FIGURE 4.12: temperature dependence of LYS240 solution: (a) sound velocity
Cs, (b) damping rate I 4.

The speed of sound shown in figure 4.12 (a) increases with LYS concentration in a linear
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like manner, with Cg value greatest at the highest temperature. The speed of sound fol-
lows similar shaped curves as the LYS120 solution (figure 4.7). The speed of sound curves
shift upwards with increasing concentration and the peak shift towards lower temperatures.
There is a significant variation with concentration across the whole temperature range. In-
stead, the I' 4 behaviour shown in panel (b), is totally different with respect to that of LYS120
solution where the aggregation don’t occurs. In particular, until 45°C, I'4 decreases due to
the reduction of solution viscosity. Above 45°C, I 4 revers the trend and strongly increases
with temperature due to the formation of LYS aggregates [206, 212, 161]. The formation of
protein aggregates, increase the number of the physical phenomena that can contribute to
efficiently dampen the acoustic wave in the material. This could be due to the system’s vis-
cosity increases due to the formation of interactions between the aggregates. To the increase
in the degree of complexity of the aggregate itself compared to the protein monomer, which
have more degrees of freedom and then a huge number of channels able to dissipate the
acoustic wave energy [213]. Also acoustic scattering phenomena could occur [213].

Thanks to the multitechnical approach used to characterize the complex thermal behavior
of the more concentrated solution of lysozyme, LYS240, it is possible to sketch a phase di-
agram that qualitatively synthesizes the thermal evolution of the protein under the used

experimental conditions.
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FIGURE 4.13: thermal behaviour of LYS240 solution: sketch of the phase dia-
gram.

By combining the results of the different experiments, especially those obtained from the
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FTIR and SAXS investigations, it is possible to draw the thermal history of the LYS240 sam-
ple. In particular, the monomers of the protein begin to unfold as the temperature increases.
At 40°C, when the unfolded species fraction of 1.4% is present, the proteins begin to aggre-
gate forming amyloid-like oligomers. A maximum amount of oligomers is reached at about
55°C. For temperatures above 60°C the oligomeric species become thermally unstable and

dissociate. At these high temperatures it is even possible to form amorphous aggregates.
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4.2.5 Thermal aggregation kinetic and gelation of LYS

Since the monomer folding/unfolding is relatively fast, in absence of aggregation, the FTIR
spectra (recorded within a few minutes) would refer to F <+ U equilibrium conditions at any
T. On the other hand, protein aggregation is kinetically controlled and it could take place
at temporal scales longer than those considered in the presented experiments [196, 198, 199,
207, 210]. Thus, to gain more insights on the aggregation kinetics, FTIR spectra have been
collected as a function of time at fixed temperatures. Figure 4.14 shows the time evolution

of the absorbance at 1618 cm ™! at four temperatures around T,
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FIGURE 4.14: FTIR absorbance of LYS240 at 1618 cm_q as a function of time,

determined at different temperatures. Panel (a) shows the evolution obtained

up to 120 minutes, while panel (b) highlights the first 16 minutes. Straight

lines in panel (b) are obtained by a linear curve fitting procedure on the first

data point, to estimate the initial aggregation rate (vo). The temperature de-
pendence of vq is shown in the inset.

No aggregate signals are observed below 45°C, due to the small fraction of unfolded
species, and above 60°C, due to the thermal instability of the ordered oligomers. At inter-

mediate temperatures (figure 4.14), the production of oligomer is fast within the first 10-20
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minutes and then it levels out at longer times. Similar trends have been previously ob-
tained in the presence of ethanol or DMSO as denaturants [196, 198]. Consistently with the
findings reported in figure 4.8, the maximum production of aggregates is achieved at 55°C,
which is close to Tj,. In addition, the initial aggregation rate vy, evaluated by a linear fitting
of the first data points (figure 4.14 b), shows a maximum close to T, (inset of figure 4.14
a). The decrease of v observed at 60°C suggests that the dissociation (or rearrangement) of
ordered aggregates starts to be of some relevance at this temperature. At all temperatures,
the aggregation rate slows down quite rapidly with time, becoming considerably small after
about 30-40 minutes. Even if the appearance of limiting concentration values (particularly
evident for 45 and 50°C) might reflect a reversible aggregation process [126], in the present
case, this is attributed to a kinetic arrest, related to the increased number and/or size of
the aggregates. In fact, an increment of the solution viscosity is noticed at the end of the
thermal treatment. The reported trends clearly show that after two-hours incubation, dif-
ferent (quasi-stationary) fractions of ordered aggregates are produced in the different cases.
The subsequent rapid cooling to room T of the samples treated at 45 and 50°C, induces the
formation of transparent gels within a few hours. This is often the case also for the sample
incubated at 55°C, even if sometime a partially opaque gel is observed. Instead, thermal in-
cubation at 60°C always caused the formation of an opaque gel already at high temperature,
indicating that the amorphous aggregation becomes competitive starting from 55-60°C.

The SANS, SAXS and FTIR curves of the transparent hydrogels produced after curing at 45,
50 and 55°C, (hereafter referred to as GEL45, GEL50 and GEL55, respectively) are reported
in figure 4.15, highlighting the different aggregates content depending on the thermal treat-
ment used to form the gel, and therefore presumably a different degree of networking of the

gel matrix.
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FIGURE 4.15: experimental scattering curve I(q) (panel a and b), and FTIR
spectra (panel c) of the diffrent LYS based hydrogels.

The relative intensity of the band at 1618 cm~! of the FTIR spectra in panel c, due to
the ordered oligomers, increases with the incubation temperature in line with the trends of
tfigure 4.14. A visual inspection of the samples indicates that stronger gels are formed at
higher temperatures, suggesting a correlation between their mechanical properties and the

size and/or number of ordered aggregates. Depicted spectra also show that the GEL45 and
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GELS5O0 still contain a large amount of a-helix, suggesting that monomers are still present in
thejellified samples, in line with the occurrence of a kinetic arrest of the aggregation process.
Nevertheless the preservation of residual native-like structures in amyloid oligomers is also
expected [135]. Comparison between the spectra of GEL45 and GEL50 with those of the
corresponding viscous liquids (LYS240) recorded at the end of the incubation at 45 and 50°C

(figure 4.16), evidences only minor relative intensity variations of the 1618 cm ! signal.
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FIGURE 4.16: comparison between the spectra of LYS240 at 45 and 50°C after

2 hours of thermal cure and the spectra of the respective gels formed through

the protocol: respectively 2 hours at 45°C (GEL45) in the panel (a), and 2 hours
at 50°C (GEL50) in the panel (b).

Thus, interprotein B-sheet do not further develop significantly during the gelation pro-
cess, in which links among ordered aggregates build up a percolating network. The shift of
the main band highlights that refolding to native structure takes place upon cooling. This
is mainly ascribed to the dispersed monomers. It can be hypothesized that the transparent
gels (GEL45 and GEL50) are made by rather small amyloid oligomers interacting by weak

(non-specific) interactions and contain a fraction of native monomers.
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4.2.6 Structural and elastic properties of LYS hydrogel

To assess from a mechanical point of view, the formation of a true jellified system, a rhe-
ological characterization on the transparent GEL50 is performed. Mechanically, a gel is a
semi-solid system in which the elastic modulus (G') is higher than the viscous modulus
(G'!) as a function of frequency and temperature. Otherwise, even if the system does not
flow visually after solicitation, it should be considered as a concentrated dispersion and not
as a real jellified system. At this extent, frequency sweep tests are performed at different

temperatures, as shown in figure 4.17 (a).
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FIGURE 4.17: Panel (a) frequency sweep traces of the GEL50 at different tem-
peratures (15, 25, 35 and 50°C) (a). Panel (b) effect of temperature on the elastic
modulus (G'), viscous modulus (G!) and phase angle (Delta) of GEL50.



4.2. Results and discussion 113

The values of G! and G!! at a given frequency decrease with increasing temperature, re-
flecting the overall weakening of intermolecular interactions. At 15 and 25°C the value of G!
is higher than G!! in all range of analyzed frequencies, while at higher temperature (from 35
to 50°C), a crossover frequency between the two moduli appears. This crossover frequency
is at around 0.03 Hz at 35°C, shifting to a higher frequency at 50°C (ca. 3 Hz). Thus, this
system can be considered as a gel at 15°C and 25°C, but it behaves as a low consistency
dispersion between 35°C and 50°C. The results obtained from the frequency sweep test are
confirmed by temperature sweep test (figure 4.17 b), highlighting the effect of temperature
on the elastic (G') and viscous (G!!) modulus of the hydrogel at the frequency of 1 Hz. At
room temperature the sample is a true jellified system, being the elastic modulus (G!) higher
than the viscous (G!) one. Both moduli decrease with increasing temperature: the material
is becoming progressively softer, which can be attributed to the weakening of interactions
among aggregates. At 45°C some of the links that build up the percolating network are
broken. The system is not able to sustain itself anymore and starts to flow (G!! > G! mod-
ulus). This transition from gel to liquid phase is due to the reduction of the links between
the amyloid-like oligomers. Indeed, these are thermally more labile than the cross p-sheet
links inside the oligomers themselves, becoming unstable only at T > 55-60°C (figure 4.8).
This case seems to be different from that of the “strong-link” gels of LYS, produced at room
temperature in denaturing conditions (using tetramethylurea as a cosolvent), in which in-
terparticle links are more elastic than intraparticle ones [214]. We also notice that the elastic
modulus of the oligomer hydrogel GEL50 is lower by at least one order of magnitude with
respect to the self-supporting hydrogels developed Yan et al. (1-4kPa) [145, 147]. However,
we recall that their preparation involves the heating up to 85°C (10 minutes) of more diluted
LYS solutions (30-70 mg/ml) in the presence of the reductant DTT and then slow cooling to
room conditions. In this way, B-sheet fibrils produced at high temperature, further develop
during cooling, leading to a fibrillar network through the formation of inter-fibril junctions
[145, 147]. The different stiffness of the GEL50 can be then rationalized based on its different
nature, which encompasses the entanglement of small amyloid oligomers rather than more
rigid fibrils. This seems also consistent with the findings of Navarra et al. who demonstrated
the possibility of forming fibrillar hydrogels of BSA with different strength, after incubation
at 60°C at various pH values: the weakest gel was formed at pH 7.4 when, together with
long and thin fibrils, also numerous oligomers are present [215].

Figure 4.17 (b) shows that above 60°C the elastic becomes greater than the viscous modulus
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once again, testifying a further structural change in the system. In fact, at the end of the
thermal treatment an opaque solid-like phase appeared, the formation of which is expected
to take place at 60°C, due to oligomers rearrangement and amorphous aggregation, as dis-
cussed before.

Transient grating spectroscopy provides an alternative and complementary non-contactless
approach than rheology to study the phase transitions in soft materials, thanks to its sensi-
tivity to the matter viscous and elastic properties [216]. In this respect, figure 4.18 reports

the acoustic temperature behaviour of the gel system.

154 |-
r GEL50
152 |-
150 -
g 148 - D0
g I
= 146
(@] L
144 -
142
ol (@
| L | L | L L | L | L |
20 30 40 50 60 70 80
T(°C)
20 [
18 [ (b)
16 |- GEL50
1l
N L
T 12 1
E L
< 0
— 8L
6F D,O
4 [
2 [
| | | | | | |

20 30 40 50 60 70 80
T(°C)

FIGURE 4.18: temperature dependence of LYS based hydrogel: (a) sound ve-
locity Cg, (b) damping rate I'4.

The speed of sound of the LYS gel, have absolute value higher than that of the respective
LYS solution from which the gel was formed. This is related to the viscosity increase due to
the formation of physical interactions between the oligomers that make the system capable
to retain water into the gel matrix and to self-sustaining [217]. The shaped curves as a
function of temperature, is the same previously discussed in the LYS solutions. In this case,

only a little signature of the gel to sol transition is recognizable at around 45°C in the speed
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profile. On the contrary the acoustic wave damping rate shows a marked change passing
from the gel to the liquid phase [212]. Since the I'4 trend is approximately linear above
and below the transition point, the kink in the data trend identify the gel to liquid transition
temperature [218]. This trend is related with the breaking of the gel network that implies the
transition to the liquid state, that occurs at 45°C. The increased sound attenuation in the gel
phase appears to be a generic occurrence, and has already been observed in other biological
systems like gelatin [219] and polysaccharides [220]. The notable sensitivity of the damping
rate of the acoustic wave over the speed of sound to the LYS conformational rearrangements,
aggregation and also to the physical state of the system, highlights the major role played by
molecular relaxation.

DSC trace of this gel (figure 4.19) still displays an endothermic transition centered 52°C,
as previously observed for LYS dispersions, indicating the presence of a fraction of native
protein in the hydrogel. Differently from the dispersions, the heating of the hydrogel up to
80°C causes irreversible unfolding of the protein, since no transition is observed during the
cooling back scan. From the ratio between the enthalpy associated to the transition of GEL50
(A Hp_y= 5.3 £ 0.3) and that to the main transition of the LY5240 dispersion (A Hr_y;=45.1
+ 5.1), arough estimate of the fraction of native protein in the hydrogel could be attempted.
An approximate value of 12 % is obtained, as long as interferences of concomitant processes

are neglected.
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FIGURE 4.19: mDSC traces (heating and cooling back) of GEL50.

To explain on molecular and structural terms the rheological and thermal behavior of the

hydrogel, FTIR and SAXS curves of the sample are recorded, shown respectively in figure
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4.20 and figure 4.21. Figure 4.20 shows the FTIR spectra as a function of temperature, of the
GEL50.
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FIGURE 4.20: FTIR spectra of GEL50 recorded as a function of temperature.

The arrows highlight the increase (a) and the decrease (b) of the aggregate

signal. The temperature dependence of the absorbance at 1618 cm ™! due to
ordered aggregates is reported in panel (c).

The plot of I(q) as a function of temperature, of the GEL50, is reported in figure 4.21.
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FIGURE 4.21: Experimental scattering curve 1(q), of LYS based gel, as a func-
tion of temperature. (a) shows the curves at the temperatures in which the
aggregation occurs. (b) shows those in which the aggregates dissociates.

The outputs obtained by FTIR and SAXS data highlights no changes of the experimen-
tal curves going from 30 to 40°C (figures 4.20 and 4.21) when the sample is in the gel phase,
confirming that variations of G! and G!! mainly relate to the reduction of (non-specific) inter-
actions among oligomers, which do not involve the cross B-sheet motifs. As a matter of fact,
spectral changes remain rather limited also up to about 60°C when the gel-to-liquid tran-

1 js ascribed to the

sition has occurred. The visible blue-shift of the main peak at 1650 cm™
unfolding of native monomers, still present within the jellified sample, while the small rela-
tive increase of the aggregate band observed at T > 40°C (figure 4.20) is due to the restart of
oligomers production. This clearly means that the gel-to-liquid transition is not connected
with the number and/or size of amyloid oligomers but rather to the interactions among
them. For T > 60°C (figure 4.20) the depletion of the band at 1618 cm ™! and the shoulder

at 1680 cm ™! reflects the breaking of the antiparallel B-sheet contacts: in these conditions

the formation of amorphous aggregates is favored. The SAXS curves (figure 4.21) follow the
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same behaviour as the FTIR spectra.
To better synthesize and visualize the dependence of the GEL50 on temperature, it is pos-

sible to schematize a phase diagram picture, as done before for the LYS240 solution (figure

4.13).
transparent gel liquid opaque gel
.45.°C i .',?,{.-'5: RaCRI] o) ¢ ,
L Wy LA »’iﬁ; N
’555 i1y /Jf 7"‘!].. 250\ N 72
* blocked oligomers = oligomers formation = oligomers dissociation

= amorphous aggregates formation

FIGURE 4.22: thermal behaviour of GEL50 sample: sketch of the phase dia-
gram.

Combining both the molecular and macroscopic information obtained by the used multi-
technical approach, it is possible to follow the thermal history of the protein based hydro-
gel, GEL50. In particular from room temperature until 45°C the system is dominated by
the elastic component and can be described as a percolating system. At 45°C the transition
from gel to liquid phase occurs, due to the breakdown of the physical interactions between
oligomers. After the gel to sol transition, the oligomers can diffuse, and the aggregation
kinetics restart. Indeed, between 45 and 60°C the intermolecular S-sheet connections re-
form, generating an higher content of oligomeric aggregates. For temperatures above 60°C
this type of aggregates dissociate and other aggregation paths occur, which involve the for-
mation of amorphous aggregates, as seen previously for the thermal history of the LYS240

solution shown in figure 4.13.
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4.2.7 Thermo-reversibility and oligomers dissociation of LYS hydrogel

Figure 4.23 shows the results of the time sweep test, employed to investigate at selected tem-

peratures the time response of rheological moduli (G! and G'!) during the transition from
the gel to the liquid states and vice versa. In particular, the elastic and viscous moduli of the
hydrogel were measured as a function of time at 50°C to study the gel-to-liquid transition

and then at 25°C to study the liquid-to-gel reverse process (first cycle); the same analysis

was repeated on the resulting sample (second cycle).

1%cycle
isotherm at 25°C

isotherm at 50°C

!

100/

i
g o |
= i
= |G 7
O | | . | | . .
) 2" cycle

isotherm at 25°C

isotherm at 50°C

\

100}

H
H
i
H
]
]

N— .

|
15 0 5 10 15
Time (min)

0 5 10
Time (min)

FIGURE 4.23: Elastic modulus (G!) and viscous modulus (G!!) as a function

of time. The GEL50 has been incubated at 50°C (20 minutes) to follow the

gel-to-liquid transition and then cooled back to 25°C (20 minutes) to follow

the reverse process (first cycle); the same treatment has been repeated on the
resulting sample (second cycle).

During the first cycle the gel-to-liquid transition occurs after about 8 minutes at 50°C;
this liquid sample reforms a gel when cooled back to 25°C; in this case, both moduli in-
crease fast within the first 3 minutes then their increase slows down. The jellified sample
becomes liquid again upon reheating to 50°C. We notice that now the transition is some-

what anticipated, consistently with the fact that the full stiffness of the gel is not reached at
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the end of the first cycle, due to the limited incubation time. Finally, upon cooling the liquid
sample to 25°C, reformation of the gel is observed again, with a time response analogous to
that of the first cycle. Overall, the data indicate that from a mechanical point of view, this
oligomer hydrogel can be considered a thermo-reversible one [145, 146, 147]. This capabil-
ity is strictly related to the possibility of reversibly breaking and reforming the weak links
among amyloid oligomers, while the number and size of these latter being unaltered in the
25 to 50°C range (figures 4.20 and 4.21).

An attempt has been made to reverse the oligomer formation, exploiting their instability at
high temperature. Figure 10a shows the spectra obtained as a function of time for the GEL50
treated at 80°C. In the initial spectrum (acquisition time about 3 minutes) the aggregate band
at 1618 cm~! is strongly depleted, indicating that amyloid oligomers quickly rearrange at

this temperature.
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FIGURE 4.24: FTIR spectra of the system after the thermal treatments. Panel
(a) long thermal treatment at 80°C. Panel (b) short thermal cycles at 80°C. In
the picture: the two systems at the end of the thermal treatment.

Significant spectral modifications are then detected as a function of time, with an overall
intensity redistribution towards lower frequencies. A strong decrease of the relative inten-
sity of the signal at 1650 cm ! is observed, whereas, surprisingly, a new spectral component
located at 1622 cm~! grows up, becoming dominant at about 20 minutes treatment. If the
first effect can be ascribed to the progressive loss of any residual a structure in these dras-
tic conditions, the assignment of the emerged low frequency component is more difficult to
understand. Macroscopically, starting from the transparent gel, the sample transforms into
an opaque solid-like system (figure 4.24 a), typically constituted by amorphous aggregates

[130, 131, 146]. Yet, the presence of a 1622 cm ™! component might suggest that, together
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with amorphous aggregates, also a fraction of different amyloid species with parallel -
sheet structure [156] and/or fibrillary nature were formed [135]. Their production could be
facilitated by hydrolytic processes occurring at 80°C and low pH. Starting from these re-
sults, a procedure has been tested aimed at dissociating amyloid oligomers, characteristic
of the transparent gel, to recover the native monomers. The gel was incubated at 80°C just
for one minute and then quickly cooled down at 25°C (1st cycle); the procedure has been
repeated two other times (2nd and 3rd cycles). The spectrum obtained after each cycle is
compared to the spectrum of the initial GEL50 sample and to that of the (H/D exchanged)
LYS240 solutions (figure 4.24 b). As it can be seen, a significant reduction of the 1618 cm ™!
component is obtained in this way, avoiding other major spectral changes. After the 3rd
cycle the spectrum resembles that of the starting solution employed to form the gel, even
if the remaining shoulder around 1618 cm~! indicates the persistence of a fraction of ag-
gregates. At the same time, the viscosity of the sample visibly reduces with the number of
cycles and a low viscosity liquid is obtained at the end of the treatment; the sample remains
liquid also in the following days. These results indicate that amyloid oligomers of LYS can
be dissociated into monomers at high temperatures and that a significant extent of refolding
can be achieved by fast cooling. This is necessary to limit other competitive processes such

as hydrolysis and/or formation of other ordered and amorphous aggregates.
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Chapter 5

Conclusions

The identification of specific interactions of water molecules with a solute and its reciprocal
activity on water structure is the main goal of this thesis. The present results highlight how
hydration influences the structure and promotes different aggregation products of peptides
and proteins. This study is developed within the frame of the basic chemical-physics prop-
erties investigation of biological systems. A deeper knowledge of how surrounding water
molecules affect the conformational changes and self-aggregation mechanisms provides a
basis for the control of self-assembly processes and thus a control over the properties of bio-
materials.

The solvation of the tripeptide GSH in different experimental conditions of concentration,
pH, temperature and presence of ionic species in solution is investigated in order to address
the role of specific peptide-water interactions. The UVRR spectroscopy provides a powerful
experimental tool taking advantage of its sensitivity and selectivity specifically probing the
structural dynamics of water at the interface with both the peptide backbone and the side
groups. MD calculations support experimental results and provide a detailed understand-
ing of the solvation processes at a molecular level. The analysis of the OH stretching signal
of water confirms its relevant attitude to probe the perturbation of the H-bond structure of
water induced by the peptide. The band spectral features reveal an increased disruption
of the more ordered H-bonded water induced by the tripeptide deprotonated form com-
pared to the protonated one. The inspection of the amide signals that are well visible in
the UVRR spectra also in diluted solutions gains insight to the hydrogen bonding network
around the amide sites of tripeptide and its dependence as a function of different experimen-
tal conditions. Another remarkable result, the spectral changes observed mainly on Amide I
signal, suggests that in diluted solution the number of hydrogen bonds between the peptide

C==0 group and water is larger than in concentrated solution. This behavior is observed
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to be further promoted at basic pH, in accordance with the more marked capacity of depro-
tonated form of GSH in decreasing the intermolecular order of water. Potassium salts of the
halogen group are used to investigate the ions effect on the GSH structure. The results are
compared to imidazolium based ionic liquids of the halogen series. The UV Raman spectra
shows marked variations depending on the different halogenic anions present in solution,
while significant variations cannot be attributable to the cations.

MD simulations are able to give an explanation of the improved influence of ILs in compar-
ison to the correspondent potassium salts as due to the higher propensity of inorganic salts
to form ionic pairs in solution. Concerning the anion effect on the solvation shell of GSH,
experiments and simulations are in total agreement. The results are explained by the reso-
nance model of the peptide link. In particular, chloride and bromide anions show a similar
interaction mechanism at the amide site, the effect is grater for chloride due to its higher
charge density. Both anions interact with GSH at the N —— H site resulting in a reduction
of the hydrogen bond strength. They are responsible for a reduction of polarity of the sur-
roundings in comparison to pure water. In such conditions the peptide neutral structure
in the ground state is stabilized consequently strengthening the C==0O and weakening
the C——N bond. This structural effect results in a blue shift of Amide I band, a red shift
of Amide II and increases the Amide I Raman cross-section. On the contrary, it is found
that iodide anion increases the number of water molecules at the peptide link, creating a
strong polar environment. In this case, the effect is the stabilization in the ground state of
the dipolar resonance structure that weaken the C==0 and strengthen the C——N bond.
From a spectroscopic point of view, this structural effect involves a red shift of Amide I
band, a blue shift of Amide II and an increasing of the Amide II Raman cross-section. The
observed dependence on temperature of the frequencies of the amide bands reflects the pro-
gressive reduction in the strength of hydrogen bond interactions on amide sites of GSH due
to water thermal motions. This effect is highlighted by the MD simulations showing a de-
crease in the distribution of water molecules around the C==0 and the N ——H sites.
Spectroscopically this effect is reflected in a blue shift of the Amide I band due to the short-
ening of the C==0 bond, and a red shift of the Amide II and Amide III3 bands due to
the lengthening of the C——N bond. The MD simulations do not find significant effects on
the conformational changes of peptide bonds upon temperature. From the UVRR spectra at
high temperature a signal at about 1500 cm ™! appears. In previous measurements this band

is assigned to the cis-Amide Il mode. The difference between the experimental results and
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the simulation is attributable to the resonance effect. Using UV light in combination with
temperature it is possible to promote the trans to cis isomerization. The ions effects on the
trans-cis isomerization are explained by the variation of the solvation shell at the peptide
site. Chloride and bromide anions stabilize the neutral resonance structure of the peptide
link in the ground state but this form is suppressed in the excited state creating a hindrance
to rotation around the C——N bond. On the contrary, iodide anion stabilizes the ground
state dipolar resonance form of GSH that is suppressed in the excited state allowing the ro-
tation of the peptide link. The outcomes reported in chapter 3 provide a reference basis for
a thorough understanding of the molecular mechanism driving the solvation dynamics of
glutathione, representing a key step toward the comprehension of the biological functional-
ity of this tripeptide.

Chapter 4 focuses on the thermal unfolding and aggregation of highly concentrated lysozyme
aqueous solutions (pH= 1.8). Formation of protein hydrogels is monitored in situ and ba-
sic structure-property correlations are established. DC and FTIR experiments show that a
two-state model (F <+ U) is appropriate to describe LYS thermal unfolding at low concen-
tration and also at 120 mg/ml, when no aggregation is probed, leading to thermodynamic
data (T,,,= 53°C and A Hr_y= 70 kcal/mol) in line with literature results on diluted solu-
tions. FTIR spectroscopy in conjunction with H/D exchange experiments demonstrate that
the thermal stability of LYS does not change upon further self-crowding to 240 mg/ml, even
when fast self-aggregation is observed. These findings are supported by DSC experiments.
Thus, contrary to some expectations, at low pH values, self-crowding and aggregation only
marginally affect the F <+ U equilibrium. SAXS data demonstrate also a great structural
reversibility of LYS after the thermal treatment when temperature is decreased at room one.
Furthermore HD-TG data show a marked modulation of the viscosity coefficient induced
by the unfolding process, evidencing an important contribution of the molecular relaxation
phenomena to the Dy trend. In the very concentrated sample (240 mg/ml), aggregates with
antiparallel B-sheet structures develop at T > 40°C (U percentages larger than 1.4 %), con-
firming that the aggregation is triggered by the unfolding. From metastable U species, amy-
loid aggregates quickly form in the adopted conditions, reaching a kinetically arrested state.
The self-crowding and the high monomeric charge act together favoring the rapid formation
of (kinetically trapped) amyloid oligomers, over that of amorphous aggregates or fibrils.
These oligomers recall those described by Muschol and coworkers, as compact metastable

species that might further originate curvilinear fibrils or oligomer precipitates [137]. The
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HD-TG data confirm the aggregates presence above 40°C where a marked Dy trend devia-
tion has been observed. Amyloid oligomers show a limited thermal stability: their content
deceases above 55°C, close to T, becoming negligible at 75°C. Even if aggregation and other
rearrangements take place going from 25 to 75°C, DSC and SAXS experiments evidence that
a large fraction of LYS remains able to refold upon cooling. Isothermal aggregation kinetics
indicate that amyloid oligomers do not form significantly below 45°C, due to the low con-
tent of U species, and above 60°C, due to their intrinsic thermal instability. Within 45 and
60°C their formation follows similar trends: the aggregation rate levels off after 20-30 min-
utes, leading to quasi-stationary oligomers fractions after two-hours incubation. The rapid
cooling of the samples treated at 45 and 50°C leads to the formation of transparent hydro-
gels, whose mechanical properties relate to the amount of aggregates produced during the
isothermal incubation. Indeed, these protein hydrogels are made by amyloid oligomers that
build up a percolating network by interacting through rather weak (non-specific) interac-
tions. The amyloid self-assembly is almost arrested upon cooling, which is ascribed to the
slowing down of protein diffusion and to the rapid refolding of monomers. In fact, the gel
phase still contains a reservoir of native LYS, as confirmed by DSC and SAXS measurements.
A detailed rheological analysis of the protein hydrogel (GEL50) confirms its elastic character
(G! > Gy at low temperatures, evidencing together with the HD-TG data the occurrence
of a gel-to-liquid transition at 45°C. A comparative FTIR analysis indicates that this tran-
sition is related to the depletion of the weak links among the oligomers. The hydrogel is
found to be thermo-reversible, due to the possibility of breaking and reforming these (non-
specific) inter-aggregates interactions. The amyloid oligomers themselves can be dissociated
back into monomers: a significant degree of refolding is obtained after consecutive cycles,
involving short-time exposures at 80°C (one minute) and fast cooling. Thus, this hydrogel
sample, made by rather small amyloid oligomers, can be retransformed back to a solution of
native proteins. Overall, results demonstrate that protein hydrogels, constituted by amyloid
oligomers interconnected by weak (reversible) links, can be easily formed in self-crowding
conditions.

This type of oligomeric hydrogels might be relevant in cellular biology and pharmaceuti-
cal industry when denaturation occurs in concentrated environments. They could be also
considered as a subclass of specific functional biomaterials, along with analogous systems
of fibrillar nature. Containing high quantities of amyloid oligomers, these hydrogels can be

further exploited to study the inter-aggregate entanglement, which must be a rather general
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process, especially relevant in crowded conditions.
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Chapter 6
Appendices

6.1 A basic principals of SAXS and SANS

Among the methods used in structural biology, small-angle scattering of X-rays (SAXS) and
neutrons (SANS) are techniques that closely fulfil the above requirements for structural sys-
tems biology [221]. SAS provides information about the overall structure and structural
transitions of biological macromolecules in solutions at a low resolution (1-2 nm) [222, 223].
Conceptually, the scattering experiment is relatively simple and it is performed on solu-
tions, which do not require special sample treatment (growth of crystals, isotopic labelling,
cryofreezing, etc.). The samples are exposed to a collimated monochromatic X-ray or neu-
tron beam with the wave vector k = 27” where A is the radiation wavelength. The isotropic
scattered intensity, I, is recorded as a function of the momentum transfer g = 47”51'71(9),
where 26 is the angle between the incident and scattered beam. The scattering from the
solvent is measured separately and subtracted to remove the background signal. The differ-
ence between the X-ray and neutron scattering lies in the fact that the X-rays are scattered
largely by electrons, whereas the neutrons interact with nuclei. The contrast, which is the
difference between the scattering length density of the particle and that of the solvent, is
therefore given by the electron density for X-rays and nuclear density for neutrons. SAXS
and SANS are highly complementary methods, whereby the former technique is faster and
requires less material. SANS is sensitive to isotopic H/D exchange, which is experimentally
used for contrast variation involving measurements in different H,O/D,O mixtures and/or
specific predeuteration of subunits, which provides unique information about complex par-
ticles [224]. Anyway, the basic equations and the methods used are similar for SAXS and
SANS. The net SAS intensity I(q) after solvent subtraction contains two contributions. The
so-called form factor P(q) emerges from the scattering by individual particles in solution and

is used to extract the structural information. The structure factor S(q) is due to interference
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effects between the different particles and yields information about the interparticle interac-
tions. Once that the intensity of the sample is recorded and the background corrected, the

equation that describe I(q) can be summarize as:

I(q) = KP(q)S(9) (6.1)

There are tree components in the equation to be considered. One is, K, that is a con-
stant which takes into account the particle contrast, volume and concentration. The other
factors as anticipated above are the form factor, P(q), bears the shape and the internal den-
sity distribution of the particles, and the structure factor, S(q), carries the information about

particle-particle interactions, such as inter-particle distances and degree of order [225].
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1. 24/02/2021 (Perugia), online workshop, "Giornata di discussione sui Metodi Chimico

Fisici utilizzati per lo studio di fasi condensate: informazioni dall’interazione tra fotoni
e materiali - con dimostrazioni di laboratorio ed applicazioni", Oral contribution
title: Investigation of soft materials by linear and non-linear spectroscopies: linking molecular

to macroscopic properties.

. 21-25/09/2020 (Bari), 4th online edition, Italian Soft Days 2020, Poster contribution

title: Self-Assembling of Lysozyme: Structural and Elastic Investigation.

Best Poster Award

. 21-26/07/2019 (Erice) 5th Conference on Frontiers in Water Biophysics, Poster contri-

bution

title: Vibrational and Elastic investigation of Lysozyme self-assembling processes.

23/05/2019 (Sesto Fiorentino), Participation at PhD day10, Oral contribution

title: Hydration of Glutathione probed by UV Raman Spectroscopy.

. 17-20/03/2019 (Andalo), Conference “XV International Workshop on Complex Sys-

tems”

Oral contribution, title: Self-Assembling of Lysozyme: Microscopic and Macroscopic inves-
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Poster contribution, title: Hydration of the tripeptide Glutathione probed by UV Raman

Spectroscopy.

. 25/01/2019 (Sesto Fiorentino) Klein colloquium, Oral contribution

title: Self-Assembling of Lysozyme Molecular and Elastic investigations.

. 13-14/09/2018 (Padova), Conference “Italian Soft Days 2018”, Poster contribution

title: Microscopic and macroscopic investigations of self-assembling proteins toward the for-

mation of biocompatible hydrogels.

. 31/05/2018 (Sesto Fiorentino), Participation at PhD day9, Oral contribution

title: Self-Assembling of globular proteins: “Cross and Delight”.

. 21-25/05/2018 (Trieste, ICTP), Conference “Conference on the Complex Interactions

of Light and Biological Matter: Experiments meet Theory”, Oral contribution

title: Vibrational study of a self-assembling globular protein.
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10. 23-27/05/2017 (Erice), Participation at the 4th conference “Frontiers in Water Bio-

11.

physics” (FWB), Poster contribution
title: Spectroscopic study of the unfolding and aggregation processes of lysozyme under dena-

turing conditions: toward the formation of protein hydrogels.

07-09/06/2017 (Trieste, ICTP), Participation at GISR (2017) 5th national congress “Ra-
man spectroscopies and non-linear optical effects”, Poster contribution
title: Study of the processes of unfolding, aggregation and gelation of lysozyme in denaturing

conditions through vibrational spectroscopy.
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6.4 Experiences abroad

1. 01/06/2019-22/11/2019 (ETH of Zurich), group of the professor Raffaele Mezzenga,

Laboratory of Food and Soft Materials, Department of Health Sciences and Technol-

ogy, Institute of Food, Nutrition and Health.

2. 26/02/2018-09/03/2018 (Forschungszentrum Jiillich GmbH, Germany), 49th IFF Spring
School 2018 “Physics of Life”.
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10.

Research activities at European large facilities

. 09-15/03/2021 (IUVS) ELETTRA proposal number: 20205486

title: Thermal stability of Poly-L-Proline structural motif as a function of salts and protic ionic
liquids.

I am the main proposer

. 27-31/01/2021 (IUVS) ELETTRA proposal number: 20205312

title: Solvation of glutathione in presence of ionic liquids: denaturant or protectant effect?

. 21-25/09/2020 (IUVS) CERIC proposal number: 20202148

title: Topology, thermal stability and behaviour of DNA in deep-eutectic solvents.

. 04-08/03/2020 (IUVS) CERIC proposal number: 20197165

title: Systematic investigation of the effect of imidazolium-based ionic liquids on the structural

stability of DNA.

. 07-09/12/2019 (EIS-TIMER), FERMI proposal number: 20184052

title: Coherent control of electronic transfer in the Donor-MgP-Acceptor molecule using a

chirped X-ray pulse.

13-17/11/2019 (IUVS), ELETTRA proposal number: 20190354

title: Effect of polar heads on self-assembling behaviour of amino acid based surfactants.

26-28/09/2019 (SANDALS experiment at ISIS), CERIC proposal number: 20187115
title: Investigation of the hydration shell around the active site of Glutathione by means of a

protic ionic liquid.

. 03-07/08/2019 (IUVS), CERIC proposal number: 20192179

title: Systematic investigation on self assembly in DNA ionogels.

. 11-15/04/2019 (IUVS experiment at ELETTRA), CERIC proposal number: 20187115

title: Investigation of the hydration shell around the active site of Glutathione by means of a

protic ionic liquid.

11-16/09/2018, ELETTRA proposal number: 20180196 (IUVS)

title: Characterization of drop-casted deposited ibuprofen and aromatic amino acids.
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11.

12.

13.

14.

31/07/2018-05/08/2018 (IUVS), ELETTRA proposal number: 20180128

title: Molecular rearrangements in ternary mixtures of a-cyclodextrin undergone inverse freez-
ing.
26-29/11/2017, CERIC proposal number: 20172087

title: Investigation on the self-assembling behaviour of amino acid based surfactants: effect of

polar heads.

01-05/08/2017 (IUVS) and 13-17/12/2017 (SANS), CERIC proposal number: 20167071

title: Structural study of aggregation of Lysozyme in water/ethanol solutions.

18-21/07/2016 (IUVS) and 29/11/2016-02/12/2016 (SISSI), CERIC proposal number:
20162085
title: Dynamics of water in concentrated lysozyme solutions and its dependence on protein

unfolding and aggqregation.
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