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Abstract

Urate Oxidase (UOX) is the archetypal cofactor-free oxidase and has been
the subject of several biochemical studies over the last 70 years. This enzyme
plays a role in purine recycling, facilitating the O,-mediated degradation of
uric acid to 5-hydroxyisourate. The latter compound is then further degraded
to the more soluble allantoin. However, there are significant thermodynamic
and kinetic barriers associated with O,-activation, and it is not yet completely
understood how UOX is able to function in the absence of a redox-active metal
or organic cofactor.

The main aim of this PhD project was to advance our mechanistic under-
standing of UOX catalysis by investigating the structure of UOX complexes
using neutron macromolecular crystallography (NMX). Compared to the more
popular technique of X-ray crystallography (MX), the main strength of NMX is
that it allows the direct visualization of hydrogen atoms (typically in the form
of deuterium atoms). As a correct understanding of enzymatic catalysis often
relies on the proper identification of protonation states at different stages of
the reaction, NMX is a very valuable tool in mechanistic enzymology studies.

This thesis is divided in six chapters. In the introductory Chapter 1, the
subject of O, reactions in biology is presented, with reference to the challenges
associated with O, activation. A historical overview of the current literature
available on UOX is provided, including its clinical relevance, in addition to
its structural and kinetic studies. Finally, the remaining mechanistic chal-
lenges associated with UOX are discussed. Chapter 2 briefly describes the
main methodologies used in this work. In Chapter 3, I present the recom-
binant production, purification, and characterisation of perdeuterated UOX
(DUOKX) that was employed for all NMX/MX experiments described in this
thesis. As the use of a perdeuterated sample presents significant advantages
over the use of a H/D-exchanged one in terms of NMX data quality and maps
interpretation, such an approach is a substantial improvement over previous
NMX studies carried out on UOX by other authors. The joint NMX/MX re-
finement of the room-temperature complex between DUOX and the inhibitor

8-azaxanthine (AZA) is described in Chapter 4. This structure determines the



protonation states of the proposed catalytic triad, Thr57*-Lys10*-His256, and
the relationships between this triad and the active site solvent network are de-
termined.

In Chapter 5, I present the room-temperature NMX structure of DUOX in
complex with 9-methyl-5-peroxyisourate (5-PMUA). The latter compound is
trapped in the active site after co-crystallisation of DUOX with 9-methyl uric
acid (9-MUA) under aerobic conditions, allowing the binding of O,. From this
structure, the trapped peroxide species is found to be negatively charged and
is stabilized by the hydroxyl group of active site residue Thr57*. In addition,
a proton-sharing relationship between residues Lys10* and His256 of the cat-
alytic triad is established.

NMX was employed to obtain information on the protonation states of
UOX complexes in two different environments: in the presence of an inhibitor
that cannot be oxidised, and the trapped peroxide intermediate. The structures
that are presented in this thesis are discussed with reference to the current
knowledge of the UOX mechanism of action, and provide an exciting platform

for future work into the structure of reactive intermediates in UOX catalysis.
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Chapter 1

Introduction

Abstract

The focus of this research project is the archetypal cofactor-free enzyme Urate Ox-
idase (UOX). This chapter introduces the topic of O;-reacting enzymes, covering
typical methods of O, activation. The role of UOX in biology is discussed with par-
ticular attention to the gene silencing event which caused its absence in humans,
and subsequent clinical implications. A comprehensive review of the structural
and functional studies of UOX is also conducted, addressing current mechanistic
theories and further challenges. Finally, the aim and motivation for this thesis is

presented, with reference to techniques employed during this research.



Chapter 1. Introduction 21

1.1 Oxygen-Reacting Enzymes

The oxidoreductases are a large family of enzymes that catalyse the transfer of
electrons from an electron donor, or reductant, to an electron acceptor, or oxidant.
Two important subclasses of oxidoreductases are the oxidases and the oxygenases.
Molecular oxygen (O,) is a vital reactant in these enzymatic reactions. Oxidase en-
zymes react with O, acting as the oxidant, reducing it by two or four electrons to
either HyO, or HO. Any oxygen atoms incorporated into the reaction product are
commonly taken from the surrounding solvent, not from the O, molecule directly.
Oxygenases operate differently by incorporating the atoms of O, into the structure
of the organic product. Whether one or two of the O, atoms are bonded to the
product of the reaction determines whether the enzyme is a monooxygenase or a

dioxygenase [1].

Molecular oxygen is classed as an electrophile, and has the ability to accept elec-
trons as it contains vacant orbitals. In fact, the ground state of O,, the most abun-
dant form, contains two unpaired electrons in the Highest Occupied Molecular Or-
bital (HOMO), as shown in the molecular orbital diagram in Figure 1.1. These two
electrons are of the same spin state giving a total spin of S = 1, therefore the spin
state is a “triplet’ denoted by 30,: this is considered a stable diradical. In com-
parison, an excited state of O, that contains paired electrons in the HOMO and is

considered a 'singlet’ species 'O,, shown in Figure 1.1.
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FIGURE 1.1: Molecular orbital diagrams for triplet (*0,) and singlet (10,) dioxygen.
Triplet O, has two unpaired electrons in the HOMO whereas singlet O, has one pair.
Adapted from [2] with permission from Elsevier.
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The standard reduction potential E? for the O, /H,O redox couple at pH 7 is + 0.815
V [3], indicating that O, has the potential to be a strong oxidising agent. The overall

reduction reaction of O, is shown in Equation 1.1.

O, +4H" +4e” — 2H,0 (1.1)

However, the reduction of O, to H,O does not occur with a concurrent four-electron
transfer, instead four one-electron reactions typically occur. The details of these
four one-electron reactions are given in Figure 1.2. The first reduction occurs as
O;, a stable diradical triplet species, accepts an electron to form superoxide O;™ or
HO-Or, a radical doublet species. The second reduction results in the formation of
hydrogen peroxide H,O,. This is followed by two further one electron transfers:
the formation of a hydroxyl radical OH' and one water molecule H,O, finally, the
termination of the reaction with an electron transfer resulting in a total of two water
molecules [4]. The associated reduction potentials for each one- and two-electron

reactions at pH 7.25 are shown in Table 1.1.
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le-, 1H* . le, 1H* le-, 1H* . le-, 1H*
0, HO, H,0, HO' + H,0 2H,0
dioxygen superoxide hydrogen hydroxyl water
(diradical) (radical) peroxide (diradical)

FIGURE 1.2: The reduction of O, to HyO via a four stage electron transfer [4].

TABLE 1.1: Standard reduction potentials of one- and two-electron reduction of O, species
in water. *“NHE: normal hydrogen electrode. Values taken from [5]

E? vs. NHE, pH7.25

O, + € — Oy -033V
Oy + e + 2Ht — H)O, +0.89V
H,O, + e + H* —- OH + H)O +0.38V
OH + ¢ + H* — HO +231V

Although the reaction between O, and organic molecules is both exothermic and
thermodynamically favourable, it is not kinetically favourable due to a significant
activation barrier to the reaction [3]. There are two factors that are considered re-
sponsible for this kinetic inertness and are related to the electronic structure of O,.
As shown in Table 1.1, all but one of the O, reduction reactions are thermodynami-
cally favourable: the primary electron transfer to O, resulting in superoxide O, has
a reduction potential of - 0.33 V. This one electron transfer is considered thermody-

namically unfavourable and, therefore, O is the kinetically favoured molecule [6].

An additional restriction is due to the difference in spin states of O, and organic
molecules. Organic molecules typically exist in a singlet state with no unpaired
electrons, whereas ground state O, exists as a triplet, with two unpaired electrons
[7]. The selection rule, or transition rule, stipulates that angular momentum must

be conserved during a reaction. Therefore, a reaction between triplet state O, and
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singlet state organic molecules to form singlet state products is considered ’spin
forbidden’. The O, molecule itself can be excited to a singlet state, meaning the
reaction with singlet organic molecules would be ’spin allowed’. The molecular
orbital diagram of this O, species, showing the paired electronic structure, is shown
in Figure 1.1. However, this reaction requires a high activation energy as the lowest
energy singlet state of O, is 22.5 kcal/mol higher than energy than ground state
triplet O, [2].

These kinetic restrictions result in the ability to closely control the reaction of O,
with organic molecules in aerobic environments. As a result, O, can coexist with
a variety of reducing agents inside living cells without reacting with them. This is
considered crucial in biology as it prevents random O, reactions that may result in

the destruction of essential components of the living cell [6, 7].

The barrier to the reactivity of O, with organic molecules is unfavourable, but reac-
tions can occur. The oxidising ability of O, can be accessed by the presence of a suit-
ability powerful reducing agent [6]. Such reducing agents capable of reducing O,
include metal centres and organic cofactors, and are widely used in O,-dependant
reactions. These moieties can assist in the activation of either O, or the organic

substrate directly.

Redox-active metal centres are commonly present in O,-reacting enzymes, contain-
ing iron, molybdenum, or copper. There are three main ways that transition metals
with unpaired electrons can activate O, for spin allowed reactions: orbital overlap,

single electron transfer, and reaction with a substrate radical [2].

Orbital-orbital overlap can occur between O, and a transition metal ion when there
are unpaired 3d electrons on the metal. The 77* orbitals of the complexed O are able
to overlap with those of the metal ion, creating a singlet species. This is then able
to react with organic material in the singlet state as the reaction is spin-allowed’,

providing the overall number of electrons in the complex remains constant [2, 8].
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When the protein contains a redox-active metal that has multiple oxidation states,
such as Fe (II/III), a single electron transfer can occur to bound O,, reducing it to
form superoxide, O,". The formation of a superoxide radical has an unfavourable
activation potential (Table 1.1), however, superoxide can participate in further one-
or two-electron transfer reactions favourably. Although this reaction is energeti-
cally unfavourable, the environment surrounding the O, binding site can favour
the formation of superoxide through stabilisation interactions. These stabilisation
effects have been noted in other enzymes. For example, in the case of myeloperoxi-
dase, the enzymatic activity is highest at low pH, resulting in a protonated histidine
residue located at the active site. It is suggested that this histidine is involved in
the stabilisation of the superoxide bound to the heme centre [9]. Alternatively, en-
zymes may control the active site environment to stabilise either the oxidised or

reduced form of the metal centre [10].

The reaction of O, with a substrate radical is also a method of activation, seen in fer-
ric substrate-activating enzymes including lipoxygenases (LO) [11]. The oxidised
metal centre in LO enzymes catalyses a hydrogen abstraction from the substrate to
form a substrate radical. This facilitates the reaction of the substrate radical with

O, as it is now a spin allowed process [2].

R

(0]
| H
HC 9a_N<_10a_N 0
N
‘8 TNy 10 ‘ IY a4 e
3 6
7 6/ 5 4 3NH 2 7
HsC 5a N\ 4a \1 5 8/
H HN N N
(0]
Flavin Pterin

FIGURE 1.3: Basic structures of the Flavin and Pterin cofactors that can be present in
enzymes to facilitate the reaction of an organic substrate and O;.

Conjugated organic cofactors that are able to form a stable radical intermediate
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are also able to facilitate the transfer of electrons to O,. Common organic moieties
include Flavins and Pterins: a structural representation of these are shown in Figure
1.3. The ability of reduced Flavins and Pterins to delocalise and stabilise unpaired

electrons is thought to be important in their reactions with O, [12].

The Flavin moiety acts as a redox cofactor, which is capable of existing in either
a one- or two- electron reduced state [13]. These electrons can be received from a
reduced substrate before delivering them to an electron acceptor. In this case, O
can be employed as an electron acceptor from a reduced Flavin, commonly result-
ing in the generation of HyO,. The general reaction of Flavin-containing enzymes
with Oy is that a one electron transfer occurs between the cofactor moiety and O,,
generating a radical pair consisting of the Flavin semiquinone and a superoxide
molecule [14, 15]. This reaction circumvents the spin-forbidden aspect similarly
to when there is a transition metal containing multiple oxidation states, described
previously. This radical pair can result in a recombination reaction and the for-
mation of a covalent adduct between the C4a position on the Flavin ring and O,,
generating a reactive C4a-(hydro)peroxide species [14]. The protonation state of
this (hydro)peroxyflavin intermediate determines if the reaction is an electrophilic
or nucleophilic attack [16, 17]. The formation of a C4a-(hydro)peroxyflavin inter-
mediate is thought to be central to the mechanism seen in many Flavin monooxy-
genases, involved in reactions such as Baeyer-Villiger oxidations, hydroxylations,
and epoxidations [17]. This C4a-(hydro)peroxyflavin intermediate has been well
characterised via spectroscopic studies [14, 18, 19], however it has not been visu-
alised structurally. A schematic describing the reaction of a Flavin cofactor with
O; to form a C4a-(hydro)peroxyflavin intermediate before the expulsion of H,O,,

commonly seen in Flavin-dependant monooxygenases, is shown in Figure 1.4 [2].
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FIGURE 1.4: The activation of O, by electron transfer from a Flavin moiety, seen in
Flavin-dependent monooxygenases. The reduced Flavin residue transfers an electron to
an Oy molecule (1) creating a Flavin semiquinone radical and superoxide (2). The pair
then undergoes a radical recombination reaction to form a C4a-hydroperoxyflavin
intermediate (3) or C4a-peroxyflavin intermediate (5). This flavin-oxygen adduct then

breaks down to form oxidised Flavin and hydrogen peroxide (5). Adapted from [2] with
permission from Elsevier.
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Pterin-containing enzymes also commonly participate in enzymatic reactions in-
volving O,. Their basic structure and ability to delocalize and stabilise an unpaired
electron is similar to that of Flavin moieties, shown in Figure 1.3 [14]. Less is un-
derstood about the intermediate structures of Pterin reactions, however, several
Pterin-containing ezymes, such as phenylalanine hydroxylase, are thought to pro-

ceed through a similar C4a-intermediate as seen in Figure 1.4 [20, 21].

Interestingly, there are O,-dependant enzymes that contain no metal centre or co-
factor [3, 22]. The mechanism by which these enzymes are able to circumvent the
selection rule is still not fully understood. It has been suggested that the reaction
of a carbanion and O, is mechanistically possible if a stable radical can be accessed.

However, there is little structural evidence to validate these claims.

1.2 Urate Oxidase

Purines are essential small molecules used as building blocks in DNA and RNA
[23]. Many enzymes are involved in maintaining a balance of purines by promoting
their synthesis or degradation [24]. Purine catabolism can also be referred to as a
‘salvage pathway’, where nucleotides are synthesised from intermediates from the

degradation of other nucleotides.

A reaction scheme describing the breakdown of purine molecules to allantoin is
described in Figure 1.5. Enzymes involved in this pathway include Xanthine Oxi-
dase (XO) and Urate Oxidase (UOX). The final product of this pathway in humans

is UA. This is explained in more detail in Section 1.2.1.
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FIGURE 1.5: Reaction scheme describing the breakdown of purine molecules to Allantoin.
Enzymes such as Xanthine Oxidase and Urate Oxidase participate in this salvage
pathway. In the case of humans the final product is Uric Acid (highlighted in the red box).

UOX s a peroxisomal cofactor-free oxidase that participates in this purine degrada-
tion pathway. It is responsible for the enzymatic catalysis of UA to 5-hydroxyisourate

(5-HIU), reacting with O, and producing hydrogen peroxide (H,0O,) as a by-product.

1.2.1 Gene Silencing Event

UOX is found in all three domains of life: Archaea, Bacteria and Eukarya. How-
ever, in humans, certain primates, birds, and reptiles, the gene encoding for UOX
is silenced [25, 26]. As a result, the final product of the purine degradation path-
way is UA. Due to its presence in both prokaryotes and eukaryotes it is clear that

UOX is of ancient origin [27]. As other primates have retained the production of
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UOX, this gene silencing is assumed to have happened during the period of pri-
mate evolution, in a hominoid ancestor after divergence from Old World Monkeys

[28, 29].

The loss of UOX activity has been shown to be due to nonsense mutations [30, 31],
however, exactly how and why this happened is still not fully understood. Several
mutations have been identified in the human UOX gene that may be relevant to
the inactivation of this enzyme. Two nonsense mutations, at positions 33 and 187
coding for arginine, have been identified as premature stop codons [30], with the
mutation at position 33 suggested as the primary cause of UOX silencing in humans

[27].

It has been suggested that the gene silencing event was a multistep process: some
monkeys have retained a lower level of UOX production, implying a gradual re-
duction [28, 32-35]. This is supported by a study that found blocking UOX activity
in mice resulted in fatality: attributed to the inability of the mice to manage the
sudden increase in UA [36]. In addition, the examination of ancestral UOXs pro-
vided evidence that the enzymatic activity had decreased gradually, via stepwise
mutations [30, 35]. There are two suggestions for the systematic removal of UOX.
One suggestion is that ancient apes slowly decreased the transcription of UOX via
mutations in the UOX promoter before the pseudogenisation events [27, 35]. Alter-
natively, a reduction in UOX activity before pseudogenisation would also prevent
the sudden increase in UA [35, 37]. This may be considered a more robust method
for abolishing UOX activity in comparison to genetic mutations, which may result

in compensatory changes that would up-regulate UOX expression [35].

An increase in UA is argued to be the main benefit of UOX silencing due to its
free radical scavenging activity and reducing the likelihood of age-related cancers
[33]. In addition, the loss of UOX may have had a "survival advantage” at the time
of silencing, relating to the change in diet of our ancestors [35]. Contrasting the

other proposals, it was suggested that the loss of UOX activity in humans occurred
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through a single mutation event [29, 30]. Furthermore, it has been postulated that
this event and silencing of UOX was accidental, and the resultant side effects such
as gout and hyperucemia are unwanted [25]. Nevertheless, the absence of UOX in

humans, and the resultant increase in UA, have clinical implications.

1.2.2 Importance and Clinical Implications

Oxidative stress is a result of chemical and biological reactions that produce un-
wanted by-products and side effects. Free radicals are unstable molecules that can
cause damage to other molecules and are usually by-products of essential cell pro-
cesses or metabolism. For example, the metabolism of O, generates -OH, O, - and
H,0O, [38]. These Reactive Oxygen Species (ROS) have implications in neurodege-

narative diseases, cancers, and ageing [38, 39].

Free radical scavengers, or antioxidants, are molecules that can react with unstable
free radicals and convert them to stable, unreactive, and less harmful compounds.
One such important antioxidant and free radical scavenger is uric acid (UA) [33,
40]. As previously described in Section 1.2.1, the UOX gene silencing event has
resulted in an increased concentration of UA in humans. As a result the level of
UA in the blood is typically fifty times higher than in other mammals [25]. Excess

UA that is accumulated due to the lack of UOX is excreted in urine.

Specifically, UA is found in the plasma, where it is responsible for around two
thirds of radical scavenging activity [41]. It has been found to be effective both in
vitro and in vivo [33, 42, 43], and shown to scavenge both hydroxyl radicals [44]
and oxo-heme oxidants [33, 44]. In particular, it is efficient at scavenging perox-
ynitrite (ONOQO") in the presence of ascorbic acid and thiols [45-47]. Peroxynitrite
can disrupt cell signalling pathways and react with lipids, DNA, and proteins. The

essential role of UA is supported by the fact that neither ascorbic acid or thiols can
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prevent the reactions of peroxynitrite alone. This UA radical scavenging pathway

is shown in Figure 1.6 [47].
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FIGURE 1.6: The free radical scavenging mechanism of uric acid (UA) in conjunction with
ascorbic acid. Figure taken from [47], published by The Royal Society of Chemistry.

Although this has the possible evolutionary benefits discussed previously, there are
a number of side effects that can have serious, even fatal, consequences when UA

concentration is high.

Gout is an painful inflammatory disease that results from the accumulation of
monosodium urate crystals in joints [48, 49]. This can be caused by the body over-
producing large quantities of UA, or a build up of UA resulting from the failure
of the kidneys to maintain physiological concentrations by UA excretion. It is im-
portant to note that the overproduction of UA is responsible for ~ 10% of cases of
gout whereas 90% of cases are as a result of problems with renal excretion [49]. Al-
though there is no cure for gout, there are therapies that reduce the concentration

of UA and minimise long term damage [48].
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Tumor Lysis Syndrome (TLS) is an unwanted side effect of chemotherapy treat-
ment. When the tumor cells are killed or lysed, the cells contents are released
into the bloodstream [50]. The contents include metabolites that are converted to,
amongst other compounds, UA. When the accumulation of UA occurs faster than
the body is able to excrete, complications such as hyperucemia, and the deposition

of UA crystals in the kidneys, can lead to renal failure [51].

Hyperuricemia, hypertension, renal, and cardiovascular diseases have all been found
to be related to UA excess. There are several treatments available in order to com-
bat these medical issues. A recombinant form of UOX, produced by a genetically
modified strain of Saccharomyces cerevisiae with the cDNA cloned from a strain of
Aspergillus flavus is commercially available as Rasburicase, Fasturtec, or Elitek by
Sanofi [52-54]. It acts by catalysing UA to soluble allantoin, which can be rapidly
excreted without interfering with any other step in the purine degradation process.
However, in terms of typical therapy, it is more common to inhibit the conversion
of xanthine to UA than to breakdown the accumulated product, using drugs such

as allopurinol [55].

1.2.3 UOX and T-Fold Enzymes

A variety of enzymes of independent origin have been found to play a role in UA
oxidation, however, this thesis will focus specifically on UOX. The most preva-
lent form of UOX in Gram-negative bacteria has been shown to contain an integral
membrane cytochrome c [37, 56], in addition to two distinct Flavoenzymes [37, 57,
58]. However in eukaryotes, as well as some bacteria such as B. subtilis, UOX has

been found to be cofactor-free [37, 59].

UOX was initially considered a copper-containing enzyme due to the presence of
a type 2 binding motif, commonly found in other copper-binding proteins [30, 60].

However, UOX from yeast [61], and fungi [62] have been found to be copper-free.
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The UOX found in soyabean root nodules was also examined and found to only
contain trace quantities of copper [63]. Additionally, MALDI-TOF mass spectrom-
etry measurements showed the absence of any organic cofactor [64]. The first X-
ray structure was taken from Aspergillus flavus UOX and published by Colloch et
al. [65]. This structure was able to unambiguously determine the absence of any
additional metal centre or cofactor present in the enzyme, confirming UOX as a co-
factorless enzyme in Aspergillus flavus [65]. This study was also the first to present

cofactor-free UOX as a member of the tunnelling-fold (T-fold) superfamily.

The T-fold tetrameric structure is found in multimeric proteins crossed by a chan-
nel, forming a "T” shape. It consists of an antiparallel B-sheet of four sequen-
tial strands, sandwiching two antiparallel a-helices between the second and third
strands and is denoted by the topology ppanxpp [65-67]. Multiple T-fold motifs as-
semble to form a Bna(m) barrel, providing an efficient scaffold for building large

multimeric proteins.

Each UOX monomer contains two successive T-fold domains of 137 and 164 residues
in length, shown in Figure 1.7 (a). The topology of the two domains is identical and
the sequence similarity is 52.3%, however, the sequence identity is low, 8.3% [66].
Two monomers associate to form a dimer related by a two-fold axis, with the active
site located at the interface, this is shown in Figure 1.7 (b) [65]. UOX is function-
ally active as a tetramer, binding a total of four substrate molecules: one at each
dimer interface. The barrel-shaped quaternary structure of UOX is shown in Fig-
ure 1.7 (c) and (d). The PDB used in Figure 1.7 was one of the first Aspergillus flavus
UOX structures to be published (1R51): the deposition by Colloch et al. is no longer
available in the PDB (1UOX) [65, 68].



Chapter 1. Introduction 35

(a) (b)

T-fold domain 1

S4
S3 N-terminus
e . T-fold domain 2
P S8 C-terminus

(©) (d)

FIGURE 1.7: The overall structure of Aspergillus flavus Urate Oxidase (UOX) bound to
inhibitor 8-azaxanthine (AZA) in PDB entry 1R51 [68]. (a) A monomer of AfUOX contains
two successive T-folds: the dotted line shows the separation of the domains. H and S are
used to represent a-helices in yellow and B-strands in blue, respectively. (b) The ligand
binding site is located at the interface between two dimers. (c) The tetramer of functional
UOX enzyme, forming a barrel structure with the twofold axis shown by a dotted line. (d)
90° rotation of the tetramer.
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Superfamilies can have high structural similarities but vary widely in terms of func-
tion. There are currently a total of five enzymes that have been identified as pos-
sessing a T-fold structure. The list includes GTP cyclohydrolase I 10, 6-pyruvol
tetrahydropterin synthase, 7,8-dihydroneopterinn aldolase and 7,8-dihydroneopterin
triphosphase epimerase, in addition to UOX [66]. Enzymatic function ranges from

the biosynthesis of folate and pteridines to purine degradation [69].

A common feature of T-fold enzymes is that all substrate molecules contain pyrim-
idine or purine rings. In addition, all ligand binding pockets are located in a deep
and narrow channel at the interface between monomers, typical for the binding
of small molecule substrates [66]. Another feature found in T-fold-containing en-
zymes is the presence of topohydrophobic regions, where sequences contain a se-
ries of strong hydrophobic residues (Val, Ile, Leu, Phe, Met, Tyr, Trp) [70]. This
characteristic is seen across all members of the T-fold superfamily [66, 70]. In
terms of functionality, the number of monomers required for the structure of ac-
tive site varies across the superfamily, however, conserved glutamine or glutamate
residues are found in the binding sites and are important for anchoring the sub-

strate molecules [66].

T-fold enzymes have been found to have a high structural similarity. In a compari-
son of UOX with the other enzymes possessing the T-fold motif, it was found that
they superimpose with a mean of 1.4 A root mean square deviation (RMSD) on the
common core (aligned on Cx) [66]. However, the enzymes show a wide sequence
variation, exhibiting a low level of sequence identity, with a mean of 10.5% along
the aligned regions [66]. It has been suggested that all proteins are descended from
a limited number of ancestors and through evolution the sequence similarity has
diverged, but structural aspects, such as the common fold or functional characteris-
tics, have been retained [66, 71, 72]. This is demonstrated in the currently identified
members of the T-fold superfamily where the sequence divergence is high but the

T-fold motif and substrate structure show similarities [66].
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1.2.4 Structure of the Active Site

In this section, a structural comparison between different UOXs is described, with
reference to a sequence alignment. This alignment is used to highlight identical
residues seen across a range of UOXs. These identical residues are discussed, with
attention given to their role in the active site, and their possible functional capabil-

ities.

A sequence alignment of 10 different UOX sequences with a 30-50% identity is
shown in Figure 1.8: the full details of the UOX sequences included are described
in Table 1.2. Residues likely to be present across the whole UOX family can be
identified from this sample. In total 23 residues are conserved, indicated by a red
background. There are 13 residues in close proximity to the active site and they are

identified by a yellow star: the relevance of these residues is described below.

TABLE 1.2: Details of Urate Oxidase (UOX) sequences used in the sequence alignment
shown in Figure 1.8

SWISS-PROT  Residues aligned Organism

identifiers

URIC_ASPFL ~ 1-301 Aspergillus flavus
URIC_EMENI  1-301 Emericella nidulans
URIC_CYBJA  1-303 Cyberlindnera jadinii
URIC_DROME 32 - 352 Drosophila melanogaster
URIC_DROVI 26 - 342 Drosophila virilis
URIC_MOUSE 1 -302 Mus musculus
URIC_SOYBN 1-309 Glycine max
URIC_ARATH 1-309 Arabidopsis thaliana
PUCL_BACSU 181 -494 Bacillus subtilis
PUCL_BACSB 1-332 Bacillus sp.

The structure of the UOX active site has been extensively investigated, in both the



38

Chapter 1. Introduction

[7£ ‘6] LATIdSH Sutsn paonpoid a3y 7' S[qeL Ul punoj aq ued

S[Te3op 1ayRing pue Aynuapr duanbag [G9] woLy us e} 918 SANIUIPT S}adYs-g pue SAIPY-¥ pue X[ SHevy i/ YIm 3d0UepIodde ul ST Suriaqunu
aNpISay ‘SILIS MO[[PA Aq PaJedIPUL 918 d}IS SAT)OE U} O} SDULAS[I JO SINPISAI PIAIISUO)) "punoidyoeq par e £q papy3ySny aIe ey} sanpisar
[EDTIUDPI €7 a1 I, "SIOYIIUSPT JOUJI-SSIMS IO YHM PI[[qe] “(XON) dSepIxQ aiein jo saduanbas ajowras o1 jo yuswrulife uy :8'T 4¥NOI

T UUVUMTISHOMHAVYMOMANAVATIIIALAHO ARJAEIdE dH LAAMD nsovd ‘Iond
...... TASLIYSTIVHISRBHEHALATAAAA HIVYY OI¥n
...... TASMTASTSVOISRHEHALdTAAAA NIXOS IDI¥A
................ TASdTAIAALDLIMBAEINATATTAEY ISNOW DI¥N
............... THSMTSMUSTOVAILPHEMALAI AAIN IAO¥d DI¥N
Tt "THSNINMYMVYIOVAILBHEMAAdII AAEN HWOYd DI¥N
..... TALAINEIAALDNITIRBINEIHAS dAATEAN YOEAD OI¥N
..... TAVASHIADOALDAIIRINEINLOdAAATY INIWI OI¥N
............... TMSMTSSUYDALOMIIGINEIASOdYAATY TA4SY OI¥N

ooe o6z osz
P —— e

8S 85
M M X

v_AQU&:Dmm_D.:hEAHzm:mADMOH>HmUOm7 FladddlAAMD gsovd 1ond
2l

g0 SAAITIATINAMIE ROSTIXAATOTOdId QI IO ITAITHRJIPTIILEIHAASIVIAYIOAVYVAANTIANLDISATL CNMAMEIMINTAAATAEINS dsovd 'Iond
D SOAITIAALAMIEI RIOSOASAALTOdAIVGII YOO IHATIINIFdLIATIHAALSYTAYADIVYARYVAASYASANL TNEAOLIS INTAAATJAREIND nsove 1ond
MAMAWSANIMLSTNAGT A AWMTHISSAAYAIMPINY SONTATLEEANASAADLEddOAILANTIANMMAANANISAXTIONLAISY " ° ° ° ° ASHASXARISYNAH LY TRHE{EY HIVYY OI¥n
TAMAT " dDOAONSINAAI 4 dTMTSAAYIAdIUNGIIYIVNTATIN@ARAS AADONddDAALAYTIANAATOANTLAXTINOITSA " " ° ° TSHASAMENTVIAGLYANEIEY NEXOS 1DI¥n

M® " "NITOWX®  SWAINJX|
NIOdATOOdd " MLAANIX|
NASdV¥YIMOdd  MLAANJIKXK|

dTSIHANAIIAITOSS TAO T AXTLMEAFdS AUOMAAIOVAMOTATIAIAYOMIVIAAA AL~~~ " " " © ° °
ANIWSAASADdTAAEAOMASTATIHEARASdIOASdAOVANYAATANALIMYHTANASELA "~ " """ " " °
ANIWNSIASADATAARADYISTATLIHEARASSADADdAOVYANYIIINNALOMYETAATINILA " * ° " " ° °

T T OAEEPIDAAO LY ADEIAM ASNOW DI¥N
TUSAUISOEAALS AIRIAX IAO¥A DI¥A
TUSAURISOAAALS AIRIAX FWO¥d DI¥N

MO XM N HAH

ANET" * " OMMMTAITIX ATVASASAASOVYMHAGIO LVHNNANLVY[PJARdSN - = * © * HIVALLTLIHHUYONAANAAIONAYYMYIAAASD IMMNAMARILVAAQLS TIEAL YLEAD OI¥N

AMOINMTOMHMSTATIH X ATSAIALATTAOAVRIOAOWM AN LY[PJARVS ™ = = * « ° HAVAIMTLINYYVVYEAMIAAAMIANDIALTAT" © * " OSAUMMYNLVAAQLS TIEIAM INIWE OI¥n

NMOINOTOMHMSTAIHI X dTSATALIITOOIVRIIOAVHNIANIV[GYAPVSN = = * © ° AIVAIATIATEYYIVMIVAINIAHSHATOT  * * "OSANMMOLILVAAQLS TIEAM TAdSY OIdn
oLz ooz osz ovz oez ozz otz ooz 06T osT

TOO — ——— TO0000 ———

LS LS TH ¢tH 9S
o

AIdELIXIAI I AOAESNOSABII TOOVIOSOOELINTINAINYANNTAVIVAINISHMMEIATESYYEN -~ © © @ ° -5 - s ONMAVALLAAdIFTIOITSINGAT dsovd '1ond
AIdQLIATAE I ADARISNOSABINTOGIANIASXOHTLILILND " SHAVYMTASHSHANYSHARATESLSTH " =« " ° " ° "= MATAVAWNYIAdIAEIOLTLIILIAN nsovd 1ond
IHd@{T LAMAYAIH O SOLIBITTVgIOOT * * * " OSLINTYVOSMEAMYHALIHNAS * ~ OTMEOHTH * * dMOAISAMEMAMHETI INAIVLAA  HIVIY OI¥A
LAdVIAMAES I ANAROSOLLIEITASEOEI ~ ° * "OSLTOTSOSHOAIVALLHNES ~ " OTAEOHEH * ~ dOOAALAYIMAAEAINAIYOLA NEXOS TOI¥N
AIdGLLIOAMTADTAROSOLLEITAMBIAMI * ~ * "OSHIA " ddONYWOIATDAHILOLAIHIEVHAH - ° MIONMHAIMMAATIAXAHYALA ASAOW OI¥N
OAVRlddTAAAINABISSOLLEITAYGIONI * * ° "OSIALOMdAOYLITIIAADACHYIALAIBYHNHTOONONSYSNON "~ ° "NIDXOMOINASAAOLNIOMAAYIAHAHATIA IAO¥A OI¥N
OAdgISHAHTANAAINARISSOLLEITAYPIOMNT * * " "OLIALOMdALIYIAAADAHTIYLAdLAIRYHNHTSUYNAISSAAONDOADNEIODOMONANLILTITIODAMOMAIAYIAHAHYHIHEA HWOYd OI¥N
LAdOG{LLAADMNAD ARINS O LSEITALGIANMI * * * " ¥SSTIMAUOS "MMAATALINMAOOHH IEASHAH * * AMOAAVAMAMMAOAINASADSA  ¥YLHAD OI¥A
ATdGLIATAIAIOMEOSOLSEITALGRINI * ° ° " SSMIAIOAD "HIAAADANYLEIISAYARSHSH * dMOAINTIIMEYHLIINLHVYAHTI INIWE OI¥N
LEMLIXIAETAOMEOS NLSEITALROST ™ * * "SSMIAIOMND " IAANAADANEYNHIEIS ALY IEISHAH * ° dMOAIAWIIMEIHOAINAHYVYHI TddSY OoIdN
oLt oot ost ovt oet ozt ott oot
&L L T L7 L — | — T T T T T T T T T T T T e L, L

as ¥S YS €S €S

HS MM IES IVAXRITEOEILIO " TASYTHNO I ABINSEVAATSHAOMIASITIMIODASINANADITIHAYOSAdSAAI IMADLTARITALIMAVAAGOMD A ANAYEMHMIN  €SOVE Iond
mn>amqhmm<>>:qhw LI1D IASYTHYOT INSAN S[EBAVAATINADALISdTAVIODIIDLACADAALINAEDOVASSHAIIOMADLTARTALMAVAAN "~ """ "~ nsove 1ond
0dxaAsOfHMO I TIVRIARIAS TEADDAMVYMAXA LT LfeAvATas{ladTyxS " STOHSTISISANMEAIHHSOAHY " HIMAMO AMAYVRIOHYO AT IDAVEO YN * * HIVYY DI¥Q
MORASABHMVTTIVREEIVS TIASOAMVMVAA LN L[SV AT asflaquTAS * NADASATIIOAMMEATIIHO " O0Y " IMMAMVANAY DO HIOTAMNADHTAATOOYR ™~ * ° ~ NEXOS™ IOT¥A
HNASSTIEHED INNVEILEIING T - oM TV IAHA LT LeAa T 1aslaoHTAQ  MMSUTLITOASIVAEMISHAMDA " * " MOIHIAMANGEO ADLYAJAIATANMOANAHAHY * ©  @SNOW DI¥A
HYALSTIEHMVIITVRCEdSE T " OHMMVTTAA LIRS0 SIAvAAASHINO TWAQ " MNSATYTHIOAGTIOISHAIOM " * " MUNTHNAMAVARIO KOMNIIHX " = * "« " " * IAo¥MAd DI¥A
HSAMNIBHUVTTTVEMEIdSE T " OHMMVTTAA IR0 SEAvA TaSSINDOA XA MMSATYTHIOATATOIVHAION "~ "dSAHTAMAVARO AOHALIHX " " """ * * EWO¥d DI¥A
HSAMIABHIVINVVEMEITaMT " @11V IATI I8N I aA T SSHIAVEALAS " 1AdDOETTIOIALVIANATOMMANOdAMMAMTANANAEIDALSSSTLILISH WLEAD DI¥N
HMYAMNIBHIOTISORTEIddIA - ANOMVTI AT L\BAI SeAvA I ASIAVMIAS " LATEOETTADALINILALOA " OLMAAMHAMAAYANARAD REYYYALSH ™~ © " * ~ INTWE DINA
unzya B o TTs OfTlad 1A dNDOMVITATL AYMIAS LEIEOETTADALWNEAALOA OIMHEHAMHAMAAMANGED RUYYMAYS "~ © " " ° " ° ° TddSY OI¥A
oL os ov o€ oz ot i3
TOU00 U0  —rm—— LLL

NE IH 4 [4s) IS



Chapter 1. Introduction 39

presence and absence of a ligand with > 100 structures deposited in the PDB [75].
The first X-ray crystal structure from Colloch et al., previously discussed in Section
1.2.3, was taken from Aspergillus flavus UOX and was able to provide details on
the key residues in the active site (PDB entry 1UOX, no longer available). It was
crystallised in complex with 8-azaxanthine (AZA) which acts as an inhibitor to the
reaction as, unlike UA, it cannot be oxidised and prevents the binding of molecu-
lar O, [65]. A structural comparison of AZA and UA is shown in Figure 1.9. This
allowed the identification of residues surrounding the active site and the interac-
tions with the ligand under aerobic conditions. It is important to note that residues
referred to in this chapter follow the Aspergillus flavus numbering, for consistency.
The * sign is used to denote those residues participating in binding that are present

on the neighbouring monomer, and continues throughout this thesis.

(@) (b)
o)
H
H / H N
\Nl " N =\
8 0 N—H
)‘2\ )\ =~
0 N\ 0 T N
H H
UA AZA

FIGURE 1.9: (a) Structure of the natural substrate uric acid (UA) in comparison with (b)
inhibitor molecule 8-azaxanthine (AZA).

However, the initial binding mode of AZA, as seen in the structure by Colloch et al.
solved to 2.05 A [65], was corrected in a further X-ray structural study by Retailleau
et al. at a resolution of 1.80 A [68]. The substrate molecule is found to be rotated
around the active site, changing its interactions with residues Argl76 and Gln228.

The original and revised orientations are shown in Figure 1.10 [68].
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FIGURE 1.10: (a) Ligand binding mode of uric acid (UA) proposed from the first crystal
structure of Urate Oxidase (UOX) in complex with 8-azaxanthine (AZA) by Colloch et al.
[65] solved to 2.05 A and (b) corrected ligand orientation of UOX:AZA, published by
Retailleau et al. in an X-ray structure at a higher resolution of 1.80 A [68]. Both 2F,-F,
electron density maps are contoured at 1.75 ¢. Reproduced from [68] with permission of
the International Union of Crystallography.

Further structural studies showed that the natural substrate UA bound to the en-
zyme in the same location identified in the AZA complex: this was also observed
in other UOX:inhibitor complexes [68, 76, 77]. Negatively charged ions such as CI"
and CN™ have an inhibitory effect by blocking the active site after ligand binding,
preventing the binding of O, [78-80]. This allowed the visualisation of UA bound
to the active site without being converted to the product [79, 80]. Anaerobic crystal
growth in conjunction with data collection at 100 K enabled the structural investiga-
tion of UOX:UA describing the active site in an anaerobic environment, i.e., before
the binding of O, [81]. The overall structure of the active site with UA bound is
shown in Figure 1.11, and Figure 1.10 (b) shows the specific bonding interactions

of UA and active site residues.
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FIGURE 1.11: The active site of Urate Oxidase (UOX) with natural substrate uric acid (UA)
bound under anaerobic conditions, trapping solvent molecule, W1, in the active site. The
residues GIn228 and Arg176 hold the purine ring in position and Phel59 provides 7
stacking interactions below. Residues Asn254, Lys10*, and Thr57* encompass the
peroxohole where solvent molecule W1 occupies the O, position prior to its binding.
Solvent molecule W2 is seen hydrogen bonded to a nitrogen atom at position N9 of UA.
Figure adapted from [82]. (© 2011 Wiley-Liss, Inc.

Proximal residues Argl76 and GIn228, often described as "molecular tweezers",
hold the substrate in the active site through hydrogen bonding interactions [77, 82,
83]. The guanidinium group of Argl76 acts as a hydrogen bond donor to both de-
protonated N3 and the carbonyl group at C2, with distances of ~ 3.01 A and ~
2.89 A respectively [68, 80, 83]. This particular residue is of interest as it one of
the nonsense mutations identified in the gene silencing event, described in Section
1.2.1 [30]. The carbonyl group of GIn228 acts as a hydrogen bonding acceptor for
the protonated N1 at ~ 2.95 A whilst the amine -NH, donates to the carbonyl at C6
at a distance of ~ 3.12 A [68, 80, 83]. A conserved glutamine or glutamate residue
is found in the active site of T-fold containing enzymes and thought to be impor-

tant for anchoring the substrate molecules, as discussed in Section 1.2.3: a GIn228
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residue is present in the active site of UOX. The backbone amide of Thr57* is lo-
cated ~ 2.9 A from N7, indicative of hydrogen bonding, where the amide is proto-
nated and the N7 is deprotonated [80]. In addition, there is strong 77-7 interaction
between the purine ring of the substrate and residue Phel59, located directly be-
low the plane of the binding site. Residues Arg176, GIn228, Phel59, and Thr57* are
shown in the sequence alignment to be identical across all sampled UOX sequences
in Figure 1.8, indicating that the active site environment present in different UOXs

is extremely similar.

Above the bound ligand is a cavity with a width of approximately 5.5 A in the
O,-free UOX [82]. By calculating the electrostatic potential, it was shown that the
cavity is positively charged [68], supported by the binding of negatively charged
CN™ and CI" [83]. Interestingly, in several Flavin enzymes a positive charge sur-
rounding the active site has been proposed to increase the reactivity of O, [19, 84].
For example, glucose oxidase possesses an electrostatically preorganised active site
where a protonated histidine residue is thought to increase the rate of reaction.
Identified by site-directed mutagenesis and kinetic studies, this positively charged
residue is in a location to stabilise the superoxide-flavin semiquinone radical pair,
important for increasing the rate of reaction in Flavoprotein enzymes with O, [19,
85, 86]. A histidine residue (His256) is also present in the UOX active site and is
found to be identical across the sample of UOXs shown in the sequence alignment,
however, if the His256 is related to the positively charged active site has not been

determined.

Examination of the cavity located in the active site of the UOX:AZA structure de-
termined using X-ray crystallography [65], identified a solvent molecule, termed
W1, positioned directly above the C4-C5 bond of UA. This solvent molecule W1
is hydrogen bonded to two residues: Thr57* and Asn254 that are flexible in the
ligand-free structure and become locked into a rigid position when O, is bound

[79]. Upon binding, O, occupies the cavity above the bound ligand at the location
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of solvent molecule W1 in the anaerobic structure. The positioning of O, has lead
to this position being termed the "‘peroxohole” [87]. Both the displacement of sol-
vent molecule W1 and a reorganisation of solvent in the active site occur when O,
binds [81]. This was observed in a study of X-ray structures, the anaerobic UA-
anaerobic complex and the UA oxygen-bound complex, where the displacements
of active site waters could be identified by comparing the two structures [81]. Due
to the proximity of solvent molecule W1 to the C5 position on the ligand, it has
been suggested that solvent molecule W1 is ideally positioned to hydrolyse the
dehydrourate intermediate (DHU) in the formation of 5-hydroxyisourate (5-HIU)
[88].

A number of water molecules surround the active site. Low B-factors indicate a
well ordered, hydrogen-bonded water network that is seen to change on ligand
binding [68]. A second solvent molecule (W2), is located within hydrogen bond-
ing distance of N9 in UA, as shown in Figure 1.11. Solvent molecule W2 is shown
to be central to a hydrogen bonding network of water molecules, all conserved in
ligand bound complexes [68]. Due to the hydrogen bonding distances between
these solvent molecules, W1-W2 have been characterised as the two end points of
a low energy proton transfer system, proposed to play a key role in UOX cataly-
sis [82, 83]. Neutron structures by Oksanen et al. of UOX:AZA and UOX:8-HX at
room temperature investigated the nature of the bonding network between these
two key waters, however, the neutron scattering density along the molecules was
diffuse, giving an indication that this network has a degree of mobility, and sug-
gested that protons are being shuffled [80]. However, this diffuse density left some
ambiguity of the orientation of the individual water molecules and as a result the

exact bonding interactions have not yet been determined.

Residue Asn254 forms the structure of the peroxohole, shown in Figure 1.11, where
the distance between the Asn254 sidechain nitrogen atom and solvent molecule

W1is ~ 3.10 A [78]. The presence of conserved asparagine (and histidine) residues
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are typically seen in heme catalase X-ray structures: both residues are thought to
be important for binding H,O and H,O, [88-90]. Therefore, it has been suggested
that Asn254 may be important in the binding of H,O, before expulsion as a by-
product [88]. Residue Asn254 is also conserved across all samples in the sequence

alignment shown in Figure 1.8.

Two functionally relevant residues have been identified by site-directed mutagene-
sis as Thr57%, a component of the "‘peroxohole’ structure, and neighbouring residue
Lys10* (Thr69* and Lys9* in B. subtilis), both located on the neighbouring protomer.
The mutation of both Thr57* and Lys10* showed a large reduction in kinetic activ-
ity, Vinax, determined by stopped-flow spectroscopic measurements [91]. Addition-
ally, measurements of the double mutation showed that the V,;,;x had only a 2-3
fold difference in activity than that of the single mutants. This reduction in kinetic
activity indicated that these residues may play an important role in the reaction
mechanism [91]. From these findings it was suggested that Thr57* would abstract
a proton from the substrate acting as a ‘general base’ [91]. However, Thr57* cannot
conduct this deprotonation step without activation by another residue, therefore,
its close proximity of Lys10* suggested that the Lys10* residue may act to deproto-
nate Thr57* for activation. This would then enable proton abstraction from the sub-
strate by Thr57*: this proposed synergystic mechanism resulted in these residues
being termed a "catalytic dyad" [91]. This ‘general base” proposal is discussed in
more detail in the following Section 1.2.5. A catalytically relevant Lys10* in a prime
position to conduct proton transfers shows similarities to some Flavin-containing
oxidases where a protonated lysine is thought to be important for catalysis [92].
In the case of monomeric sarcosine oxidase, it has been suggested that a lysine
residue forms a Proton Relay System (PRS) with a threonine residue and several
water molecules. This PRS is thought to be involved in delivering protons to the

C4a-peroxyflavin adduct [92].

Further structural studies using X-ray crystallography, observed that residue His256
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was located at a critical position, hydrogen bonding distance from Lys10%, suggest-
ing a more extensive "catalytic triad" rather than dyad [80, 82, 88, 93]. Imhoff et al.
noted that the extension of this system to incorporate His256 follows the sugges-
tion that the abstraction of a proton from the substrate is followed by the delivery
of this proton to the solvent [91]. In addition, all three of these residues are found
to be conserved across the sampled sequences in Figure 1.8. In Bacillus sp. His256 is
in the same location but slightly displaced [94]. A catalytically important histidine
has been postulated to play an important role in other enzymatic reactions involv-
ing O,. In the case of monooxygenases TcemH and ActVA-Orf6, it is suggested that a
histidine residue acts as a general base, catalysing the dehydration of the peroxide
intermediate in this enzyme [95]. Interestingly, ActVA-Orf6 contains no prosthetic
groups and appears to only require O, for reaction, similar to UOX [95]. Another
role of an active site histidine residue has been proposed in flavoprotein glucose
oxidase, where a conserved, protonated histidine residue is thought to facilitate
the catalytic reaction by creating a polarized environment favourable for electron

transfer [12, 96].

The catalytic triad seen in the active site of UOX is similar to other enzymes with
different functions. In particular, the presence of a similar catalytic triad is seen
in the «/B-hydrolyse fold superfamily of enzymes [97]. This family have been
found to usually contain a catalytic triad consisting of a nucleophilic residue (ser-
ine, cysteine, or aspartic acid), a strictly conserved histidine, and an acidic residue
acting as a charge relay system [98-100]. Two enzymes of interest are the cofactor-
independent 1-H-3-hydroxy-4-oxoquinaldine, 2,4-dioxygenase (HOD) and 1-H-3-
hydroxy-4-oxoquinoline, 2,4-dioxygenase (QOD) that are the only dioxygenases
suggested to belong to the a/p-hydrolyse fold superfamily [97]. It has been sug-
gested that the Thr57*-Lys10* catalytic dyad/Thr57*-Lys10*-His265 catalytic triad
found in UOX may act similarly to the catalytic triad found in cofactor-free HOD/QOD,

operating as a charge relay system [82].
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However, due to the limited structural information available on these reactive in-
termediates, none of these hypotheses have been visualised directly. These mecha-

nisms of action continue to remain elusive in the field of O, activation in biology.

1.2.5 The UOX Mechanism

Without typical methods of activating O, for reaction (Section 1.1) it is not under-
stood how cofactor-free UOX is able to function effectively. This section will de-
scribe the current mechanistic proposals of UOX catalysis and discuss the interme-

diates suggested to form the UOX catalytic pathway.

A scheme representing the overall reaction mechanism of UA to allantoin is pre-
sented in Figure 1.12. Neutral UA is shown as the initial substrate, followed by the
deprotonation to the N3 monoanion, 8-HX. There are then two possible pathways,
Path 1 and Path 2. The deprotonation of the 8-HX to the UA dianion, followed by
an electron transfer from the UA dianion to O; is described in Path 1. Alternatively,
Path 2 shows the deprotonation of 8-HX with the concurrent transfer of an electron
to O,. Both paths result in a caged radical pair: the UA radical monoanion and
superoxide. Path A shows the radical recombination of the UA radical monoanion
and superoxide to form a peroxide intermediate 5-(hydro)peroxisourate (5-HPIU),
before the generation of a dehydrourate (DHU), after the expulsion of H,O,. Path
B describes a peroxide independent pathway and the direct formation of DHU. The
formation of 5-hydroxyisourate (5-HIU) is shown as the final reaction step before
further degradation to allantoin. UOX is shown in blue at stages of the reaction
mechanism where it is proposed to play a role. The atoms from the O, molecule
are expelled as HyO,, shown in red and the solvent molecule that attacks the C5

atom to form 5-HIU, is shown in green.
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FIGURE 1.12: Reaction scheme of the Urate Oxidase (UOX) catalytic mechanism,
presenting the possible steps in the reaction where UOX may play a role. UOX is shown in
blue at stages of the reaction where it is suggested to play a role. Molecular O,, expelled
as Hj, is shown in red. The solvent molecule involved in the formation of
5-hydroxyisourate (5-HIU) is shown in green.
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The two half redox equations, describing the overall UOX reaction are shown in

Equations 1.2 and 1.3.

UA + HOH — 5— HIU +2H" +2¢~ (1.2)

Oy +2¢~ +2H" — H,O, (1.3)

The protonation state of UA

The optimum pH for UOX activity is under basic conditions, between pH 8 - 10
[101], however, the enzyme is still largely active at physiological pH [64, 102]. The
UA molecule has two pKj sites, approximately 5.4 and 9.8, shown in Figure 1.13
(b) [42, 63]. The preference for basic conditions for catalytic activity, implies that
UA binds to the enzyme as a monoanion, deprotonated at the N3 position, Figure
1.13 (c) [42, 103-106]. In addition, the N3-deprotonated tautomer was found to be
present in the sodium salt of urate [107]. The N9 anion is also present at pH 7, iden-
tified by both NMR and theoretical calculations. In fact, the N3N9 dianionic species
was found to be most prevalent in solution above pH 10, with N3N7 and N1N9 as

minor anionic species [106]. The different UA species are detailed in Figure 1.13.
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(@) Neutral UA (b)  Two pKa sites

H
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(c) N3 monoanion (d) N3NB9 dianion (e) N3N7 dianion
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FIGURE 1.13: (a) Neutral uric acid (UA) is shown with atoms numbered as referred to in
the text. (b) The two main pKa sites are shown as position N3 and N9 with values taken
from [106]. The structure of the N3 monoanion (c) and two dianions, (d) N3N9 and (e)
N3N7, are also shown for reference.

The first crystal structure of UOX in complex with ligand 8-azaxanthine by Colloch
et al. suggested that the bound substrate molecule is the N3N9 dianion [65]. This
N3N9 dianion has been identified as the major species present in solution, shown in
Figure 1.13 (e). However, this UOX-bound species was later corrected to the N3N7
dianion by Retailleau et al., as previously shown in Section 1.2.4, Figure 1.10 [68,
76, 88]. The proposal that the bound species was the N3N7 dianion was concluded
due to the proximity of hydrogen atoms from residues Argl76 and Thr57* to the
substrate, shown in Figure 1.13 (e) [68]. In particular, the distance between N7 atom
and the main chain nitrogen atom of Thr57* was reported to be ~ 2.9 A, allowing
room for only one hydrogen atom. It was considered more likely that this hydro-

gen belongs to the peptide bond, implying that the N7 atom is deprotonated [68].
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In addition, UOX in complex with inhibitor 9-methyl uric acid (9-MUA), where a
methyl group replaces the hydrogen at N9, confirms that the protonation state of
the N9 position is not important for binding [81, 106]. The N3N7 dianion is rep-
resented in Figure 1.12 following the deprotonation of 8-HX, the N3 monoanion.
Colloch et al. proposed that the main function of UOX is to create an environment
where the reactants are positioned for reaction, acting more as a scaffold than an

active participant [65].

Investigation into a general base mechanism

However, there are also other suggestions in which UOX is central to the chemistry
of UA oxidation. Researchers Tipton and colleagues had suggested that the di-
anionic UA species was the first reactive intermediate in the UOX mechanism [64,
106]. Therefore, as UA was found to exist as a monoanion in solution, it was consid-
ered that the role of UOX was to abstract a proton from the N3 monoanion (8-HX)
to form the reactive dianion followed by an electron transfer to O, [64, 91, 108].
The N3N7 dianion was found to be the most reducing available UA species [108]
which would then undergo oxidation, followed by hydration, to form the product
5-HIU [64, 105]. The formation of the reactive N3N7 dianion is shown in Figure
1.12, Path 1. The negative ionisation potential implies that the dianion can sponta-
neously transfer electrons to the O, molecule more easily than neutral UA and the
UA monoanion [108]. This led to the suggestion by Imhoff et al. that UOX must
contain a ‘general base’ system in close proximity of the active site, capable of a
deprotonation [91]. A similar method of substrate activation by proton abstraction,
before reaction with O,, has been reported both in metallo-oxygenase enzymes and

several cofactor-independent oxygenases [3, 22, 109].

In addition to the ‘general base’ system, it was suggested that UOX also needed the
capability to store and stabilise electrons, or monoelectron species [82]. EPR spec-

troscopic measurements observed a radical species during the UOX reaction [110],
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leading to suggestions that the activated state of UA was the N3 radical monoan-
ion, shown in Figure 1.12, Path 2 [82]. The formation of this radical species would
circumvent the spin-forbidden reaction of singlet UA with triplet O, and allow the

transfer of electrons to O; by the activated substrate.

Neutron studies by Oksanen et al. investigated the structures of hydrogenated UOX
(HUOX) in complex with AZA and UA, employing the inhibitory nature of CI" in
the active site by conducting crystal growth in halogenated conditions [80, 111].
The HUOX:UA complex, referred to as HUOX:8-HX, identified the bound urate
species in the active site as the 8-hydroxyxanthine monoanion (8-HX) at the N3
atom instead of the reactive dianion species. The structural difference between
the N3 monoanion and the N3N7 dianion is shown in Figure 1.12 [80]. The pres-
ence of a deuterium atom attached to the oxygen atom at O8, confirmed this enol
tautomer as the species bound to HUOX in the presence of CI". The neutron den-
sity map from the published HUOX:8-HX structure is shown in Figure 1.14. From
these results, a mechanism involving this enol tautomer was proposed. Oksanen
et al. suggested that a general base is still required for deprotonation of the 8-HX
monoanion, removing the proton observed at the O8 position in the monoanionic
species. However, it was also postulated that this was concomitant with an electron
transfer to an electron acceptor within the protein, shown as Path 2 in Figure 1.12
[80]. This was in contrast to the proposals made by Tipton and colleagues. The ex-
act location of the general base proposed by Imhoff et al. and whether the electron
transfer step is direct from the substrate or mediated by UOX was not determined

from this study.
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FIGURE 1.14: 2mF,-DF . neutron density map contoured at 1.0 & showing the presence of
the 8-hydroxyxanthine monoanion (8-HX) in the Hydrogenated Urate Oxidase (HUOX)
active site [80]. Adapted from [111] ©) 2014 Oksanen et al. Distributed under CC-BY 4.0.

In support of the mechanism proposed by Oksanen et al., a purely computational
study by Wei et al., based on the HUOX:8-HX neutron structure [80], suggested that
the N3N7 dianion species did not exist [80, 112]. This is represented by Path 2 in
Figure 1.12. Instead, it was suggested that the more feasible mechanism would pro-
ceed via a deprotonation-electron transfer with both steps mediated by UOX [80,
112]. In this mechanism, it was proposed that the Lys10* residue acted as the "gen-
eral base’, deprotonating the proton at position O8, assisted by the hydroxyl group
of Thr57%, shown in Figure 1.15 (a) and (b) [112]. In addition, an electron trans-
fer occurs simultaneously from the substrate to the O, molecule, creating a radical
substrate and radical O, in the active site, Figure 1.15 (b) and (c) [112]. A second
proton transfer from the positively charged Lys10* group to the O, radical, Figure
1.15 (d), before a radical recombination reaction, forming the 5-(hydro)peroxide in-

termediate, Figure 1.15 (e) and (f). This is then followed by the expulsion of HyO,.
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FIGURE 1.15: The UOX reaction mechanism, proposed by Wei et al., showing the
deprotonation of the 8-hydroxyxanthine (8-HX) monoanion by active site residues. The
formation of the 5-(hydro)peroxyisourate intermediate is also described. In this study K9
and T69 refer to Lys10* and T57* in Aspergillus flavus, respectively. Adapted with
permission from [112]. Copyright 2017 American Chemical Society.
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Determination of a Peroxide-dependent Pathway

A study by Altarsha et al. presented theoretical calculations that proposed that UA
oxidation proceeded independently of a peroxide intermediate [108]. Instead, it
was suggested that a dehydrourate (DHU) intermediate was formed directly from
the energetically favoured N3N7 dianion [108]. This is shown by Path B in Figure
1.12. However, the suggestion that the electron transfer from UA to O,, followed
by the immediate attack of the DHU by solvent to form 5-HIU, was termed an
unlikely mechanism [65, 108, 113]. In addition, the transfer of two electrons from
the singlet state UA dianion to the triplet state O, would violate the spin conversion

rule, previously described in detail in Section 1.1 [113, 114].

Mechanistic studies had proposed a peroxide-dependent pathway for UOX catal-
ysis, however were unable to provide structural evidence of a peroxide interme-
diate, Path A in Figure 1.12 [106, 113, 115]. Direct evidence of a (hydro)peroxide-
intermediate, 5-(hydro) peroxyisourate - 5-PIU, was presented in a structural study
by Bui et al. [81]. Using X-ray crystallography, in conjunction with in crystallo Ra-
man spectroscopy and QM/MM calculations, this study was able to unambigu-
ously determine the presence of a 5-(hydro)peroxide-intermediate [81]. The (hy-
dro) peroxyisourate intermediate determined in this study is shown in Figure 1.16,
and the formation of the 5-(hydro)peroxyisourate intermediate is described as Path

A in Figure 1.12.
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FIGURE 1.16: Direct evidence of a 5-(hydro)peroxyisourate intermediate determined by
X-ray crystallographic studies conducted by Bui et al. [81]. The 2mF,-DF, electron density
map, contoured at 1o, clearly shows the bond formed between the C5 atom of uric acid
(UA) and the O, molecule. Figure adapted from [81] (© 2014 The Authors. Published by
Wiley-VCH Verlag GmbH & Co. KGaA.

The identification of this key 5-PIU intermediate was essential in furthering the
understanding of cofactor-free mechanisms. In fact, peroxide intermediates are
commonly proposed for other systems where reaction with O, would result in a
violation of the spin conversion rule [2, 114]. However, these related reactions com-
monly involve a cofactor or metallic centre. Flavin and Pterin reactions are thought
to proceed via a similar (hydro)peroxide intermediate. Several Flavin-dependent
monooxygenases have been shown to operate via a semiquinone-superoxide pair,
resulting in the formation of a C4a-(hydro)peroxyflavin intermediate, described in
Section 1.1 [14, 116]. The Flavin C4a-hydroperoxide acts as an electrophile and
substrates containing activating groups such as hydroxyl act as nucleophiles [16,
17]. The mechanism is similar to UOX and UA: the HPIU forms DHU then un-

dergoes attack by a solvent molecule to form 5-HIU [64, 106]. Interestingly, a
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peroxide-dependent mechanism has also been proposed for families of cofactor-
free monooxygenases and dioxygenases, further support for the suggestion that
cofactor-free reactions proceed in a Flavin-like manner [97, 117, 118]. For the dioxy-
genases HOD, QOD, and DpgC, it is proposed that the substrates transfer a single
electron to O,. This generates a radical pair that can collapse to a peroxide species
after a radical recombination. [97, 119]. These intermediates have only been deter-
mined spectroscopically, meaning there is little structural evidence to support these
claims. However, understanding the mechanism of UOX may also shed some light

on these enzymes if the intermediates are believed to be similar.

Formation of 5-hydroxyisourate and allantoin

The final product of the UOX-mediated UA degradation pathway is allantoin. It
was initially thought that allantoin was the product of UOX catalysis, however, the
expulsion of CO; was delayed in comparison to the O, uptake [120], giving an in-
dication other intermediates were present after UA. As a result, the true reaction
product of the UOX catalytic process was identified as 5-hydroxyisourate (5-HIU)
[106, 121, 122]. This metastable species has been shown to degrade to allantoin
either enzymatically or naturally [59, 106, 115, 121, 123, 124]. Isotopic labelling
studies showed the hydroxyl group present on at the C5 position of 5-HIU is de-
rived from a solvent H,O molecule and the O, atoms involved in the reaction are
expelled as H,O; [64, 106, 123]. The H,O, by-product is proposed to take one pro-
ton from UA and one from a solvent molecule [108]. The expulsion of the atoms
of Oy as HyO; and the addition of hydroxyl group at C5 from the solvent, forming
5-HIU, are shown in Figure 1.12. Spectrophotometric assays showed that there is
an ordered mechanism of substrate addition with UA binding to UOX before O,
and the chirality of the reaction 5-HIU infers that the hydroxylation takes place in
the active site [62, 106]. Hydrolysis of 5-HIU occurs at the N1-C6 bond, followed by
the migration of the carboxylate group to C4. The production of allantoin follows

decarboxylation where CO; is derived from the C6 of UA [106, 123].



Chapter 1. Introduction 57

1.3 Aim and Motivation

There is limited structural information on reactive intermediates in the UOX cat-
alytic pathway. As a result, the method by which UOX facilitates the oxidation of
UA remains elusive. The exact protonation states of important active site residues
in reactive intermediates are also undetermined. In addition, the structurally con-
served water network surrounding the active site and its importance in catalysis is

also not confirmed.

Building on previous X-ray and neutron studies, the purpose of this study was
to further investigate two structures in the UOX catalytic pathway. Complexes of
perdeuterated Urate Oxidase (DUOX) with 8-azaxanthine (AZA) and 9-methyl uric
acid (9-MUA) are presented in this thesis. The AZA inhibitor binds to the UOX
active site and preserves solvent molecule W1 in situ by preventing O, binding.
The 9-MUA ligand forms the 9-methyl-5-peroxyisourate intermediate (5-PMUA),

trapping the peroxide before the expulsion of H,O;.

Neutron crystallography, in conjunction with deuterium labelling, enables the de-
termination of protonation states, hydrogen positions, and water networks. This
thesis provides a structural analysis of these two complexes in two different en-
vironments: one where O, cannot bind, and one where it is bound, trapped in
an intermediate species. The examination of the protonation states of catalytic
residues, and identifying important solvent molecules, provides information typi-
cally unattainable using other techniques. The aim is that these findings further our
understanding on the functionality of cofactor-free enzymes and how they achieve

their reaction with O,.
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Chapter 2

Experimental Methods

Abstract

This chapter covers the laboratory and experimental techniques employed in this
research project. Molecular biology and techniques of particular interest to the pu-
rification of UOX are presented and analysed. The process by which proteins are

deuterated and the associated challenges are also discussed.

Introduction to crystallographic theory and its applications in structural biology
are described herein. Topics including crystal growth, data collection, and analysis

and structural refinement are also presented.

Finally, the technique of neutron protein crystallography is explored and how it
provides complementary information on hydrogen positions and biological mech-

anisms compared with other techniques.
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2.1 Molecular Biology

21.1 Cell Growth and Protein Expression

Commercial pET vectors are widely used in the production of recombinant pro-
teins. A particular gene of interest can be cloned into the pET vector, which is then
strictly controlled under the T7 transcription and regulatory system. A map of the
expression vector pET-24b+ describing its key components is shown in Figure 2.1.

This particular construct is used in the recombinant expression of UOX.

Xho |
Not |
Hind Il

Sall
T7 terminator Sac
i EcoR |
His tag | BamH |
)pr ! T7 tag
Nhe |
Nde |
/RBS Xba |
pET-24b(+)

5.3kb Balk

17

pBp 323 >

FIGURE 2.1: The pET-24b+ vector map showing the presence of the kanamycin resistance
marker and the T7/lac promotor system that can be used for the expression of
recombinant proteins. Figure taken from the Genscript website

(https:/ /www.genscript.com/gsfiles/vector-map /bacteria/pET-24b.pdf).

Expression vectors typically contain the following components:

¢ Antibiotic resistance gene - cells containing the expression plasmid of interest

can be selectively grown. Common antibiotics include kanamycin (kan®) or
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ampicillin (ampR®). KanR is an aminoglycoside antibiotic and binds to the
bacterial 30S ribosomal subunit, resulting in the midreading of t-RNA and

preventing the bacteria from synthesising proteins essential for growth.

e Promotor - this is recognised by RNA polymerase and begins the transcrip-
tion of the gene. Gene expression can be controlled using molecular biol-
ogy reagents causing induction or repression. In this case, the T7lac pro-
motor is employed and can be induced in the presence of isopropyl 6-D-1-

thiogalatopyranoside (IPTG).
e Terminator - also recognised by RNA polymerase and stops transcription.

Bacterial transformation is the process of introducing recombinant DNA into a host
cell. This method can be employed in order to selectively overexpress a protein of
interest. ‘Competent’ cells are used, meaning that they are more able to readily
uptake foreign DNA. The transformation process contains an important heat shock
step [125, 126]. Cells are briefly exposed to a temperature of ~ 42 °C, which en-
courages the forming of pores that allow the plasmid of interest to enter the cell.
The cells are returned to room temperature to allow the cell walls to self-heal, the

addition of a nutrient-rich medium, such as SOC, can aid the recovery.

Escherichia coli cells, or E. coli, are widely used in conjunction with commercial pET
vectors. E. coli is a suitable host in the expression of recombinant proteins. The
in-depth knowledge of the genome and its controllability make it a popular choice
for the production of proteins in large quantities [127]. Another reason that E. coli is
commonly chosen as a useful host for the expression of recombinant proteins is that
it has extremely fast growth kinetics, with cell doubling time of about 20 minutes

in an optimal environment [128].

Monitoring the growth of bacterial cells is also essential for optimising and subse-
quently maximising the production of a target protein. The optical density (ODg)

is used to assess the turbidity of the solution and thus give an indication of the
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quantity of cells. This is because the cells present in the solution scatter the light
away from the photovoltaic cell, giving a lower electrical signal than seen for an
empty cuvette. A wavelength of 600 nm is chosen for analysis in comparison to UV
light as it minimises damage to the cells. This important feature allows the moni-
toring of cell growth and gives an indication of when the log phase is reached and

therefore when to induce the overexpression.

A
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lag phase

log phase stationary phase

Log number of cells

Time

FIGURE 2.2: The main stages of bacterial cell growth. The lag phase indicates initial
growth is slow before exponential growth during the log phase. The stationary phase
follows before the death phase where cells die faster than multiply. Figure adapted from
[129, 130].

Bacterial cell growth occurs in four stages as shown in Figure 2.2. The first stage
is known as the lag phase - during this stage cell growth is slow, allowing the cells
to adapt to their new growth environment. The following stage, the log phase, is
the optimal stage for cell production with an increase in the rate of cell division.
Cell growth begins to stagnate during the stationary phase before finally the death
phase. Cell death results from a lack of growth media, and an excess of waste
products, and overcrowding meaning cells begin to die quicker than divide. It is
considered ideal to induce overexpression of the target protein during the log phase

whilst the culture is fast growing to maximise protein production and to harvest the
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cells during the stationary phase. This is typically done at ODgq levels of 0.6 - 0.8.

A selective marker for an antibiotic is included in the pET vector, as discussed
above. Ampicillin is commonly used as an antibiotic in this process, however, in
the presence of deuterated media, it can cause leaky expression. This describes plas-
mid instability and leakage of the foreign DNA out of the cell under the stressful
deuterated conditions. This leads to cell multiplication without the incorporation
of the inserted DNA and significant reduction in the production of the desired pro-
tein. Alternatively, there can be leakage of f-lactamase into the medium. The -
lactamase is responsible for the hydrolysis of the p-lactam ring of ampicillin, ren-
dering the antibiotic ineffective. As a solution, kanamycin is used instead of ampi-
cillin where the enzyme kanamycin acetyl-transferase is not as prone to leakage. As
a result, vectors are recloned to amend the antibiotic resistance before expression

under deuterated High Cell Density Culture (HCDC) conditions [131].

2.2 Production of Deuterated Biomolecules

The production of deuterated biomolecules can contribute to the success of many
neutron scattering experiments. Hydrogen accounts for ~ 50% of atoms in a pro-
tein, however, replacing the hydrogen atoms with its isotope deuterium can be
beneficial: this is explained in further detail in Section 2.6. The substitution of hy-
drogen ('H) for deuterium (*H or D) is not a straightforward process due to the
relative toxicity associated with 2H [131]. There are two possible ways of incorpo-
rating deuterium into a protein structure. The simplest method is to exchange only
the labile hydrogens, including O-H, N-H, and S-H positions. This can be done
by changing hydrogenated protein solution into deuterated solution using dialy-
sis, a series of concentration/dilution steps, or after crystal growth. However, the

labile hydrogen atoms only account for ~ 25% of protein hydrogens, and methods
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of soaking exchange solvent-accessible groups describes 15-20 % of the protein hy-
drogen content [132]. A significant number of non-exchangeable hydrogens in the
protein remain, for example, -CHj groups. The unwanted effects that this can cause
is explained in Section 2.6. A more rigorous method, perdeuteration, involves the
complete replacement of all hydrogen positions in a protein with deuterium - both
non-exchangeable and labile positions [131]. Carbon-bound hydrogens can only be

incorporated into the protein structure via protein biosynthesis.

Luria broth, or LB, is commonly used as a growth medium in the production of
cell cultures, however, a deuterated equivalent is not commercially available. The
Life Sciences Group based at the ILL, Grenoble have developed the following pro-
tocol for the production of recombinant proteins in deuterated conditions. In the
absence of deuterated LB, a deuterated minimal media (D-Enfors) is used, contain-
ing mineral salts with components essential for bacterial growth (eg, AsSO4 as a
source of nitrogen) and dg-glycerol as the carbon source. However, use of minimal
media can result in slow cell growth and a low yield of recombinant proteins. As
deuterium is toxic in high concentrations, it has been found to be more effective
to introduce deuterium into the cell growth process gradually. This can be done
through a process called adaptation. The E. coli strain BL21 (DE3) is commonly used
in the expression of perdeuterated recombinant proteins as it adapts to the pres-
ence of D,O more easily than other strains [131]. E. coli BL21 (DE3) cells are first
grown in a hydrogenated minimal medium (H-Enfors). This allows the cells to
first adapt to the minimal media growth environment. Repeats of this process are
conducted using 1:10 dilution of overnight culture in fresh hydrogenated minimal
medium, until the growth rate increased and the cell generation time has reduced.
This is then repeated with deuterated minimal medium. The adaptation process
is described in Figure 2.3. After this stage, cells can be recovered and stored on

cryobeads for future use, or scaled up in preparation for fermentation.
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Passages repeated with 10 x dilution

I
10 x
ﬂ dilution Scale up
—_— — —_—
Q
/

E. coli BL21 DE3 Colony 1 mL cells + 10 mL cells + Fermenter
cells grown on LB inoculated in 9 mL D-Enfors + | 140 mL D-Enfors + 150 ml adapted cells +
agar plate or stored 10 mL H-Enfors 30 ug/mL kan®R 30 ug/mL kan® 30 ug/mL kan® into
onbeads at—80°C | + 30 ug/mL kan® 1.2 L D-Enfors
Two weeks One week

FIGURE 2.3: Preparation of adapted cells for growth in deuterated medium. E. coli BL21
(DE3) cells are grown on an LB agar plate with antibiotic or taken from storage at - 80 °C.
The cells are grown first in minimal hydrogenated media (H-Enfors) before further
growth in minimal deuterated media (D-Enfors). This culture is then scaled up in
preparation for inoculation in the fermenter. Figure adapted from [131].

Fermentation is the process used for producing perdeuterated recombinant pro-
teins in high cell density cultures (HCDC). The process is convenient for producing
HCDCs as it important to encourage growth in challenging conditions and to max-
imise cell growth when working with expensive deuterated medium. Numerous
variable parameters allow closer control of the optimum conditions for cell growth

than for cultures produced in flasks.

e Base - In the aerobic multiplication of cells there is the generation of acidic by-
products. By adding a deuterated base, 1 M NaOD, the pH can be maintained
atan optimal level pH 6.9 and prevent cell death due to toxicity from the build

up of acidic by-products.

e Stirrer Speed - One method of monitoring the growth of cells is by the vari-
ation in pO; level, reducing as it is consumed by the respiring and dividing

cells. The level is maintained at ~ 30 %. If the level reduces, the stirrer speed
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is altered to increase the O, flow and compensate for the increased O, de-

mand by cells.

e Feeding - deuterated glycerol, dg-glycerol, is used as the carbon source and is
initially added as 5 g/L during the batch phase. As this is consumed and is
indicated by the sharp increase in pO,, the process enters the fed-batch phase
in which supplemental 120 g/L dg-glycerol is fed into the medium (total mass
~ 50 g).

The closed system by which the fermenter operates also limits the contamination
of Hy from the atmosphere into the growth medium and subsequently the target

protein.

The fermentation is composed of two stages, the batch phase and the fed-batch
phase. The batch phase occurs in the initial stages of cell production where the
cells consume the dg-glycerol supply in the deuterated minimal medium. The cell
culture is then supplemented by a fresh feeding solution of 120 g/L dg-glycerol.
This controlled feeding of the culture is dependent of the cell generation time and
increases exponentially during the fermentation process [131]. This is continued
until there is a suitable level of biomass for induction: cells are typically induced
with 1 mM IPTG at an ODgyg of ~ 15 and cells are harvested when cells reach an

OD600 of ~ 20 [131].

However there are some limitations associated with producing deuterated biomolecules.
It has been noted that in comparison to typical hydrogenated biomolecules, the
yield tends to be lower [133, 134]. This can lead to a lengthier and costly process
to achieve masses of biomolecules needed for material heavy techniques, such as

spectroscopy or dynamic studies.

The use of deuterium/hydrogen substitution is commonplace in neutron studies.
However, doubling the mass of the atom from 'H to ?H can have changes on bond-

ing and interactions. For example, in methyl groups, C-D bond lengths have lower
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vibrational amplitudes and frequencies compared to C-H, indicating shorter and
stronger bonds. This has implications in secondary and tertiary structure as fully
deuterated sidechains tend to be more compact, reducing the strength of inter-
molecular and intramolecular interactions of non-polar side chains [135]. Prop-
erties such as oligomerisation rate [135] and exchange rate [136] were found to
be different between hydrogenated and deuterated proteins. Deuterated proteins
were also found to have an increased susceptibility to heat denaturation compared
to their hydrogenated counterparts [134, 137, 138]. These differences are related
to the kinetic properties of the proteins rather than structural effects. It has also
been observed that aggregation properties have been affected in some proteins [139,

140].

Many studies have found there to be no significant changes between the structures
of deuterated and hydrogenated proteins [141-144]. Overall, it is accepted that
each deuterated protein must be characterised using complementary techniques or
high resolution X-ray crystallography in order to identify any possible discrepan-

cies between the samples prior to neutron studies [139, 145].

2.3 Purification Techniques

2.3.1 Cell Lysis and Protein Extraction

The initial step of protein purification aims to isolate the target protein from the
cells in which it was expressed. The method used is dependent on whether the
protein is cytosolic or secreted. UOX is a cytosolic protein therefore cells must be
broken, or lysed, to extract the protein. This can be done either mechanically or
enzymatically, or a combination of techniques can be employed to optimise the

protein extraction step.
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The purification of UOX employs both mechanical and enzymatic techniques in the
extraction of the protein from cells. The mechanical technique used is sonication.
It acts by generating sonic waves to break open cells, causing them to release their
contents into solution. A sonicator is typically used and contains a probe that can
be placed directly into a homogenous solution containing cells resuspended in a
lysis buffer. The sonicator generates sound energy electronically which is deliv-
ered into the solution by a probe. This is subsequently converted into mechanical
energy and results in the formation of small bubbles which implode. This implo-
sion is also known as ’cavitation” and causes the disruption of the cell wall and,
ultimately, its rupture. The sonication step should be conducted whilst the protein
solution is kept on ice, preventing the proteolysis or aggregation of the protein due
to overheating. In addition to sonication, lysozyme is added to the resuspended

cells to break down the cell walls, enzymatically assisting the extraction of UOX.

Additives can also be employed in the extraction of the target protein. After cell
breakage, DNA and RNA molecules released into the solution, causing an increase
in viscosity. Endonucleases, such as benzonase, are commonly added to the resus-
pended cells to breakdown these molecules, substantially reducing the viscosity
and aiding the next stages of the purification process. Protease inhibitor cocktails
are also used to block the activity of proteases and prevent the possible digestion
of the target protein. However, many common protease inhibitor tablets contain
EDTA which can inhibit the activity of benzonase at even low concentrations, so

EDTA-free protease inhibitor tablets are preferred.

2.3.2 Dialysis

Dialysis is a commonly used purification technique that involves the exchange of
small molecules, such as salts, by diffusion though a semi-permeable membrane in

solution. A solution containing the protein is placed inside a membrane which is
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then inserted into a large volume of buffer, known as the dialysate. A concentration
gradient is formed between the regions of high and low concentration of the un-
wanted molecules or salts. Once equilibrium is reached between the two regions,
the dialysate can be changed to a new solution in order to create another concen-
tration gradient, allowing further diffusion. The dialysis membrane tubing used
is carefully selected with consideration to the size of the pores. The pore size, or
molecular weight cutoff (MWCO), must permit the diffusion of molecules smaller

than the protein, whilst retaining the protein within the tubing.

2.3.3 Ammonium Sulfate Precipitation

The differences in the solubilities of proteins can be exploited during purification
as this varies widely depending on the protein structure. Ammonium sulfate pre-
cipitation (ASP) is used as a basic, yet effective, technique that separates proteins
this way. This technique is suitable for many proteins and is tag-independant so is

widely applicable.

At high salt concentrations, the solubility of a protein is reduced leading to precip-
itation and a process called “salting out” [146]. Ammonium sulfate dissociates into
the ions NH;* and SO4%, both of which are early members of the the cation and an-
ion Hofmeister series respectively, shown in Figure 2.4. These ions increase solvent
surface tension and increase the hydrophobic interaction between the protein and

water whilst decreasing the solubility of non-polar molecules [147].

These ions interact with the negative and positive regions in a protein. This reduces
the contact with H,O molecules whilst maintaining the core hydration layer, aiding
the preservation of the proteins natural conformation. The protein reacts to a highly
polar environment by limiting its contact with the solvent through compacting and
self-associating [148]. This process becomes energetically favourable as it results

in the additional bound water molecules becoming free, subsequently increasing
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Increasing Chaotropic Effect

Anions : PO,> > SO4% > CH;COO™ > CI" > Br > CIO” > SCN"

Cations : NHy* > Rb* > K* > Na* > Li* > Mg*" > Ca** > Ba**

Decreasing Chaotropic Effect

FIGURE 2.4: The Hofmeister series describes the increasing/decreasing chaotropic effect
of both anions and cations.

the entropy of the system and making the process thermodynamically favourable.
By precipitating stepwise fractions of different salt concentrations, it is possible to
isolate proteins of different solubility and remove impurities that aggregate easily.
Published tables can be consulted in order to determine the weight of ammonium
sulfate, or the volume of concentration of ammonium sulfate, needed to obtain the

desired concentration [149].

2.3.4 Ion Exchange Chromatography

Ion Exchange Chromatography (IEC) is based on the fundamental attraction of
oppositely charged moieties. Depending on the pH of the environment and the
isoelectric point (pI) of the protein, proteins carry a charge. This property can
be exploited in IEC by utilising charged ligands attached to resins to bind oppo-
sitely charged proteins. There are two general types of ion-exchangers: cations and
anions. Cations exchangers carry a negative charge and bind positively charged
proteins, whereas anion exchangers carry a positive charge and so bind negatively

charged proteins.

Weak anion exchangers are classified as a weak base that easily loses charge at a

high pH due to deprotonation. Conversely, a strong exchanger consists of charged
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groups that act as a strong base.

Selection of a buffer species is dependant on the isoelectic point (pl) of the protein.
Binding of proteins is achieved at low salt concentrations and elution typically oc-
curs with the introduction of a high salt concentration. The window for isocratic
elution is very small so a linear salt concentration gradient is used, giving a higher
resolution. The process of ion exchange chromatography is detailed in Figure 2.5.

T
v
@ Positively charged resin

Negatively charged
protein binds to positive
resin.

The proteinis eluted by @ Positively charged protein
a buffer of high salt

@ Negatively charged protein

concentration.

Positively charged protein
@ does not bind to positive
@ resin and flows through
the column.

FIGURE 2.5: The process of ion exchange chromatography. Positively charged resins are
used in anion exchange chromatography. Positively charged proteins pass through the
column without binding to the resin whereas negatively charged proteins are bound. The
charge of the protein depends on the pI and on the buffer used. Typically negatively
charged proteins can be eluted by increasing salt concentration in the buffer.

Diethylaminoethyl-sepharose (DEAE) is a positively charged resin and acts as a
weak anion exchanger, binding negatively charged proteins. The positive charge
on the molecule arises from the protonated amine group. This amine group has a
pKa of 10 so it is essential that for the protonation to occur, the pH of the buffer
must be at least 2 pH units lower. Q-Sepharose is a strong anion exchanger which
also binds negatively charged proteins. It is classified as a strong exchanger due to
the fact that it is a quaternary resin so cannot be deprotonated, even at high pHs.

The anion exchange ligands DEAE and Q-Sepharose are shown in Figure 2.6.
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FIGURE 2.6: Both DEAE and Q-Sepharose are anion exchanger ligands, binding
negatively charged proteins. DEAE is classed as a weak exchanger as it can be
deprotonated above pH 10. Q-Sepharose is a quaternary amine so cannot be deprotonated
and is classed as a strong exchanger.

2.3.5 Hydrophobic Interaction Chromatography

Protein hydrophobicity is dependent on several factors: the number of polar or
non-polar residues in the amino acid sequence, and the proteins tertiary and qua-
ternary structure in a given solution. The technique of hydrophobic exchange chro-
matography (HIC) exploits the hydrophobic regions present on proteins, and en-
courages binding to hydrophobic ligands. A common environment used in this
process to encourage hydrophobic interactions is an aqueous solution with a high
salt content. In a low salt environment, water molecules adopt an ordered arrange-
ment around the hydrophobic areas of the protein. Increasing salt concentration
can cause the protein molecules to interact with the ligand, driven by a net increase
in entropy from the reorganisation of the water network. In this process, the overall
surface area of the hydrophobic sites of the protein exposed to the polar solvent is
decreased. This results in a less structured, higher entropy environment, and is the

favoured thermodynamic state.
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FIGURE 2.7: Common ligands used in HIC are typically carbon based molecules to
promote hydrophobic interaction with protein molecules in the presence of high salt.
Hydrophobicity increases with aliphatic chain length and molecule size.
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FIGURE 2.8: The process of hydrophobic interaction chromatography. In a low salt
environment, ordered water exists around the hydrophobic residues on both the protein
molecule and the ligand. In a high salt concentration, the ions interact with water
molecules, decreasing the number of ordered molecules surrounding the hydrophobic
areas and encouraging the interaction between the protein and the ligand.

As a general rule, hydrophobic interactions will increase with aliphatic chain length.
The use of aromatic rings such as phenyl groups can also strengthen hydropho-
bic interactions with absorbed compounds through 7r-7r stacking with aromatic

sidechains. Several sidechains used in HIC are shown in Figure 2.7.
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Elution of protein molecules is achieved by the addition of a low salt concentra-
tion buffer which decreases the strength of the hydrophobic interactions, leading
to the desorbtion of protein molecules and subsequent elution, shown in Figure
2.8. Protein elution is dependent on the strength of hydrophobic interaction with

the ligand and how quickly it is desorbed.

2.3.6 Gel Filtration Chromatography

Gel filtration/size exclusion chromatography can be used as a preparative method
and separate protein molecules based on their size and shape, or hydrodynamic
volume. The hydrodynamic volume is described as the volume a protein molecule
creates when the molecule is tumbling rapidly in solution. Size exclusion columns
contain a resin with porous holes in the beads, this gives rise to a number of paths
that molecules can travel through. These pores, known as the stationary phase, are
of a certain size and allow only smaller molecules to pass through. This results
in smaller protein molecules taking a longer time to elute from the column. In
comparison, larger molecules are excluded form these pores only passing through
the solvent, mobile phase, and so have the shortest path and are eluted first. The
order of elution of molecules can be described as the inverse of their hydrodynamic

volume. The process of gel filtration is described in Figure 2.9.
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FIGURE 2.9: The process of gel filtration. A protein solution is loaded onto the column,
composed of a mixture of different sizes of proteins. The beads present in the column are
porous and smaller proteins can pass into these, resulting in a longer elution time. Larger
proteins do not pass into the beads and so follow the shortest path and are eluted first.

There is no intentional binding interaction present in the method of size exclu-
sion chromatography which has the additional benefit that fragile proteins are not
damaged, but electrostatic and van der Waals interactions are unavoidable in many

cases. Also, in the absence of binding, the resolution that can be obtained is limited.

This technique is effective in the latter stages in the purification process when the
protein is mostly pure, due to the risk of large levels of contaminants damaging the

column.

2.4 Crystallisation

The crystallisation of proteins for use in crystallography and subsequent structure
solution has been an invaluable technique for scientists to elucidate the structure

and function of biological macromolecules. Crystals are formed by the directional
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and ordered self-association of protein molecules to form a periodically repeat-
ing 3-dimensional crystal lattice. The growth of good-quality crystals is essential
for successful X-ray diffraction experiments. An additional challenge for neutron
diffraction is the controlled growth of large crystals, often in deuterated conditions

[150].

One important aspect in the formation of highly diffracting protein crystals is the
purity of the protein sample. Any impurities remaining in the protein solution after
the purification process can interfere with nucleation and crystal growth. They may
also be incorporated into the crystal structure, affecting diffraction quality [151].
Therefore it is extremely important to have an efficient purification process where

the final purity of the sample is analysed by SDS-PAGE, or mass spectrometry.

supersaturated

precipitation zone

precipitation curve
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FIGURE 2.10: Graphical representation of the relationship between increasing protein
concentration and increasing precipitant concentration. From the solubility diagram it is
possible to identify the optimum zone for crystal growth. At low concentrations, the
protein remains undersaturated and nuclei will not form. However, at very high
concentrations, precipitation will occur due to the aggregation of excess of protein
molecules. Nucleation occurs in the upper metastable zone, where the solution is
supersaturated. This leads to the concentration of protein to decrease and crystal growth.

The phase diagram provides a pictorial representation of the crystallisation process,
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shown in Figure 2.10. It shows the relationship between protein concentration and
the temperature, pH, or in this case crystallisation agent concentration. Knowledge
of the phase diagram specific to the target protein is valuable for the identification
of the supersaturation zone, increasing the chances of crystal growth. Supersatura-
tion is defined as when the protein concentration is higher than its solubility. On the
diagram, there are four important areas in the phase diagram that relate to the like-
lihood of achieving crystallisation: the undersaturated region, the supersaturated
region consisting of the metastable zone and the labile zone, and the precipitation

zone [152].

There are two separate steps that are involved in the production of protein crystals:
nucleation and growth, both driven by supersaturation [153]. Supersaturation can
be achieved through manipulating the temperature, ionic strength, and pH, as well
as the addition of precipitating agents [154-156]. Nucleation is a first order phase
transition where the protein molecules pass from a disordered state to an ordered
state [156, 157]. The formation of a nucleus involves overcoming an energy barrier
and is the rate determining step in this process [152]. The rate of nuclei formation
is directly related to the number and quality of the crystals produced and occurs in
the labile zone. No production of nucleation is seen in the metastable zone how-
ever it governs crystal growth. Ideal crystallisation conditions initiate nucleation
before leading to growth in the metastable zone, before other nucleates have time
to form [157]. Therefore the optimum location for this on the phase diagram is close
to the border between the metastable and labile zone. Conversely, nuclei close to
the precipitation zone border tend to grow quickly and contain defects. In the pre-
cipitation zone, aggregates can form faster than nuclei if the protein concentration

is too high [152].

The batch crystallisation method is a straightforward technique which involves
mixing the protein solution with the appropriate precipitant solution in a closed

vessel, with no additional reservoir solution [158]. A pictorial representation of the
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batch method is shown in Figure 2.11. This technique involves no exploration of
the phase diagram as the initial conditions achieve supersaturation directly and re-
main stable for several weeks. Well diffracting crystals can be produced in these
conditions by ensuring that nucleation occurs when the protein and crystallisation
solution are initial contact, reaching the metastable zone as the solutions are mixed

[155].
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Batch crystallisation method

FIGURE 2.11: Batch crystallisation method. Small vials, or wells, containing protein and
precipitant solutions at supersaturated conditions are sealed and left undisturbed during
crystal growth. Figure adapted from [155].

2.5 Crystallography

2.5.1 Crystal Structure

The most popular way of obtaining structural information at the atomic level on
biological structures is X-ray crystallography. Protein molecules are ordered into
a crystal in the x, y and z dimensions, where a crystal can be considered as an
infinitely repeating lattice. A lattice is a set of points in space where the environment

of each point can be considered identical.

The simplest building block of a crystal is the unit cell, defined by lengths a, b and
c and angles a, B, 7. The unit cell is generated from a motif, also referred to as

the asymmetric unit, via symmetry operations. This motif can be rotated, reflected,
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inverted and translated from one lattice point to another and can partially or fully
occupy the unit cell. The full list of symmetry operations required to generate the
unit cell from the asymmetric unit is called the space group. A space group is re-
lated to the point group but is more flexible in definition, where the point group
requires operation around a defined point, the space group however allows trans-

lations and glide planes.

Unit cells can be characterised based on the number and locations of the lattice
points in the following manner: primitive (P), body-centred (I), face-centred (F)
and side-centred (C). When combined with the 7 crystal systems, 14 Bravais lattices
can be described detailing the individual characteristics of both the unit cell and

symmetry, shown in Table 2.1.

TABLE 2.1: The seven crystal classes.

Lattice system Axial lengths and Bravais lattices
angles

Cubic a=b=c
x=p=7v=90°C PLF

Tetragonal a=b#c PI
x=p=7v=90°C

Orthorhombic a#b#c PIFEC
a=pB=7v=90°C

Hexagonal a=b#c P
a=p=90°C,v=120°C

Trigonal a=b=c P
a=pB=vy#90°C

Monoclinic axb#c P, C
a=p=90°C, v =120°C

Triclinic a#£b# P
0By #90°C

In combination with the number of Bravais lattices, a total of 230 space groups
are possible including 32 point groups. However, mirror planes and centres of
inversion are excluded for biological molecules. These are examples of improper
symmetry where an object is transformed onto a mirror image however it is not

possible in this case as amino acids possess a chiral centre [159]. This leaves a total
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of 11 point groups that can exist for biological molecules. The point group is what

defines the morphology of the crystal.

The unit cell is repeated by translations throughout the crystal in all directions to

give a highly ordered structure [160].

2.5.2 The Scattering of Waves

Elastic scattering is seen when an incident wave is scattered by an object, for exam-
ple an atom, changing the direction of the wave but conserving its momentum. An
example of elastic scattering is diffraction. Scattering from one atom is extremely
weak so multiple atoms are needed to amplify the intensity of the scattered wave.
In the case of crystalline material, a series of ordered atoms lie on planes at defined
distances apart forming the crystal lattice. Bragg’s Law, Equation 2.1, defines the
conditions in which diffraction is possible. It relates the wavelength of radiation
A, the scattering angle 6 between the incoming wave and plane and the distances

between atoms on planes dj; [161].

nA = 2dsinf (2.1)

In order to examine atomic structures, a probe that has a wavelength of the same
order as atomic spacings is required. X-rays with a wavelength of Angstroms (A)
are a common and highly used probe as they are relatively cheap to produce in
comparison to other sources. It is also possible to produce X-rays with a high flux
which allows the examination of small and complex structures in a short timeframe.
Neutrons also have a number of advantages as an atomic probe. Both X-rays and

neutrons can be produced with varying wavelengths.
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Bragg planes are represented by three Miller indicies /, k, [. These values relate the
planes to the unit cell. The hkl value represents the number of times that the Bragg
plane cuts the a, b and ¢ axes of the unit cell respectively. For example (h, k, [) =
(3,2,1) cuts the a axis 3 times, b axis two times and the ¢ axis once. If there is a value

of 0 this indicates that the plane does not cross a particular axis.

Incident X-ray Reflected X-ray

@ Bragg plane (hkl)

FIGURE 2.12: Two incident, in phase, X-rays are reflected by planes defined by hkl,
separated by an interplaner distance, d. The second wave has to travel extra distance 7,
equal to an integer number of wavelengths to remain in phase. The angle of incidence is
denoted as 0 and is the same as the angle of reflection. The relationship nA = 2dsin6
defines the conditions that satisfy Bragg’s Law.

There are two types of scattering: coherent and incoherent. Coherent scattering is
seen where the pathlengths of waves are different by nA representing an integer
number of wavelengths. This means that the waves remain "in phase” and interfere
constructively with the addition of their amplitudes. Incoherent scattering is where
these criteria are not met and the amplitudes of the ‘out of phase” waves cancel. A
representation of Bragg’s Law with respect to atomic positions is shown in Figure

2.12.

Reciprocal space is an important concept in crystallography. In addition to the
real space lattice, a reciprocal lattice also exists. This reciprocal lattice is seen on
the diffraction pattern. The diffraction pattern is measured from the constructively

scattered waves that fulfil Bragg’s Law. Each spot on a diffraction pattern, known
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as a reflection, corresponds to a lattice point in reciprocal space with coordinates

hkl and a set of planes in the real space crystal.

The real space lattice is defined by the dimensions a, b and ¢ however it is neces-
sary to consider a reciprocal lattice defined in the Equation 2.2. Any point on the
reciprocal lattice can be calculated by summing unit translations (a+, b+, c+) of the

reciprocal lattice with any integer (1, k, I), as defined in Equation 2.2.

s = ha* +kb* + Ic* (2.2)

2.5.3 The Ewald Sphere

Monochromatic Data Collection

The Ewald sphere gives a pictorial representation of Bragg’s Law and what con-
ditions are required in a diffraction experiment [162]. It is a geometrical construc-
tion of a sphere with the real crystal and what can be considered as the real space
origin in the centre. When a reciprocal lattice point, representing the real space
Bragg planes, lies exactly on the edge of the sphere, Bragg’s Law is satisfied and
diffraction is seen. The sphere has a radius of 1/A, representing the wavelength
A in reciprocal space and the diffracted beam is represented by S, the scattered
wave. In addition, there is a limiting sphere within the construction, shown in Fig-
ure 2.13. The radius of 2/A defines the maximum resolution that can be obtained
from a diffraction experiment: if there are lattice points that fall outwith the limit-
ing sphere, it will not be possible to record these reflections during the experiment.
Reducing the wavelength results in a larger Ewald sphere and more measurable
reflections. Larger unit cell dimensions have smaller reciprocal lattices, resulting
more reflections but also in closer recorded diffraction spots. The Ewald sphere

construction is independent from the contents of the unit cell and relates to both
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the unit cell dimensions and wavelength of radiation.
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FIGURE 2.13: The Ewald construction in the monochromatic case. The Ewald, or
reflecting, sphere has a radius of 1/A with the crystal located at the centre. Lattice points
located on the edge of the sphere indicate the conditions in which Bragg’s Law is satisfied
and give rise to diffraction. The limiting sphere indicates the maximum resolution that
can be obtained from this experiment.

There are two ways that Bragg’s Law can be satisfied experimentally as there are
two possible variables, A and 6, whilst the dj;; values stay fixed. The most common
data collection method uses a monochromatic beam, where the value for A is fixed
and the angle of incidence, 6, is varied. Rotating the real crystal around an axis also
rotates the reciprocal lattice. This rotation translates the reciprocal lattice points
through the stationary Ewald sphere, achieving the diffraction of multiple lattice
points from the multiple Bragg planes. Monochromatic data collection involves
taking multiple adjacent frames to increase the data completeness and in order to
collect full reflections that are usually spread across a selection of images. This is

known as the rotation or oscillation method [163].
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Quasi-Laue Data Collection

In Laue, or Quasi-Laue, diffraction experiments, the other variable in Bragg’s Law
is changed, A. Laue data collection uses the full range of wavelengths, or white
beam, whereas Quasi-Laue uses a range of wavelengths between a bandpass of A
min and a A max, considered as a pink beam. The Ewald construction is different
for Laue diffraction when representing what conditions fulfil Bragg’s Law. Due
to the range of wavelengths, there are two spheres representing the Apnin, and the
Amin used. Each reciprocal lattice point that lies in between these two spheres is
recorded as a diffraction spot, shown in Figure 2.14. This allows a broader range
of reciprocal space, i.e., more reciprocal lattice points, to be measured in a single

frame.

This method can be exploited in neutron diffraction experiments. Due to the typ-
ically low flux of neutrons, a Laue or Quasi-Laue data collection technique can
increase both the number of reflections and the flux relative to the monochromatic
method [164]. However, spatial overlap can become a problem when using the
Quasi-Laue data collection strategy. This issue arises when protein crystals have
large unit cell dimensions or display a high degree of mosaicity. Not only are these
common problems in macromolecules but the need for larger protein crystals in
neutron macromolecular crystallography also leads to an increased risk of higher
mosaicity. To reduce this effect, the bandpass can be narrowed resulting in fewer re-
flections or alternatively the sample to detector distance can be increased to spread
out reflections, preventing overlap [165]. Harmonic overlaps are also problematic
with Quasi-Laue data collection: where Bragg’s law is satisfied by multiple wave-
lengths and reflections are superimposed on the detector [166]. However using a

longer A can reduce the effect by separating the Bragg peaks [166].
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FIGURE 2.14: A range of wavelengths are used in Quasi-Laue data collection between
Amin and Amax, defined by the two circles. Points on the reciprocal lattice give rise to
diffraction if located inside the two circles, covering a larger area of reciprocal space than
in monochromatic mode.
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TABLE 2.2: Neutron coherent scattering lengths and incoherent cross sections for common
elements found in macromolecular structures. The X-ray scattering factors are also
included for direct comparison.

Isotope Atomic Neutron Neutron X-ray
number coherent incoherent scattering

scattering Cross factors
length section
(1012 cm) (Barn =102 m?) (102 cm)

'H 1 -0.374 80.27 0.28

’H 1 0.667 2.05 0.28

12C 6 0.665 0.00 1.69

14N 7 0.973 0.50 1.97

160 8 0.580 0.00 2.25

%23 16 0.280 0.00 4.50

2,54 X-ray and Neutron Scattering Factors

In X-ray diffraction, the X-rays are scattered by electron clouds with the intensity
proportional to the number of electrons squared, I « z2. Each atom has a different
scattering factor, which increases with the number of electrons. Common elements
such as carbon and oxygen have form factors of 1.69 x 10712 cm and 2.25 x 1072 cm
whereas lighter elements have a much lower form factor value such as of 0.28 x
10712 ¢m for hydrogen. In addition, the scattering factor decreases with increasing
scattering angle sinf/A due to the similar size of the electron cloud and the wave-
length of the X-ray beam. Table 2.2 details the X-ray scattering factors for elements

commonly found in macromolecules.

Neutrons do not follow the same trend as they interact with the nucleus, not the
electron cloud. The coherent scattering length b, is equivalent to the X-ray scatter-
ing factor however it has no dependency on the scattering angle and the magnitude
of b, is indicative of the strength of the interaction. This can be explained by the
smaller size of the nucleus in comparison to the neutron beam. The b, value can
also be positive or negative, unlike X-ray scattering factors which are always pos-

itive. Whether the sign is positive or negative is associated with a shift in phase
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between the incident and scattered neutron waves. Interestingly, the neutron scat-
tering power shows no clear pattern across the periodic table. This is detailed Table

2.2.

Neutron coherent scattering lengths are also isotope specific, meaning that there
can be different values for nuclei of non-zero spin. We can consider two isotopes
of hydrogen: 'H and ?H, or deuterium. Both 'H and 2D have different nuclear
compositions leading to very different scattering lengths. The average scattering
length for a 'H nucleus is b = -0.374 x 1012 cm whereas the average value for a ?H

nucleus is b = 0.668 x 1012 cm (Table 2.2).

There is also an incoherent cross-section to consider, measured in Barns; 1 Barn =
1024 cm?. The incoherent cross-section is most significant in elements containing
unpaired nuclear spins. This contributes to the overall background measurement,
which can mask the strength of the coherent scattering by decreasing the signal to

noise ratio (Table 2.2).

2.5.5 Structure Factors and Electron Density

Reciprocal space and real space are mathematically related via a Fourier transform
and this relates the diffraction pattern to the diffracting object, as previously de-
scribed. Any given reflection (hkl) can be represented as a structure factor con-
taining an amplitude and a phase, Fy. The structure factor is a summation of the
scattering contributions from all atoms on the plane hkl, each with a corresponding

structure factor fyy.

Structure factors for X-rays can be described as shown in Equation 2.3. This rep-
resents the scattering from any given singular atom i corresponding to plane hkl
resulting in f; contributing to the amplitude of the reflection. The second term

e2mMi(hxn + kyn +170) represents the phase of the wave.
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f =f 27 (hxu Ky +121) (2.3)

Amplitudes are obtained experimentally by measuring the intensity of the diffrac-
tion spots. All atoms contribute to each reflection in the diffraction pattern with
each atomic scattering factor contributing to the measured amplitude. The total
scattering in a reflection can be represented by summing all scattering factors f

and phases for each atom, shown in Equation 2.4.

n=N )
Foy = aneZm(hxn—&-kyn—l—lz,,) (2‘4)
n=1
Another description of Fy involves the integration of the electron density, p, at the
given position x, y, z, as described in Equation 2.5. This relationship is important
as it relates the measured amplitudes to the electronic structure of the object under

investigation.

Fupg :///p<x, y, 2) e k) g 25)
wJiJi

However crystals are not immobile objects, with atomic vibrations affecting the
quality of the diffraction. An additional factor must be taken into account when
calculating the structure factors, known as the Debye-Waller factor, or B factor, de-

fined in Equation 2.6.

Bj = 87°U? (2.6)

This additional term has units A% and where U is the measurement the mean-
square displacement of atom j. As the U parameter increases, the overall B-factor

increases and reduces the scattering contribution from the atom. The vibration of
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the atoms can result in the electron density becoming spread out as a result of the
disorder. The true equation relating the structure factor and the electron density

considering this additional term is shown in Equation 2.7.

Phkl - /h/k/l\p(x, Y, Z)ezﬂi(hxn+kyn+lzn)€*Bjsil’l29//\2 (27)

As previously described, when expressed as a Fourier transform the structure fac-
tors (Fpx) can be calculated using the electron density, p(x,y,z). Fourier transforms
can be reversed, therefore it is possible to calculate the electron density p(x,y,z) from
the structure factors Fjy. This reverse Fourier transform is shown in Equation 2.8,

where the volume of the unit cell is represented by V.

1 .
Oxyz = VZZZH:(;I’ k,l)’ezﬂ'l(thl“!‘k]/n"rlzn) (2.8)
h k 1

Each Fjy contains the information on all of the atoms in a given plane hkl. It repre-
sents a wave, consisting of an amplitude, a frequency, and a phase. Amplitudes are
measured and A is known from the X-ray source. The variable that is lost during the
diffraction experiment is the phase information. As this is needed in order to calcu-
late the electron density this poses a problem, known as the phase problem. Methods
developed for solving this phase problem include Patterson Methods, SAD and
MAD Phasing, and Molecular Replacement. There is also the method of protein
structure prediction which uses the amino acid sequence to predict the secondary

and tertiary structure of the protein.

2.5.6 Data Collection and Processing

The first step from diffraction images towards structure solution is indexing the

diffraction patterns from the images collected during the experiment. The aim of
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indexing is to obtain a list of ikl indicies for each recorded reflection. Indexing the
data once the diffraction images have been collected provides the approximations
of the unit cell dimensions, the crystal orientation and an estimate of the Bravais
lattice. These are used in conjunction with knowledge of the instrument parameters

such as crystal-detector distance and wavelength.

Indexing can also be conducted using only a few images in order to devise a data
collection strategy most suitable for the crystal. Knowledge of the Bravais lattice
indicates any symmetry elements and this knowledge can be useful to ensure the
collection of a complete dataset. It is also possible to estimate the most likely space
group from the symmetry-related intensities. These symmetry elements can then
be exploited to minimise the exposure to the beam, which is especially important
for radiation sensitive samples. As neutrons show no obvious damage from expo-

sure to the beam, this is less of a problem.

To obtain the intensities (I) related to the hkl values from the diffraction pattern,
the diffraction spots must be integrated. It is also necessary to obtain the errors
associated with the intensities or, standard uncertainties (¢). This process involves
predicting the position of each Bragg reflection on each image and measuring the
intensity and error estimate, after background subtraction. There are two methods
that can be employed: summation integration and profile fitting [167]. In summa-
tion integration, the number of pixels and their values are added together, back-
ground pixels are also summed and subtracted from the total pixels value. This is
most useful for strong diffraction spots. The profile fitting method provides a more
accurate estimate of the integrated intensity for weaker reflections. It assumes ei-
ther a 2D or 3D shape is known for each spot and the intensity is calculated when a

best fit is seen between the known spot profile and the observed spot profile [168].

Indexing and integration programs that are commonly used are XDS [169], Mos-
flm [168], HKL2000 [170] and DIALS [171] for monochromatic data and LAUEGEN
[172] for Laue diffraction.
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After indexing and integration, an mtz file is generated that contains all of the un-
merged reflections. Scaling and merging steps are required in order to equate all
the observations on a common scale. The data are not on a common scale due
to a number of experimental parameters including, but not limited to: radiation
damage, fluctuations in incident beam, absorbance in the crystal as a result of non-

uniform morphology.

Quasi-Laue neutron data collection has an additional stage. As a range of wave-
lengths are used, an additional step known as wavelength normalisation must be con-
ducted. This can be done using the program LSCALE [173]. This is done to equate
the measured intensities from different wavelengths onto a common scale prior to

scaling.

2.5.7 Data Quality Indicators

There are numerous indicators that are available for crystallographers to use when
evaluating the quality of the data. There are indicators for both merged and un-
merged data. The difference between the per image B-factor, Reyctor, and/or Dei-
derichs Ry factor [174] of the unmerged data can be used to estimate the amount
of radiation damage a sample receives, important for biological molecules. There
are also indicators that can calculate the precision of merged data which are more

important for downstream processes.

I/0(I) (2.9)

Historically, the signal to noise ratio has been used to decide a high resolution cut-
off before scaling. Below that level the diffraction spots can be excluded from the

data used in refinement. The universally accepted cut-off level was ~ 2 - 3.

Other metrics include Ryerge and Ry, ; ;-



Chapter 2. Experimental Methods 91

i) i | Li(h k1) — I(h, K, 1)
Ryerge = == 2.10
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Rynerge calculates the agreement between multiple measurements of a reflection around

the average. However, this value tends to increase with an increased number of
observations (multiplicity) and is now commonly replaced with other statistical in-

dicators [167, 175, 176].

R Yty VI/n =1 gy Li(h, k1) — I(h, K, 1) 2.11)
P Yty Liea Li(h K, 1) '

Rpim. (precision-indicating merging Ry,ctor) is used to calculate the precision of

merged data. It describes the precision of the averaged intensity measurements
and details the standard error of the mean. This statistic is related to Rinerge with
an additional term that removes the relationship with multiplicity. It is therefore a

more appropriate choice than Ryrg for deciding a high resolution cutoff [176, 177].

X ()= )
COn = Ea- @rn = WA @12

For CC; /,, the dataset is randomly split into two halves and within each dataset the

average intensity is calculated for each unique reflection. Plotting this correlation
coefficient (CC) against resolution measures the internal consistency of the dataset.
The range of CCy), is from 1.0: total correlation and 0.0: no correlation. The value
of CCy), tends to 0 with the decrease in the signal to noise ratio. It is the primary
indicator for selecting a high resolution cutoff [176]. An example of a recommended
resolution cutoff is given in software package xia2, where the default cutoff value
of CC;; > 0.5 [178]. However, it has also been observed that including data up to
a value of CCyp ~ 0.1 - 0.2 resulted in improved the quality of the difference maps

and led to an improved refined model [179].
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2.5.8 Structure Refinement and Model Building

After data collection and reduction is completed and phases are obtained, it is nec-
essary to refine a model against the data collected. The model is typically in the
form of a PDB, a file which contains information on the protein sequence, atomic
coordinates, B-factors (isotropic or anisotropic), and occupancies. This process in
the context of this thesis is covered in Chapter 4, Section 4.5 and Chapter 5, Section
5.5.

Structural refinement is the optimisation of a series of model parameters in order
to give the best model fit against a set of observations [180]. This iterative process
is carried out which aims to build a molecular model that will best fit the data

collected.

Key aspects of structural refinement are ‘observations” and "parameters of a model’.
Observations include everything known about the model prior to refinement: unit
cell parameters, structure factor amplitudes, phase information and stereochemical
knowledge [180]. Parameters of a model are commonly detailed in a PDB format
[181], and include the atomic coordinates, atomic displacement parameters, and
occupancies. Refinement quality is improved when there is a larger ratio of obser-

vations to parameters.

Restraints and constraints can be used in order to aid the refinement process. A
restraint prevents specific individual /independent parameters from diverging too
far from target values. This is done using accepted knowledge of the structure such
as bond angles or bond lengths [182, 183]. Knowledge from a higher resolution
similar structure, or a reference model, can also be used as external restraints. This
involves using distance restraints between nearby atoms from the reference model
to aid the refinement. Mathematically, restraints can be considered as additional
experimental observations, by restricting the possible values of the parameters in

question [184]. A constraint forces specific parameters to be refined together, for
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example, a rigid body refinement or fixing an atomic position. This imposes a
restriction onto the refinement calculation and improves the ratio of observations

to parameters.

The model and electron or neutron density maps can be visualised using molecular
graphics packages, such as Coot [185]. The observed structure factor amplitudes
are described as F, and the structure factor amplitudes calculated from the model
are described as F.. Two electron or neutron density maps are consulted during
structural refinement. The 2F,-F,, or a Sigma-A weighted map 2mF,-DF,, is a rep-
resentation of the electron density around the model. The F,-F./mF,-DF. map, or
‘difference map’, can indicate errors in the model. If there are atoms missing then
these appear as positive density whereas when there are incorrectly placed atoms
in the model, the difference map shows negative density. This map gives an indi-
cation of how close the model is to the experimental data with peaks above 3.0 ¢
deemed significant. This map can also provide useful information when used in
calculating an omit map, where parts of the structure such as small molecules and
mutated sidechains are removed. If truly present in the structure, these atoms are
clearly visible in the difference map. As the model is amended as per the indica-

tions of the F,-F, the phases systematically improve.

2.5.9 Joint Refinement

X-ray data provides information on the distribution of electrons within a sample.
As this is intrinsically related to the mass of the atom, X-ray data can provide in-
formation on C, N, O, S atoms within proteins. In comparison, neutrons provide
information on the nuclear positions as they are scattered by nuclei, including 'H
and 2D atoms. Therefore it is possible to use the complementary X-ray and neutron
data together using a joint refinement strategy to solve the structure. This can be

conducted using programs such as phenix.refine [186].
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Refinement should be conducted on datasets ideally taken from the same crystal,
or at least an isomorphous sample, for example, under the same crystallisation
conditions and experimental temperature [186]. Including 'H and ?H atoms in the
model leads to a substantial increase in the number of refinement parameters, how-
ever, this problem is offset by the increase in experimental data available to use in
a joint structural refinement [186]. Furthermore, the addition of the extra informa-
tion from the X-ray data aids the low completeness and resolution commonly seen

in neutron datasets.

2.5.10 Model Validation and Statistical Indicators

The progress of refinement can be monitored concurrently by the global statistical
indicator the R-value, or Ryork/ Rfactor, Which measures the discrepancies between
the observed structure amplitudes and those calculated from the model [187]. The
lower the value of this R-factor indicates the increase in correlation between the
data and model. However it is possible to overfit the data, interpreting information
as significant when this is not the case, which can artificially reduce the Ry [187,
188]. To counteract this problem, an additional cross validation metric known as
Rfree is also monitored during refinement. This involves excluding a small percent-
age of the reflections from the refinement process and calculating an Rg,ctor from
these reflections independently from the refinement. This is a method of reducing
bias as there is no effect from the refinement to these reflections. A clear indication
of overinterpretation of the data is when the values of Reee and Ry diverge to

over a 10% difference.

Z(h,k,l)%{testset} HPobs(h/krl) - Fcalc(h/k/l)H
Yo n k)¢ {testset} | Fovs(h kD]

Rfuctor = (2.13)
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Another method of model validation is the Ramachandran Plot [189, 190]. This
uses prior knowledge of stereochemical restraints and is essential to the struc-
ture determination of macromolecules [191]. It has a pictorial representation of
the stereochemical information, plotting the torsion angles ¢ and ¢ of all amino
acids contained in the macromolecule. Plotting the possible combinations of an-
gles, establish what angle combinations are not possible due to steric hinderance.
It plots individual residues into “fully allowed’, "partially allowed” and “forbidden’
depending on identified clashes between atoms within the residues. This informa-
tion can be consulted during and after the model building process in order to assess

the likelihood of amino acid conformations, pointing towards a feasible model.

2,511 Radiation Damage

X-rays provide an ideal probe for examining protein structure at the atomic level,
however, radiation-induced degradation, or radiation damage, can occur during
data collection, particularly those conducted at ‘brighter” light sources. At a wave-
length of 1A, around 10% of the interacting X-ray photons are elastically scattered
(diffraction) [192]. Approximately 90% of interacting photons will deposit their en-
ergy into the crystal via the photoelectric effect, resulting in excitation processes

[193], and through Compton inelastic scattering.

The excitation events caused by the photoelectric effect can cause structural dam-
age to the protein molecules and overall crystal lattice. The photoelectric effect
describes the ejection of a tightly bound electron from the inner shell of an atom,
following the absorption of a high energy X-ray photon, and leads to radiation

damage [194]. The ejected electron will produce 500 additional ionisations within
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a few micrometers of the initial ionisation site [195, 196]. Radiation damage can
be divided into primary and secondary radiation damage. Primary radiation dam-
age is a result of the X-ray photons interacting with an atomic electron within the
crystal. This leads to the absorption of energy, where this energy is either dissi-
pated through heat (thermal vibration of the molecule), or results in the generation
of high energy photoelectrons, lower energy Auger electrons, and other radical
species [197, 198] and is dose dependent. Secondary radiation damage arises when
the species produced in the primary event cause damage to the sample through
the generation of additional free radicals. Secondary radiation damage is both time
and temperature dependant. Both primary and secondary radiation damage can
be further classed as direct or indirect events. Direct events involve the genera-
tion of radicals from the atoms in the protein molecule whereas indirect events are
produced from non-protein atoms, e.g., the destruction of solvent molecules where

hydroxyl and hydrogen radicals are produced [197, 198].

These reactive species lead to a series of chemical reactions which can alter the
structure of the sample and can cause both global and specific effects. Global ra-
diation damage appears by a loss of resolution of the data, an increase in Wilson
B-factors and mosaicity, and can alter unit cell parameters [192, 199]. Experimental
factors that can be consulted to assess radiation damage include per-image Rierge,
per-image B-factor, and Diederichs Re,ctor (Rd) [174]. Specific damage as a result of
irradiation includes modification of individual residues, causing local changes be-
fore the overall diffraction of the crystal is affected. For example, disulphide bonds
can be reduced causing bond breakage, and decarboxylation of acidic residues can
occur, resulting in the generation of CO2 [199-202]. In the case of extensive radi-
ation damage, these effects can be observed in the electron density maps. Active
sites have been found to be particularly vulnerable to radiation damage [201, 203].
Redox proteins and those containing metal atoms can be easily reduced during ir-
radiation, leading to important changes in the structure during the data collection

[203], with Beitlich and colleagues [204] specifically referring to heme proteins as
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Vvacuum cleaners; describing their ability to suck up electrons. This is due to the
likelihood that an atom will interact with an X-ray photon increases with atomic
number [196]. As a result it may not be possible to distinguish structural features at-
tributed to radiation damage from the results of mechanistic reactions, questioning
the reliability of the results obtained using this technique, and creating difficulties
in obtaining high resolution data [198, 205]. However, there are cases where radia-
tion damage has been used in experiments as an asset. Phasing methods utilising
structural damage inflicted by X-rays, radiation damage-induced phasing (RIP),
have been shown to be successful in several cases where datasets have been col-
lected at high brilliance sources [206-208]. Investigations into catalytic mechanisms
have also used radiation damage to their advantage [81, 209]. In order to mitigate
the effects of radiation damage, crystals can be cooled to cryogenic temperatures of
between 80-100 K before and during data collection. This process of cryo-cooling
does not prevent primary radiation damage [210, 211], but can reduce the effect
of secondary radiation damage by 70 fold [212] as the diffusion of free radicals is
reduced. As a result, it is now estimated that over 90% of protein structures have
been determined at cryo-temperatures [213]. Alternatively, the use of radical scav-
engers has been suggested to reduce the detrimental effects of free radicals caused
by irradiation [195]. However, there are problems when proteins complexes con-
taining radical scavengers as they can increase the susceptibility of the active site to
radiation damage, as is the case for UOX studies where the substrate UA is a free
radical scavenger [81]. Serial X-ray crystallography involving multiple crystals can
alleviate the effects of radiation damage and complementary techniques can also
be utilised in order to monitor any radiation induced changes, such as microspec-

trophotometry, Raman, and EXAFS [81, 194, 214].

While X-ray crystallography remains the most popular technique in structural biol-
ogy, other methods can be used to investigate radiation-sensitive structures. Stud-
ies involving X-ray Free Electron Lasers have been proved to be advantageous in

such cases [215]. The use of a very intense X-ray beam allows for a large X-ray dose
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to be deposited at ambient temperatures, with pulses on the femtosecond timescale,
leading to measurable diffraction before the complete ionisation of the structure de-
stroys the lattice [216]. Alternatively, the use of neutrons as a non-destructive probe
can also be valuable in samples susceptible to radiation damage [164, 217]. As neu-
trons do not cause any observable radiation damage, it is possible to study protein
samples at RT without any unwanted destructive effects and under more physi-
ological conditions. The technique of neutron macromolecular crystallography is

covered in more detail in Section 2.6.

2.6 Neutron Macromolecular Crystallography

X-ray crystallography accounts for ~ 138,000 structures in the PDB and gives in-
formation on the structures of biomacromolecules at the atomic level, namely the
heavier atoms (C, N, O, S) [75]. Due to the short data collection times and small
sample requirements, it is the probe of choice for structural biology. Notably, only
~ 900 structures have been determined to a resolution of < 1.0 A, the resolution at
which it is possible to visualise hydrogen atoms. Additional factors such as high
levels of thermal motion or bond polarity may also have an effect on the ability to
locate hydrogen positions, meaning that even at high resolution, confidently iden-
tifying their locations remains challenging [218]. In the context of macromolecules
where around 50% of atoms are hydrogen, the knowledge of these positions is im-
portant to fully understanding both function and structure. Many biological pro-
cesses centre around hydrogen bonding networks, protonation states of residues

and substrates, and proton transfer pathways.

Neutron macromolecular crystallography (NMX) is a complementary structural
technique to X-ray macromolecular crystallography. NMX is responsible for ~ 150
PDB depositions, with > 50% of these in the last 5 years [75]. Many aspects of enzy-

matic mechanisms involve hydrogen atoms and, from NMX studies, it is possible
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to locate hydrogen positions in macromolecules. This allows the elucidation of pro-
tonation states of amino acid residues, hydrogen bonding networks, and water ori-
entations, information previously unattainable from other techniques. However,
drawbacks from this is that neutron production is expensive, interaction is rela-
tively weak and the flux of neutrons is very low. This leads to long data collection

time and the need for large samples to amplify the scattering signal.

The scattering power of hydrogen is of the same order of magnitude as carbon
when using neutrons as the diffraction probe compared to using X-rays which is
dependant on the number of electrons, hydrogen only having one (Section 2.5.4,
Table 2.2). However, the coherent scattering length of 'H is negative. This results
in unwanted cancellation effects seen in neutron scattering density maps. For ex-
ample, in common groups, such as -CH; and -CH3, the negative scattering of the
1H,-0.374 x 1012 cm, cancels the signal from the positively scattered C atom, 0.665 x
102 cm. In addition, the large incoherent cross-section of 'H contributes to a large
background on the detector during experimental measurements. This results in a

decreased signal to noise ratio and subsequently limits the resolution of the data.

The 2H isotope of hydrogen, deuterium, plays a key role in neutron experiments.
As previously mentioned, neutron scattering power varies according to nuclear
composition, therefore deuterium has different properties to H. Deuterium has a
positive coherent scattering length value of 0.667 x 10712 cm, similar to that of '2C
and 'O, shown in Table 2.2. This positive value does not result in cancellation ef-
fects that are seen with 'H. In addition, the incoherent scattering cross-section is
~ 40 times lower for 2D than 'H (2.05 Barn vs 80.27 Barn). This vastly reduces
the contribution to the background and increases the signal to noise ratio. Replac-
ing hydrogen atoms for deuterium is commonplace in neutron studies to increase
the quality of the neutron density maps. Hydrogens can be replaced by buffer
exchange or by protein expression under deuterated conditions. The deuteration

methods of macromolecules are covered in more detail in Section 2.2.
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2.6.1 LADI-III Diffractometer at ILL

Producing protein crystals suitable for diffraction studies has been the bottleneck
for biological structural analysis for decades. In NMX there is the added difficulty
that ideally hydrogen should be replaced by deuterium as discussed above. In
addition, weak flux can lead to lengthy data collection times. Developments in in-
strumentation have enabled the use of smaller samples and shorter data collection

times [164].

LADI-III (LAue DlIffractometer) has been operational at the ILL (Institut Laue-
Langevin) since 2008 and is used for the study of biological macromolecular crys-
tals. A schematic layout of the LADI-III instrument is shown in Figure 2.15. The
instrument is located on the H143 neutron guide which produces cold neutrons of
wavelength up to 0.025 eV. A Ni/Ti multilayer band-pass filter is used to select
a range of wavelengths [219, 220] and has the possible ranges ~ 2.9 - 3.9 A, 3.6 -
47 A, 41-53 A. For example, ~ 2.9 - 3.9 A could be selected to collect data to
high resolution. Using a range of wavelengths allows multiple Bragg reflections to
be collected simultaneously thus shortening data collection times and also reduces

the problem of overlapping higher order reflections [221].

The instrument uses a Neutron Image Plate (NIP) which consists of a photostim-
ulable material (BaFBr doped with Eu?* ions) mounted on a flexible plastic sheet,
surrounding the sample [223-225]. Gadolinium acts as a neutron scintillator and
Gd;0O3 is mixed with the photostimulable material to make the image plate sensi-
tive to neutrons [164, 226]. The image plate lines the inside of the cylindrical drum
allowing a large coverage of reciprocal space and multiple reflections to be mea-
sured at once. Both of these aspects help to reduce the data collection times needed

[164].
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FIGURE 2.15: Schematic of the LADI-III instrument set-up at the ILL, Grenoble. The
multilayer wavelength filter allows the extraction of a wavelength band most suitable to
the sample. The cylindrical detector allows for a wider coverage of reciprocal space in
comparison to flat detectors [164]. Image taken from [222].

2.7 Mass Spectrometry

Mass spectrometry can be used for both the qualitative and quantitative analysis of
proteins. This technique can be used to rapidly and accurately determine the mass
of a molecule using a small quantity of sample. There are three sections to a mass
spectrometer: an ion source, a mass analyser and a detector [227]. The ionisation
source is responsible for the generation of an assortment of positive and negative
charged molecules in the gas phase. After ionisation, the molecules pass though a
mass analyser, and are recorded on the detector at different times, directly related

to their mass and charge (1m/z, the mass to charge ratio). The detector counts the
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number of ions and measures the relative abundance. A mass spectrum is gen-
erated plotting m/z versus the intensities. This technique can be used alongside

time-of-flight (TOF).
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FIGURE 2.16: ESI-MS: the generation of positive charges in the Taylor cone results in the
appearance of a charged droplet. Desolvation occurs until each droplet contains a single
molecule of analyte, which is then measured on a detector which identifies the m/z ratio.

Electrospray ionisation is most commonly used for biological molecules and is
shown in Figure 2.16 [228]. The sample is dissolved in a volatile solution, loaded
into a conductive capillary where a voltage is applied. This electric field encourages
a build-up of charges to form on the surface of the droplet at the tip of the capillary.
Once the charges have accumulated to a high level the droplet bursts forming many
smaller highly charged droplets. These droplets desolvate through high pressure

and potential differences until each droplet contains a singular molecule of analyte.

From the resulting data, a mass spectrum is generated by plotting the different m/z
ratios. This results in a Gaussian distribution. The value of m does not change
whilst neighbouring peaks have a charge difference given as z; = z,-1. For the
determination of the m of the protein of interest, the m/z of two neighbouring peaks
is determined experimentally as x and y. By forming two equations as (m/z; = x
and m/z; = y), simultaneous equations can be used to calculate the values for m, z

and z,.
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Mass spectrometry is a useful technique to evaluate the level of deuteration achieved
from the perdeuteration process. With knowledge of the amino acid sequence and
by measuring the masses of the perdeuterated and hydrogenated samples, it is
possible to calculate the level of deuteration. It is essential to assess this to ensure
a high percentage of deuteration has been reached. It is commonplace to conduct
such experiments before neutron experiments in order to validate deuteration level

[141, 142, 144, 229-236].

2.8 Thermal Shift Assay

The thermal stability of a protein can be determined using a Thermal Shift Assay
(TSA). Also known as Differential Scanning Fluorimetry (DSF), or a ThermoFluor
Assay, this technique identifies the melting temperature (Tp,) of proteins upon ther-
mal denaturation [237]. The Ty, value is taken from the midpoint of the unfolding
transition [238]. In contrast to Differential Scanning Calorimetry (DSC), which has
historically been the method of choice for assessing the stabilities of proteins, TSA

has a high-throughput and is a much cheaper method of analysis.

The use of fluorescent dyes is commonplace in TSA measurements. For example,
the SYPRO Orange dye [239] is used by the HTX Platform (Platform for Structural
Biology, Grenoble). The fluorescence of this dye is quenched in a polar environ-
ment, but increases in a non-polar environment [240]. With increasing temperature,
the protein unfolds, exposing the hydrophobic core: this increases the fluorescence

signal of the dye until the protein is completely unfolded [240, 241].

The assessment of a proteins Ty, in a range of solutions can identify conditions
that enhance the proteins stability [237]. This is beneficial for proteins that ag-
gregate during storage and, therefore, require the addition of stabilising buffers

or ligands [237]. In addition, it has been reported that increased stability closely
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correlates with the likelihood of crystallisation of recombinant proteins, so TSA

measurements can be used to identify optimal crystallisation conditions [237, 242].

TSA experiments have been conducted to investigate the effect of hydrogen and
deuterium on protein stability [135, 138, 144, 243, 244]. When hydrogenated pro-
teins are exchanged against deuterated buffers, the labile hydrogen positions are
replaced with deuterium atoms. This affects hydrogen bonding interactions and
has been termed the primary deuterium isotope effect [135]. The addition of deu-
terium into the hydrogen bonding network is thought to increase the strength of
the hydrogen bonds and, subsequently, increases the Tr, [135]. The replacement of
non-exchangeable hydrogen atoms with deuterium affects the hydrophobic inter-
actions in the protein, termed the secondary deuterium isotope effect [135]. It has
been proposed that the replacement of hydrogen with deuterium weakens the hy-
drophobic interactions in the protein and, as a result, reduces the Ty,. Therefore, a
reduction in thermal stability is expected for perdeuterated proteins, and this effect
has been observed in previous studies [138, 243, 244]. However, despite this dif-
ference in thermal stability, limited structural and functional differences have been

reported.
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Chapter 3

Production of Perdeuterated Urate
Oxidase (DUOX) and Biophysical

Characterisation

Abstract

Deuterium labelling can be an asset to neutron crystallographic experiments. The
perdeuteration of proteins involves the substitution of non-exchangeable hydro-
gens, in addition to those located at labile positions, with deuterium. The biosyn-
thesis of UOX in deuterated conditions requires the optimisation of the expression
system in order to maximise the mass of deuterated protein, DUOX, produced.
This chapter presents the optimisation of the UOX expression system and the pro-
duction of DUOX using High Cell Density Culture (HCDC) in fermentation. The
purification of DUOX is described, detailing the qualitative analysis of the sam-
ple at each stage of the process. Additional characterisation techniques, such as
mass spectrometry and thermofluor assays are also described in this chapter. Mass

spectrometry was employed to evaluate the level of perdeuteration achieved by
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fermentation and a thermofluor assay was conducted to ascertain any differences

in stability between hydrogenated UOX (HUOX) and DUOX.

3.1 Expression and Optimisation of DUOX

3.1.1 Bacterial Transformation

The untagged UOX wild type (UOXyt) protein from Aspergillus flavus consists of
301 amino acids (Appendix A). The codon optimised synthetic cDNA (Genscript)
was inserted into a pET24b vector (Novagen) carrying kanamycin (kan®) resistance.
The vector was kindly supplied by colleagues in the Steiner Research Group. Vector
amplification was conducted using E. coli JM109 cells before plasmid DNA isolation
and transformation into E. coli BL21 (DE3) competent cells. These E. coli cells were
selected as the expression system for the production of DUOX. Cell transformation
was carried out by adding 5 ng DNA to 25 uL thawed competent cells on ice for
30 minutes. This sample was then heat shocked at 42 °C for 30 seconds to allow
the DNA to enter the cells, then incubated on ice for 2 minutes after mixing the
solution. 100 L SOC medium was added to the solution and incubated at 37 °C
at 150 RPM for 1 hour. After incubation, the cells were spread onto an LB agar
plate containing kanR. Colony growth was seen after incubation at 37 °C, overnight

(O/N).

3.1.2 Expression and Solubility Testing

The perdeuteration process requires a minimal deuterated medium and a deuter-
ated carbon source. The expression and solubility of UOX in LB, minimal hydro-
genated media, and deuterated minimal media were compared. Minimal media is

used as common media such as LB are not commercially available in a deuterated
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form. The contents of the minimal media (Enfors) are described in Appendix A.

This section will discuss the following;:

e Comparison of the expression and solubility of the protein in hydrogenated

minimal media (H-Enfors) with LB

e Comparison of the expression and solubility of the protein in deuterated min-

imal media (D-Enfors) with LB and H-Enfors

This enabled the identification of the best conditions for the production of the pro-

tein in deuterated conditions by fermentation.

Expression and Solubility Testing in Hydrogenated Minimal Media

A hydrogenated minimal medium, H-Enfors, was first tested to establish the effect
of minimal medium in comparison to nutrient rich LB medium. Solubility and
expression tests were conducted on two different overexpression times at 30 °C:
5 hours and overnight. This temperature was selected as it is consistent with the

fermenters optimal operational temperature.

After transformation, 50 mL of LB with kan® was inoculated with several colonies
and incubated overnight at 37 °C. 2 mL of this starter culture was used to inoculate
3 flasks of 15 mL LB and 3 flasks of 15 mL H-Enfors. All cultures were incubated
at 30 °C. Once each of the flasks reached an ODgyy of ~ 0.8, a sample of 500 uL
was removed to record the level of expression Before Induction (BI). Each flask was
then induced with 2 mM IPTG. After each expression time, an aliquot from each

sample was also taken to measure UOX expression After Induction (AI).
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FIGURE 3.1: SDS-PAGE showing the expression and solubility of HUOX in H-Enfors, a
hydrogenated minimal medium with comparison to expression in LB. The MW (kDa)
lanes represent a molecular weight marker. Expression was conducted at 30 °C in both LB
and H-Enfors. The different expression times are separated by a solid black line. Before
Induction (BI) and After Induction (AI) samples show the level of protein expression. The
level of insoluble vs soluble protein is evaluated by comparing the Pellet (P) sample with
the Supernatant (SN). After visual inspection of the SDS-PAGE gel, it was concluded that
the addition of minimal media shows little effect on the level of expression when
compared directly to LB media. However the quantity of soluble HUOX is higher in the
overnight expression time than in the 5 hours culture.

The samples before induction and after induction were analysed to investigate the
effect of minimal media on the expression of HUOX. Cells were pelleted from all
before induction and after induction samples by centrifugation at 10,000 RPM for 5
minutes at 4 °C. The excess supernatant was removed and 100 L of sample buffer

added and mixed.

The pellet (P) and supernatant (SN) samples were evaluated for the level of both
soluble and insoluble HUOX expressed in each condition. Testing the solubility
of the expressed protein required 15 mL of each of the final cultures. Cells were
collected by centrifugation at 5,000 RPM for 8 minutes at 4 °C. Each cell pellet was
then resuspended in 2 mL of lysis buffer (50 mM Tris-acetate pH 8.0). Cell lysis
was carried out using glass beads: 0.5 mL of glass beads were added to 1 mL of

the resuspended pellet. All samples were placed in the disruptor for 5 minutes at
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4 °C. 3 uL of sample buffer added to 15 uL of the supernatant and set aside for
the analysis of soluble protein. 50 uL of sample buffer was added directly to the
pelleted cells and heat shocked at 100 °C for 10 minutes for the analysis of insoluble

protein presence.

Equivalent quantities of cells from each sample were loaded onto an SDS-PAGE gel,
shown in Figure 3.1. The results from minimal media were directly compared with
HUOX in LB at 30°C after 5 hours expression time. A band ~ 34 kDa consistent
with the MW of the HUOX monomer is seen on the SDS-PAGE gel. The level of
expression seen in the H-Enfors samples, at both 5 hours and overnight expression
times, show a similar quantity of soluble protein to that observed in LB medium
at 30 °C. This indicates that there is very little effect of minimal medium on the
expression of HUOX. After visual inspection, the solubility test results between
the 5 hour and overnight expression times show that there is a larger quantity of
soluble protein present in the overnight expression time. This suggested that a
longer expression time is the preferred condition for the expression of HUOX in

minimal media.

Expression and Solubility Testing in Deuterated Minimal Media

For the production of perdeuterated protein, 100% of the components in the growth
medium must be deuterated. This is to prevent the inclusion of any hydrogen that
may be incorporated into the protein during expression. Prior to the fermentation
process, a further test of the expression and solubility of UOX in D-Enfors was also
conducted to assess the effect of deuterated minimal medium. The same parame-
ters as the H-Enfors tests were repeated and compared to LB expressed at 30 °C. Vi-
sual inspection of the SDS-PAGE shown in Figure 3.2 shows that level of expression
is higher in the D-Enfors overnight sample when compared to the 5 hour sample.
The quantity of soluble protein is also higher in the overnight sample and is similar
to that obtained from LB 30 °C with 5 hours expression time. This result is consis-

tent with what was observed in the H-Enfors expression and solubility tests. It was
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concluded that the expression conditions for the fermentation process should be 30
°C, with overnight expression to obtain the largest quantity of DUOX. The results
from the tests of D-Enfors are described in Figure 3.2. Comparison of the expres-
sion and solubility of HUOX in LB media at different expression temperatures and

times can be found in Appendix A, Figure A.2 for reference.

D-Enfors, 5h D-Enfors, O/N LB, 5h

MW] BI | AI| P |SN| BI | AI| P |SN [MW|BI |AI| P |SN
A — =

DUOX

FIGURE 3.2: SDS-PAGE showing the expression and solubility of DUOX in D-Enfors, a
deuterated minimal medium and compared to expression in LB. The MW (kDa) lanes
represent a molecular weight marker. Expression was conducted at 30 °C and different
expression times are separated by a solid black line. The level of overnight (O/N)
expression was more significant than in the sample that was overexpressed for 5 hours
from both the After Induction (AI) and supernatant (SN) samples. From these results it
was concluded that the most suitable conditions for DUOX expression in the fermenter
was 30 °C overnight.

3.2 The Production of Perdeuterated UOX (DUOX)

The process of fermentation is commonly used to produce High Cell Density Cul-
tures (HCDC). The HCDC allows the production of large amounts of biomass in a
minimal volume. This type of culture is ideal for deuterated conditions because the
cost of D,O and deuterated (ds) glycerol are high [131]. For example, it costs 380

EUR per litre of D,0O: one fermentation typically uses ~ 2 L in total. In addition,
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it costs 20 EUR per gram of dg-glycerol: one fermentation typically uses ~ 50 g of

ds-glycerol in total.

Fermentation was chosen to produce perdeuterated UOX for 100% hydrogen to
deuterium replacement. The details of the fermentation process for the production

of perdeuterated protein are detailed in Chapter 2, Section 2.2.

3.2.1 Cell Adaptation for Growth in Deuterated Media

To enhance the growth of bacteria in deuterated media, an adaptation phase is
needed. This adaptation involves diluting a small culture of 10 mL each day for ~

10 times. Chapter 2 describes the adaptation protocol in more detail.

Adapted cells can be used in the fermentation process immediately, or can be stored
on cryo-beads at -80 °C until required. During this study, both of these methods
were employed. To awaken the cells, several cryo-beads are removed and placed
in 10 mL D-Enfors with 30 pg/mL kan® and grown at 37 °C overnight. After
overnight growth, 1 mL of culture is inoculated into 10 mL fresh D-Enfors and the
process is repeated a minimum of three times before transferring to the fermenter
starter culture. The expression of these awoken cells was tested and results are de-
tailed in Figure 3.3, showing that the storage on cryo-beads had no effect on the

ability of the cells to express protein.
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FIGURE 3.3: SDS-PAGE displaying the expression test on cells awoken after storage on
cryo-beads after adaptation. The band in the After Induction (AI) lane is identified as
DUOX when compared with the Before Induction (BI) sample and a MW standard (kDa),
confirming the ability of cells to express DUOX after storage on cryo-beads.

3.2.2 Fermentation of DUOX

150 mL of starting culture is required to inoculate 1.2 L of D-Enfors in the fermenter.

This starting culture contains D-Enfors and 30 pg/mL kan®.

The advantage of the fermentation process is the control of important parameters
such as mass flow (ds-glycerol), pO,, pH, and stirrer speed. The ODg is measured
by manually extracting small samples of the culture at regulated intervals in order
to monitor cell growth. The air flow of O, (pO,) also gives an indication of cell
respiration. The value decreases from 100% as the cells utilise the O, until a sharp
drop to 30%. At this point, the stirrer speed is adjusted to increase the O, flow to the
system, answering the demand for O, from the multiplying cells. A base solution
of 1 M NaOD is added to the fermenter culture to compensate for the increasing

acidity from the cellular byproducts, maintaining the pH at 6.9.

The fermentation consists of three phases: the batch phase, the fed-batch phase
and the induction phase. The batch phase is the primary phase in the growth of
deuterated cells, where the cells use the starting quantity of dg-glycerol present in

the fermenter (5 g/L). The fed-batch phase begins once this dg-glycerol has been
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consumed in the growth of the cells and has to be supplemented by the 120 g/L
feeding solution. The beginning of this phase was observed by the drop of the
POz to 30%, indicating the lack of a carbon source. The feeding solution is added
exponentially until a sufficient amount of biomass has been produced. The last
phase is the induction phase. The induction was carried out at ODggg = 16 with
2 mM IPTG dissolved in D,O, with expression at 30°C overnight. After 16 hours
overexpression the cells were collected by centrifugation at 8000 RPM at 4°C for 25
minutes and stored at - 20 °C. The fermenter was stopped at an OD of 17.2 and 65.5
g of cells paste was obtained from 1.7 L of media. The fermenter profile is shown in

Figure 3.4 and details the parameters monitored during the fermentation process.

MW BI Al

250 —
150 —

100 —
75 —

50 —

37 —

[ |j&==—DUOX

25 —

20 —

FIGURE 3.5: SDS-PAGE analysis of the samples Before Induction (BI) and After Induction
(AI). With reference to the Molecular Weight marker (MW), a band at ~34 kDa after
induction confirms the successful over expression of UOX in controlled and fully
deuterated conditions.

The level of expression before and after induction was examined using the same
protocol as described in Section 3.1.2. As shown in Figure 3.5, a band located
around ~34 kDa after induction confirms the overexpression of DUOX under the
controlled conditions of the fermenter. The band on the gel is weaker than previ-
ously seen in the expression of HUOX. However from the large mass of cell paste
obtained, it was expected that a sufficient mass of DUOX was expressed. This is

discussed in Section 3.3.1.
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3.3 Protein Purification of DUOX

The purification protocol for HUOX was an established protocol, employed by the
Steiner Research Group. An overview of the steps involved in this purification
protocol is given in Figure 3.6. During this research project, the purification of
HUOX was conducted to verify all steps. This protocol was then repeated with

DUOX. The following section discusses the purification of DUOX only.

Ammonium
I Ion Exchange
Cell Lysis Sulfate
ISP Chromatography
Precipitation
Size Exclusion HYdTOPh-ObIC
Chromatograph Interaction
BTy Chromatography

FIGURE 3.6: The overview of the DUOX purification protocol. The individual steps and
results will be discussed in the following paragraphs.

Cell Lysis

Each DUOX purification was conducted with approximately 8 - 10 g pelleted cells.
This frozen pellet was thawed and resuspended in lysis buffer (50 mM Tris-HC1 5
mM KCI pH 8.0 - 5 mL/g of cell paste) at 4°C, supplemented with an EDTA-free
protease inhibitor cocktail, benzonase, and lyzozyme. The resuspended cells were

sonicated for ~ 22 minutes on ice, with sequential breaks to prevent overheating
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that can damage the protein. Cell debris was removed by centrifugation at 19500

RPM at 4°C for 40 minutes and the supernatant recovered.

Ammonium Sulfate Fractionation

Ammonium sulfate fractionation was conducted on the protein solution, separat-
ing into protein:salt pellets at concentrations of 25 %, 40 %, and 55% of ammonium
sulfate at 4°C. The quantity of ammonium sulfate needed for fractionation was cal-
culated by consulting the published tables [149, 245]. Solid ammonium sulfate was
added to the protein solution to the required concentration and equilibrated over 2
hours. Each salt pellet was recovered by centrifugation at 19500 RPM at 4 °C. The
differing percentages were analysed using SDS-PAGE to identify the fraction with
the highest concentration of DUOX for further purification, as shown in Figure 3.7.
Typically 25% and 40% fractions were seen to remove contaminants and DUOX

was isolated in the 55% fraction.

MW  25% 40% 55%

250 —1 s

150 4 s

100 — v

7

50 — —

|- [W¥]e=— DUOX
25 —

20— S8

15 —

FIGURE 3.7: SDS-PAGE examining the protein content of different ammonium sulfate
fractions at 25%, 40% and 55%, where the 55% fraction shows the largest amount of
DUOX and is chosen for further purification.

SDS-PAGE analysis in Figure 3.7 confirmed that the 55% pellet contained the high-
est quantity of DUOX. This pellet was further purified by resuspending in 50 mM
Tris-HCI, pH 8.0 and dialysed against 2 x 2 L of 50 mM Tris-HCI pH 8.0. The dial-

ysed supernatant was collected and centrifuged at 19500 RPM, 4 °C for 40 minutes
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in order to remove any precipitation.

DEAE and Q Sepharose Ion Exchange Chromatography

The protein solution was loaded onto a GE Healthcare HiTrap DEAE Sepharose
FastFlow column pre-equilibrated in 50 mM Tris-HCl, 5 mM KC1 pH 8.0. The elu-
tion of the protein was followed at 280 nm and recorded on the chromatogram, see
Figure 3.8. Contaminants were then eluted at by 50 mM Tris-HCl, 600 mM KCl
pH 8.0 and discarded. The fractions corresponding to the first peak observed on
the chromatogram were pooled and immediately loaded onto a GE Healthcare Q-
Sepharose FastFlow column. The elution of the protein was again followed at 280
nm and recorded on the chromatogram, see Figure 3.8. Additional contaminants
were eluted using 50 mM Tris-HCl, 600 mM KCl pH 8 and discarded. Protein-
containing fractions were recorded by chromatogram and analysed by SDS-PAGE.
Fractions containing DUOX, confirmed by SDS-PAGE, were pooled together. Chro-
matograms from both DEAE and Q Sepharose ion exchange columns and the SDS-

PAGE analysis from the Q Sepharose column are shown in Figures 3.8 and 3.9.
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FIGURE 3.8: (a) Chromatogram from DEAE Ion Exchange column follows the elution of
DUOX. The elution of DUOX is indicated by the wide peak between Time 10 - 65 mins.
Contaminants recorded by the secondary peak were discarded. These fractions were
pooled and immediately loaded onto the Q Sepharose column. (b) Q Sepharose
chromatogram shows a peak between 3 - 48 mins indicating the elution of DUOX.
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FIGURE 3.9: (a) and (b), Flowthrough fractions from the Q-Sepharose

column were

analysed using SDS-PAGE and compared with a molecular weight standard (MW, kDa).

Phenyl Sepharose Hydrophobic Interaction Chromatography

Solid ammonium sulfate was then added gradually to the protein solution to a total

concentration of 1 M. The equilibrated solution was loaded onto a GE Healthcare

HiLoad 16/10 Phenyl Sepharose column pre-equilibrated in 1 M (NH4),SO4, 30

mM KP; pH 8.0. The protein was eluted using a gradient of 30 mM KP; pH 8.0

and fractions were analysed using SDS-PAGE to assess purity. Chromatogram and

SDS-PAGE gel are described in Figure 3.10.
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FIGURE 3.10: (a) Chromatogram from Hydrophobic Interaction Chromatography. Peak
indicating the elution of DUOX is seen from 185 mL - 250 mL. (b) Eluted fractions were
compared against a molecular weight standard (MW, kDa) and pure DUOX fractions were

identified for use in the subsequent size exclusion step.

Size Exclusion Chromatography s75

Purest fractions were pooled and concentrated to < 5.0 mL before loading onto a
GE Healthcare Hil.oad 16/60 Superdex75 prep grade Size Exclusion column pre-
equilibrated in 50 mM Tris-acetate pH 8.0. Fractions at an elution peak at ~ 50 mL,
seen on the chromatogram, were analysed on SDS-PAGE: chromatogram and SDS-

PAGE are shown in Figure 3.11. The purest fractions were combined and used for

further experiments.
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FIGURE 3.11: (a) Size Exclusion chromatogram. Peak between 40 - 60 mL shows the
elution of DUOX. (b) Eluted fractions were compared against a molecular weight standard
(MW, kDa) and pure DUOX fractions pooled for exchange/concentration steps in
preparation for crystallisation experiments.

3.3.1 Comparison of HUOX and DUOX Expression

It was possible to probe the efficiency of the fermenter in producing DUOX by com-
paring the results from both HUOX and DUOX purifications. These statistics are
detailed in Table 3.1. Comparison of the respective yields of HUOX and DUOX
produced per gram of cell paste as 4.20 mg and 1.8 mg, indicates that the HUOX

is produced in greater quantities. However, directly comparing the mass of UOX
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TABLE 3.1: Statistics from HUOX and DUOX purifications. By comparing values obtained
between the two purifications, it is possible to evaluate the efficiency of the fermenter and
calculate the mass of protein expected from each expression: HUOX in flasks and DUOX
from the fermenter. It is important to take into account the mass of materials used in each
process.” indicates protein yield before concentration for crystallisation.

HUOXin LB DUOX in D-Enfors

Cell paste mass

used in purification 10g 10g
Yield of UOX 42 mg* 18 mg*
mg protein/g 420mg/g 1.8mg/g
cell paste
Volume of 4L 1.7L
media
g of cell paste/ 45¢/L 39¢g/L
L of media
Estimated 75.6 mg 119.34 mg
total UOX

obtained from one purification, does not accurately represent the results of the fer-
menter. Extrapolation of these values to consider the total UOX produced shows
that the fermenter produces a higher quantity of cell paste relative to the volume
of media used 4.5 g/L of cell paste in LB compared to 39 g/L cell paste in the fer-
menter. From the information obtained from the purification, the calculations show
that the total yield of DUOX is higher than that calculated for HUOX. For HUOX,
the total is 75.6 mg per flask expression (of 4 L in total) vs DUOX, where the total
is 119.34 mg for one fermenter (1.7 L). As previously described, deuterated materi-
als are costly, so maximising the expression of the protein of interest whilst keeping
the quantity of material to a minimum is desirable. Therefore, we can conclude that
whilst the level of overexpression is not clear from SDS-PAGE analysis, quantify-
ing the level of protein produced proves that under fermenter conditions DUOX
has been overexpressed to a substantial level in comparison to typical HUOX ex-

pression.
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FIGURE 3.12: SDS-PAGE gel showing pure fractions of DUOX and HUOX. The molecular
weight (MW) difference is observed visually by a slight displacement in the band position,
indicating that the MW of DUOX is higher than that of HUOX.

The difference in molecular weight between HUOX and DUOX was calculated to be
approximately 1,820 Da (as described in Section 3.4). A pure sample of both HUOX
and DUOX protein was analysed using SDS-PAGE, as shown in Figure 3.12. The
effect of perdeuteration on the mass of the protein is seen in differing migration

distances between the two samples.

The entire purification process is conducted in hydrogenated buffers, therefore the
perdeuterated protein contains only deuterium in the non-exchangable atoms of
the protein at this stage. After the purification procedure is completed the protein is
buffer exchanged into deuterated buffer to replace all the labile hydrogen positions
with deuteriums. This is done through a repetition of concentration:dilution steps.
A Merck KGaA 10 kDa millipore centrifugal unit was used to concentrate the pure
protein solution < 10 % starting volume. This was then diluted 10 fold using 50
mM Tris-acetate, 30 mM NaAc, pD 7.59, with the addition of salt to increase the
solubility of the protein. This process was repeated a minimum of 2 times before

finally concentrating the protein to > 20 mg/mL.
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3.4 Mass Spectrometry

The mass spectrometry measurements were conducted using Mass Spectrometry
Platform as part of the Partnership for Structural Biology, Grenoble. Mass spec-
trometry can be used assess the level of deuteration of proteins produced through
fermentation. Comparing measured masses to calculated values can establish the
number of hydrogens successfully substituted by deuteriums into non-exchangeable
positions in the protein. Both the masses of HUOX and DUOX were recorded and
compared. In the case of HUOX, the sample was concentrated to 2 mg/mL and
analysed in 50 mM Tris-acetate pH 8.0. For DUOX, the sample was concentrated to
2mg/mL and analysed in 50 mM Tris-HCl pH 8.0, due to the increased solubility of
DUOX in halogenated buffers. For both of the samples, hydrogenated buffer was

used for instrumental reasons.

(a)

x10 27 HUOX

1 34110.08

0.8
0.6
0.4

0.2
0 26031.16 |
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Counts ?%? vs. Deconvoluted Mass (amu)

x10 1 DUOX

35913.48

1
27179.43 uL 47883.68 53463.09 59862.26

20000 25000 30000 35?09 40000 45000 50000 55000 60000
Counts (%) vs. Deconvoluted Mass (amu)

FIGURE 3.13: The deconvoluted spectra of both HUOX (a) and DUOX (b) giving the
measured molecular weights in kDa for the two isotopically different proteins.



Chapter 3. Production of Perdeuterated Urate Oxidase (DUOX) and Biophysical
125
Characterisation

The expected molecular weights (MW) of both the hydrogenated and perdeuter-
ated protein can be calculated from the amino acid sequence in the protein: the
UOX sequence obtained from ProtParam is given in Appendix A, Figure A.1. Us-
ing an excel table and the amino acid sequence of UOX, it was possible to evaluate
the number of non-exchangeable hydrogen positions in the protein, and calculate
the overall expected mass. The table and calculated values are shown in Appendix
A, Table A.3 for reference. The MW of HUOX and DUOX was calculated to be
34,098 Da and 35,918 Da, respectively.

The deconvoluted spectra that were provided by Dr Luca Signor, IBS Grenoble,
show the experimentally measured mass of HUOX as 34,110 Da and of DUOX as
35,913 Da (Figure 3.13). Examination of the number of non-exchangeable sites and
their MW calculates that there should be a mass difference of 1,820 Da between the
HUOX and DUOX samples if all the sites are successfully replaced with deuterium
during protein biosynthesis. The MW difference between the experimentally mea-
sured masses of HUOX and DUOX is 1,803 Da. Calculating this as a percentage
of available sites is >99%, confirming the success of the fermentation process at
achieving high levels of deuteration. This is consistent with the level of perdeuter-
ation recorded in other projects that follow the protocol established by the Life
Sciences Group at the Institut Laue-Langevin (ILL) [131, 231, 235, 246, 247].

3.5 Thermofluor Assay

The thermal stabilities of HUOX and DUOX were compared using a Thermofluor
Assay. Thermofluor Assay experiments were conducted using the HTX Platform,
as part of the Partnership for Structural Biology, Grenoble. Both samples were mea-
sured in hydrogenated buffers containing 50 mM Tris-HCI at pH 8.0. Concentra-
tions of 0.8 mg/ml and 1.0 mg/ml were used for the HUOX and DUOX samples
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respectively. Normalised curves showing the fluorescence and melting point (Ty,)

of the two proteins are shown in Figure 3.14.

The graphs show similar profiles with two features: in both cases there is a small
increase in fluorescence between 40 °C and 50 °C. This may be due to the dissoci-
ation of tetramer however, the amplitude of the peak is not substantial enough to
draw this conclusion. Further analysis may confirm a relationship between tem-
perature and multimer dissociation. The typical sigmoidal curve is shown for both
samples between 50 °C and 75 °C. The melting temperature (Ty,) is calculated as
the midpoint of the sigmoidal curve, values for HUOX and DUOX are shown in
Table 3.2. It is observed that the Ty, of DUOX is approximately 4 °C lower than that
of HUOX indicating a reduced stability.

1.2 Thermofluor Assay
—DUOX

—HUOX
& T_(DUOX)
® T, (HUOX)

I
®

Normalised )

(
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o
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0.2

0 10 20 30 40 50 60 70 80 90 100
Temperature (°C)

FIGURE 3.14: Normalised fluorescence data from thermofluor assay, identifying the Ty, of
both HUOX and DUOX samples. With increasing temperature, an increase in fluorescence
is seen due to the unfolding of the protein and the binding of the fluorescent dye. The
green curve shows the profile for DUOX and the red curve shows the profile for HUOX.
The T, for each protein is indicated in the legend.
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TABLE 3.2: Try values for HUOX and DUOX, calculated from Thermofluor Assay data.

HUOX DUOX

T value (°C) 62.2 58.3

This difference in T, has been noted in other examples in literature suggesting
that deuterated proteins are commonly less stable to heat denaturation than the
hydrogenated counterparts [138, 243, 244]. For example, the deuterated Enzyme
INT showed a reduction in thermal stability of ~ 4 °C, in addition to enhanced
oligomerization propensity and an increased sensitivity to proteolysis in vivo [243].
Studies into the thermal stability of perdeuterated glutathione S-transferase and
P450cam also showed similar results with a reduced thermal stability of ~ 3.8 °C
and ~ 4 °C, respectively [138, 244]. It has been suggested that a reason for this
reduced thermal stability may be that by substituting backbone hydrogen atoms
with deuteriums, the activation barrier for unfolding is lowered. The C-D bond has
a decreased vibrational amplitude in comparison to C-H, as a result, this weakens

the strength of hydrophobic interactions and lowers the Ty, [138].
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Chapter 4

Joint Refinement of Perdeuterated
Urate Oxidase (DUOX) complexed
with 8-azaxanthine (AZA)

Abstract

This chapter presents the structural investigation of perdeuterated Urate Oxidase
(DUOX) complexed with the inhibitor 8-azaxanthine (AZA). The purpose of this
research was to examine the chemical environment and solvent structure in the

active site of the DUOX:AZA complex using neutron crystallography (NMX).

Previous X-ray studies have identified a solvent molecule (termed W1) that occu-
pies the cavity above the ligand binding site (the peroxohole) [65]. This solvent
molecule W1 has been observed in UOX complexes with the natural substrate uric
acid (UA), 9-methyl uric acid (9-MUA), and inhibitor AZA [65, 81, 82]. It is dis-
placed upon O, binding in the oxidation reaction of UA. The proximity of the W1
solvent molecule to the C5 position of UA is thought to be important in the hydra-

tion reaction that forms 5-hydroxyisourate [68].
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The charge and bonding interactions of this W1 solvent molecule with active site
residues, Thr57* and Asn254, in the DUOX:AZA complex, are determined in this
study. The protonation states of active site residues, suggested to form a catalytic
triad consisting of Thr57*-Lys10*-His256, are also determined. These are then com-
pared with the results obtained with previous neutron studies by Oksanen et al. of
hydrogenated Urate Oxidase (HUOX) in complex with AZA and UA, inhibited by

a chlorine atom [80].

Key features in the experimental design, such as ligand choice and buffer composi-
tion, enabled this dataset to be collected at 298 K. Both neutron and X-ray datasets
were collected at this temperature on the same crystal. The two datasets were used
to perform joint refinement of DUOX:AZA complex. The experimental details and
results are given in this chapter. The analysis of these results in a mechanistic con-

text are also discussed herein.

4.1 Introduction

Urate Oxidase (UOX) is a widely studied enzyme and both its structure and func-
tion have been investigated using a wide range of techniques. X-ray crystallog-
raphy has been invaluable in providing insight into the structure of UOX with >
100 number of structures deposited in the PDB [75]. The first X-ray structure of
Apergillus flavus UOX by Colloch et al. studied UOX in complex with inhibitor 8-
azaxanthine (AZA) [65]. The structural differences between AZA and the natural
substrate uric acid (UA) are shown in Figure 4.1. In comparison to UA which con-
tains a carbonyl group at position C8, the AZA molecule contains an amide group.
The AZA inhibitor also cannot be oxidised and prevents the binding of O, to the

active site.
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FIGURE 4.1: (a) The structure of the natural substrate uric acid (UA). (b) The structure of
inhibitor 8-azaxanthine (AZA). The carbonyl group at position 8 on the purine ring in UA
is replaced with an amide group in AZA.

Other studies of UOX in complex with natural substrate UA have been conducted
using X-ray crystallography [81, 82]. Samples were prepared under O;-free condi-
tions (anaerobic) and successfully trapped a solvent molecule, commonly referred
to as W1 in literature [65, 80, 81], located above the substrate in the initial stage of
the reaction as shown in Figure 4.2. This W1 solvent molecule is then displaced as
O, binds to the same location. However, the proximity of this W1 solvent molecule
is thought to be important in the hydration reaction to form 5-hydroxyisourate (5-
HIU) [68]. However, due to the limitations of X-ray crystallography, previously
described in Chapter 2 (Sections 2.5.4 and 2.6), these studies did not provide any
information on the charge of this water molecule and the exact details of its bond-

ing interactions with active site residues.
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FIGURE 4.2: The natural substrate uric acid (UA) bound to hydrogenated Urate Oxidase
(HUOX) under anaerobic conditions before the binding of O,. A solvent molecule (W1)
occupies the peroxohole above UA and several conserved water molecules are detailed
with hydrogen bonding distances to active site residues. 2mF,-DF, electron density
(green) contoured to 1 ¢. Figure adapted from [81] (© 2014 The Authors. Published by
Wiley-VCH Verlag GmbH & Co. KGaA.

Neutron macromolecular crystallography (NMX) is a powerful technique that can
be used to locate hydrogen positions. A review of the NMX technique is described
in Chapter 2, Section 2.6. Previous neutron studies by Oksanen et al. [80] have
been conducted on hydrogenated UOX (HUOX) complexes. These included HUOX
complexed with inhibitor AZA (HUOX:AZA) and the natural substrate UA (HUOX:UA),
soaked in deuterated buffer [80]. The HUOX:UA complex suggested that UA binds
to UOX as the N3 deprotonated monoanion, before being rapidly tautomerised to
form 8-hydroxyxanthine (8-HX), therefore referred to as the HUOX:8-HX complex.
The HUOX:AZA complex showed that AZA also binds as the N3 monoanion. In
this case, halogenated crystallisation conditions had an inhibitory effect on the re-
action as a CI" atom binds to the location of the W1 solvent molecule/O, [65, 78, 80,
82]. The bonded negatively charged CI" atom displaces the W1 solvent molecule

and prevents the binding of O,. Catalytic residues had previously been identified
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as Lys10*-Thr57* [91], although subsequent research suggested extending this pro-
posal to a catalytic triad involving the residues Lys10*-Thr57%-His256 [77]. Oksa-
nen et al. identified the protonation states of this triad in both the HUOX:AZA and
HUOX:8-HX complexes, however, the complexes showed several important differ-
ences. The catalytic triad in the HUOX:8-HX complex was found to contain the
following protonation states: the deuterated hydroxyl group on Thr57* points to-
wards the active site; Thr57* accepts a hydrogen bond from the positively charged
-NH;* group present on Lys10*; neighbouring His256 is neutral, unprotonated in
the Ne position, also accepting a hydrogen bond from the positively charged Lys10*
-NH;3*. This is shown in Figure 4.3 (a) and (b) [80]. In contrast, the protonation
states in the HUOX:AZA complex were found to be the following: the hydroxyl
group on Thr57* is deuterated and points towards the lone pair on the -ND, group
on Lys10*; the neighbouring His256 is neutral and unprotonated in the Ne position
acting as a hydrogen bond acceptor for the Lys10* -ND,. This different bonding
network is described in Figure 4.3 (c) and (d) [80]. However, Oksanen et al. also
suggested that a similar bonding network to the HUOX:8-HX complex was also
present in the HUOX:AZA complex, however, the resolution of the data collected
was considered insufficient to allow the refinement of both conformations [80]. It
also was noted that the use of hydrogenated protein and subsequent effect from the
incoherent scattering complicated the interpretation of the neutron density maps

[80].
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FIGURE 4.3: Protonation states of reactive site residues described in previous neutron
studies. (a) and (b) The protonation states of the Thr57*-Lys10*-His156 catalytic triad in
hydrogenated Urate Oxidase:8-hydroxyxanthine complex (HUOX:8-HX). The
8-hydroxyxanthine (8-HX) monoanion is also shown. (c) and (d) Different protonation
states of the Thr57*-Lys10*-His156 catalytic triad in the hydrogenated Urate
Oxidase:8-azaxanthine complex (HUOX:AZA). Adapted from [111] (© 2014 Oksanen et al.
Distributed under CC-BY 4.0.

Presented in this chapter is the crystallisation, neutron and X-ray data collection,
and structure solution of perdeuterated UOX (DUOX) in complex with the inhibitor
AZA. The use of perdeuterated protein reduces the problems associated with hy-
drogenation, allows shorter NMX data collection times, and tends to enhance the
resolution of the data for well-diffracting samples [248, 249]. Protein perdeutera-

tion also facilitates data collection for smaller crystal volumes [143, 233, 234, 250].
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In addition, halogen-free crystallisation conditions enabled the conservation of the
W1 molecule [65]. The W1 molecule has been identified as an oxygen atom using
X-ray crystallography, however, its charged state had not been identified prior to

this study.

This study aims to identify the charged state of the W1 solvent molecule using
neutron crystallography, given that this technique is able to distinguish between
D,0O, D3O*, and OD™ molecules. We also consider whether the molecule located
above the AZA ligand affects the protonation states of active site residues, with
comparison to previous studies involving inhibition by chlorine [80]. The bonding
networks of functionally relevant amino acids and active site water molecules are

described in detail and discussed in the context of previously published structures.

4.2 Crystallisation of DUOX:AZA

The expression and purification of DUOX is described in Chapter 3. The prepa-
ration of the protein solution for crystallisation experiments is also described in

Chapter 3.

The batch crystallisation method was employed for the growth of DUOX:AZA crys-
tals. A mixture of 30 uL total volume with protein solution and crystallisation
buffer in a 2:1 ratio was prepared. The crystallisation buffer consisted of 50 mM
Tris-acetate, 8% PEG 8000, pD 7.59 in D,O. The DUOX:AZA crystals were produced
by co-crystallisation as the AZA ligand was added to the crystallisation buffer to a
concentration of 13mM. The ligand was added into the crystallisation solution by

agitating the solution on a bench-top shaker until visibly dissolved.

Sitting Drop plates (Hampton Research) were used for the crystallisation set-up

and sealed using crystallisation tape. The protein and buffer solution (30 uL) were
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mixed in the concave sitting drop post and the reservoir was left empty. The crys-
tallisation set-up for this experiment is shown in Figure 4.4 (a). These solutions
were left to crystallise at 18 °C. After ~ 5 days nucleation was observed with crys-

tals reaching full size after ~ 10 days.

(a) (b)

wax sealant
crystallisation tape

/

30 pL 2:1 protein:

crystallisation buffer mix deuterated buffer plug

DUOX:AZA crystal

empty sitting drop well

5 uL deuterated buffer

FIGURE 4.4: (a) Batch crystallisation set-up for producing perdeuterated Urate
Oxidase:8-azaxanthine (DUOX:AZA) crystals. A 30uL mixture containing 2:1 protein to
crystallisation buffer was prepared using Sitting Drop plates (Hampton Research) with an
empty reservoir, sealed with crystallisation tape. (b) DUOX:AZA crystal mounted in a 3
mm diameter quartz capillary for data collection.

FIGURE 4.5: A perdeuterated Urate Oxidase:8-azaxanthine (DUOX:AZA) crystal with a
volume of 1.5 mm? was used for neutron data collection and subsequent X-ray data
collection.

A fully deuterated single crystal of approximate volume 1.5 mm? (1.4 mm x 1.2 mm
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x 0.9 mm) was selected for data collection and mounted in a quartz capillary with
an internal width of 3 mm, shown in Figures 4.4 (b) and 4.5. Mother liquor (~ 5
uL) was added to the base of the capillary in order to keep the crystal hydrated
during data collection. Excess mother liquor surrounding the crystal was removed
to reduce the effect of the solvent on the scattering and to prevent crystal movement
during data collection. This capillary was then sealed with wax to prevent any

exchange with air and to prevent the dehydration of the crystal.

4.3 Quasi-Laue Data Collection on LADI-III

The DUOX:AZA crystal was mounted into the sample position of the LADI-III
beamline at the Insitut Laue-Langevin (ILL), Grenoble [164]. LADI-III is equipped
with a large cylindrical detector which surrounds the sample and is composed of
neutron-sensitive image-plates (diameter: 400 mm, height: 450mm) [164]. Quasi-
Laue neutron diffraction data was collected to 2.1 A using a wavelength range of
3.12-4.2 A, centered at 3.68 A. The crystal was held in a stationary position during
data collection, with the angle of rotation changed by 10° between each image. The
crystal was rotated through a total of 100° and a total of 11 images were collected
with an exposure of 1.5 hours per image. This crystal was then recovered and sub-
sequently used for X-ray data collection. One neutron Laue diffraction image with

an exposure time of 1.5 h is shown in Figure 4.6.

The program LAUEGEN [172] was used in the reduction of the neutron data, fol-
lowed by wavelength normalisation using LSCALE [173]. All reflections were then
scaled and merged using SCALA [251] and converted to structure factors using the
program TRUNCATE [252, 253]. Neutron data acquisition statistics are detailed in
Table 4.1.
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FIGURE 4.6: A Quasi-Laue neutron diffraction pattern of the perdeuterated Urate
Oxidase:8-azaxanthine (DUOX:AZA) crystal with 1.5 h exposure time.

4.4 X-ray Data Collection on FIP

Protein crystals do not suffer from radiation damage during neutron data collec-
tion, therefore, it was possible to collect an X-ray dataset on the same DUOX:AZA
crystal. It is important to collect datasets on homologous crystals as the unit cell
parameters should be as similar as possible to facilitate the joint refinement of the
structure (see Section 2.5.9 in Chapter 2). The sample was measured at 293 K using
the FIP beamline at the ESRF at A = 0.9800. A total of 240 images of 1° oscillation
with 5 s of exposure per image were recorded on an ADSC Q315 detector. The
intensities were indexed and integrated using the XDS package [169], and were
then merged and scaled using the CCP4 program AIMLESS [254]. The X-ray data

acquisition statistics are detailed in Table 4.1.
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TABLE 4.1: Neutron and X-ray data collection statistics for perdeuterated Urate
Oxidase:8-azaxanthine (DUOX:AZA) crystal at 293 K.

Neutron data X-ray data
LADI, ILL FIP, ESRF
Space group 1222 1222
Unit cell parameters
abc(A) 80.63,96.13,105.40  80.63, 96.13, 105.40
apBy(®) 9090 90 90 90 90
Wavelength (A) 3.12-42 0.9800
No. of images 11 240
Angle between images (°) 10 1
Average exposure time 1.5h 5s
Resolution (A) 40.0-2.1 (2.21-2.1)  48.06-1.34 (1.36-1.34)
No. of observations 64599 (7846) 855056 (25098)
No. unique reflections 19234 (2357) 91676 (4447)
Completeness (%) 80.2 (68.1) 100 (98.7)
Multiplicity 3.4 (3.3) 9.3 (5.6)
(I/0T) 5.8 (2.9) 22.1(1.4)
Rinerge 0.14 (0.38) 0.045 (1.120)
Rp.im. 0.079 (0.215) 0.015 (0.550)
CCyp 98.7 (82.6) 100.0 (53.3)

Values in parentheses are for the highest resolution shell.
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4.5 Joint Neutron and X-ray Refinement

Structural refinement of DUOX:AZA was performed using PDB structure 1R51 as
a starting model. This model was modified in preparation for refinement by the
removal of all solvent molecules, ligand, and alternative conformers of residues
using PDB TOOLS [255]. In addition, all atoms were randomly shifted by 0.1 Ain
order to reduce any model bias. The N-terminus acylated serine residue was also

mutated to a serine residue.

Refinement of the model was conducted using the PHENIX suite and model build-
ing was carried out using the Coot program [185, 186]. Structure refinement and
model building were firstly conducted using the X-ray structure factors alone at
a resolution of 1.34 A. Using this information, it was possible to locate the posi-
tions of heavier atoms in the protein (C, N, O, S). In the first step of the refinement
process a rigid body refinement was conducted, followed by multiple refinements
of the atomic coordinate positions, individual occupancies, and B-factors. In this
process the B-factor of all atoms were refined anisotropically. The AZA ligand was

modelled and refined using the geometry restraints generated using eLBOW [256].

In preparation for joint refinement using both the neutron data and X-ray data (pre-
viously used for this structure refinement), a single file containing X-ray and neu-
tron structure factors was generated using PHENIX.refine. A total of 10% and 5% of
reflections were assigned as Ry flags from the X-ray and neutron datasets respec-
tively. Joint refinement identified the location of all atoms in the protein, the ligand
protonation state and the orientation of waters. As the protein was perdeuterated
and the crystal was grown under fully deuterated conditions, deuterium atoms
were added to all hydrogen atom positions on the protein using READYSET. The
ligand was deuterated accordingly, refined using deuterated geometry restraints
generated using eLBOW, and its occupancy refined as 1.0. The structure of the

deuterated AZA ligand is described in Figure 4.7.
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AZA monoanion

FIGURE 4.7: The protonation state of 8-azaxanthine (AZA) bound to perdeuterated Urate
Oxidase (DUOX), the same as was reported in previous neutron studies [80].

All solvent molecules fitted using the X-ray-only refinement were removed and
D,0 molecules were added to positive peaks visible in both X-ray and neutron
mF,-DF. density maps with a value of ¢ > 3. These molecules were manually
orientated in Coot using the X-ray data to anchor the oxygen atom position and
the additional information from the neutron data to orientate the direction of the
deuterium atoms, respecting hydrogen bonding partners. In several of the D,O
molecules that were manually fitted to satisfy a sensible hydrogen bonding net-
work had their positions fixed during refinement. However, it was observed that
this resulted in a large increase in the RMSD of the bond angles, therefore, it was
decided that unrestrained refinement was more suitable for these D,O molecules,
leading to slightly different hydrogen bond geometry from expected values. Ad-
ditional water molecules that could be identified from the X-ray data only were
modelled as oxygen atoms, as there was no further information provided from the
neutron data. A total of 259 D,O molecules were fitted with an additional 87 mod-

elled as oxygen atoms only.

All side chains containing labile hydrogen positions were individually examined
and deuterated accordingly: deuterium atoms were added to positions showing
positive peaks in the mF,-DF; neutron density map ¢ > 3 and removed from neg-

ative peaks in the mF,-DF. neutron density map ¢ > -3. It was assumed that there
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was no contamination from hydrogen in the sample due to the perdeuteration of

the protein and the use of deuterated buffers.

The final structure had X-ray Ryork / Reree Values of 10.42% and 12.28% respectively,
and neutron Rk /Reree Values of 21.75% and 24.19% respectively. Full refinement
statistics are detailed in Table 4.2.

TABLE 4.2: Model-refinement statistics for the joint refinement of DUOX:AZA.

Resolution(A) X-ray 48.07 - 1.40
Resolution(A) neutron 32.21-2.10
Number of reflections neutron 19083

Number of reflections X-ray 80589

Completeness (%) X-ray 99.95 (100.00)
Completeness (%) neutron 78.66 (67.00)
Ryork X-ray 0.1042

Ry ork Neutron 0.2175

Rfree X-ray 0.1128

Rree neutron 0.2419

B factors (A2)

Protein 25.24
Ligand 17.37
Solvent 48.28
R.M.S Deviations

Bond lengths (A?) 0.013
Bond angles (A) 1.390

No. of Waters (D0, O) 259, 87
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4.6 Joint Refinement Results

Neutron and X-ray data were collected at RT on the same crystal at resolutions of
21Aand 1.34 A, respectively. The crystal space group was I 2 2 2, which is typically

seen in structures of UOX complexes deposited in the PDB [75].

4.6.1 UOX:AZA Bonding Interactions

In the ligand binding pocket, omit maps were calculated and a significant positive
peak in both the mF,-DF, electron density and neutron density maps was observed
in the active site. Omit maps were calculated in the absence of AZA using both the
X-ray data and X-ray/neutron data separately. The AZA molecule was modelled
with an occupancy of 1.0. The information on protonation states obtained from the
neutron data in the joint refinement was used to deuterate the ligand molecule. The

positive peak in the mF,-DF. neutron density map is shown in Figure 4.8.

228GIn

FIGURE 4.8: Neutron omit map calculated in the absence of 8-azaxanthine (AZA),
identifying a clear positive peak in the mF,-DF. neutron density map contoured at 3.0 ¢
(green). The 2mF,-DF. neutron density map is contoured at 1.5 ¢ (pink).
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228GIn

176Arg

FIGURE 4.9: Hydrogen bonding partners between active site residues and AZA, hydrogen
bonds are indicated by pink dashed lines. Hydrogen bond angles are numbered and
detailed in Table 4.3.

TABLE 4.3: DUOX:AZA active site residues and hydrogen bond angles.

Hydrogen Bond (Donor — Hydrogen - Acceptor) Bond Angle

(1) Argl7e N - Argl76 D - AZA N3 167°
(2) Argl76 N - Argl7e D - AZA 06 164°
(3) Va227 N - Val227 D - AZA O2 165°
(4) GIn228 O - AZA D1 - AZA NIl 175°
(5) GIn228 N - GIn228 D - AZA 06 176°
(6) Thr57* N - Thr57* D - AZA N7 155°
(7) AZA N9 - AZA D9 - W2 O 164°

Hydrogen bonding pairs are seen between several residues and the inhibitor molecule.
The oxygen of GIn228 acts as a hydrogen bond acceptor to the deuterated N1 atom
of AZA, and the -NH; group donates a hydrogen bond to the O6 of AZA. The
guanidinium of Arg176 is positively charged, donating two hydrogen bonds to the
N3 and O2 atoms of AZA. In addition, the deuterated backbone amide of Thr57*
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acts as a hydrogen bond donor to the N7 position of AZA. These three residues
are clearly identified as hydrogen bonding partners enabling the binding of the
inhibitor molecule. Similar to the anaerobic UOX:UA structure, W2 is shown to
hydrogen bond to the deuterated N9 position. The distance between the hydrogen
atom on N9 and the oxygen atom of the W2 solvent molecule is 1.9 A. Bonding part-
ners and distances between AZA and UOX are shown in Figure 4.9 and hydrogen

bond angles are detailed in Table 4.3.

4.6.2 The Solvent Molecule, W1

The X-ray data implied that the atom present above the inhibitor molecule is most
likely an oxygen atom. The neutron data were used to determine the exact charge
of this molecule and its orientation. In an omit map modelling only the oxygen
atom, a large positive peak was observed in the mF,-DF,; neutron density maps at
3.0 0 and spread across the W1 molecule, suggesting the presence of two deuterium
atoms. This is shown in Figure 4.10 (a). Individually calculating omit maps on both
D1 and D2 atoms, also presented strong evidence that the molecule was indeed a
D,0O molecule, with localised positive peaks in the mF,-DF. neutron density maps
at 3.0 o, at each side of the oxygen atom. These omit maps are also shown in Figure
4.10 (c) and (d). When deuterium atoms are added, the 2mF,-DF. neutron density
map shows a defined orientation of the W1 water molecule, as shown in Figure 4.10
(b). The W1 molecule adopts a perpendicular orientation above the C4-C5 bond of
AZA. The distance between oxygen atom of the W1 molecule and C5 atom of AZA
is 3.5 A.
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() W1 - D1/D2 omit (b) W1 -D,0

(c) W1 - D1 omit (d) W1 - D2 omit

FIGURE 4.10: (a) Omit map in the absence of both deuterium atoms from the D,O
molecule, (b) Both deuterium atoms and oxygen atom of this D,O molecule modelled, (c)
Omit map in the absence of the D1 atom, (d) Omit map in the absence of the D2 atom. The
2mF,-DF. neutron density map is contoured at 2.0 ¢ (pink) and mF,-DF. neutron density
map is contoured at 3.0 o (green).

4.6.3 Catalytic Residues

The residues surrounding the active site are described in Figure 4.11, and Tables
4.4 and 4.5. The protonation states of the residues containing labile hydrogen sites

were determined by calculating omit maps.

The W1 solvent molecule is located above the AZA molecule in the active site,

forming hydrogen bonds with residues Thr57* and Asn254 [65, 68].

Upon closer examination of Asn254, and neighbouring residues, it was observed

that the residues Pro253-Asn254-Lys255 form an alternate conformation. Positive
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peaks in both the mF,-DF, electron density map and mF,-DF. neutron density map
at 3.0 0 was seen along the backbone of all three residues. This is shown in Figure
411 (a) and (b). This suggested that this chain of residues formed an alternate
conformation. The two conformations are described in Figure 4.11 (c) and (d). The
major conformation has an occupancy of 0.66 and is shown in yellow, and the minor
alternate conformation has an occupancy of 0.33 and is shown in pink (Figure 4.11

(c) and (d)).

Using the X-ray data alone, it was not possible to resolve the orientation of the
Asn254 polar sidechain, however, positive peaks in the mF,-DF. neutron density
map identified that the -ND, points into the peroxohole, towards the W1 solvent
molecule, forming hydrogen bonds in both conformations. The distance between
the deuterium atom of Asn254 and the oxygen atom of the W1 solvent molecule in
the major conformation is 2.2 A. In the minor conformation the hydrogen bonding
distance between the -ND, group of Asn254 to the oxygen atom of W1 is 2.3 A. The

hydrogen bonding distances between Asn254 and W1 are shown in Figure 4.12.
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FIGURE 4.11: (a) The mF,-DF, electron density map, contoured at 3.0 ¢ (green), shows
positive peaks surrounding residues Pro253, Asn254 and Lys255. This suggested that
these three residues formed an alternate conformation. (b) The mF,-DF. neutron density
map, contoured at 3.0 ¢ (green), also shows some positive peaks on the backbone of these
residues. (c) It was chosen to model residues Pro253, Asn254 and Lys255 in an alternate
conformation in the active site. (d) The major conformation has an occupancy of 0.66 (in
yellow) and the minor conformation has an occupancy of 0.33 (in pink). The 2mF,-DF,
electron density map is contoured at 2.0 ¢ (blue) and the 2mF,-DF. neutron density map is
contoured at 1.0 o (pink).
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N

Asn254

AZA

FIGURE 4.12: The -ND; group of the Asn254 sidechain forms hydrogen bonds with the
oxygen atom of W1 in both major and minor conformations. The hydrogen bonds are
indicated by pink dashed lines.

Residue Thr57* has been found to play a role in the catalytic function of UOX [91],
and its hydroxyl sidechain is located next to the W1 solvent molecule/O; binding
site. After calculating an omit map in the absence of the deuterium on the sidechain
hydroxyl group of Thr57%, no positive peak was seen in the mF,-DF. neutron den-
sity map at 3.0 . This is shown in Table 4.4 (a). The value of 3.0 o was used as it
was the average level in which deuterium atoms could be seen on other threonine
residues in the protein. Reducing the contour level to 2.5 ¢ resulted in no signifi-
cant positive peaks in the mF,-DF, neutron density map next to the oxygen atom of
the Thr57* hydroxyl group, shown in Table 4.4 (b). However, a further reduction in
contour level to 2.0 ¢ showed a positive peak in the mF,-DF. neutron density map
attached to oxygen atom of the Thr57* hydroxyl group, as shown in Table 4.4 (c).
This is in addition to other positive peaks in the mF,-DF; neutron density map on
the carbon atoms of the sidechain, attributed to noise. Therefore, from our data we

are unable to provide convincing evidence that the Thr57* is deuterated. However,
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it is likely that Thr57* is indeed deuterated as threonine residues commonly have
neutral sidechains. At the resolution of this neutron data (2.1 A), it has been pos-
sible to determine other important protonation states of the residues surrounding
the active site, therefore it can be suggested that the Thr57* sidechain is deuterated
and this deuterium atom is highly mobile. When the Thr57* is modelled with a
deuterium atom on the hydroxyl group and the occupancy refined, it shows a peak
in the 2mF,-DF, neutron density map at 1.5 ¢ and with an occupancy of 0.58. It was
chosen to model the deuterated hydroxyl group, with consideration to the most

likely chemical state. The final model is shown in Table 4.4 (d).

Residue Lys10* is also involved in UOX catalysis [91]. Calculating an omit map
of Lys10* in the absence of the three deuterium atoms on the sidechain nitrogen
atom, showed a positive peak in the mF,-DF. neutron density map at 3.0 ¢, shown
in Table 4.4 (e). A positive peak located at the sidechain nitrogen atom was visible
at all three contour levels (3.0, 2.5, and 2.0 ¢), shown in Table 4.4 (e), (f), and (g).
This provided evidence to suggest that this residue contains a charged ammonium
group -NHj3*. Therefore, it was chosen to model three deuterium atoms on this

sidechain nitrogen atom: the final model is shown in Table 4.4 (h).
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Residue His256 also lies in the proximity of the active site and is proposed to play a
role in catalysis [77, 91]. When a deuterium atom bonded to His256 nearest Lys10%,
Ne2 was modelled, no peak was observed in the mF,-DF,; neutron density map at
3.0 7, shown in Table 4.5 (a). However, changing the contour level 2.5 ¢ resulted in
anegative peak in the mF,-DF. neutron density map at the deuterium atom bonded
to Ne2, described in Table 4.5 (b). This negative peak was also seen at contour level
2.0 7, in addition to the appearance of positive peaks on the carbon atoms of the
histidine sidechain, shown in Table 4.5 (c). However, considering the negative peak
seen at 2.5 ¢, and the proximity to the positively charged Lys10* -ND3* group, it
was chosen to model this histidine residue as neutral. The final model is described

in Table 4.5 (d).

An additional observation was that the deuterium atom modelled at the C42 posi-
tion of His256 showed no density in the 2mF,-DF. neutron density map of the final
model, shown in Table 4.5 (d). It is expected that this deuterium atom would be
seen in the 2mF,-DF. neutron density map as the protein is perdeuterated and the
high level of deuterium incorporation has previously been determined (Chapter 2,
Section 3.4) and found to be > 99%. Therefore, this lack of density is unlikely to
come from hydrogen incorporation in the sample, however, may be explained by

the level of completeness of the neutron data (~ 80%).
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Neutron mF,-DF. Map
and Test Model (3.0 0)

Neutron mF,-DF. Map
and Test Model (2.5 0)

(a)

Cel

No1

His256

(b)

Nod1

His256

Neutron mF,-DF. Map
and Test Model (2.0 0)

Neutron 2mF,-DF. Map
and Final Model (1.0 ¢)

()

Nod1

His256

(d)

T Cel

His256

TABLE 4.5: A model containing a positively charged His256 shows no peak in the
mF,-DF. neutron density map at 3.0 o (green). However, there is a negative peak in the
mF,-DF. neutron density map on the deuterium atom attached to -Ne2. This peak, shown
at 2.5 0 and 2.0 o (red), indicates an incorrectly modelled atom. Positive peaks in the
mF,-DF neutron density map were also observed (green). The final model of a neutral
His256 is shown in (d). The 2mF,-DF, neutron density map is contoured at 1.0 ¢ (pink).
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Using the information from the omit maps calculated for each residue proposed
to play a role in catalytic activity, we present the following hydrogen bonding net-
work. Residue Thr57* is deuterated at the hydroxyl position -OD. This donates a
hydrogen bond to the oxygen atom of the W1 solvent molecule in the active site
with a hydrogen bond distance of 2.1 A. Lys10* neighbours Thr57+ and has a posi-
tively charged sidechain: -ND3*. This charged nitrogen atom donates a hydrogen
bond to the lone pair of the hydroxyl oxygen atom of Thr57* at a distance of 2.0
A. Furthermore, Lys10* donates a second hydrogen bond to the neutral His256:
the unprotonated nitrogen atom of His256 acts as a hydrogen bond acceptor to the
positively charged group of Lys10*, at a distance of 2.2 A. This hydrogen bonding
network is shown in Figure 4.13 with associated hydrogen bond angles detailed in
Table 4.6. The overall structure of the protonation states in the active site and the

2mF,-DF. neutron density maps are shown in Figure 4.14.

FIGURE 4.13: Hydrogen bonding network of active site residues. The relationship
between proposed catalytic residues Thr57*:Lys10*:His256 are shown in relation to the W1
molecule. The distance between the major conformation of Asn254 and the W1 molecule
is also shown. Hydrogen bonding distances are shown by pink dashed lines.



Chapter 4. Joint Refinement of Perdeuterated Urate Oxidase (DUOX) complexed
154
with 8-azaxanthine (AZA)

TABLE 4.6: DUOX:AZA active site residues and hydrogen bond angles (Donor —
Hydrogen - Acceptor).

Hydrogen Bond (Donor — Hydrogen - Acceptor) Bond Angle

Lys10* N - Lysl0* D - His256 N 145°
Lysl0* N - Lysl0* D Thr57* D 167°
Thr57* O - Thr57* D Wl O 126°
Asn254 N - Asn254 D Wl O 153°

FIGURE 4.14: The determined protonation states in the active site of DUOX:AZA. The
2mF,-DF, neutron density map is contoured at 1.0 o (pink).

4.6.4 Active Site Water Network

As previously described, catalytically important solvent molecule W2 is hydrogen
bonded to the deuterated N9 atom of AZA. A chain of water molecules is seen to
provide a link between Lys10* and W2. One deuterium atom of -NH3* on Lys10*
hydrogen bonds to solvent molecule W102 at a distance of 2.1 A. The W102 has

an occupancy of 0.83 and hydrogen bonds to W64, occupancy 1.0, with a distance
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of 2.2 A. 1t is solvent molecule W64 that is shown to hydrogen bond to the W2
molecule with a distance of 2.0 A. This bonding network is described in Figure 4.15

and associated hydrogen bond angles are detailed in Table 4.7.

A / ~
- Lysl(]

FIGURE 4.15: Hydrogen bonding network of D,O molecules surrounding the active site.
A clear network of three D,O molecules link the Lys10* residue and the deuterated N9
atom of the bound 8-azaxanthine (AZA) ligand. Dashed pink lines show hydrogen
bonding distances. The 2mF,-DF: neutron density map is contoured at 1.0 ¢ (pink).

TABLE 4.7: Hydrogen bond angles for the W2 - Lys10* water network (Donor —
Hydrogen -~ Acceptor).

Hydrogen Bond (Donor — Hydrogen - Acceptor) Bond Angle

AZA N9 - AZA D9 - W2 @) 164°
w2 O - W2 D1 - wWe4 O 151°
Wed O - We4 D1 o w102 O 112°
Lys10* N - Lysl0* D = w102 O 166°

An additional water network is seen connecting W2 and His256, through W43.
One deuterium atom of W2 forms a hydrogen bond with the oxygen atom of W43

with a distance of 2.5 A. In addition, the oxygen atom also forms a hydrogen bond



Chapter 4. Joint Refinement of Perdeuterated Urate Oxidase (DUOX) complexed
156

with 8-azaxanthine (AZA)

with NeD2 of His256 at a distance of 2.1 A. A pictorial description of this alterna-
tive hydrogen bonding network involving catalytically important W2 and His256

is shown in Figure 4.16 with details of hydrogen bond angles in Table 4.8.

FIGURE 4.16: Hydrogen bonding network of D,O molecules surrounding the active site.
In addition to the network connecting Lys10* and the deuterated N9 atom of
8-azaxanthine (AZA), another network of D,O molecules is seen to connect His256 and
the deuterated N9 atom of AZA. Dashed pink lines show hydrogen bonding distances.
The 2mF,-DF. neutron density map is contoured at 1.0 ¢ (pink).

TABLE 4.8: Hydrogen bond angles for the W2 - His256 water network (Donor —
Hydrogen -~ Acceptor).

Hydrogen Bond (Donor — Hydrogen - Acceptor) Bond Angle

AZA N9 - AZA D9 w2 O 165°
W2 O - W2 D2 - W43 O 151°
His256 N - His256 D = - W43 O 112°




Chapter 4. Joint Refinement of Perdeuterated Urate Oxidase (DUOX) complexed
157
with 8-azaxanthine (AZA)

4.7 Discussion

Examination of the neutron structure of perdeuterated Urate Oxidase (DUOX) in
complex with 8-azaxanthine (AZA) has allowed the identification of the protona-
tion states of the residues in the active site when the AZA ligand is bound. The
UOX:UA complex has previously been found to possess a solvent molecule termed
W1 in the active site, as identified by X-ray experiments [81]. This W1 solvent
molecule is seen to occupy the cavity above the ligand binding site, peroxohole, be-
fore its expulsion upon the binding of O, [65]. However, from X-ray data alone, the
charge of the W1 solvent molecule and its interactions with surrounding residues
remains elusive. Whether the W1 solvent molecule exists as H,O, H30*, or OH™ has
not been seen using other techniques. The use of perdeuteration, and deuterated
buffers, remove the problems associated with hydrogenation such as the negative
coherent scattering length and large incoherent cross section. Therefore, it has been
possible to determine the charged state of the W1 molecule and visualise key water

networks surrounding the AZA inhibitor molecule.

The ligand binding position has been identified from previous X-ray structures and
is the same for both the natural substrate and other inhibitor molecules [68, 76, 78,
80]. Our data have confirmed all bonding interactions between AZA and active site
residues and that AZA binds as an N3 monoanion, described in previous studies

[76,77, 80, 82, 83].

The X-ray and neutron data were able to confirm the presence of the W1 molecule
in the peroxohole located above the active site, as seen in other X-ray structures
[65, 81, 82]. In our structure, the X-ray data show that the distance between the
oxygen atom of the W1 molecule and C5 of AZA is 3.5 A. This distance is slightly
longer than previously reported values in X-ray structures of UOX:AZA where the
distance is 3.3 A [68] and in UOX:UA anaerobic complexes distances were shown

as 3.26 A [82] and 3.19 A [81], respectively. This may be due to the difference in
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temperature of data collection: 100K for the previously reported structures and

room temperature for the structures reported in this thesis.

The residues Thr57* and Asn254 both form hydrogen bonds with the W1 molecule,
holding it in position above the ligand or substrate molecule [68]. Our data strongly
suggests that residues 253-255 form alternate conformations. The Asn254 involved
in bonding adopts two visible positions; in both positions the amide -ND, group of
Asn254 hydrogen bond to the oxygen atom of the W1 solvent molecule. The major
and minor conformations have hydrogen bonding distances of 2.2 A and 2.3 A,
respectively. With this information we suggest that there is an enhanced mobility

of this region compared to that observed in previous cryo-cooled structures.

Catalytically important Thr57* forms a hydrogen bond with the oxygen atom of the
W1 molecule. At the average threshold used to visualise the presence of deuterium
atoms of other threonine sidechains (3.0 ¢ in the mF,-DF. neutron density map),
there was no evidence for a deuterium atom on the hydroxyl group of Thr57*. By
altering the contour level to 2 ¢ in the mF,-DF. neutron density map, a positive
peak appears next to the oxygen atom of the Thr57* hydroxyl group. However, at
this threshold, additional positive peaks are observed on the carbon atoms of the
Thr57* sidechain. Therefore, the positive peak seen at the oxygen atom cannot be
considered as unambiguous evidence of a deuterium atom and, instead, may be
considered as noise. However, chemical knowledge suggests that a unprotonated
Thr57* sidechain is extremely unlikely. With this consideration, it was chosen to
model the Thr57* sidechain with a deuterium atom, forming a hydrogen bond with

the oxygen atom of the W1 solvent molecule at a distance of 2.1 A.

It was determined that the sidechain of Lys10* contained a positively charged -
ND3*. An omit map showed a positive peak in the neutron mF,-DF. neutron den-
sity map surrounding the sidechain nitrogen atom. Modelling three deuterium

atoms showed agreement in the 2mF,-DF; neutron density map. Therefore, we
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propose the positively charged Lys10*-ND3;* group donates a hydrogen bond to
the lone pair of Thr57* with a bonding distance of 2.0 A.

Neighbouring His256 was found to be in a neutral state. The charge of His256
was investigated by modelling both a neutral and positive residue. A negative
peak in the mF,-DF . neutron density map was seen at the deuterium atom attached
to the Ne2 atom, located at bonding distance to Lys10*. From this information,
also considering the positively charged Lys10%*, it was chosen to model His156 as

neutral.

We compared the protonation states of the active site residues in our structure
to those in previously published neutron structures [80]. These studies identi-
fied the protonation states of active site residues with hydrogenated UOX (HUOX)
in complex with inhibitor AZA, HUOX:AZA, and natural substrate UA, forming
HUOX:8-HX. Both complexes were inhibited by the presence of a chloride atom,
occupying the binding site of the W1 solvent molecule/O,. Interestingly, the pro-
tonation states of the catalytic triad Thr57*-Lys10*-His256 in HUOX:AZA differed
from those of the HUOX:8-HX complex. This is described in more detail in sec-
tion 4.1, Figure 4.3. However, the study suggested that it is likely that the triad in
HUOX:AZA exists in two conformations: the one presented in the published model
containing a Lys10* -ND, accepting a hydrogen bond from Thr57*, and a conforma-
tion identical to that seen in HUOX:8-HX where Lys10* is positively charged -ND3*
and the deuterated Thr57* hydroxyl group points towards the CI" in the active site.
It states that due to the limited resolution of the neutron data, they were unable to
refine both conformations. In our structure DUOX:AZA, we have found that the
protonation states of the catalytic triad are different to those in the HUOX:AZA
complex. In fact, the protonation states of Thr57*-Lys10*-His256 that we have de-

termined are identical to those seen in HUOX:8-HX [80].

An extensive network of conserved water molecules surrounds the active site in
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many UOX complexes, as identified by X-ray studies [68, 76, 77, 81, 83]. In par-
ticular, the W1 and W2 solvent molecules have been proposed to be ideal candi-
dates as acid-base system terminators [78]. However, previous studies have been
unable to identify the relationship between this water network, including the W1
solvent molecule, and surrounding active site residues [78, 80, 81]. The W2 sol-
vent molecule positioned close to the deuterated N9 atom of AZA is shown to be
catalytically relevant as its absence in MUA complexes inhibits the reaction [81,
106, 257]. These positions are shown in both other UOX:AZA structures [80] and
also UOX:UA anaerobic structures [81]. This forms an ordered hydrogen bonding
network from the active site along Thr57*-Lys10*-His256, previously suggested to

have relationship in catalytic activity [77].

4.8 Conclusion

DUOX in complex with its inhibitor AZA has been crystallised and neutron data
collected to a resolution of 2.1 A. In addition, X-ray data was collected on the same
crystal to a resolution of 1.34 A. The structure of this complex has been solved using
the method of joint refinement. By employing the technique of neutron crystallog-
raphy, coupled with perdeuteration, hydrogen positions, and hydrogen bonding

networks have been identified.

In this DUOX:AZA complex, it has been possible to determine the charge of the W1
solvent molecule. Our data shows that the W1 solvent molecule exists as an D,O
in the AZA-bound active site, and not as D;O* or OD'. It is held in the peroxohole
by hydrogen bonding to residues Thr57* and Asn254. The Asn254 residue forms a
hydrogen bond to the oxygen atom of the W1 molecule in both its conformations

in this model.
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The protonation states of residues surrounding the active site have also been deter-
mined. From our data, we present the Thr57*-Lys10*-His256 ’catalytic triad” with
the W1 molecule in situ. Catalytically relevant Thr57* is shown to donate a hy-
drogen bond to the W1 molecule. Additionally, it accepts a hydrogen bond from
Lys10* which contains a positively charged sidechain -NH3*. Neighbouring His256
is neutral and positioned to accept a hydrogen bond from Lys10*. The finalised pro-
tonation states of this bonding network is shown in Figure 4.17. Conserved water

molecules were also investigated and hydrogen bonding networks established.

Lys10*
CH3 N
H™ |\H His256
o) H \
Thr57* N
H \ N
N\
H
H/O\H Wi
0]
H
IIN\/\N AZA
0 N N
H

FIGURE 4.17: The perdeuterated Urate Oxidase:8-azaxanthine (DUOX:AZA) active site.
Schematic of the DUOX:AZA active site and the protonation states of the catalytic triad:
Thr57*-Lys10*-His256. It has been determined that the residues Thr57*, Lys10* and His256
form a hydrogen bonding network, linking to the W1 solvent molecule held in the active
site in this DUOX:AZA complex.

The absence of chlorine as an inhibitor allows the preservation of the W1 solvent
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molecule. Building on previous neutron studies, we have provided additional in-
formation on UOX in complex with AZA, collecting a dataset of higher complete-
ness and neutron density maps with no cancellation effects observed from hydro-

gen contamination.
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Chapter 5

Neutron Refinement of
Perdeuterated Urate Oxidase
(DUOX) complexed with 9-methyl
uric acid (9-MUA)

Abstract

This chapter describes a structural study of perdeuterated Urate Oxidase (DUOX)
in complex with the structural analogue of uric acid (UA), 9-methyl uric acid (9-
MUA). In aerobic conditions 9-MUA reacts with O, and forms the 9-methyl-5-
peroxyisourate intermediate (5-PMUA). This research investigated the protonation
states of active site residues in the DUOX:5-PMUA complex and the structure of the
peroxide intermediate. The neutron structure of this complex is important for an
understanding of which active site residues are involved in the peroxide formation

and stabilisation.

9-MUA has a high structural similarity to the natural substrate of UOX, UA. The
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substitution of a hydrogen atom with a methyl group at the N9 atom position of
the purine ring enables the trapping of the peroxide intermediate by preventing
the expulsion of the H,O, by-product. Neutron and X-ray datasets were collected
on the same crystal at 298 K. X-ray refinement, joint refinement, and neutron re-
finement were performed using these datasets. Experimental details and results
are described within this chapter. Further analysis of the implications of the results

presented are also discussed in the context of UOX reactivity.

5.1 Introduction

The structure of reactive intermediates in the UOX reaction pathway have been
widely investigated using a variety of techniques, as described in detail in Chapter
1 of this thesis [80, 81, 91, 104, 108, 115, 122, 123]. One particular area of interest was
the proposal of two different UOX catalytic pathways involving the reaction of UA
and O,. The presence of a peroxide intermediate, 5-(hydro)peroxyisourate (5-PIU),
had been suggested by Tipton and colleagues [106, 113, 115], generated from the
radical recombination reaction of the UA radical and a superoxide anion [81, 112].
In contrast, Altarsha et al. suggested the reaction mechanism was peroxide inde-
pendent, instead a dehydrourate intermediate (DHU) would form directly from the
N3N7 reactive dianion [108]. A mechanism, based on the results of neutron studies
by Oksanen et al., also suggested a peroxide-independent pathway, where the O,
molecule accepts two electrons: one from the UA radical anion and one from an

unidentified intermediate acceptor contained within the protein [80].

Bui et al used X-ray crystallography, in conjunction with in-crystallo Raman spec-
troscopy and quantum mechanics/molecular mechanics (QM/MM) calculations,
to unambiguously determine that the reaction proceeded via a peroxide interme-
diate [81]. In this study, two crystal structures were presented: UOX in complex

with 9-MUA, and UOX in complex with the natural substrate, UA. For clarity in



Chapter 5. Neutron Refinement of Perdeuterated Urate Oxidase (DUOX)
165
complexed with 9-methyl uric acid (9-MUA)

the following discussion, these structures will be referred to as containing hydro-
genated UOX (HUOX). Bui et al. reasoned that the replacement of a labile hydrogen
atom with a methyl group at position N9 in 9-MUA could stabilise any peroxide
intermediate: it had been proposed that this hydrogen atom is abstracted during
the expulsion of H,O; [81]. A structural comparison of 9-MUA and UA is shown
in Figure 5.1.

(a) (b)

UA MUA

FIGURE 5.1: Natural substrate uric acid (UA) (a) is shown in comparison to structural
analogue 9-methyl uric acid (9-MUA) (b). The 9-MUA molecule is structurally different in
the N9 position where the labile hydrogen is replaced with a methyl group -CHj, this is
highlighted in green.

X-ray data was collected on a HUOX crystal complexed with 9-MUA, after ex-
posure to air/O,. The resultant electron density maps clearly showed that the
9-MUA ligand converts to the 9-methyl-5-(hydro)peroxyisourate intermediate (5-
PMUA) as shown in Figure 5.2 [81]. The C5 atom of 9-MUA forms a bond with
an oxygen atom of Oy (Opl). QM/MM calculations suggested that the experi-
mentally determined distance of the C5-Op1 of the 5-PMUA bond was consistent
with that of a hydroperoxide monoanion [81]. An additional structure consisting of

HUOX in complex with UA also showed the presence of a peroxide intermediate,
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5-(hydro)peroxyisourate (5-PIU), thus confirming that the UOX catalytic pathway

proceeded via a peroxide-dependant mechanism [81].

FIGURE 5.2: The 9-methyl-5-(hydro)peroxyisourate (5-PMUA) ligand bound to
hydrogenated Urate Oxidase (HUOX) as determined by X-ray crystallographic studies.
The C5 atom bonds to Op1 atom of O,. 2mF,-DF, electron density map is contoured at 1.0
o in brown. Figure adapted from [81] (© 2014 The Authors. Published by Wiley-VCH
Verlag GmbH & Co. KGaA.

By comparing the structures of HUOX:5-PMUA and HUOX:5-PIU, differences in
the water network surrounding the active site were observed. The substitution of a
-CHj3 group at position N9, disrupts the hydrogen bond between a hydrogen atom
on UA and the oxygen atom of the solvent molecule, W2. This solvent molecule
is central to a hydrogen bonding network of water molecules in the active site and
has been characterised as an end point of a low energy proton transfer pathway,
also involving solvent molecule W1, which is proposed to be involved in the UOX

catalytic activity [82, 83].

Bui et al. also found that the C5-Op1 bond was susceptible to radiolysis at low
X-ray doses [81]. It was proposed that a one-electron reduction, induced by X-
rays, caused the peroxide bond rupture and is supported by additional QM /MM
calculations [81]. Furthermore, the C5-Op1 bond of 5-PMUA was found to be more
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sensitive to radiolysis than in 5-PIU: it was suggested that this may be due to the

inductive effect of the methyl group [81].

A peroxide intermediate has also been proposed for a group of Flavin-dependent
monooxygenases [14, 116]. Flavin cofactors can exist in either a one- or two- elec-
tron reduced state, meaning that these molecules can both accept and donate elec-
trons. In reactions with O,, a reduced Flavin moiety can deliver one electron to
the O, molecule, resulting in the generation of a radical pair: a Flavin semiquinone
and superoxide [14, 15]. These radicals can then undergo a ’spin allowed’ rad-
ical recombination reaction to form a C4a-(hydro)peroxyflavin intermediate [14,
15]. This C4a-(hydro)peroxyflavin intermediate shows structural similarities to the
5-PIU intermediate observed in UOX catalysis. More details on the reactions of

Flavin enzymes are given in Chapter 1 of this thesis.

Interestingly, a peroxide-dependent mechanism has also been proposed for cofactor-
independent dioxygenases [97, 119]. The substrates are thought to transfer a single
electron to O, following an initial deprotonation, generating a radical pair that can
collapse to a peroxide species after a radical recombination. This has been sug-
gested for dioxygenases of different functions: HOD, QOD, and DpgC [97, 119].
These intermediates have not been structurally determined, however, this system
of deprotonation followed by peroxide formation is similar to that proposed for

UOX [112].

In the case of UOX, how the peroxide intermediate observed by Bui et al. is formed
and stabilised is still not understood [81]. The role that catalytically relevant residues
play in this process has also not yet been determined. Investigation into the proto-
nation states of these residues, particularly the catalytic triad Thr57*-Lys10*-His256,
may yield answers that can further our understanding of how this mechanism pro-

ceeds and provide additional information on cofactor-free catalysis.

This chapter presents the crystallisation, neutron and X-ray data collection, and
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subsequent structure solution of DUOX in complex with structural analogue 9-
MUA, forming 5-PMUA intermediate. This work builds on the X-ray studies by
Bui ef al. that were able to unambiguously determine the existence of a peroxide-
intermediate [81]. The examination of the protonation states of important residues
in the active site may further the understanding of how this peroxide species is pro-
duced and stabilised. From this information it may be possible to try and identify

the role of UOX in this catalytic step.

5.2 Crystallisation of DUOX:5-PMUA

The expression and purification of DUOX is described in Chapter 3. In addition, the
process of exchanging the protein into fully deuterated conditions is also described
in Chapter 3, Section 3.3. The protein was concentrated to > 20 mg/ml in fully

deuterated conditions, 50 mM Tris-acetate, 30 mM NaAc at pD 7.59.

The batch crystallisation method was used for growing crystals of DUOX:5-PMUA.
Crystallisation conditions were optimised and found that a mixed solution, con-
taining both hydrogenated and deuterated buffers, produced higher quality crys-
tals. Mixtures measuring a total of 30 uL, consisting of 20 yL protein solution
(deuterated) and 10 uL crystallisation buffer (hydrogenated) were prepared. The
hydrogenated crystallisation buffer consisted of 50 mM Tris-acetate, 8% PEG 8000,
adjusted to pH 8.0 using 20 % acetic acid. DUOX:5-PMUA crystals were produced
by co-crystallisation. 9-MUA was added to the crystallisation buffer to a concen-

tration of 11mM and the solution was agitated overnight until fully dissolved.

Sitting Drop plates (Hampton Research) were used in the crystallisation set-up,
using the concave sitting drop post for the mixture and leaving the reservoir empty,
before sealing with crystallisation tape. The crystallisation set-up has previously

been shown in Chapter 4, Figure 4.4. The mixtures were left to crystallise at 18 °C.
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After ~ 5 days nucleation was observed, with crystals reaching full size after ~
10 days. Upon reaching full size (> 1.0 mm?) crystals were immediately mounted
into a quartz capillary with an internal diameter of 3 mm in preparation for data

collection.

The crystal was added to the halfway point of the capillary with deuterated mother
liquor present at the bottom of the capillary. After mounting the crystal into the
capillary, a neutron dataset was collected. It was observed that although the crys-
tallisation conditions had an excess of deuterium, there was a level of hydrogen
contamination still present in the crystal. Therefore, a further buffer exchange into

100% deuterated conditions was required.

2D

2nd neutron
data

—@ @ @ @& 6
< @ @

15t neutron
PMUA
- < ) data

@

crystal

collection collection
D D D D D
Mounted Deuterated Deuterated Deuterated Crystallisation
DUOX:PMUA crystallisation crystallisation crystallisation buffer removed
crystal buffer buffer buffer for experiment
1 2 3

FIGURE 5.3: Method used for buffer exchanging the hydrogens incorporated into the
crystal to deuterium through systematic vapour diffusion. The buffer plug was replaced
after ~ 1 hour diffusion times with fresh deuterated buffer, before removal for data
collection.

Buffer exchange into 100% deuterated conditions was conducted within the quartz
capillary in which the crystal was mounted. Approximately 5 u L of deuterated
crystallisation buffer, 50 mM Tris-acetate 8% PEG 8000, pH 7.59 with 11 mM 9-
MUA, was added to the top of the capillary closest to the wax sealant. This sample
was left to buffer exchange for ~ 1 hour before replacement with fresh 100% deuter-
ated buffer. This process was repeated 3 times as shown in Figure 5.3. Compari-

son of the data collected before and after the buffer exchange via vapour diffusion
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showed clear deuterium incorporation, as explained in Section 5.6.2 of this chapter.

(a) (b)

wax sealant

DUOX:PMUA crystal

5 pL deuterated buffer

500 pm

FIGURE 5.4: (a) A 1.2 mm? crystal of perdeuterated Urate Oxidase in complex with
9-methyl-5-peroxyisourate (DUOX:5-PMUA) was used for data collection and subsequent
X-ray data collection (b) This crystal mounted in a 3 mm diameter quartz capillary for
data collection.

Mother liquor above the crystal was completely removed and the capillary was
sealed with wax to prevent any exchange with air and to prevent dehydration of
the crystal. Other samples had suffered a problem of condensation inside the capil-
laries during data collection where droplets of solvent had been seen to accumulate
on the walls of the quartz capillaries causing the crystal to move during data col-
lection, and in some cases loss of diffraction. Therefore, the crystal was hydrated
with buffer at one end of the capillary only. In this data collection, the crystal re-
mained hydrated for the duration of the neutron and X-ray measurements, with
no condensation problems. The DUOX:5-PMUA crystal selected for data collection
and the mounted crystal set-up is shown in Figure 5.4 (a) and (b). It is important
to note that the neutron data collection described in this chapter was conducted

immediately after the buffer exchange process was completed.
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5.3 Quasi-Laue Data Collection on LADI-III

The DUOX:5-PMUA crystal was mounted onto the sample position of the LADI-
III beamline located at the Institut Laue-Langevin (ILL), Grenoble [164]. LADI-III is
equipped with a large cylindrical detector which surrounds the sample and is com-
posed of neutron-sensitive image-plates (diameter: 400 mm, height: 450mm) [164].
This beamline Quasi-Laue neutron diffraction data was collected to a resolution of
1.9 A. A wavelength range of 3.12 - 4.2 A, centered at 3.68 A was used throughout
the data collection. As typical for the Quasi-Laue method, the crystal was held in
a stationary position for the duration of the experiment, rotating by an angle of 10°
between each image. A total of 36 images were collected with an average exposure
time of 2 hours, using 5 different crystal orientations to increase the completeness
of the dataset. A Quasi-Laue diffraction image with an exposition time of 2 hours
is shown in Figure 5.5. The crystal was recovered and used in the subsequent X-ray

data collection.

FIGURE 5.5: A Quasi-Laue neutron diffraction pattern from the crystal of perdeuterated
Urate Oxidase in complex with 9-methyl-5-peroxyisourate crystal (DUOX:5-PMUA) with
2 h exposure time.
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TABLE 5.1: Neutron and X-ray data collection statistics for DUOX:5-PMUA crystal at 293

K.
Neutron data X-ray data
LADI, ILL FIP, ESRF
Space group 1222 1222
Unit cell parameters
abc(A) 80.08, 96.15,105.36  80.08, 96.15, 105.36
apBy(®) 9090 90 90 90 90
Wavelength (A) 3.12-42 0.9800
No. of images 36 240
Angle between images (°) 10 1
Average exposure time 2h 5s
Resolution (A) 40.0-1.90 (2.00-1.9)  40.04-1.39 (1.41-1.39)
No. of observations 195714 (17813) 598501 (28822)
No. unique reflections 29734 (3892) 81736 (3982)
Completeness (%) 92.5 (83.9) 100 (100)
Multiplicity 6.6 (4.6) 73(7.2)
(I/0T) 9.2 (3.8) 17.2(1.2)
Rynerge 0.132 (0.349) 0.055 (1.925)
Ry.im. 0.044 (0.157) 0.022 (0.766)
CCyp 99.4 (98.7) 99.9 (51.1)

Values in parentheses are for the highest resolution shell.

The reduction of the neutron data was conducted by the program LAUEGEN [172]

and followed by wavelength normalisation using LSCALE [173]. The scaling and

merging of recorded reflections was conducted using SCALA [251] before using

TRUNCATE [252, 253] to convert the intensities to structure factors. Full statistics

for the neutron data collection are described in Table 5.1.

5.4 X-ray Data Collection on FIP

An X-ray dataset was collected on the same crystal that was used in the neutron

data collection. The time between neutron data collection and X-ray data collec-

tion was two weeks, due to beamtime availability at the ESRF, Grenoble. It was

measured at 293 K using the FIP beamline at the ESRF at A = 0.9800. A total of
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240 images of 1° oscillation and 5 s exposure per image were recorded on an ADSC
Q315 detector. The intensities were indexed and integrated using the XDS package
then were merged and scaled using the CCP4 program AIMLESS. The statistics are
shown in Table 5.1.

5.5 Refinement of DUOX:5-PMUA

The model 4CW6 was taken from the PDB and used as a starting model for the re-
finement. Firstly, alternate conformers, waters molecules, and the ligand molecule,
were removed from the model. The model was also converted to isotropic B-factors
and atomic positions were shifted by 0.1 A to reduce model bias. This model con-
tained an acetylated serine residue that was mutated in the model to a terminal

serine residue as in our sequence.

Structure refinement using X-ray data alone was conducted using the PHENIX
suite and model building was done using the Molecular Graphics Package Coot
[185, 186]. By first refining the model using only the higher resolution X-ray data,
it was possible to locate the positions of the heavy atoms in the protein complex in
preparation for joint refinement with neutron data (C, N, O, S). The primary step
of refinement was to conduct a rigid body refinement. This was followed by iter-
ations of refinements of atomic coordinate positions, individual occupancies, and
B-factors. After 3 rounds of refinement, the models atomic B-factors were refined
anisotropically. The 5-PMUA ligand was modelled with an occupancy fixed at 1.00

and refined using the geometry restraints generated using eLBOW [256].

Structure factor amplitudes from both X-ray and neutron data collections were
combined in one .mtz file for joint refinement. The Rgee flags consisted of 5% and
10% of the reflections from the neutron and X-ray data, respectively. The model

built using the X-ray data was used as the starting model. All water molecules
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modelled as oxygen atoms only were removed. Deuterium atoms were added to
all hydrogen positions using the program READYSET, due to the use of perdeuter-
ation and vapour diffusion exchange into deuterated buffer. However, it was ob-
served that the X-ray and neutron data presented different features, particularly
surrounding the 5-PMUA ligand, causing problems with the interpretation of the
protonation states in the active site, see Sections 5.6.3 and 5.6.4. Therefore, a 'neutron-

only’ refinement strategy was used to finalise the model.

The jointly refined structure was used as a starting model and all "X-ray only” fea-
tures were removed. This included "X-ray only” water molecules (oxygen atoms)
and split conformers that were only visible in the electron density map. In addition,
all atoms were refined isotropically. The full statistics for this finalised neutron-only
structure are reported in Table 5.2. The Ry value for this structure was 21.39%
and the Rgee value was 25.21%. The final refinement for which statistics are re-
ported in Table 5.2, used the best X-ray model as a reference model in the phenix
input parameters. We reasoned that this should improve the overall model as bond
lengths and angles should be better defined in the X-ray structure. We verified that
this approach did not influence the final protonation states, these were consistent
with and without the inclusion of the reference model. The addition of the reference
model resulted in a slight improvement in the Rgee, Reactor, and the RMSD of bonds

and angles.

D,0 molecules were manually fitted into positive density in the mF,-DF; neutron
density map at o > 3.0. Coot was used to correctly orientate and model these D,O
molecules. Several mobile water molecules could be identified were modelled as
oxygen atoms only as their orientations were not clearly seen in the mF,-DF, neu-

tron density map.

Similarly to the method described in Chapter 4, labile hydrogen positions in side
chains were systematically checked. Deuterium atoms were added to positive

peaks seen in the mF,-DF. neutron density map and removed from negative peaks,
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both at levels of ¢ > 3.0. In this process it was assumed that there was minimal con-

tamination from hydrogen in the previous buffer and from atmospheric humidity.

TABLE 5.2: Model-refinement statistics for the neutron-only refinement of perdeuterated
Urate Oxidase in complex with 9-methyl-5-peroxyisourate (DUOX:5-PMUA).

Neutron only statistics

Resolution (A) 38.39-1.9
Number of reflections 29360

Completeness (%) 90.61 (83.58)
Ruvork 0.2139
Reree 0.2521

B factors (A2)

Protein 46.23
Ligand 39.51
Solvent 53.59
R.M.S Deviations

Bond lengths (A2) 0.005
Bond angles (A) 0.924

No. of Waters (D,O, O) 190, 12

5.6 Results

5.6.1 Deuterium Incorporation

The inclusion of deuterium atoms could be evaluated by comparing the neutron
density maps before and after the buffer exchange. The visualisation of D,O molecules,
and the lowering of the background scattering arising from hydrogen incoherent

scattering, provided evidence that the addition of deuterium from the exchange
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had been successful. A number of DO molecules contained hydrogen atoms in
the initial dataset however after buffer exchange showed well defined 2mF,-DF.
neutron density. A sample of DO molecules are shown before and after buffer
exchange in Figure 5.6. For each D,O molecule, the neutron density before buffer
exchange does not show a well-defined orientation and show negative peaks in the
mF,-DF. neutron density maps. It is likely that these negative peaks are attributed
to hydrogen contamination in the solvent. However, examining molecules in the
same positions after buffer exchange shows that the D,O molecules now adopt a
well-defined orientation and show no negative peaks in the mF,-DF. neutron den-
sity map. In addition to the visualisation of several new D,O molecules in the data
collected after buffer exchange, the neutron density maps also showed an overall

reduction in noise.
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Before buffer exchange  After buffer exchange

DOD 7 DOD 7

DOD 1 DOD 1

FIGURE 5.6: The left hand column shows the 2mF,-DF.; and mF.-DF. neutron density
maps from the dataset collected before buffer exchange, contoured at 1.0 o and 3.0 o,
respectively. Negative peaks in the mF,-DF. neutron density maps are shown in red,
indicative of hydrogen atoms. In contrast, the right hand column shows the same D,O
molecules after buffer exchange. The 2mF,-DF. neutron density map shows a more
defined shape with no negative peaks in the mF,-DF. neutron density map.

To further evaluate the D:H incorporation in the structure, the number of amide
hydrogen atoms present in the protein backbone was investigated. Amide atoms
are usually tightly hydrogen bonded in the structure and the most difficult to ex-

change for deuterium in comparison to the dynamic active site. In these data, it was
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seen that of the 315 backbone amide atoms in the structure, 6 showed clear negative
peaks in the neutron mF,-DF, maps, indicative of hydrogen atoms. This represents
only ~ 2% of amide backbone hydrogen atoms. These backbone hydrogen atoms
were distributed evenly amongst secondary structure elements: a-helices, S-sheets
and loops, showing no preference for a particular region of the protein. This in-
formation, in addition to the number of well defined D,O molecules, gives a high

level of confidence that the vapour diffusion exchange method was successful.

5.6.2 Peroxide Stability

It was observed that the lifetime of the peroxide was shortened in DUOX:5-PMUA
crystals grown in 100% deuterated conditions (Dr. S. Bui, personal communica-
tion, 24 September 2018). This was observed during X-ray experiments under cryo-
cooled conditions using a home X-ray source. Although the intermediate is stable
at 293 K, over several weeks the peroxide C5-Op1 bond is seen to break and crystals
begin to deteriorate. In the case of NMX studies where data collection can be on
the time scale of days, preserving the peroxide at high occupancy for the duration
of the experiment was vital. In comparison, in HUOX:5-PMUA crystals the per-
oxide lifetime can be over 5 weeks, as reported in previous experiments involving
HUOX:5-PMUA crystals in 100% hydrogenated conditions for X-ray experiments
(Dr. S. Bui, personal communication, 24 September 2018) [81]. The time between RT
neutron and X-ray data collection was approximately 2 weeks, however the length
of time between crystallisation set-up and X-ray data collection was a total of 4
weeks. The lifetime of the crystal used in this data collection and the total timescale
associated is shown in Figure 5.7. In mixed buffer solutions, such as the sample re-
ported in this chapter, the peroxide was seen to have a longer lifetime than in 100%

deuterated conditions (Dr. S. Bui, personal communication, 24 September 2018).
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Crystallisation Crystal Neutron X-ray
set-up ~10 days harvest * data collection data collection
| ~32 days >

% Vapour diffusion buffer exchange step

FIGURE 5.7: Timeline describing the length of time between setting-up the crystallisation
of DUOX:5-PMUA to when the crystal was harvested for data collection. It also describes
the length of time between crystal harvesting, the neutron data collection, and the X-ray
data collection. These details must be considered, as the short lifespan of the crystal is
central to our interpretation of the data collected.

In previous studies of the HUOX:5-PMUA complex, the peroxide bond (C5-Opl)
has been found to be susceptible to radiolysis [81]. Even at low X-ray doses, it was
observed that the C5-Op1 bond of 5-PMUA could be lysed, resulting in the regen-
eration of 9-MUA and O,. Therefore, RADDOSE-3D [258] was used to calculate
the dose received by the DUOX:5-PMUA crystal by synchrotron radiation, taking
the large crystal dimensions into account. The average dose received by the whole
crystal was 1.1 kGy and the average dose received by the exposed region was 5.0
kGy. This value was compared with those obtained in previous experiments moni-
toring the peroxide radiolysis [81]. In these studies, breakage of the peroxide bond
was observed at average dose values of 19 kGy, where the occupancy of UOX:5-
PMUA was calculated as 78% and liberated O, was present at 22%. A higher per-
centage of peroxide bond lysis was observed in higher doses. From the same study,
an additional dataset was collected with a calculated dose of 2.5 kGy and observed
that peroxide bond had an occupancy of 100% [81]. The value of 2.5 kGy can be
considered as relatively similar to the value calculated from this experiment, 1.1

kGy, suggesting that the DUOX:5-PMUA intermediate should be intact.

With consideration to the calculated dose received by the DUOX:5-PMUA crystal in

this experiment, and in comparison with previous recorded values, it was expected



Chapter 5. Neutron Refinement of Perdeuterated Urate Oxidase (DUOX)
180
complexed with 9-methyl uric acid (9-MUA)

that the peroxide would not suffer radiation-induced bond lysis and remain intact

during the X-ray data collection.

5.6.3 Results from "X-ray only’ and Joint neutron/X-ray Refinement

The X-ray data alone were used to build the initial model before the addition of
deuterium atoms. The 5-PMUA ligand was fitted into a positive peak in the mF,-
DF. neutron density map. A characteristic of 5-PMUA is the pyrimidalization of the
carbon atom at position C5. The C5 atom is sp> hybridized and adopts a tetrahedral
configuration, bonding to C4, C6 and N7 of 9-MUA, and Op1 of the peroxide [81].
However, in the "X-ray only” model where both Op1 and Op2 have occupancy 1.0,
a strong negative peak in the mF,-DF, electron density map was observed across
the C5-Op1 bond, shown in Figure 5.8 (b). This is indicative of the partial lysis of
the peroxide bond in the X-ray data. An additional negative peak at 3.0 c was seen
in the mF,-DF_ electron density map at the C5 atom, providing further evidence of

a non sp> hybridized species at C5 and the appearance of a planar species, 9-MUA.
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(a) (b)

"X-ray only’ refinement "X-ray only’ refinement

Opl1/0Op2 occ=0.0 Opl1/Op2occ=1.0

FIGURE 5.8: (a) An omit map calculated in the absence of Op1 and Op2 atoms. Positive
peaks in the mF,-DF, electron density map at 3.0 ¢, shown in green, indicates the presence
of two oxygen atoms in the peroxide position. A further negative peak in the mF,-DF,
electron density map on the C5 atom is seen in red. (b) Electron density map calculated
with 5-PMUA fixed to an occupancy of 1.0. A negative peak in the mF,-DF electron
density map at 3.0 ¢ is observed between the C5-Op1 bond, indicative of partial peroxide
bond lysis. The 2mF,-DF. electron density maps are contoured at 2.0 ¢.

An omit map excluding only the Opl and Op2 atoms was conducted, shown in
Figure 5.8 (a). A positive peak in the mF,-DF, electron density map showed the
location of the two oxygen atoms of the peroxide. It is important to note that the
omission of Op1 and Op2 did not remove an additional negative peak in the mF,-
DF, electron density map located at the C5 position. The occupancies of each oxy-
gen atom were refined and found to be 0.65 and 0.85 for Op1 and Op2, respectively.
The occupancies, in conjunction with the strong negative peak in the mF,-DF elec-
tron density map at 3.0 o across the C5-Op1 bond indicate the loss of peroxide in
the X-ray data. It has been shown in previous literature that liberated O, results
from the C5-Op1 bond lysis, therefore it can be suggested that the X-ray structure
represents a split state: DUOX:5-PMUA and DUOX:9-MUA + O,.

A joint refinement strategy was then used to gather further information on the
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DUOX:5-PMUA complex. However, as expected, similar problems were observed
concerning the X-ray data. The joint refinement results are shown in Figure 5.9.
Both Figure 5.9 (a) and (b) show the omit maps of Opl and Op2 in the mF,-DF.
electron density and neutron density maps, respectively. However, Figure 5.9 (c)
and (d) shows the 5-PMUA ligand with Op1 and Op2 modelled with the occupan-
cies fixed at 1.0. In common with the previous observation, a large negative peak in
the mF,-DF. electron density map dominates the signal from the 5-PMUA ligand,
suggesting the partial lysis of the C5-Op1 peroxide bond in the mF,-DF. electron
density map (Figure 5.9 (c)). It is interesting to note that no negative peak is seen
across the C5-Op1 bond in the mF,-DF,; neutron density map, as shown in Figure 5.9
(d). This provides evidence that the peroxide bond is intact in the neutron dataset,

whereas the C5-Op1 bonds suffers partial lysis as seen in the X-ray dataset.
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X-ray Op1-Op2 occ = 1.0 Neutron Op1-Op2 occ = 1.0

FIGURE 5.9: The structure of 5-PMUA from the joint refinement. The X-ray and neutron
maps have been shown separately for clarity. The omit maps seen in (a) and (b) show
positive peaks in the mF,-DF, electron density and neutron density maps and indicate the
presence of Opl and Op2 (in green). (c) and (d) show 5-PMUA when Op1 and Op2 were
constrained to occupancies of 1.0. A negative peak in the mF,-DF. electron density map at
3.0 o was observed across the peroxide bond (in red). This is absent in the mF,-DF_
neutron density map. The 2mF,-DF, electron density maps are contoured to 2.0 ¢, the
2mF,-DF. neutron density maps are contoured to 1.0 o, whereas all mF,-DF; maps are
contoured to 3.0 7.

In the joint refinement, it was also observed that numerous D,O molecules showed
large B-factors, with values > 50 A2. This effect was not observed for the individ-
ual X-ray or neutron refinements. When modelled as D,0O, with occupancy values
fixed at 1.0, numerous water molecules showed density in 2mF,-DF, electron den-

sity and neutron density maps. However, many also showed additional strong
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positive peaks in the mF,-DF. electron density map at the same location with large
B-factors. It was often observed that the B-factors of the oxygen atoms differed sig-
nificantly from the B-factors of the adjacent deuterium atoms. Several approaches
were tested to rectify this problem, such as manually resetting B-factors and delet-
ing then re-adding the D,O molecules. Each method that was tested resulted in
the continued increase in B-factors for a number of D,O molecules after more than
one round of refinement. This effect was also seen in some residues in flexible loop
regions. The labile deuterium atoms on several sidechains such as asparagine, ly-
sine and glutamine amino acids reported B-factors of > 100 A%. While it is expected
that atoms from this flexible region would show higher B-factors than those tightly
bound in secondary structure elements, these values were lower in the neutron
only refinement. These positive peaks in the mF,-DF, electron density maps and
large B-factors hampered the interpretation of the maps, and was suggestive that

the X-ray and neutron datasets were reporting different features.

From this information, the following can be seen: the electron density maps show
a partially lysed peroxide (5-PMUA) and the joint refinement strategy showed a
conflict between the X-ray and neutron data. Since the main focus of this structural
investigation is the locations of hydrogen atoms in the structure, it was considered
unreasonable to try to extract information on active site hydrogen positions using
these X-ray data. To prevent potential bias from the X-ray data, the structural re-

finement subsequently proceeded with the neutron data alone.

5.6.4 Results from Neutron-Only Refinement

The neutron dataset had a high overall completeness of 92.5%, whereas most Quasi-
Laue neutron datasets are less complete, averaging around 80% completeness [259].
The initial model was taken from the last joint refinement, with X-ray derived fea-

tures removed. As previously described, no negative peak in the mF,-DF. neutron



Chapter 5. Neutron Refinement of Perdeuterated Urate Oxidase (DUOX)
185
complexed with 9-methyl uric acid (9-MUA)

density map was seen at the C5-Op1 bond or localised at the C5 position from the

jointly-refined model.

An omit map was calculated in the absence of Op1 and Op2 atoms using the neu-
tron data alone. This omit map is shown in Figure 5.10 (a). A strong positive peak
in the mF,-DF. neutron density map is shown located above the peroxide, indicat-
ing the position of the Op1 and Op2 atoms. The final model is shown in Figure 5.10
(b) with Op1 and Op2 modelled, both with occupancies fixed at 1.0. The 2mF,-DF,
neutron density map does not completely cover both Op1l and Op2 atoms. This
could be due to the lower signal-to-noise ratio, which may arise from the relatively
low fluxes of neutron beams. In addition, it is observed that the B-factors are higher
for Op1 and Op2 in the 'neutron only” model than they are in both the "X-ray only”
and jointly-refined models, as detailed in Table 5.3. However, the absence of a
negative peak provides strong evidence that the C5-Op1 bond is intact as derived
from the neutron data. Therefore, the final model of 5-PMUA from the neutron
only refinement is presented in Figure 5.10 (b). The oxygen atom occupancies and

B-factors calculated for each model are detailed in Table 5.3.
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TABLE 5.3: Occupancies of peroxide atoms Op1 and Op2 in X-ray, joint refinement and
neutron models. *B-factors in "X-ray only” and joint refinement structures were refined

anisotropically for non D/H atoms.

Model Op1 occupancy  Op2 occupancy
X-ray data only 0.65 0.85
Joint refinement 0.64 0.71
Neutron data only  0.69 1.00

Op1 B-factor

Op2 B-factor

X-ray data only*
Occupancy 1.0
Occupancy refined
Joint refinement*
Occupancy 1.0
Occupancy refined
Neutron data only
Occupancy 1.0
Occupancy refined

25.62
20.78

28.16
23.83

40.14
35.68

27.22
22.10

25.26
20.33

31.42
30.81

(a)

(b)

Neutron only refinement

Op1-Op2 occ =0

Neutron only refinement

Op1-Op2 occ =1.0

FIGURE 5.10: (a) An omit map calculated in the absence of atoms Op1 and Op2. The
positive green peak in the mF,-DF. neutron density map is contoured to 3.0 ¢. (b) Both
Op1 and Op2 atoms are modelled with an occupancy fixed at 1.0 and no negative peak is
seen in the mF,-DF. neutron density map. The 2mF,-DF. neutron density maps are

contoured to 1.0 0.
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The C5-Op1 bond length was found to be 1.5 A and the Op1-Op2 bond length was
found to be 1.5 A. These measurements are similar to previously reported values
for HUOX:5-PMUA [81]. All 5-PMUA bond angles involving the Op1-Op2 atoms
are detailed in Table 5.4.

TABLE 5.4: Bond angles of 5-PMUA, specifically the bonds connecting the peroxide and
Op1-Op2 atoms.

Bonding atoms (A -B-C) Bond angle
C5 - Opl - Op2 118°

C6 - C5 - Opl  94°
C4 - C5 - Opl  103°
N7 - C5 - Opl  112°

In the evaluation of the 5-PMUA structure using only the neutron data, the possi-
bility of a deuterium atom bonded to Op2 was investigated. This would define this
peroxide intermediate as a hydroperoxide species. The examination of numerous
omit maps found no evidence of an Op2-bonded deuterium atom. In the omit map
of Opl and Op2, shown in Figure 5.10 (a), a positive peak surrounds the positions
of the two oxygen atoms and no additional peak is observed in the vicinity of Op2
where a deuterium atom would be expected. Additionally, a deuterium atom was
modelled on Op2 and the occupancy refined to 0.16. This low value provides ev-
idence to suggest that there is no deuterium atom on this peroxide. In the final
model we present the peroxide as unprotonated, and therefore negatively charged

at Op2.

5.6.5 DUOX:5-PMUA Bonding Interactions

The 5-PMUA ligand binds in the same location as the AZA ligand presented in
Chapter 4. The bonding distances and angles were measured and described in

Figure 5.11 and Table 5.6.
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An additional interaction is seen between O8 of 5-PMUA and the backbone amide
on residue Asp58* with a hydrogen bonding distance of 2.1 A between the two

atoms.

227Val

FIGURE 5.11: Hydrogen bonding partners between active site residues and 5-PMUA. The
hydrogen bonds are indicated by pink dashed lines. Hydrogen bond angles are numbered
and detailed in Table 5.6.

TABLE 5.5: DUOX:5-PMUA active site residues and hydrogen bond angles.

Hydrogen Bond (Donor — Hydrogen - Acceptor) Bond Angle
(1) Argl76 N - Argl7Z6 D - 5PMUA N3 166°
(2) Argl7e N - Argl7Z6 D - 5PMUA O6 166°
(3) Val227 N - Val227 D - 5PMUA O2 162°
(4) GIn228 O - AZA DI - 5PMUA NI 169°
(5) GIn228 N - GIn228 D - 5PMUA 06 167°
(6) Thr57* N - Thi57* D - 5PMUA N7 158°
(7) Asp58* N - Asp58* D - 5PMUA O8 99°
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5.6.6 Catalytic Residues

The protonation states of the residues surrounding the active site and the 5-PMUA
ligand were also investigated. The protonation states of the residues that will be
discussed in this section are shown in Figure 5.12, where the deuterium atoms of

relevance are highlighted in red, for reference.

D

N

D
=\ I|3 PP
NN N\H H3CYO *
D
7oy
D

His256 Thr57* Lys10* Asn254
-NDg2 -OD -ND; -ND,

FIGURE 5.12: The protonation states of active site residues of interest. The locations of the
deuterium atoms under investigation are shown in red.
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(a) (b)

-OD omit -OD modelled

FIGURE 5.13: Omit map and final model of residue Thr57*. (a) shows the omit map
calculated in the absence of the deuterium atom of the hydroxyl sidechain -OD. A positive
peak in the mF,-DF. neutron density map is seen at 3.0 ¢. (b) the final model shows the
deuterated hydroxyl group of Thr57*. The 2mF,-DF. neutron density maps are contoured
to1l.00.

The protonation state of catalytically important Thr57* is shown in Figure 5.13. The
removal of the deuterium atom attached to the sidechain hydroxyl group resulted
in a positive peak in the mF,-DF . neutron density map at 3.0 ¢, shown in Figure 5.13
(a), providing strong evidence for the presence of a deuterium atom. Therefore the
final model of Thr57*, shown in Figure 5.13 (b), includes an -OD group where the
is deuterium atom is pointing towards the negatively charged Op2 atom of the
peroxide, forming a hydrogen bond with a distance of 2.0 A. The occupancy of this

deuterium atom was refined as 0.84.

The neighbouring residue Lys10* is also catalytically important [91]. Modelling a
singular conformation in the absence of the three deuterium atoms attached to the
sidechain nitrogen atom, resulted in a large positive peak at 3.0 ¢ in the mF,-DF.
neutron density map, shown in Figure 5.14 (a). However, this positive peak was

also seen to extend along the aliphatic chain of Lys10%, suggesting that this residue



Chapter 5. Neutron Refinement of Perdeuterated Urate Oxidase (DUOX)
191
complexed with 9-methyl uric acid (9-MUA)

adopts two conformations. The X-ray data were consulted and a positive peak was
also seen in the mF,-DF. electron density map at 3.0 ¢ at the same location, provid-
ing further evidence of a split. A second omit map was calculated using the model
in which Lys10* is in two conformations, with the removal of the three deuterium
atoms from both sidechain nitrogen atoms, as detailed in Figure 5.14 (b). A large
positive peak is seen in the mF,-DF; neutron density map surrounding the two
sidechain nitrogen atoms, however, the positive peak along the Lys10*sidechain
shows a reduction in size. The distance between the two Lys10* sidechain nitrogen
atoms was found to be 0.4 A, and the occupancies were refined to 0.63 and 0.37. In
order to investigate the protonation states of this residue, a number of omit maps

were conducted, and different models were tested.

Both the single and alternate conformations of Lys10* were modelled to investigate
the protonation state of the sidechain nitrogen: using -ND3* and -ND, groups. The
models containing -ND3* groups are detailed in Figures 5.14 (c) and (d). In the
singular conformation, Figure 5.14 (c), a positive peak remained in the mF,-DF.
neutron density map at the -ND3* group position. However, in the alternate con-
formation, Figure 5.14 (d), a negative peak appears in the mF,-DF, neutron density
map. Interestingly, in Figures 5.14 (e) and (f), no significant positive or negative
peaks are seen: this suggested that -ND; may be the more reasonable model for
both the singular and alternate conformations. It is important to note that in Fig-
ures 5.14 (a), (b), (c), and (d), His256 is unprotonated and in Figures 5.14 (e) and (f)

His265 is deuterated with a fixed occupancy of 1.0.
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Singular Conformation Alternate Conformation

(a) (b)

-ND3* omit -ND3* omit

(c) (d)

(e) (f)

-ND, modelled -ND, modelled

FIGURE 5.14: The omit maps and models of the singular and alternate conformations of
Lys10*. (a) and (b) show the omit maps calculated in the absence of -ND3* atoms for
singular and alternate conformations of Lys10*, respectively. (c) and (d) the -ND, group is
modelled on the singular and alternate conformations of Lys10*, respectively. (d) and (e)
the -NDj3* group is modelled on the singular and alternate conformations of Lys10*
respectively. The mF,-DF. neutron density maps are contoured at 3.0 ¢, with positive
peaks represented by green and negative peaks by red. All 2mF,-DF. neutron density
maps are contoured at 1.0 ¢.
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The location of the positive peak in the mF,-DF. neutron density map in the pres-
ence of an -ND3*, described in Figure 5.14 (c), was adjacent to the unprotonated
His256 residue. In addition, a negative peak in the mF,-DF. neutron density map
was seen in the presence of two -NDs* groups (Figure (5.14 (d)). Therefore, we
considered that a relationship may exist between the protonation states of these
neighbouring residues. To probe this relationship, a further set omit maps were
calculated: these are shown in Figure 5.15. However, the refinement of individual
atom occupancies cannot be obtained for residues adopting more than one con-
formation, due to the limitations of the refinement program used. This means all
atoms refine to the same occupancy as each conformer with a total occupancy of
1.0, where the total is the sum of all conformer occupancies. For example in this
case, all atoms from one Lys10* conformer have the occupancy of 0.69, whereas the
all atoms from the other conformer have an occupancy value of 0.31. Therefore,
in order to calculate the occupancy values for the individual deuterium atoms lo-
cated on the Lys10* sidechain, only the major conformation of Lys10* was included

in these models.

In the omit map where all three deuterium atoms are removed from the Lys10*
sidechain nitrogen atom, and His256 was also unprotonated at -NDe2, a posi-
tive peak in the mF,-DF. neutron density map was observed extending from the
sidechain of Lys10* to the sidechain of His256, as shown in Figure 5.15 (a). When
both -ND; and -ND3™* groups were modelled on Lys10*, an additional positive peak
in the mF,-DF; neutron density map was seen between the Lys10* sidechain nitro-
gen atom and the nitrogen atom of the uncharged His256 (Figure 5.15 (b) and (c)).
When modelling both a charged Lys10* and His256, this positive peak in the mF,-
DF; neutron density map was seen to disappear (Figure 5.15 (e)). However, the
occupancies of each deuterium atom refined to values of 1.00, 0.91 and 0.06: the
lowest value was found on the deuterium atom nearest His256, whereas the deu-
terium atom on the charged His256 refined to an occupancy of 0.51 (Figure 5.15

(f)). It was not possible to conduct the same tests with the alternate conformation
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of Lys10* as detailed above.
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(a) Lys10*-NH3z*
omit His256-NH
omit

(b) Lys10*-NH3z*
His256-NH omit

(c) Lys10*-NH;
His256-NH omit

(d) Lys10*-NHsz*
omit His256-NH

(e) Lys10*-NHsz*
His256-NH

(f) Lys10*-NH;
His256-NH

FIGURE 5.15: Investigation into the protonation states of residues Lys10* and His256,
where Lys10* is in a singular conformation. The 2mF,-DF. neutron density maps are
contoured to 1.0 o and the mF,-DF. neutron density maps contoured to 3.0 ¢. Positive
peaks are shown in green and negative peaks are shown in red.
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(a) Lysl0*-NHjz*
His256-NH omit

90 ° rotation

(b) Lys10*-NH,
His256-NH omit

90 ° rotation

FIGURE 5.16: Investigation into the protonation states of residues Lys10* and His256,
where Lys10* is in a singular conformation. The 2mF,-DF. neutron density maps are
contoured to 1.0 ¢ and the mF,-DF; neutron density maps contoured to 3.0 ¢. Positive
peaks are shown in green and negative peaks are shown in red.

The omit maps shown in Figure 5.15 suggest modelling His256 as positively charged.
However, despite removing the residual density between His256 and Lys10%, the
His256 -NDe2 only accounts for 50% of the deuterium atom. Figures 5.16 (a) and
(b) show a 90 ° rotation of Figures 5.15 (b) and (c), respectively. Inspection of these
maps indicates that the positive peak attributed to the His256 -NDe2 is not in a
favourable geometric position, pointing out of the plane of the His256 residue.
This result most likely indicates that the deuterium atom is in fact shared between

His256 and Lys10*, however, it is not easy to model this correctly.
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(a)

-ND, occ = 0.69
-ND; occ = 0.31

-ND oce = 0.69
-Noce=0.31

Top-down view

(b)

Split Lys10* and His256

Side-on view

FIGURE 5.17: The model of residues Lys10* and His256 where the deuterium atom is
present on both residues to a total occupancy of 1.0. Both residues are modelled in an
alternate conformation: Lys10* with an -ND; group and positively charged His256 have
an occupancy of 0.63 whereas Lys10* with an -ND3;* group and neutral His256 have an
occupancy of 0.37. a) shows the top down view and (b) shows the side-on view. The
2mF,-DF, neutron density map is contoured at 1.0 ¢ and the mF,-DF; neutron density map
is contoured at 3.0 0.

Another approach to investigate these residues, involved splitting the Lys10* residue
to include each a -ND3* /-ND, group on either nitrogen atom, with the correspond-
ing His256 coupled in either the absence or presence of a deuterium atom -Ne2.
The occupancies for this were set according to the occupancies of the two alternate

conformers of Lys10* (0.63 and 0.37). In Figure 5.17 (a) and (b), a model is shown
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describing this conformation. In this case, the deuterium atom is located mostly on
the His256, with an occupancy of 0.63. There is no residual positive peaks in the
mF,-DF, neutron density map seen in between the two residues. The deuterium
atom from His256 hydrogen bonds to the lone pair of the Lys10* -ND; group with
a hydrogen bonding distance of 2.4 A, conversely the deuterium atom from the
Lys10* -ND3* group forms a hydrogen bond with the unprotonated nitrogen atom
of His256 at a distance of 2.2 A. However, the fixing the occupancy at 0.63 artificially
increases the occupancy of the -NDe2 atom of His256, which previously refined at

0.51.

With this in consideration, we suggest that the simplest model would involve the
Lys10* residue in an alternate conformation with each nitrogen atom containing a
positively charged -NDs* group, leaving the His256 unprotonated, shown in Fig-
ure 5.18. This model satisfies the evidence for a split Lys10* residue and accounts
for the total number of deuterium atoms between the two residues. In addition, as
the density present next to His256 is not in a favourable geometry to be satisfied by
modelling a deuterium atom on His256, it is chemically more likely that the deu-
terium atom is on the Lys10* -NDs* sidechain. However, it is important to consider
that this deuterium atom may have a level of mobility that is not possible to model,
or may partially exist in between the two residues. The relationship between these
Lys10* and His256 residues has presented challenges in determining a final model,
however, may be indicative of the ability of these residues to transfer protons be-
tween each other, which may have implications in the reaction mechanism. In this
model, hydrogen bonding distance between the Lys10* -ND3;* and Thr57* -OD was
found to be 2.5 A.
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(a)

Both conformations

Lys10* -ND+3 His256 deprotonated

(b)

Both conformations
Lys10* -ND,

FIGURE 5.18: With consideration to the location of the positive peak in the mF,-DF,
neutron density map, it was chosen to model the Lys10* with an -ND3* group and
unprotonated His256. (a) shows the top down view and (b) shows the side-on view. The
2mF,-DF. neutron density map is contoured at 1.0 o and the mF,-DF. neutron density map
is contoured at 3.0 0.

Residue Asn254 is within bonding distance of the 5-PMUA peroxide Op2 atom.
An omit map was calculated in the absence of both the deuterium atoms on the
sidechain nitrogen atom. However, this omit map showed no evidence of deu-
terium atom positions as no positive peaks in the mF,-DF. neutron density map
were observed, shown in Figure 5.19 (a). To further investigate the orientation of
the Asn254 sidechain, the sidechain was flipped, swapping the location of the -ND;
and carbonyl groups. This resulted in the appearance of a positive peak in the mF,-

DF. neutron density map next to the oxygen atom (Figure 5.19 (b)), suggesting that
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this orientation is incorrect. The final model is shown in Figure 5.19 (c) with the
two deuterium atoms attached to the sidechain nitrogen atom. The occupancies of
each deuterium atom were also refined and found to have values of 0.20 and 0.29.
The hydrogen bonding distance between the Asn254 and Op2 is measured at 2.0 A.

All bond angles from the active site residues are detailed in Table 5.6.

(a) (b) (c)

-ND, omit Sidechain flip -ND; modelled

-ND,; modelled

FIGURE 5.19: Investigation into the orientation of residue Asn254. (a) This omit map was
calculated in the absence of both nitrogen-bound deuterium atoms (indicated by red
circles). (b) Flipping the residue orientation results in a positive peak in the mF,-DF_
neutron density map next to the sidechain oxygen atom. (c) This final model presents the
-NH; group as shown. Positive and negative residual noise peaks are seen in both maps,
shown in green and red respectively. The 2mF,-DF. neutron density maps are contoured
at 1.0 o whereas the mF,-DF. neutron density maps are contoured to 3.0 ¢.



Chapter 5. Neutron Refinement of Perdeuterated Urate Oxidase (DUOX)
201
complexed with 9-methyl uric acid (9-MUA)

TABLE 5.6: The hydrogen bond angles of residues in the active site.

Hydrogen Bond (Donor — Hydrogen - Acceptor) Bond Angle
@ Thr57* O - Thr57* D - 5-PMUA Op2 143°
(2) Lysl0* N - Lysl0* D - Thi57* O 134°
@ His256 N - His256 D - Lys10* N 124°
(4) Lysl0* N - Lysl0* D - His256 N 136°
@ Asn254 N - Asn254 D - 5-PMUA Op2 143°

5.6.7 Active Site Water Network

A comparison was made between the X-ray and neutron data and it was found that

there were a higher number of water molecules observed in the X-ray data.

Surrounding the active site there are several water molecules, observed as oxygen
atoms in the X-ray data. However, the positive peaks in the mF,-DF, electron den-
sity maps are not well defined, indicating a degree of mobility. In the mF,-DF.
neutron density map, the same D,O positions showed very weak peaks. It was not
possible from this information to determine the orientation of the D,O molecules.
Hence these D,O molecules were modelled as oxygen atoms only. As as result, it
was not possible to draw any reliable conclusions on the nature of this hydrogen
bonding network and the relationship between these molecules and the catalytic

residues in the active site.

The -CHj3 group attached to the N9 position of 5-PMUA shows no density in the
2mF,-DF. neutron density map, as expected due to the cancellation effects caused
by the covalently bonded hydrogens (see Table 2.2 and Section 2.6 in Chapter 2).
Solvent molecule W2 does not form a hydrogen bond with NH9 of the ligand as
is the case in the DUOX:AZA complex, due to the N9-CHj3 of 9-MUA. From the
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neutron data presented, it has not been possible to identify the location of solvent

molecule W2.

5.6.8 Final Structure of the DUOX:5-PMUA Active Site

Figure 5.20 shows the final structure of the DUOX:5-PMUA active site. The unpro-
tonated 5-PMUA molecule is surrounded by the active site residues that have been
discussed within this chapter. Residue Thr57* donates a hydrogen bond to the neg-
atively charged Op2 atom and accepts a hydrogen bond from the Lys10* -NDs*.
Residue His256 also accepts a hydrogen bond from the Lys10*. The Asn254 residue
also donates a hydrogen bond to the Op2 atom of the 5-PMUA, however, the po-

sitions of the two deuterium atoms are not well defined in the 2mF,-DF, neutron

density map.

FIGURE 5.20: The final structure of the DUOX:5-PMUA active site. The protonation states
of the active site residues surrounding the 5-PMUA ligand are shown. The 2mF,-DF,
neutron density map is contoured to 1.0 .
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5.7 Discussion

The crystallisation of DUOX in complex with 9-MUA enabled the trapping of the
peroxide intermediate 5-PMUA. Examination of the neutron structure allowed the
investigation into the protonation states of residues surrounding the active site and
the peroxide. The purpose of this study was to try to understand the formation
and the stabilisation of the peroxide and investigate what role UOX plays in this

process by looking at the hydrogen positions.

The structural analogue 9-MUA differs from the natural substrate UA as it has a
methyl group attached to position N9 instead of a labile hydrogen atom. Previous
studies had shown that this substitution resulted in trapping the peroxide interme-
diate and resulted in the suggestion that this labile hydrogen atom is abstracted
during the expulsion of H,O, and the formation of DHU intermediate [81]. There-
fore, it was possible to produce the crystals under aerobic conditions and conduct

neutron data collection at RT.

The crystal selected for data collection was grown in a mixed buffer solution with
a 2:1 ratio of D:H. This excess of deuterium is due to the fact that the protein was
initially fully exchanged against 100% D,O, with only the crystallisation solution
in hydrogenated conditions. It was reported that 100% deuterated crystallisation
conditions shortened the lifetime of the peroxide and resulted in partial lysis of
the C5-Op1 bond. It was also observed that the size of crystals grown in 100%
deuterated conditions was significantly smaller. However, mixed H/D conditions

were shown to extend the lifetime of the peroxide and resulted in larger crystals.

Following an initial data collection, a visible level of hydrogen contamination was
observed in the crystal structure, complicating the interpretation of the neutron
density maps. Therefore, further buffer exchange against a 100% deuterated solu-

tion was conducted by vapour diffusion inside the capillary where the crystal was
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mounted. The use of vapour diffusion may not be as effective for deuterium incor-
poration as initial crystal growth in 100% D,0O, but it is a gentler method of buffer
exchange for crystals grown in non-deuterated conditions [260]. A typical method
for buffer exchange involves transferring the crystals into deuterated crystallisation
buffer, however, this was not possible in this case as the crystal had already been

mounted.

The use of vapour diffusion for buffer exchange after crystal mounting has been
successfully conducted in previous neutron experiments [261-263]. In all of these
cases the crystals were produced in 100% hydrogenated conditions and exchange
times were on the order of weeks. For the sample presented in this chapter, buffer
exchange over the course of weeks was not possible. Reasons for this include beam-
time availability and the short peroxide lifetime, previously discussed. The buffer
exchange strategy adopted in this case involved exchanging the deuterated buffer
plug multiple times within the capillary to encourage diffusion, rather than allow-
ing for long diffusion times. The ability to collect a dataset before and after the
vapour diffusion gave a unique insight into the efficacy of this exchange process.
The appearance of numerous water molecules and increased quality of the neutron
density maps showed evidence that the buffer exchange process had been success-

ful.

Both neutron and X-ray datasets were collected on the same crystal at RT. The use of
two complementary datasets has numerous benefits when used together in a joint
refinement. For example, there is a substantial increase in the number of observa-
tions, typically compensating for the increased number of parameters as a result
of including hydrogen and deuterium atoms in the refinement [186]. Joint refine-
ment also compensates for the lower completeness and the more limited resolution
typically seen for neutron data [186]. Furthermore, it can also aid the anisotropic re-
finement of C, N, O and S atoms in the structure. However, in this DUOX:5-PMUA

structure, it has been observed that the X-ray data shows notable differences to the
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neutron data. This is seen in the partial lysis of the C5-Op1 bond, as observed by
a large negative peak in the mF,-DF, electron density map, however, this feature
was not observed in the mF,-DF. neutron density map. We reasoned that the loss
of 5-PMUA may cause perturbations in the true protonation states of the peroxide-
bound complex. It has previously been reported that the breakdown of the perox-
ide results in a reorganisation of solvent in the active site, with the appearance of a
water molecule within hydrogen bonding distance to O8 [81]. Therefore, the pos-
sibility that the partial lysis of the C5-Op1 bond augments the proton arrangement
in the active site cannot be disregarded. The partial C5-Op1 bond lysis, seen only
in the X-ray data, led to a 'neutron only” refinement strategy being conducted. This
removed any bias that may have been included from the split nature of 5-PMUA in
the X-ray data. A neutron only refinement was also considered possible due to the

high level of completeness of the neutron data collected (92.5%).

The true cause of the partial C5-Op1 bond lysis has not been identified in this study,
however, is it important to consider the following possibilities. In comparison to
HUOX, the perdeuteration of DUOX and the presence of deuterated buffer may
have had an effect on the lifetime of the peroxide bond. By collecting datasets of
DUOX:5-PMUA complexes on a home source at 100 K, it was observed that partial
C5-Op1 bond lysis was seen to occur more rapidly than previously reported for
HUOX:DUOX. However, it is also possible that even the low dose of X-rays calcu-
lated may have had an effect unlike that seen for HUOX. As a result, the perdeuter-
ated DUOX:5-PMUA complex may be more sensitive to radiation damage. The
lack of cryo-cooling of the DUOX sample reported in this chapter is also likely to in-
crease the susceptibility to radiation damage in comparison to cryo-cooled HUOX.
Hence, the RADDOSE-3D values that were used to evaluate the dose received by
the crystal may not be directly comparable to the previous published values for

HUOX complexes [81].

The X-ray and neutron data confirmed that the binding mode of 5-PMUA in this
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complex is similar to those described previously [76, 77, 80-83] and in Chapter
4. The neutron data confirms the presence of the trapped peroxide intermediate,
showing a bond between the C5 position of the 9-MUA substrate and the oxygen
molecule, previously seen in X-ray studies [81]. No evidence was found in the data
to suggest the presence of a deuterium atom on the peroxide Op2 atom, therefore,
the 5-PMUA intermediate that is presented in this chapter was determined as un-

protonated, with Op2 as negatively charged.

By comparing the DUOX:5-PMUA and HUOX:5-PMUA previously published, it
was found that the C5-Op1 and Op1-Op2 bond lengths are very similar, only dif-
fering by 0.01 A [81]. Interestingly, QM /MM calculations conducted by Bui et al.
based on the HUOX:5-PMUA structure reported that these bond lengths are con-
sistent with the 5-PMUA hydroperoxide monoanion species [81]. However, the ex-
perimentally determined structure that we present is the 5-PMUA dianion. A struc-
tural comparison of the 5-PMUA peroxide dianion and the 5-PMUA hydroperoxide

monoanion is shown in Figure 5.21.

0 o< 0 oo
H N H N
\N \N
0 0]
oéJ\N/ O)\N/
\ \

H H
5-PMUA 5-PMUA
peroxide dianion hydroperoxide
(charge =-2) (charge =-1)

FIGURE 5.21: Structural comparison of 5-PMUA peroxide dianion and 5-PMUA
hydroperoxide.

The neutron data provided unambiguous evidence that the hydroxyl group of residue
Thr57* was present as -OD. This deuterium atom forms a hydrogen bond with the
negatively charged Op2 atom of the peroxide, at a bonding distance of 2.0 A. The
close proximity of this residue to Op2 suggests that the proton located on Thr57*

may be important for stabilising the 5-PMUA species. In addition, to form H,O,
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the Op2 must become protonated, and the Thr57* hydroxyl deuterium atom is in
an ideal location to facilitate this. As this is not seen in this structure, we suggest
that this protonation of Op2 is likely to occur during the abstraction of the hydro-
gen atom at N9 of UA. This proton abstraction and resultant peroxide protonation
may involve the solvent network and residues Lys10* and His256, forming a proton

transfer system, connected via hydrogen bonds.

The protonation states of residues Lys10* and His256 were extensively investigated,
with a variety of possible states probed. There was strong evidence that the Lys10*
residue adopted an alternate conformation in both the X-ray and neutron data.
Many models were used to probe the exact protonation states of these residues.
From the information obtained from our tests, the most sensible model showed
the Lys10* in an alternate conformation, with a charged -ND3* sidechain in both
conformations. While there is some evidence that the deuterium atom that was un-
der investigation exists between the two residues, we reasoned that the chemically
sensible model would be with the deuterium atom present on the Lys10* sidechain.
However, from our observations, we suggest that there is a link between these pro-
tonation states in this intermediate. The appearance of the shared proton between
Lys10* and His256, would result in a partial positively charged His256. This may
suggest that a proton transfer between these residues can occur in this interme-
diate. This may be have relevance to the proton transfer mechanism needed for
the deprotonation of N9, and formation of HyO,, previously described. However,

further experiments would need to be conducted to verify this hypothesis.

The protonation states presented in the DUOX:5-PMUA complex are similar to
those determined in previous NMX studies [80]. In both HUOX:8-HX and the
DUOX:AZA structure presented in Chapter 4 of this thesis, the His256 residue is

neutral, neighbouring a positively charged Lys10*.
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FIGURE 5.22: Proposed mechanism by Wei et al describing the protonation of the
peroxide species. This mechanism suggests that the protonation of the peroxide occurs
before the radical recombination reaction to form 5-peroxyisourate. Adapted with
permission from [112]. Copyright 2017 American Chemical Society

In the theoretical paper by Wei et al., a mechanism was proposed using the UOX:8-
HX neutron structure by Oksanen et al as the substrate [112]. The detailed mech-
anism taken from Wei et al. involving the radical recombination resulting in the
formation of the peroxide is shown in Figure 5.22. The results of the QM/MM
calculations proposed that the superoxide becomes protonated prior to the rad-
ical recombination with the substrate. As shown in Figure 5.22, it is proposed
that the positively charged Lys9* (Lys10* in Aspergillus flavus) delivers a proton
to the superoxide via Thr56* (Thr57* in Aspergillus flavus), shown in Figure 5.22
(a). This protonated superoxide then undergoes a radical recombination to form

5-(hydro)peroxyisourate, shown in Figures 5.22 (b) and (c).
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In this mechanism, the expulsion of H,O; is facilitated by the abstraction of a hy-
drogen atom from solvent by the peroxide species, resulting in the deprotonation of
N9, described in shown in Figure 5.22 (d). However, from the data that we present,
the peroxide is negatively charged and it is clear that Thr57* sidechain is -OD, is
pointing towards the 5-PMUA ligand. Therefore, we suggest that the protonation
of the peroxide does not occur before the radical recombination reaction, and is
facilitated by Thr57* after the peroxide intermediate has formed. This theoretical
model also does not consider the role of His256 in this process. It is possible that
His256 may play a role in either the stabilisation of 5-PMUA or in the next step

involving H,O, expulsion.

Within this study it has not been possible to determine the nature of the water net-
work that surrounds the active site. These conserved water molecules have been
identified in previous UOX X-ray structures, with and without ligands, and at both
100 K and RT [68, 76, 77, 81, 83]. It has been suggested that water molecules W1
and W2 form two ends of a low energy proton transfer system [78, 82] however,
this has not been experimentally confirmed. It is interesting to note that the X-ray
structure of HUOX:5-PMUA conducted at 100 K reported that several of these ac-
tive site waters adopted an alternate conformation [81]. Therefore, it is reasonable
to suggest that even under cryo-cooled conditions, these waters are mobile and this
explains the difficulty that we had in locating these molecules in our neutron data

at RT.

5.8 Conclusion

The neutron structure that is presented within this chapter, builds on the informa-
tion obtained in the X-ray structure of HUOX:5-PMUA determined by Bui et al.
[81]. It has been possible to trap the 5-PMUA species in complex with DUOX and

collect a neutron dataset at 298 K. The 5-PMUA intermediate has been determined
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as unprotonated and, therefore, negatively charged at the Op2 atom. Due to the hy-
drogen bonding distance between residue Thr57* and the negatively charged Op2
atom of 5-PMUA, we suggest that this residue plays a role in stabilising this per-
oxide species. It is also likely that this proton is transferred to Op2 before H,O,

expulsion.

In addition, we have observed that there is a close relationship in the protona-
tion states of residues Lys10* and His256. After extensive testing, the most sensi-
ble model presented in this chapter has a positively charged Lys10* and a neutral
His256. However, it is reasonable to suggest that a proton may be partially shared.
The ability of these residues to exchange protons may indicate that a proton trans-
fer mechanism is possible, and this may have implications in the abstraction of the
hydrogen at N9 of UA and the protonation of the peroxide by Thr57*, involving the

solvent network connecting the two positions, in the true catalytic process.

A schematic of the protonation states is shown in Figure 5.23. We present the first
structure to determine the protonation states of catalytic residues in a reactive in-

termediate in the UOX catalytic pathway.
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FIGURE 5.23: The final structure of the DUOX:5-PMUA active site, showing the

protonation states of the catalytic triad Thr57*-Lys10*-His256 and the unprotonated
5-PMUA intermediate.
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Chapter 6

Concluding Remarks and Future

Perspectives

In this thesis, a structural study of the cofactor-free enzyme Urate Oxidase, (UOX),
is presented. The aim of this work was to investigate how this enzyme is able
to facilitate the reaction of uric acid (UA) with O,, in the absence of redox-active
metals or organic cofactors. This research was focused on understanding the role
that protons play in the catalytic process, and how the protein is able to form and

stabilise the structure of reactive intermediates.

6.1 Perdeuteration of UOX and Characterisation

The main focus of this work was to locate hydrogen positions in the active site and,
therefore, identify hydrogen-related interactions, including hydrogen bonding and
solvent networks. This information can be obtained using neutron macromolecular
crystallography (NMX). To maximise the quality of the data that can be collected
via this technique, UOX was perdeuterated (DUOX), i.e., both non-exchangeable

and exchangeable hydrogen positions are substituted with deuterium. The benefits
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associated with the deuterium labelling of macromolecules is discussed in more

detail in Chapter 2.

Chapter 3 describes the perdeuteration protocol for DUOX, in addition to the bio-
physical characterisation. Mass spectrometry was employed to assess of the level of
perdeuteration achieved by this process. These results showed that the deuterium
content of DUOX was > 99%. An assessment into the thermal stability of DUOX
found that the perdeuterated protein was more susceptible to heat denaturation
than the hydrogenated counterpart. This observation has been reported in other
studies comparing the stabilities of hydrogenated and deuterated proteins. Fur-
ther studies could be conducted to identify any differences in reactivity between
HUOX and DUOX. This may prove interesting when investigating the comparison

between hydrogenated and deuterated macromolecules.

6.2 DUOX in complex with AZA

The structural study of DUOX in complex with 8-azaxanthine (AZA) is presented
in Chapter 4. AZA acts as an inhibitor by binding to the location of the natural
substrate, where it cannot be oxidised. Previous NMX studies used halogenated
crystallisation conditions, resulting in the addition of a chloride atom to the active
site. Our study involved the use of non-halogenated crystallisation conditions and
allowed the visualisation of solvent molecule W1, in the DUOX:AZA active site. It
was determined that solvent molecule W1 exists as DO molecule in the presence
of AZA, rather than a charged species. The orientation of solvent molecule W1
and hydrogen bonding interactions involving residues Asn254 and Thr57* were

identified.

Our work focused on the residues known to be catalytically relevant, dyad Thr57*-

Lys10%, also residue His256, suggested to extend this network to a catalytic triad.
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It was not possible to unambiguously determine the protonation state of Thr57*,
due to the lack of definitive evidence from the neutron density maps. However,
by employing intrinsic chemical knowledge, it was chosen to model deuterated
hydroxyl group pointing towards the active site, forming a hydrogen bond with
solvent molecule W1. The neighbouring residue Lys10* was found to contain a
positively charged -NHj3, whereas the His256 residue was found to be neutral, un-
protonated at the nitrogen atom position adjacent to Lys10*. These protonation
states form a network of hydrogen donors: acceptors, connecting His256 to the

solvent molecule W1.

This structure builds on information obtained in previous NMX studies conducted
by Oksanen et al., where HUOX was complexed with AZA in the presence of a chlo-
ride anion, as previously mentioned [80]. The DUOX:AZA dataset discussed in this
thesis was collected to a slightly lower resolution (2.1 Avs 1.9 A) but is more com-
plete (80.2% vs 73.2%), and does not suffer the effects from the hydrogen contribu-
tion as noted in the previous study [80]. The protonation states of HUOX:AZA were
found to be different to those presented in our structure, DUOX:AZA. The hydroxyl
sidechain of Thr57* donates a hydrogen bond to the neutral Lys10* sidechain, con-
trasting with the DUOX:AZA structure. The residue His256 was found to be neu-
tral, similarly to that observed in DUOX:AZA. The authors suggested that a config-
uration identical to our findings also existed, however, the resolution of the previ-
ous neutron data meant that the two conformations were unable to be refined [80].
The protonation states in DUOX:AZA were found to be similar to those presented
in another structure by Oksanen et al.: HUOX in complex with UA using the same

chloride inhibitory method, forming HUOX:8-HX.
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6.3 DUOX in complex with 9-PMUA

When DUOX is complexed with 9-methyl uric acid (9-MUA) under aerobic con-
ditions, 9-MUA rapidly converts to the 9-methyl-5-peroxyisourate intermediate (5-
PMUA). The DUOX:5-PMUA structure was able to provide information on the pro-
tonation states surrounding the active site with the peroxide intermediate in situ.
In Chapter 5, the challenges surrounding sample preparation of DUOX:5-PMUA
for NMX studies is described in detail. The lifetime of the peroxide species, cou-
pled with longer data collection times typical in NMX studies, needed carefully
timed crystal growth followed by buffer exchange. This was done using the gen-
tler method of vapour diffusion and it was possible to visualise the efficiency of
this process directly by comparing neutron density maps before and after buffer

exchange.

The susceptibility of the 5-PMUA peroxide bond to selective radiolysis by low X-
ray doses had been observed in previous X-ray studies of HUOX:5-PMUA [81].
This effect was observed in the case of DUOX:5-PMUA, after an X-ray dataset was
collected for use in joint refinement. It was not possible to identify the true cause
of this partial lysis, however, contributing factors are thought to include radia-
tion damage, exacerbated by RT data collection, and/or an undetermined effect of
deuteration. The partial lysis of the peroxide bond was not observed in the neutron

data, therefore, this structure was solved using a ‘neutron-only’ refinement.

This research was able to determine that the 5-PMUA species bound to the active
site was unprotonated, with a negative charge located on the Op2 atom. Exam-
ination of the protonation states in the active site, showed strong evidence for a
deuterated Thr57* sidechain forming a hydrogen bond with the Op2 atom, sug-
gesting that this residue plays a role in stabilising the peroxide. In addition, the
proximity of this deuterium atom to the negative charge of Op2, makes Thr57* an

ideal candidate to transfer a hydrogen atom to the peroxide in the formation of
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H,0O,. We suggest that this may occur concurrently with the deprotonation of the
N9 hydrogen atom in UA, creating a proton relay system involving the solvent and

residues Lys10* and His256.

The protonation states of residues Lys10* and His256 were shown to be strongly
related. After extensive testing, the protonation states of these residues were de-
termined as a positively charged Lys10* and a neutral His256, as this was deemed
the most chemically sensible model. However, it cannot be discounted that there
may be a level of mobility in this region, and that this proton transfer may have
mechanistic implications. QM /MM calculations could be employed to verify this

relationship.

6.4 Future Work

The NMX structures of DUOX:AZA and DUOX:5-PMUA present previously unattain-
able information on the protonation states of active site residues in UOX. In future
work, methods for the further validation of the results presented could be con-
ducted. Quantum mechanics/molecular mechanics (QM/MM) calculations have
proven useful in supporting results from previous structural investigations into
UOX [80, 81]. Therefore, this technique could be employed to confirm the protona-
tion states determined experimentally, and can explore possible enzymatic mecha-
nisms using the structures described in this thesis as a starting model, as previously

conducted by Wei et al. [112].

The structures presented in this thesis also provide a solid foundation for further
neutron studies into the protonation states of reactive intermediates in UOX cataly-
sis. In order to relate the results we have determined to the true structure of the re-

active intermediates, it is important to conduct additional experiments with DUOX
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in complex with the natural substrate UA. The methodology used to trap the anaer-
obic HUOX:UA and HUOX:PIU complexes, reported in the X-ray study by Bui et
al., would allow direct visualisation of the protonation states of the reactive inter-
mediates in complex with UA [81]. The study could be repeated exploiting the
neutron crystallographic technique with data collection at 100K. Trapping the UA
in complex with UOX in anaerobic conditions, would give an insight into the pro-
tonation state of UA in the primary reactive intermediate. This structure may yield
information on if an active site residue acts as a ‘general base’ as previously pro-
posed. It would also clarify if solvent molecule W1 is involved in the same bond-
ing interactions with active site residues that are presented in this thesis and if its
charge is affected by UA, in contrast to AZA. A further study could be conducted
on the ligand-free UOX structure, to identify the protonation states of active site
residues and solvent molecules in the absence of any ligand. This may provide an
interesting structure for comparison to the primary reactive intermediate structure,
to identify which residues change protonation states upon UA binding. In addi-
tion, the DUOX:PIU structure, could visualise the 5-peroxyisourate intermediate
and discern whether the peroxide is indeed unprotonated in complex with the nat-
ural substrate, as is presented in this thesis. Data collection of this sample at 100K
may circumvent the radiation-damage observed in the DUOX:5-PMUA structure
presented in this thesis. It would also increase the length of time that the perox-
ide is stable for: this would also reduce the possibility that the length of the data

collection time resulted in the degradation of the peroxide seen in the X-ray data.

6.5 Conclusion

NMX, coupled with deuterium labelling, has allowed the examination of the pro-
tonation states of DUOX in two different complexes: with an inhibitor, AZA, and
with 9-MUA, forming the 5-PMUA peroxide intermediate.
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The DUOX:AZA structure showed the AZA inhibitor-bound structure in the ab-
sence of O,. It was possible to draw comparisons between the DUOX:AZA struc-
ture and the HUOX:8-HX structure previously published as they showed the same
protonation states of active site residues [80]. The neutron dataset that is presented
in this thesis is of higher completeness than the HUOX:AZA neutron structure pre-
viously published, and has provided further details on the relationship between

active site solvent networks.

The neutron structure of DUOX:5-PMUA gave an insight into the active site struc-
ture in the peroxide-bound intermediate. This complex has revealed that 5-PMUA
intermediate is unprotonated when bound, and is stabilised by hydrogen bonding
to a catalytically relevant residue. In addition, the protonation states of other active
site residues were probed, and results have suggested some proton mobility. These
studies provide an interesting basis for further studies into the structure of reactive

intermediates in cofactor-free UOX catalysis.
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Appendix A

Supplementary Information for

Chapter 3
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FIGURE A.1: Aspergillus flavus UOX amino acid sequence obtained using ProtParam [264].
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TABLE A.1: Minimal media ingredients and masses. For H-Enfors the ingredients are
made up to 2 L of total media using 4H,O and for D-Enfors using D,0O.

(NH4)2S04

KH,PO,

NaZHPO4
(NHy),-H-citrate
dg-glycerol

1M MgSO4
metal salts

13.72 g
312 ¢
12.02 ¢
098¢g
10g
0.46¢g
2mL

*metal salts composition: 0.5g/1 CaCl,.2H,0, 16.7 g/1 FeCl3.6H,0, 0.18 g/1
ZnS04.7H,0, 0.16 g/1 CuSO4.5H,0, 0.15 g/1 MnSO4.4H,0, 0.18 g/1 CoCl,.6H,0O,
20.1 g/1 Na-EDTA.

TABLE A.2: Details of buffers used during the DUOX purification process.

Lysis Buffer 50 mM Tris-HCl, pH 8.0
or 50 mM Tris-acetate, pH 8.0
Dialysis Buffer 50 mM Tris-HCl, pH 8.0

Ion Exchange Chromatography
Buffer A
Buffer B

50 mM Tris-HCl, 5 mM KCl, pH 8.0
50 mM Tris-HCl, 0.6 M KCl, pH 8.0

Hydrophobic Interaction Chromatography

Buffer C 20 mM KP;, 1 M (NHy4),SO,, pH 8.0
Buffer D 20 mM KP;, pH 8.0

Gel Filtration
Buffer E 50 mM Tris-HCl, pH 8.0

or 50 mM Tris-acetate, pH 8.0
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FIGURE A.2: SDS-PAGE showing the expression and solubility of HUOX in LB medium.
The MW (kDa) lanes represent a molecular weight marker. The different temperatures
and expression times are separated by solid black lines. The temperatures and expression
times were as follows: 18 °C and overnight; 30 °C and 5 hours; 37 °C and 3 hours. The
before induction and after induction samples across all temperatures show similar levels
of overexpression. The SN 37 °C lane shows the largest quantity of soluble HUOX,
indicating the most favourable condition.
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