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Abstract

Despite exposure to extreme conditions, extremophilic organisms have developed a
range of mechanisms to survive these detrimental perturbations to their solvent environ-
ment. In this thesis we study how extremes of pressure and salinity a ect the aqueous
environment with which extremophiles interact. To do this we employ a combination
of neutron scattering with computational modelling to examine the perturbations to
water structure, and nuclear magnetic resonance to examine the perturbations to water
dynamics. We rst examine perturbations to water structure and dynamics by simple
monovalent model potassium halide salts and nd that we can extract atom scale in-
formation which we can link to bulk measurable thermodynamic properties. We then
use neutron di raction to study the organic osmolyte TMAO in solution, which is used
by high pressure adapted organisms to protect their biochemistry and nd that it can
preserve the structure of water against pressure induced perturbations. We then study
aqueous magnesium perchlorate, a salt which is found in high concentrations in the
Martian regolith, and likely in the surface lakes, and show that it induces a pressure-like
e ect on water structure. We then show that TMAO can also resist this pressure-like
structural perturbation in the same way it can resist pressure induced structural per-
turbations. Finally, we investigate how magnesium perchlorate hinders biomolecular
self-assembly by studying the amino acid glycine and the stability of the model protein
127. These fundamental insights help us to understand how observed adaptations in
extremophilic organisms help them survive, with implications in medical and industrial

settings.
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Chapter 1

Introduction

When one begins to consider the subject of biology, one is immediately overwhelmed
by the various di erent length scales this encompasses [6]. At its largest, the biological
eld of ecology considers how groups of organisms interact with their environment, and
therefore its length scale can be considered to occupy the whole biosphere of Earth.
At its intermediate length scale it considers individual plants and animals through the
elds of zoology and botany, from the giants of blue whales and redwood trees to micro-
scopic tardigrades and phytoplankton. Finally, at it smallest length scale, it considers
the fundamental processes vital to life through the eld of molecular biology, such as
transcription and translation to build proteins from the genetic code built into DNA
[7]. However, despite the vast array of sizes, there exists a single molecular species that
underpins them all, and without which biological organisms and phenomena as we know

them could not exist: water.

Indeed, liquid water is vital to life at all length scales [8, 9], performing a number
of roles from providing the largest natural environment on Earth to the driving force
behind biological molecule self-assembly [10]. In this thesis we will focus on its most
fundamental relationship with biology: its interaction with molecules relevant to life,
such as proteins, ions, and osmolytes. More speci cally, and as the title would suggest,

we will concern ourselves with how these interactions are perturbed in extreme envi-



ronments. The variety of extreme environments on Earth in which life is still capable
of thriving is truly awe inspiring [11]. Even in the harshest of conditions, subjected to
extremes of temperature, pressure, pH, salinity, radioactivity, often simultaneously, life
has been able to adapt and persist. This has lead to the classi cation of organisms that
thrive under such extreme conditions as \extremophiles". Not only do these present
an exciting area of study for pure scienti c intrigue, a detailed understanding of their
biological adaptations has profound implications in both medical and industrial research
[12{16]. Fundamental insight into the interactions between water and biomolecules in
extreme environments is therefore an extremely important and timely issue, as the ever
expanding reach of humanity means that now more than ever these unigue environments

are under threat.

This rst chapter will outline some of the key principles and background theory of the
work covered in this thesis. In section 1.1 we will outline the basic principles of protein
formation and folding. This serves as a useful tool to outline various covalent and non-
covalent interactions present in molecular biology and how they are intimately connected
to water. We will then give examples of some of the mechanisms that extremophiles use
to survive perturbations to their agueous environments by extreme conditions through
protein adaptations and the use of protecting organic osmolytes in section 1.2. Next we
will discuss the nature of liquid water in section 1.3, before discussing ways of monitoring
perturbations to water structure and dynamics in sections 1.3.1 and 1.3.2. Finally we will
present the aims and objectives of this thesis in section 1.4. Following this chapter we
will describe the background theory and application of the various experimental methods

used in this research in chapter 2, before presenting the key results in chapters 3 - 6.

1.1 Protein Structure and Folding

One of the many mechanisms extremophiles employ to survive perturbations to their
agueous environments is by the modi cation of their proteins, which allows them to
be both stable and suitably exible in order to carry out their biological roles [17]. In

order to understand the signi cance of these adaptations, we must rst de ne proteins
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themselves. Proteins are naturally occurring chains of molecules called amino acids or
peptides which fold into clearly de ned 3D structures due to their interaction with their
aqueous environment [18]. This structure is determined by their amino acid sequence
and de nes the role of the protein. The various roles performed by biological proteins
are extensive and can include, but are certainly not limited to: catalysis, mechanical

support, force mediation, enzymatic activity, molecular transport, and replication [19].

1.1.1 The Covalent and Non-covalent Interactions that Govern Protein

Structure

Figure 1.1.1: The structure of a single amino acid, featuring a common backbone
consisting of an amine group (Nh), a carbonyl group (COOH), and a central backbone
carbon covalently bound to a single hydrogen and a side chain group (R). The chemical
structure of this side chain group de nes the species of the amino acid.

Amino acids themselves are relatively simple molecules which all consist of a common
backbone comprising of an amine group (NH), a carbonyl group (COOH), and a central
carbon which is covalently bound to a single hydrogen and side chain group (R). This
basic structure is shown in gure 1.1.1. The chemical structure of this side chain then
de nes the species of the amino acid. There are 20 naturally occurring amino acids
which go on to form every protein species in existence. A diagram displaying these 20
amino acids is presented in gure 1.1.2. Here the amino acids are displayed as they would
occur as monomers in solution at neutral pH. Under these conditions amino acids take

their zwitterionic form, hence the carbonyl group becomes deprotinated and donates a
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