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Abstract

Canonical protein phosphorylation on Ser/Thr and Tyr residues is a central cellular regulatory
mechanism. However, progress in studying the phosphorylation of non-canonical amino acids
in eukaryotes, such as Histidine (His), has fallen behind, in large part because traditional
experimental design is unsuitable for the analysis of non-canonical phosphorylation. However,
pHis is a known enzyme intermediate in several enzymes, and recent work suggests that
protein His phosphorylation is more common than previously thought, raising the question as
to how His phosphorylation on proteins is regulated. However, the kinases and phosphatases
that control these processes, both in vitro and in cells, have largely remained a mystery. Two
phosphohistidine (pHis) isomers occur at positions N1 and N3 of histidine. Both are found in
human proteins and evidence is accumulating that the N1 pHis-containing enzymes, NME1
and NME2, better known as nucleoside diphosphate kinases (NDPK), might also possess N1
pHis protein kinase activity on substrates other than themselves. In addition, the isomerase
PGAM employs an N3 pHis enzyme intermediate, raising the possibility that it may act more

broadly as a N3 pHis depositing enzyme for proteins.

The work described in this thesis uses different approaches to investigate the subunit
stoichiometry and nucleotide-binding potential of NME1 and NME2. By exploiting mass
spectrometry and immunoblot analysis with commercial pHis site specific monoclonal
antibodies | discovered that NME1/2 and PGAM do not require Mg?* ions for activity, in marked
contrast to protein kinases. In addition, | develop a medium-throughput thermal shift assay,
which | exploit to show that recombinant NME1/2 and PGAM interact with a variety of novel
nucleotides in vitro. To build on these findings | evaluate the interaction of wild-type and mutant
NME kinases with a variety of small molecule ligands, including a large panel of FDA-approved
small molecules, leading to the discovery of compounds that modulate hexamer dissociation.
This work is then expanded on to investigate the functions of conserved NME Cys residues in
hexamer stability, and the response to a variety of redox-active compounds, suggesting a role
that might be relevant to the management of cellular oxidative stress. By using an enzyme
assay, the NDPK phosphotransfer was also shown to be sensitive to a variety of cellular
nucleotides and acetyl donors, including the co-factor Coenzyme A, and its dephosphorylated-
derivate, which was previously unknown. Given that NME1/ 2 have been reported to possess
histidine protein kinase activity, using the tools generated, the potential activity towards a
variety of peptide substrates was evaluated. Although no evidence for trans phosphorylation
of these peptides was found, the work reported in this thesis suggests new potential
approaches for studying His protein phosphorylation by these, and other, putative protein His

kinases, whilst highlighting challenges and solutions for the future analysis of pHis.
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Chapter 1: Introduction
Background

As little as 1.7% of the entire human genome encodes for proteins, however, these are
responsible for carrying out diverse and specialised functions and are commonly referred to
as the ‘molecular powerhouses’ of the cell (1, 2). Thousands of cellular chemical processes
are controlled by combinations of enzymes and structural proteins, both spatially and
temporally. Adenosine triphosphate (ATP) is universal metabolic source of energy in both
unicellular and multicellular species (3). ATP drives all aspects of cellular life, including active
transport, muscle contraction and cellular signalling (4). In addition, chemical reactions
involving the post-translational transfer from ATP to biomolecules are catalysed by protein
kinases and protein phosphatases. Canonical protein kinases catalyse the transfer of the
negatively charged ATP gamma phosphate to a context-specific serine (Ser), threonine (Thr)
or tyrosine (Tyr) amino acid residue on a target substrate. The localised negative charge
resulting from the attached phosphate can alter the conformation of the target protein, which
either activates or inhibits a particular function or interaction with broader sets of protein(s),
sugars, lipids or nucleic acids. Canonical protein kinases are usually sub-divided into
serine/threonine or protein tyrosine-kinase sub-classes depending on whether they
phosphorylate amino acids with an alcohol (OH) group in the case of Ser/Thr, or a phenol
group, in the case of tyrosine (5), or both, in which case they are termed dual-specificity

kinases.

In terms of protein phosphorylation, phosphate esters predominate in eukaryotic cell
signalling, however, growing evidence suggests that ‘non-canonical’ amino acid
phosphorylation on aspartate (Asp), lysine (Lys), arginine (Arg), glutamate (Glu), cysteine
(Cys) and histidine (His) may have a greater influence in phosphorylation-mediated signalling
than originally thought (6-9). For example, recent studies on the non-canonical phosphorylated
amino acid, phosphohistidine (pHis), have begun to expose the biological relevance of pHis
and to suggest roles in a range of physiological processes including its use in eukaryotic
signalling systems, as well as being connected to a multitude of human diseases (10).
Phosphohistidine was first discovered in the 1960s (11), and has well-known functions in
bacteria and plants in ‘two-component’ His and Asp-based signalling (12). However, a lack of
suitable analytical techniques and reagents for pinpointing acid and heat-labile post
translational modifications such as pHis has led to non-canonical phosphorylation studies
lagging far behind those of Ser/Thr and Tyr phosphorylation. Unlike canonical phosphorylation
substrates, non-canonical phosphorylation substrates do not have a well-characterised

‘kinome’. To date, two mammalian histidine kinases (NME1 and NME2) which are known for
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a variety of functions (13) have been proposed as His protein kinases. NME proteins were first
discovered as non-metastatic (NME) suppressor genes and are found at higher levels in
tumours with low metastatic potential (14). These proteins possess nucleoside diphosphate
phosphotransferase (kinase) activity and mediate the transfer of a phosphate from a
nucleoside triphosphate to a nucleoside diphosphate, contributing to nucleotide homeostasis
in the cell (15). Although there is no doubt that phosphohistidine plays a more pivotal role in
cellular signalling than originally believed, the idea that NME proteins are able to
phosphorylate a target protein substrate on a histidine residue has come under some scrutiny
and the mechanism of this process is not well understood (16). NME proteins are also capable
of binding small molecule kinase inhibitors and so represent rational targets for drug discovery
efforts (17). Repurposing biologically and/or clinically active compounds that target atypical-
conformations of canonical kinases can help understand how ATP-competitive, allosteric, or
covalent inhibitors might influence histidine kinase-based signalling mechanisms and global

phosphonhistidine levels that are relevant to both health and disease.

1.1 Cell communication, signalling and signal transduction

The ability of cells to interact and adapt to their environment is one of the fundamental
concepts in signalling and cell biology. Within a multicellular organism, cells must constantly
interpret a variety of extracellular signals and generate an appropriate response in order to
correctly translate and communicate within and between cells. These signals can be soluble
factors generated locally, for example for synaptic transmission, or those generated at a
distant location, such as hormones and growth factors, which diffuse to their target cells. They
can also be ligands on the surface of other cells, or can be formed in the extracellular matrix
itself. A response stimulated through these signals is predominantly achieved through the cell
surface expression of specific high-affinity receptors whose conformation transduces
extracellular information across the plasma membrane and elicits the activation of an
intracellular signalling pathway. Cells have developed sophisticated ‘second messenger’
systems to integrate inputs from multiple signals involving a series of protein modifications by
specific enzymes (such as protein kinases); this subsequently triggers the recruitment and
activation of linker and scaffolding proteins, the modification of second messengers, and
increase in the concentrations of intracellular calcium, and ultimately, the mobilisation of
transcription factors for gene activation in the nucleus. The specific proteins and accessory
intermediates involved depends on the specific receptor and cell type, though much overlap
is evident within and between eukaryotic species. This coordination between several different

systems allows for complex signalling networks to form, and be regulated, within the cell.
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1.1.1 Cellular metabolism

As glucose is the primary energy source for most eukaryotic cells, the maintenance of glucose
homeostasis is an essential physiological process, which is regulated by hormones and is a
key component of cellular metabolism and cell signalling. An elevation in blood glucose levels
stimulates the release of insulin from pancreatic beta cells through a glucose-sensing
pathway. Insulin binds to the insulin receptor (IR), which possesses an intracellular tyrosine
kinase activity, and is expressed on skeletal muscle and adipose cells. This results in the
phosphorylation of the insulin receptor substrate (IRS) protein and subsequent activation of
the classical PI3K/Akt and Erk1/2 signalling pathways. Activation of AKT causes the
translocation of Glut4 vesicles to the plasma membrane, driving glucose uptake, cell
proliferation and survival. Aberrant insulin signalling can lead to a number of diseases, notably
diabetes and obesity. At low cellular ATP levels and glucose deprivation, the serine/threonine
kinase 5’-AMP activated protein kinase (AMPK) is activated in order to positively regulate
signalling pathways that replenish ATP supplies. AMPK is an energy sensor kinase that is
activated by elevated AMP/ATP ratios induced by cellular and environmental stress including
heat shock and hypoxia, as well as low glucose. AMPK stimulates catabolic processes such
as fatty acid oxidation and glycolysis via the inhibition of ACC and activation of PFK2. In
addition to this, AMPK negatively regulates several proteins central to ATP-consuming
processes such as mTORC2, glycogen synthase, SREBP-1 and TSC2 and as a result
downregulates or inhibits gluconeogenesis and glycogen, lipid and protein synthesis. Cellular
metabolism is also an important and well characterised feature in cancer cells (18, 19). In the
1920s, Otto Warburg observed that tumour cells undergo high rates of glycolysis and lactate
production in the presence of oxygen, a condition usually found only in an oxygen deprived
state (20, 21). This was later termed the Warburg effect and several signalling pathways such
as Akt, Erk1/2 and AMPK converge on the key glycolytic enzymes PFK and PKM2 to regulate
glycolytic flux and production of ATP. The transcription factors c-Myc and p53 also play
important roles in this process by regulating glutamine and lipid metabolism thereby creating
the cellular components necessary for supporting and sustaining rapid tumour cell growth (18,
20).

1.2 Protein kinases and the human kinome

The human kinome contains ~535 protein kinases (22), which comprise ~1.7% of human
genes, making them the third largest gene family after GPCRs and transcription factors. In
general, kinases are proteins that catalyse the transfer of a phosphate. This reaction can occur
on the kinase itself, known as autophosphorylation, or to another target protein. Protein

kinases catalyse a phosphotransferase reaction in which the gamma phosphate of ATP (or
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GTP) is transferred to a target substrate. In this thesis, for the most part, | use ‘kinases’ as an
abbreviation for ‘protein kinases’. This reaction can be reversed, and this is catalysed by a
large family of nearly 200 protein phosphatases, which transfer the phosphate from an
appropriate phosphoprotein to a water molecule (Figure 1.1). Phosphorylation was first
discovered in the 1950s by Krebs and Fischer in the context of glycogen metabolism, and
among the >300 types of post translational modification, phosphorylation and
dephosphorylation are viewed as one of the most prevalent and well understood mechanisms
that permit cells to respond to extracellular stimuli and both amplify and diversify appropriate
signals inside the subcellular environment (23). For example, in response to growth factors,
epidermal growth factor receptors (EGFR) autophosphorylate, which then activates mitogen
activated protein kinases (MAPK) and the phosphoinositde-3-kinase (PI3K) cascade to induce
cellular proliferation (Figure 1.2). The protein kinases can be divided into eight ‘sub-families’
(Figure 1.3), based on the sequence similarity of their eukaryotic protein kinase (ePK) domain.
These are usually termed the Tyrosine kinases (TK), tyrosine kinases-like (TLK), cyclin-
dependent kinases (CDK), homologues of yeast Sterile 7, Sterile 11, and Sterile 20 kinases
(STE), cyclin-dependent kinase, map kinase, glycogen synthase kinase 3 and CDK2-like
kinases (CMGC), calcium/calmodulin-dependent protein kinase (CAMK), the AGC kinases
(named after the protein kinase A, G and C families) and a broad family of ‘Atypical’ protein
kinases. In order to regulate the structure and function of cellular proteins in a wide range of
cellular processes, protein kinases have evolved a diverse range of substrates and
mechanisms, but typically perform their tasks using common ancestral structural features

found in the catalytic domain (Figure 1.4) (2, 24).

'

Kinase

ATP ———*ADP
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Ser/ThriTyr Ser/The/Tyr
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Figure 1.1. Schematic diagram of the mechanism of phosphate transfer by a canonical
protein kinase. 1 A signal is detected, and the protein kinase is activated. 2 The protein
kinase catalyses the transfer of the ATP y-phosphate to Ser, Thr or Tyr on the substrate,
yielding a covalently bound negatively charged phosphate group to the substrate 3 The
phosphorylated substrate stimulates a signal cascade. 4 The removal of the phosphate group
is catalysed by an enzyme known as a phosphatase.
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Figure 1.2. Example signal transduction pathway. Extracellular ligands bind to the receptor
domains of EGFR kinases, including EGFR, HER3 and HERA4, resulting in dimerization of the
intracellular kinase domain. This activates the receptor kinases to trans autophosphorylate
and activate the MAPK and PI3K/AKT signalling cascades. This schematic was created in

BioRender.
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Figure 1.3. The human kinome. The eight major canonical protein kinase families and
atypical protein kinases are named at the base of the branch. lllustration obtained from
www.cellsignal.com.
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1.2.1 Mechanism of ATP hydrolysis

The conserved motifs within the kinase domain (Figure 1.4) that are fundamental for ATP
binding and hydrolysis were identified using amino acid sequence alignment from genomic
data and local spatial pattern alignments obtained from structural data. In 1991, cAMP
dependent protein kinase (PKA) was the first crystal structure of a kinase to be reported (25).
The kinase domain consists of a small N-terminal lobe and a large C-terminal lobe. The N-
terminal lobe is typically formed of five anti-parallel B-pleated sheets and an a.C-helix. The C-
terminal lobe on the other hand is mainly a-helical, containing the designated aF helix and
catalytic loop, which are vital for aligning the ‘regulatory’ spine and for the hydrolysis of ATP.
The interface of the aC-helix between the N-lobe and the C-lobe forms a cleft, which is the
site of ATP and substrate binding, and the catalytic surface at which phosphate transfer
occurs. Other structural aspects that play a pivotal role in the enzyme mechanism are the
glycine-rich loop, a conserved lysine in the B3 sheet, the aC-helix, the catalytic motif, the
activation segment and the hydrophobic aF helix (26). Interestingly, some 10% of kinomes
throughout vertebrate species lack at least one of the canonical residues of the DFG motif and
have been termed ‘pseudokinases’ (27), to reflect their loss of canonical nucleotide binding

and/or catalysis.

1.2.1.1 The Glycine Rich Loop

The glycine rich loop refers to the consensus sequence GxGxxG in the B-turn-g motif between
the B1 and B2 strands of the N-lobe. This motif is the most flexible part of the N-lobe due to
reduced steric hindrance from the hydrogen R group of the glycine amino acids (28). The
second Gly residue of this consensus sequence is considered the most important as it is the
most highly conserved throughout the kinome. Upon ATP binding, this loop folds over the
nucleotide and positions the y-phosphate of ATP in a suitable orientation for transfer to the
target substrate. The Gly-rich Loop connects the two B-strands that harbour the adenine ring
(29).

1.2.1.2 The B3 lysine

Lysine is part of the VAXK maotif that couples the o and  phosphates of ATP to the C-helix,
stabilising the nucleotide as the glycine rich loop clamps down and exposes the y-phosphate.
The C-helix occupies an important position between both the N- and C-lobes (30). The C-
terminus of the C-helix is tethered to the C-lobe by the o C-$4 Loop whereas its N-terminus
interacts with the Activation Loop. The C-helix also contains another conserved residue, Glu,
that bridges to Lys in the B-strand. This salt bridge is highly conserved through the entire

protein kinase family and is often considered a hallmark of the active conformation state (31).
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A reduction in protein kinase activity has been demonstrated in several biochemical studies

as a result of a B3 lysine mutation to an uncharged alanine (Ala) or methionine (Met) (32).

N-Lobe
A
\
]
Glycine rich loop 5
LT T aC-helix
HRD
Activation Loop with
. DFG motif (red)
N
C-Lobe N
aF-helix
Kinase| Glycine Rich Loop B3 Lysine aC helix Glu Asp and Asn DFG Asp
EGFR | _ ,VLGSGAFG 143VAIKE .., DEA s3sHRDLAARN a55DFG
HER3 | _ VLGSGAFG 1soVAIKV .. DEA sasHRDLAARN 26:DFG
PKA 1o TLGTGSFG 5o YAMKT 5oMEK 154 YRDLKPEN 154DFG
AKT1 | 15sLLGKGTFG 176YAMKT |, TEN 27 YRDLKLEN 25,DFG

Figure 1.4. Schematic representation of conserved protein kinase domain motifs and
features important for catalysis. The key features of the protein kinase are the activation
loop (magenta), containing the DFG motif (red), the glycine rich loop (green), the B3-Lys,
Lys162 in AurA (blue) and the aC-helix. The crystal structure of Aurora A kinase was used
here as an example. PDB ID: 1MQ4. Canonical residues involved in ATP binding are shown
below and highlighted in red.

1.2.1.3 The aC-helix

The aC-helix is a distinct, very dynamic regulatory element in protein kinases and is the only
conserved helix in the B-sheet-rich N-lobe. The C-helix functions as a ‘Signal Integration Motif
as it connects to many different parts of the molecule and is responsible for mediating the
conformational changes that take place within the catalytic centre (30). Positioning the aC-
helix is one of the critical steps to prime the kinase for efficient catalysis and the distance
between the N-terminus of the C-helix and the Activation Loop defines the open and closed

conformations of the active or inactive enzyme (31).
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The dynamic nature of the oC-helix can be modulated through activating or inhibitory
regulatory mechanisms (33). In many AGC kinases, such as protein kinase A (PKA), protein
kinase C (PKC), RAC-alpha serine/threonine-protein kinase (PKB/AKT1) and 3-
phosphoinositide-dependent protein kinase 1 (PDK1) a hydrophobic motif is conserved. This
C-terminal hydrophobic region has the general consensus sequence F/Y-X-X-F/Y-S/T/E/D-
F/Y and consists of 50-60 amino acids after the conserved catalytic core (34, 35).
Phosphorylation of this hydrophobic motif, such as Ser473 in AKT, can augment enzyme
activity by acting as an allosteric effector. For example, phosphorylation of the hydrophobic
motif causes it to dock on a hydrophobic surface created by the a.C-helix, known as the PDK1-
interacting fragment (PIF)-pocket (36). This interaction helps to stabilise the kinase in an active
conformation, as the hydrophobic groove known as the PIF pocket only exists in the active
state and simulates kinase catalytic activity through this intramolecular mechanism and is also
thought to mediate protein-protein interactions (32, 37). Conversely, Src tyrosine kinase can
be stabilised in an inactive conformation through a complex of Src-homology domains (SH2
and SH3) binding to the aC-helix and to an inhibitory phospho-tyrosine in the C-terminal tail
(38, 39).

Another example of allosteric regulation of catalytic activity via the aC-helix are the cyclin-
dependent kinases (CDKSs). In the absence of cyclin, the CDK aC-helix (which serves as a
cyclin docking site) is rotated to an outward state (40). In the structure of CDK2 without cyclin,
the conserved Glu51 cannot form an ionic bond with the 83 Lys33. However, binding of cyclin
directly to the aC-helix induces rotation to an inward state, thus restoring the Lys33-Glu51 salt

bridge (41), which is integral for catalysis.

1.2.1.4 Magnesium binding DFG motif

The DFG motif forms a loop within the catalytic spine and is highly conserved throughout all
protein kinase families. A Mg?* ion stabilises the negative charges of the ATP phosphate
groups and makes polar contacts with all three ATP phosphates (42). The Asp amino acid of
the DFG motif is responsible for coordinating the positively charged Mg?* ion. If the DFG motif
is not correctly positioned within the catalytic domain, the active site is sterically blocking from
binding ATP. For this reason, the Asp of the DFG motif is often mutated to an uncharged

amino acid (Ala or Asn) in order to inactivate protein kinases.
Structural analysis of AKT shows that in the ‘DFG-out’ conformation of the kinase, the DFG

phenylalanine (Phe) is flipped over and occupies the position in the C-spine that is filled by

adenine ring of ATP in the active conformation (37, 43). This ‘DFG-out’ conformation is often
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deemed a signature for the ‘inactive’ kinase state (44, 45). In the ‘DFG-in’ conformation, the
hydrophobic Phe makes contacts with the catalytic motif and aC-helix when the kinase lobes
close and the DFG loop faces inwards, which stimulates the formation of the 3 Lys-Glu ionic
bond (46). Finally, the Gly stimulates correct positioning of the Asp residue through formation
of a hydrogen bond. In the ‘DFG-out’ state, this hydrogen bond is disrupted, and the flexibility

of movement offered with the DFG loop is a hindrance to Mg?* ion binding (42).

1.2.1.5 The catalytic loop

The catalytic motif, often called the HRD motif, contains an Asp that becomes protonated by
accepting a hydrogen from the hydroxyl group of the substrate amino acid, which in the case
of canonical protein kinases is either Ser, Thr or Tyr (47). Many protein kinases require a
divalent cation for efficient catalysis, and the Asn residue of the HRD motif also permits a
second Mg?* ions to bind as is orientates the catalytic Asp through coordinating Mg?*, in
addition to the Mg?* ion coordinated by the DFG motif (42). The HRD motif (Figure 1.4)
histidine is also very highly conserved and serves as a central scaffold for the catalytic spine,
which binds to the carbonyl of the DFG Asp and makes a hydrophobic contact with the DFG
Phe (48). The catalytic loop communicates with the activation segment, the major regulatory

region of post-translational modification in kinases.

1.2.1.6 Activation loop phosphorylation

The catalytic motif is described as both the HRD motif or the HxD motif, due to the variability
of the Arg residue. Protein kinases with the HRD catalytic motif (‘RD kinases’) require
phosphorylation of the activation loop to drive the active conformation (Figure 1.4). The HRD
Arg is prevalent in kinases that require phosphorylation because the positively charged Arg
supports a link between the catalytic motif, activation loop and the DFG motif through
interaction with the phosphorylated activation loop residue. For instance, phosphorylation of
the Thr197 residue of PKA, which is adjacent to the catalytic HRD Asp, is required for full
catalytic activity. The phosphate group from the phospho-Thrl97 coordinates the oC-helix
(His87), the catalytic motif (Argl65) and the B9 sheet (Lys189), allowing conformational

movement from a DFG-out to a DFG-in catalytically active orientation (49).

Phosphorylation of the activation loop of EGF, fibroblast growth factor receptors (FGFRs) and
insulin-like growth factor receptors (IGFRs) occurs upon dimerization and trans-
autophosphorylation (50, 51). This autophosphorylation relieves the inhibition caused by the
activation loop, which would otherwise occlude the active site and prevent substrate from
binding (50).

25



1.2.1.7 The aF-helix

Recently, the hydrophobic aF-helix has been shown to serve as an organising element for the
entire kinase core (Figure 1.4) (26). The aC-helix and the Activation Loop are very mobile,
which allows the hydrophobic spine to be dynamically assembled and disassembled thereby
regulating the protein kinase activity and thus designated as the regulatory Spine (R-spine).
Both the C- and the R-spine are anchored to the F-helix, the C-spine directly to the
hydrophobic C-terminus and the R-spine to the N-terminus (47). One of the regulatory spine
residues is also part of the HRD motif of the Catalytic Loop (Figure 1.4, highlighted in orange).
In most kinases this is a histidine whereas in some kinases such as PKA and the majority of
the AGC superfamily the His is replaced by a Tyr (52). The backbone of the His/Tyr is
anchored to the F-helix through a very highly conserved Asp (Asp 220 in PKA), which lies at
the beginning of the F-helix. Asp is highly conserved even in ELKs and is the only electrostatic
link that ties together the hydrophobic network (52). The second hydrophobic spine also
encompasses residues from the N and C-lobes but is completed by the adenine ring of ATP
and was thus termed the catalytic spine. The catalytic spine is formed from the Ala residue in
the VAIK motif in the B3 sheet and this interacts with the adenine ring of ATP (52).

1.3 Mechanisms of canonical protein kinase domain activation

1.3.1 AGC kinase activation

The mechanism by which protein kinases perform ATP hydrolysis and phosphotransfer to
regulate target proteins in cell signalling has been discussed. However, protein kinases are
intracellular mediators of signals and have evolved multiple regulatory mechanisms to
efficiently phosphorylate specific substrates. Some kinases are regulated by interactions with
regulatory domains or inhibitory regions or subunits, which can modulate their localisation and
ability to interact with substrates. Kinases from specific families, such as the AGC kinases,
exploit in cis interactions of a C-terminal polypeptide tail with the catalytic domain in order to
control substrate binding and catalytic activity. Allosteric interaction of the C-terminal tail with
the regulatory site by the C-helix of the N-lobe known as the PDK1 interacting fragment-(PIF)
pocket helps regulate AGC kinase activity. The PIF-pocket acts like an ON-OFF switch with
different modes of regulation. Phenylalanine residues within the hydrophobic motif (HM) were
shown to dock to a surface created by the C-helix and this interaction with the PIF-pocket

allosterically affects the ATP binding site and peptide substrate binding site (37, 53, 54).
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1.3.1.1 Regulation of AKT activity

AKT is a main effector downstream of PI3K stimulation and the formation of 3-phospholipids
(Figure 1.2), and signals to key downstream elements such as glycogen synthase kinase 3
(GSK3), forkhead/winged helix class O (FOXO) transcription factors and the mammalian
target of rapamycin complex 1 (mTORCL1). The huge array of signalling networks responsive
to AKT regulation appears ubiquitous in essentially every cell. Mouse and human genetic
studies have also revealed specific physiological roles for the AKT networks in distinct organ
systems. There are three isoforms of the Ser/Thr kinase (AKT1, AKT2 and AKT3) and
comprehension of their regulatory functions is particularly important, as AKT dysfunction plays
a role in various diseases, including cancer, cardiovascular disease, insulin resistance,

inflammatory and autoimmune disorders, and neurological disorders (55-58).

AKT is phosphorylated in the activation loop (Thr308 in AKT1) by PDK1, but requires
phosphorylation at a Ser473 residue, in the HM, by the mTORC2 complex for full activation
(37, 56). In vitro AKT from HEK293T cells is inactive, but phosphorylation by PDK1 increases
activity by ~ 100 fold (59). Subsequent phosphorylation of AKT at Ser473 by MAPKAP kinase-
2 resulted in up to 1000-fold increased activity in vitro compared to the inactive form of AKT.
When only the Ser473 residue is phosphorylated by MAPKAP kinase-2 (a non-specific
‘upstream’ kinase), total AKT activity increased ~ 6 fold (59). AKT has an N-terminal Pleckstrin
homology (PH) domain which binds, in cis, to the kinase domain, stabilising an inactive
conformation and sterically hindering binding of PDK1. On growth factor stimulation of
receptor tyrosine kinases (RTKs) or G-protein-coupled receptors (GPCRs), PI3K is recruited
to the plasma membrane, where it phosphorylates phosphatidylinositol 4,5-biphosphate
(PIP>), producing phosphatidylinositol (3,4,5)-triphosphate (PIPs) (60). PIP3 binds to the PH
domain of AKT, thereby disrupting the inhibitory interaction between the N-terminal and
catalytic domains. Binding of PIP3 to the PH domain also serves to localise AKT to the plasma
membrane with PDK1. PDK1 is then able to bind and phosphorylate AKT1 at Thr308. In
contrast, the HM of ribosomal protein S6 kinase beta (S6K) is required to bind in trans to the
PIF pocket of PDK1 to be phosphorylated. After phosphorylation of the activation loop by
PDK1, S6K does not require phosphorylation of the HM to interact in cis to fully activate the
kinase domain (61). The HM of AKT does not bind in trans to PDK1. Deleting the PH domain
negates phosphorylation at Thr308 by PDK1. However, replacing the C-terminal tail of AKT
with the C-terminal tail of PRK2 rescues AKT phosphorylation at Thr308 (37).

1.3.1.2 PRK2 regulation by the C-terminal tail
Serine/threonine-protein kinase N (PRK) kinases are closely related to PKCs and are

described to mediate physiological effects downstream of Rho, such as Rho-dependent cell
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migration (62). They are also implicated in aetiology of prostate cancer (63). PRK2 is auto-
inhibited by dimerization of the kinase domain, mediated through the N-terminal
pseudosubstrate PLK domains and not intramolecular interactions (64). This prevents the
interaction with upstream kinase PDKL1. Interaction of the N-terminal Rho-binding domains
with GTP-Rho stimulates interaction with PDK1. The HM motif of PRK2, which has negatively
charged Asp in place of a phosphorylation site, then binds in trans with the PIF pocket of PDK1
(65). Phosphorylation by PDK1 results in dissociation and supports the formation of an active

PRK2 monomer with an in cis HM intramolecular interaction with the PIF-pocket.

1.3.2 Activation by intermolecular interaction

1.3.2.1 Activation of Aurorakinases

Aurora kinases lack N- or C-terminal extensions that bind in cis to the kinase domain. In
contrast, a binding site adjacent to the Aurora A oC-helix interacts with regulatory partners
such as Xenopus kinesin-like protein 2 (TPX2) and TACC3. The Aurora B and Aurora C
specific activator inner centromere protein (INCENP) binds to Aurora B/C in a different
orientation (66-68). Binding of TPX2 leads to activation of Aurora A in vitro (68), enhancing
autophosphorylation of Thr288 (in the activation loop) many fold. When TPX2 is absent, the
activation segment of Aurora A is orientated in an inactive conformation. However, binding of
TPX2 induces a 10 A shift of the phosphorylated Thr288 from an exposed to a buried position
and leads protection from dephosphorylation by phosphatases. Thus, TPX2 synergises with
Aurora A to increase phosphorylation and dephosphorylation is inhibited (66, 68).

1.3.2.2 Activation of Polo like kinases (PLKS)

Domains that flank the kinase domain are important for modulating, regulatory interactions,
and activity. Polo-like kinases (PLKSs) are cell cycle regulated kinases that are close relatives
of the AGC superfamily of kinases. PLKs have two C-terminal polo-box domains (PBDs) that
bind to specific target sequences when phosphorylated in order to regulate activity and the
localisation of the kinase (69). The four human polo-like kinases control various aspects of the

cell cycle.

1.3.2.3 Activation of EGFR family kinases

The epidermal growth factor receptor (EGFR) is a member of the ErbB receptor family, which
in turn, is a member of the receptor tyrosine kinase superfamily. The ErbB receptor family
consists of EGFR (also known as HER1), ErbB2 (HER2), ErbB3 (HER3) and ErbB4 (HER4).
EGFR is involved in a variety of cellular processes including cell proliferation, motility, survival

and differentiation (70-73). The receptor is activated by the binding of various ligands including
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epidermal growth factor (EGF) and transforming growth factor o (TGFa) and it is well known
that aberrant activation of EGFR is implicated in a variety of human cancers (74-76). EGFR is
a transmembrane protein, consisting of an extracellular domain, a transmembrane domain, a
juxtamembrane (JM) domain, a kinase domain, and a C-terminal regulatory tail (77, 78).
Ligand binding induces translocation and homodimerization (with other EGFR proteins) and
heterodimerisation (with different EGFR members, such as HER2 which cannot bind
extracellular ligands) of the intracellular kinase domain. This leads to in trans
autophosphorylation at specific tyrosine residues and these phosphotyrosine residues bind
soluble or membrane-anchored effector proteins (50, 79, 80). The activated kinase domains
stimulate downstream effectors such as Shcl and Grb2 (10) and major signalling pathways
including the Ras/Raf/mitogen-activated protein kinase pathway to activate extracellular signal
regulated kinase (ERK1) and ERK2, or the PI3K/AKT pathways (Figure 1.2) (81, 82).

Allosteric intermolecular interactions drive the kinase domain of EGFR proteins into an active
conformation following asymmetrical dimerization, whereby one kinase domain activates the
other. The juxtamembrane (JM) domain is situated in the cytoplasmic domain at the N-terminal
region and links the kinase domain to the transmembrane domain. The JM domain is formed
of two segments; the JIM-A segment which links to the transmembrane domain and the JM-B
segment, which on dimerization binds to the C-lobe of the ‘activator kinase’, which
allosterically stimulates the N-lobe of the ‘receiver kinase’ (83). Upon this allosteric activation,
the JM domain forms what is referred to as a juxtamembrane-latch’. Dimerisation of the EGFR
stabilises the helical JM-A dimer, which in turn stabilises the kinase domain dimer. In the
absence of ligand, alternative dimer formation does not lead to activation as the C-terminal

tails of the kinase domains inhibit the formation of the juxtamembrane latch (83, 84).

1.4 Small molecules and protein kinases

As protein kinases regulate nearly all aspects of cell life, and alterations in their expression or
mutations in their genes have been implicated in multiple cancers, much research has
focussed on the discovery and chemical modification of scaffolds to generate potent kinase
inhibitors. The first kinase inhibitor to receive FDA approval, was the Abelson (ABL) tyrosine
kinase inhibitor, imatinib (85) in 2001. ABL is deregulated in nearly all cases of chronic myeloid
leukaemia (CML) (86). This was followed by the development of epidermal growth factor
receptor (EGFR) inhibitors, demonstrated to be overexpressed in many cancer types, such as
erlotinib and gefitinib (87, 88). Since then, the progress and development of potent and specific
protein kinase inhibitors has been a major area of growth. Although much of the early research

in kinase inhibitors focussed on oncology, kinase inhibitors are likely to be very useful in order
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to treat a variety of diseases including Parkinson’s disease, Alzheimer’s disease and a variety
of autoimmune and inflammatory diseases (89). To date, over 100 small molecule kinase
inhibitors have been approved in the US by the FDA (https://www.ppu.mrc.ac.uk/list-clinically-
approved-kinase-inhibitors). Target-validated kinase inhibitors are also powerful probes for
the study of cell signalling. A lack of probe compounds to study His phosphorylation is one of

the reasons this field has remained relatively stagnant.

1.4.1 ATP competitive inhibitors

Most protein kinase inhibitors are reversible competitive ATP mimicking compounds that can
be broadly classified into two subgroups: type | inhibitors, such as imatinib, and type Il
inhibitors, such as staurosporine. Type | inhibitors bind to the kinase nucleotide-binding site
and stabilise the ‘DFG-in’ (active) conformation, whilst type Il inhibitors stabilise the DFG-out
inactive conformation (85, 90) by targeting a new binding site. Type | inhibitors prevent the
conformation of the protein kinase conducive of phosphotransfer and typically contain a
heterocyclic ring structure reminiscent of the purine ring of ATP (85, 90, 91). Type Il inhibitors
achieve inhibition by occupying the hydrophobic groove adjacent to the ATP binding site that
is accessible when the aC helix and DFG motif are in an outward orientation (91). Analysis of
type Il inhibitor binding found that many of these inhibitors share similar pharmacophore and
exploit a conserved set of hydrogen bonds (85, 90). The ability to induce dramatic
conformational changes in the enzyme is not unique to type Il inhibitors however, for example
the type | inhibitor alpelisib, a selective inhibitor of PI3Ka, has been approved for the treatment

of breast cancer (92).

Due to the highly conserved nature of the kinase fold and specific mechanism of ATP binding
and hydrolysis, finding selective ATP-competitive inhibitors for particular kinases has been
extremely challenging. In addition, given the potential for kinome-rewiring and the generation
of drug resistance, itis not uncommon to treat patients with combination therapy. For example,
combining dabrafenib and trametinib to target the RAF-activated MAP kinase cascade for the
treatment of aggressive melanoma improves relapse-free survival. Protein kinase inhibitors
such as imatinib and sorafenib, which exhibit polypharmacology, can be repurposed to treat
several distinct types of cancer. However, off-target engagement may also underlie serious

side effects associated with therapy.

1.4.2 Allosteric inhibitors
Allosteric inhibitors, or also known as type Il inhibitors exploit alternate binding pockets
outside the canonical protein kinase active site. This has potential benefits, since these sites

are sometimes specific to a particular kinase so that the binding of compounds distal to the
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ATP-binding pocket induces a conformational change(s) elsewhere in the kinase. In this
manner, it is possible for allosteric inhibitors to indirectly influence catalytic activity as well as
non-catalytic regulatory functions such as scaffolding and regulatory mechanisms that are
unique to a kinase (90). For instance, the PIF-pocket, by the aC-helix of PDK1 has been
targeted. In AKT, the N-terminal PH domain binds intramolecularly with the kinase catalytic
domain, stabilising the kinase in an inactive conformation. AKT inhibitors, including MK2206,
exploit this and stabilise the inactive structure of the PIF-pocket by binding to the aC-helix,
which locks the PH domain to the N-lobe of the kinase domain (93, 94). This direction of
research has not only led to the discovery of allosteric inhibitors, but also allosteric activators

of kinase activity (95) .

1.4.3 Covalent inhibitors

A number of kinase inhibitors are capable of forming a (usually reversible) covalent bond to a
Cys residue in the kinase active site. Chemically, this occurs through the nucleophilic attack
of a cysteine residue. Currently, there are six covalent inhibitors approved by the FDA (96),
and afatanib, a second-generation EGFR inhibitor that targets Cys797 in the kinase domain,
was the first (97). This was later followed by ibrutinib, a tyrosine kinase inhibitor (98), and
Osimertinib, a third-generation T790M mutant selective EGFR inhibitor (99). Covalent
inhibitors exploit the electron-rich nature of the sulfur present in a solvent exposed cysteine
residue that is located before the conserved DFG motif of the kinase activation loop. This
irreversible binding results in blocking of the ATP binding site to the kinase, thereby rendering
the kinase inactive (100, 101). Irreversible kinase inhibitors have also been designed against
vascular endothelial growth factor receptor 2 (VEGFR2) (102). Many kinases have a cysteine
located in the vicinity of the ATP binding pocket and could therefore be a target for covalent
inhibitors, however despite this, targeted inhibition by an irreversible approach raises concerns

about the potential toxicity and modification of unanticipated targets.

1.4.4 Acquiring resistance to inhibitors

Protein kinase inhibitors have been beneficial for some cancer patients; however, these
compounds are not curative. Before the introduction of imatinib, CML was a rare form of
leukaemia. Ironically, the discovery of imatinib and subsequent treatment increased the
incidence of this cancer because it manages, but does not cure the disease. Interestingly, the
kinase-activating L858R mutation in EGFR is highly responsive to the FDA approved
compounds erlotinib and gefitinib (87, 88, 100, 103). However, relapse due to a secondary,
drug resistant mutation in EGFR whereby the gatekeeper threonine is converted to methionine
can occur, which increases the affinity for ATP, rendering ATP competitive inhibitors

ineffective (104). This highlights that most protein kinase inhibitors only delay disease and
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tumour progression as particularly for advanced tumours, routes to circumvent target inhibition

are taken and lead to drug-resistance (89).

Tumour resistance can occur via innate or acquired mechanisms. For example, when a
tumour harbours oncogenic driver mutations associated with a protein kinase, not all tumour
cells respond. This can be due to extrinsic factors such as the drug producing insufficient
inhibition of the target kinase or in turn, disassociating from the kinase after an insufficient
amount of time. Innate resistance is generally a result of co-existing genetic aberrations in
multiple oncogenic pathways (89). The T790M mutation in EGFR described above is an
example of this (105). Acquired resistance develops in patients with advanced metastatic
disease. These mechanisms are caused by the ability of the tumour to maintain continued
proliferative and survival signalling despite the presence of an inhibitor (106). One common
mechanism is through the increased expression and activity of drug transporters, that actively
export drugs from cells (89, 107). In order to treat any disease or tumour effectively, inhibitors
that have improved selectivity, and subsequent reduction in side effects as well as the ability
to combat resistance mechanisms need to be obtained. An example is osimertinib, which
targets T790M EGFR, and is now the front-line therapy in NSCLC.

1.5 Protein pseudokinases and atypical protein kinases

Pseudokinases appear within all kinase superfamilies in humans and make up about 10% of
the human kinome that possess mutations in positions that were thought to be crucially
important for catalysis (108). Pseudokinases were initially thought to be inactive, but recent
developments have demonstrated that they either act as scaffolds or possess atypical
catalysis that is distinct from canonical kinases. This therefore led to the hypothesis that
pseudokinase signalling could be propagated through either low levels of catalysis, made
possible by an alternative active site geometry, via nucleotide binding-driven allosteric
transitions, and/or through the direct modulation of binding surfaces (109). One example is a
kinase family that lacks the universally conserved lysine in the B3 strand, known as WNK
kinases: With No K (110). Instead of lysine the WNKS recruit another lysine from B2 to fill the
same space and fulfil the same function. Another example is calcium/calmodulin-dependent
serine protein kinase (CASK) which was shown as a Mg?*-independent kinase that selectively
phosphorylates neurexin 1 (111). It is thought that ‘mimicking’ an activated kinase
conformation is a common feature of different pseudokinases (112-114). For instance,
Vaccinia related kinase 3 (VRKS3), has a series of hydrophobic mutant residues that fill the

adenine binding pocket and complete the C-spine without ATP (115). Some two thirds of
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pseudokinases have been implicated in a range of human diseases such as breast cancer

and prostate cancer, glioblastoma and autoimmune diseases (109).

1.6 Non-canonical phosphorylation

As described previously, phosphorylation is an extensively studied and well-characterised
post-translational modification of proteins in both eukaryotes and prokaryotes. Until recently,
protein phosphorylation on Ser, Tyr and Thr was thought to be the primary mode of
phosphorylation-mediated signalling in non-plant eukaryotes. In part, this was due to the high
instability of phosphorylated non-canonical amino acids under standard methods of
phosphoprotein characterisation. Phosphorylation on non Ser/Thr/Tyr amino acids, termed
here ‘non-canonical’ phosphorylation, is relatively widespread in bacteria and plants. Non-
canonical phosphorylation sites include histidine (His), aspartate (Asp), cysteine (Cys), lysine
(Lys) and arginine (Arg) and there is growing evidence to suggest that these modifications are

not only common (116), but they also play a role in regulating protein signalling functions.

1.6.1 Cysteine phosphorylation

In various proteins, cysteine (Cys) can be subject to multiple post-translational modifications
(PTM), although phosphorylation on Cys was not considered a common PTM that had any
regulatory role in both prokaryotes and eukaryotes (117). However, in E. coli and bacteria,
phosphocysteine has been shown to be a catalytic intermediate in phosphotransferase
systems. For example, the glucose transporter of the bacterial phosphotransferase system
couples vesicle translocation to phosphorylation of the transport sugar and this phosphate is
transferred to the glucose sugar from a cysteine amino acid and involves an extended

phosphotransfer relay with several subunits of the phosphotransferase system (118).

In eukaryotes, a similar mechanism of cysteine phosphorylation is observed in protein-tyrosine
phosphatases (PTPases) (119). PTPases govern the level and duration of tyrosine
phosphorylation within the cell. Unlike alkaline and acid phosphatases, which hydrolyse the
phosphate ester bond through a phosphoserine enzyme intermediate or a phosphohistidine
intermediate, PTPases possess a catalytically essential cysteine residue which forms a
covalent thiol-phosphate bond during the hydrolysis of tyrosine phosphate-containing
substrates. The generation of the phosphocysteine protein is specific, as substitution of the
catalytic Cys residue to a Ser abolishes the formation of an enzyme intermediate and as a
consequence catalytic activity. The formation of a pCys enzyme intermediate is a conserved
mechanism amongst all 100 tyrosine phosphatases in the human genome, and the catalytic
Cys, and residues surrounding it in the C(X)sR motif are highly conserved from pathogenic
bacteria to humans (120, 121).
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1.6.2 Lysine and arginine phosphorylation

Phosphorylation of the nitrogens in lysine (Lys) and arginine (Arg) has been reported in both
prokaryotes and eukaryotes (122), however, phosphorylated Lys and Arg are labile and are
therefore difficult to analyse. In the Gram-positive model bacterium Bacillus subtilis, a ‘specific’
arginine kinase has been reported (123). The heat shock response in this organism is
mediated by a complex regulatory network (124) that is governed by four major transcriptional
regulators, including the alternative sigma factor B (125), the two-component response
regulator CssR (126), and the repressors HrcA (127) and the CtsR (128, 129). The CtsR
represses transcription of the clpC heat shock operon and the clpE and clpP genes by
specifically binding to a seven-nucleotide direct repeat consensus sequence (129) and stress
induced transcription of the clp genes depends on the inactivation of CtsR by McsB (130).
McsB has been reported to exhibit tyrosine kinase activity and shows homology to
phosphagen kinases (PhKs) (130, 131) but was later found to be an arginine kinase,
phosphorylating an arginine residue of CtsR (123). The selective introduction of a negatively
charged phosphate moiety functions as a molecular switch to regulate DNA binding. The
unphosphorylated CtsR binds with high affinity to its DNA consensus site, whereas the McsB-
phosphorylated CtsR repressor is not able to bind to DNA, thus allowing heat-shock gene
expression (123). The mammalian kinases involved in Lys and Arg modifications have not
been identified and purified, making it difficult to determine the biological relevance of pLys

and pArg in eukaryotes.

1.6.3 Histidine phosphorylation

His phosphorylation (pHis) was originally identified from a bovine preparation by Boyer and
colleagues in the early 1960s as part of an oxidation reaction on an enzyme intermediate (11).
Over the years however, characterisation of histidine phosphorylation and our understanding
of its role within cellular signalling has remained largely limited to prokaryotes (described in
Section 1.7). Phospho-histidine (and phospho-arginine) contains a phosphoaramidate bonds
(P-N) and compared to the canonical phospho-esters, it is highly unstable under acidic
conditions and at elevated temperature (8). This acid-lability and thermosensitivity of these
particular modifications is not compatible with most standard phosphoproteomic methods
used for pSer, pTyr and pThr and has therefore contributed to difficulties and slow progression

when it comes to studying this modification (132, 133).
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Figure 1.5 Structures of the two pHis isomers found in physiological conditions N1
phosphohistidine (N1-pHis) and N3 phosphohistidine (N3-pHis). Structures were
generated in ChemDraw 19.1.

The five-membered imidazole side chain of histidine has two phosphorylatable nitrogens, N1
and N3, giving rise to two phosphoisomers, N1 pHis and N3 pHis, respectively (133) (Figure
1.5). These isomers undergo rapid hydrolysis by virtue of near-neutral pKa values, at 7.3 in
N1 pHis and 6.4 in N3 pHis. Because of this, they do not share the same physical properties,
as the N1 pHis isomer is relatively unstable compared to N3 pHis. This is demonstrated in the
isolated amino acids by the fact that the rate of hydrolysis at pH 5.0 for the N1 pHis isomer is
~ 10 times higher than that of the N3 pHis isomer and is attributed to N1 pHis being more
electrophilic and a better leaving group due to its proximity to the a-amino group (8, 133).

1.6.4 Methods and techniques to detect pHis

The pace at which studies into histidine phosphorylation fell behind that of serine, threonine
and tyrosine phosphorylation and their respective kinases is accounted for by the technical
difficulties associated with detecting pHis in proteins. Classical techniques widely employed
in detecting protein phosphorylation utilise acidic treatments, which is not compatible with the
acid-labile pHis modification, as well as other non-canonical phosphoamino acids such as
those described above (134). Early methods designed to detect pHis involved phenol
extraction (135) and gel-based assays (136), however these proved difficult to reproduce and
apply quantitatively. Early studies have focused on the detection of phosphoramidate-
containing proteins by thin layer electrophoresis, reverse-phase layer chromatography (137),
high-performance liquid chromatography (138) and autoradiography (139, 140) which have all
been instrumental in identifying and distinguishing biochemically derived phosphohistidine

from phosphotyrosine and other phosphoamino acids.
Mass spectrometry is a useful tool for the identification of most phosphoamino acids, with

phosphohistidine being no exception, as it has been utilised for the presence of both

synthetically and enzymatically derived pHis (141, 142). Mass spectrometry has been used to
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detect synthetic peptides containing pHis (116, 143). The development of N1 pHis and N3
pHis phosphospecific antibodies, which do not cross-react with either phosphotyrosine or
other pHis isomers, has been crucial to increasing the depth of knowledge of phosphohistidine
(9). Proteomic, immunological and biological analyses using these monoclonal antibodies has
indicated that pHis has important functions in mammalian biology (8). Whilst a small number
of analytical techniques have been developed to detect pHis, the purification and identification
of mammalian histidine kinases has not been demonstrated unequivocally, and therefore
histidine kinase activity and understanding the extent and regulation of pHis signalling in

mammalian cells remains elusive.

1.7 pHis in prokaryotic cell signalling

1.7.1 Two component signalling system

Histidine phosphorylation is widely known for its role in the two-component system (TCS), or
multi-component phosphorylation system used in bacteria for cell signal transduction. This
system is reminiscent of mammalian tyrosine kinase receptors in both its structure and mode
of action as it comprises a sensing domain on the outside of the plasma membrane, a
transmembrane domain and a cytoplasmic domain containing the histidine that is targeted by
kinase. The proteins involved in the bacterial TCS are the sensor histidine kinase (HK) and
the response regulator (RR) (144), with these two factors being the some of the most abundant
proteins across the bacterial and archaeal kingdom (145). In a prototypical TCS, the HK and
RR serve to connect an environmental or cellular signal with an appropriate cellular response.
The TCS components achieve this by communicating through phosphoryl-group transfer from
a histidine (His) of the HK to an aspartate (Asp) of the RR (Figure 1.6). Some HK also function
as a phosphatase for their respective RR under non-inducing conditions by catalysing the
reverse reaction (146). A diverse range of signals can be detected by the HK. For example,
Bacillus subtilis DeskK kinase responds to temperature changes by detecting membrane fluidity
(147). A wide variety of domains in the extracytoplasmic space such as PAS domains of CitA
(citrate ligand) can detect small ligand nutrients such as amino acids and carboxylic acids are
detected directly (148). Other kinases have been shown to recognise small antimicrobial

peptides (149), oxygen concentration (150) and some can interact with proteins (151).
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Figure 1.6. Schematic of the two-component signalling (TCS) system that utilises
histidine protein kinases for cellular transduction. The flow diagrams on the left and right
demonstrate a simple and a more complex overview of the phosphorelay system of in the
TCS, respectively. Schematic was produced in Biorender.

1.7.2 Phosphoenolpyruvate:sugar phosphotransferase (PTS) system

In some bacterial and eukaryotic systems, such as the phosphoenolpyruvate;sugar
phosphotransfer system, a cytosolic protein that possesses a phosphorylated histidine
independent from the histidine kinase molecule can interact with another cellular protein to
which it transfers a phosphoryl group (152). This type of phosphoryl group transfer in a
phosphorelay system does not occur in phosphohydroxyamino acid-containing

phosphoproteins, and therefore may be a reason for the occurrence of histidine kinases.

The PTS system is one of the most common biological systems that involves histidine
phosphorylation (153). In this system, four successive phosphoryl transfers occur in a similar
way to the TCS and lead to a final phosphorylation event of the sugar which is concomitant
with the transport of the sugar across the bacterial cell membrane. Autophosphorylation of
Enzyme | (El) occurs through the phosphoenolpyruvate substrate and is followed by transfer
of the phosphate group from EI to the histidine-containing protein (HPr). The enzymes that
are involved in the third phosphorylation event, EIIA and EIIB can consist of multi-domain or
separate proteins. EIIA phosphorylates EIIB and in turn this results in phosphorylation of the
PEP and subsequent histidine residues of the proteins of the PTS, or in some cases, EIIB
enzymes employ a cysteine residue in replace of histidine. During this process, the phosphoryl
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groups alternate between being bound to the N3 atom of the histidine of one component and

being bound to the N1 atom of the histidine side chain of the next component (153, 154).

1.8 pHis in mammalian cell signalling

1.8.1 Putative mammalian two-component histidine kinases

To date, there is no conclusive evidence that supports the presence of bacterial-like two-
component histidine kinases in mammalian cells. However, a number of mammalian proteins
have been shown to possess structural similarities to bacterial two-component histidine
kinases, two of which are found in the mitochondria, and are known as branched chain «a-
ketoacid dehydrogenase kinase (BCKDHK) and pyruvate dehydrogenase kinase (PDHK)
(155, 156). Both proteins contain prototypical two-component histidine kinase motifs and have
been studied for histidine kinase activity. These proteins are known to be involved in the
regulation of oxidative decarboxylation of pyruvate and although they have been shown to
autophosphorylate on a serine residue in vitro, the ability of them to possess histidine kinase
activity has been debated (156, 157). PDHK was observed to autophosphorylate on His and
a phosphotransfer reaction for Glu243 and His239 of rat PDHK was proposed (158). However,
reliable, and conclusive data was not revealed when His residues were mutated and therefore
did not demonstrate the role of His residues in the kinase activity of the protein (159).
Furthermore, no evidence was accumulated for the identification of a histidine kinase protein
substrate for these proteins. Although these proteins may not determine the likelihood of two-
component like histidine kinases in mammals, the structural similarities highlight the notion

that histidine phosphorylation is a well-established form of cellular based signalling.

1.8.2 NME proteins

Whilst prokaryotes, lower eukaryotes and plants use pHis for signal transduction, as described
previously, pHis as an enzyme intermediate is routinely used in all organisms (154). The side
chain of His has a pKa close to physiological pH, which allows His to act as a nucleophile, a
general acid or a general base in many enzymatic reactions (160). Unsurprisingly, therefore,
His has been reported to be present in the active site of ~50 % of enzymes (154). The NME
proteins, also known as nucleoside diphosphate kinases (NDPK), are an example of a protein
that utilises pHis, at the N1 position, as an enzyme intermediate to carry out a catalytic reaction
and this enzymatic activity was first discovered in pigeon breast muscle (161) and yeast (162
) and the sequences encoding for proteins possessing this NDPK activity were subsequently
identified (163-165).

38



The NME genes were first identified in mouse (14) and in the fruit fly Drosopholia (166).
Several orthologs of these genes were identified from E. coli (167) to humans (168) and to
date, ten genes displaying partial or complete NDPK domains have been identified in humans
(15) (Figure 1.7). These ten NME genes have been separated based on their amino acid
sequence into two distinct groups (15). These groups likely originate from a gene duplication
of a single NDPK ancestor gene and have since been termed Group | and Group Il (169).
Group | comprises NME1, NME2 NME3 and NME4, whilst NME5, NME6, NME7, NME8 and
NME9 belong to Group Il. NME10, also named XRP-2, is the most recently described NME
protein and possesses only a partial NDPK domain (170), and although it is lacking in NDPK
enzymatic activity, it is widely expressed in a variety of tissues including the retina, but has

not yet been fully characterised (170, 171).
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Figure 1.7. Amino acid sequence alignment of the NME protein family members. NME1-
10 family members are shown as NDKA, NDKB, NDK3, NDKM, NDK5, NDK6, NDK7, TXND3,
TXND6 and XRP2, respectively. The uniport ID for all proteins is listed to the left of the
sequence. The residues involved in forming the large interface, small interface and small
interface 2 are highlighted in orange, green and blue. Catalytic residues in the active site are
highlighted in red. Alignment was carried out in Jalview.

Group | NME proteins share 58 to 88% identity with each other, whereas Group Il proteins
displayed more divergence with sequences sharing only 25 to 45% identity with Group |
proteins (172). The subcellular location of Group | protein members vary, but NME1 and
NME2, the most abundant proteins of Group I, are mainly found in the cytoplasm, but can also
be found in the nuclei (173). Nuclear NME1 and NMEZ2 interact with DNA in a hon-sequence
specific manner and this has been linked to local NTP synthesis relevant to DNA polymerase
activity, as well as NME activities such as 3’-5’-exolnuclease activity demonstrated for NME1
and DNA repair and transcriptional regulation by both NME1 and NME2 (174, 175). Nuclear
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NMEs were also found to interact with telomeres and postulated to play a role in telomere
regulation (176). Furthermore, NMEG, an inactive mitochondrial NME protein, was found to be
localised with the regulator of chromatin condensation 1-like protein (RCC1L), which is part of
a large GTP-binding protein family, but it is not known whether this protein can act as a
GDP/GTP exchange factor. These nucleotide-related activities require more detailed analysis,

for their structural bases and contributions in cancer and metastasis suppression.

NME3, which has been reported to be indicated in differentiation and apoptosis of myeloid
neuroblastoma cells was also observed in the mitochondria (177). The mammalian NME4
protein is exclusively a mitochondrial isoform as it possesses a specific organelle targeting
sequence. NME4 is bound to the mitochondrial inner membrane through an electrostatic
interaction between a basic motif (Arg89-Arg90-Lys91) and a mitochondrial phospholipid,
cardiolipin (178). Members of Group Il present a high level of identity to the three tandemly
repeated NDP kinase domains and as a result, are much larger proteins. Group Il proteins are
mainly found in ciliated structures, with the exception of NMEG6 which is ubiquitously expressed
(172). Only the NME7 protein from group Il was found to demonstrate catalytic NDP kinase
activity (173).

1.8.2.1 Structure and multimerisation of NME

The first reported crystal structure of the human NME proteins was for NME2, which
demonstrated that it adopts a hexameric architecture formed from a dimer of trimers or a trimer
of dimers, with a D3 symmetry (179). Each monomer, with a molecular weight of ~ 17 kDa,
folded into a compact a/f domain, which is built around an anti-parallel 8 sheet, followed by
a C-terminal extension (Figure 1.8). As the human NMEZ1-4 proteins are highly conserved and
possess over 50% sequence identity, they all assume highly similar protein structures to
NME2, with hexamer conformations and D3 symmetry. This is supported by structural
similarity and RMSD values lower than 1.2A, are observed for the Group | proteins (180).
Despite the highly conserved sequences and structures, the cellular functions of NME1-4

appear to be distinct based on genetic analysis and are discussed below.

To form a hexamer with D3 symmetry, each monomer (Figure 1.8) forms three different
interfaces with adjacent subunits. These interfaces are referred to as a large interface, a small
interface close to the active site and another small interface opposite the active site (181)
(Figure 1.7 and Figure 1.9). Dimer assembly occurs through the formation of a continuous -
strand between two subunits and the interaction of two antiparallel a-helixes. Within the helical

structures, Glu29 forms hydrogen bonds with main chain amides of Val21l and Gly22 (182,
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183). The association of the dimers involves Lys31 interacting with three main chain carbonyls
of neighbouring subunits, such as Arg105, Gly106 and Glul107 (Figure 1.8). These interface
residues are generally conserved across all NDP kinases, including human NME1-4, but not
NMES5-8 (183, 184). It is therefore suggested that the Group Il human NME proteins may
assemble in a different way to those in Group I, but the interactions and structure assembly is
yet to be determined. Interestingly, the NDP kinase structure in M. xanthus was resolved as a
tetrameric structure, and only the large interface is conserved in this protein with human NME2
(185). This suggested that the evolution of one or two multiple interfaces between the
monomeric subunits may result in different assembly and therefore different functions in

various species.
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Figure 1.8. Structural elements and active site residues of the NME monomer. (A) Chain
A of the NME1 hexamer, PDB Code: 1JXV, is shown and the helical and beta sheets that form
the secondary structure are labelled and the C-terminus is highlighted in magenta and the Kpn
loop is highlighted in orange (B) Conserved residues involved in nucleotide binding are
highlighted in green.

The Kpn loop, formed from residues 96-116, is located between the a-3 helix and the p4 strand
(179, 183). It is positioned at the active site of NMEs and also plays a role in surface contacts
leading to protein oligomerisation (186). The loop is important for enzyme activity because of
the conservation of His118 in the centre of the B4 strand, a very short strand which follows the
Kpn loop (187). This results in an unfavourable conformation of the His residue but allows the
maintenance of accessibility of the substrate to the active site. Furthermore, the Kpn loop and
the C-terminal region has been proposed to be involved in hexamer formation, since a
Pro96Ser substitution and a C-terminal truncation, destabilises the hexamer in favour of a
dimer in Leishmania parasites (188). The C-terminal segment interacts with two neighbouring

subunits and the Kpn loop to stabilise the hexamer via a trimer/large interface through
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hydrophobic interactions. Hexamer assembly also involves Prol01 forming a network of
hydrogen bonds with three water molecules and the interaction of Vall16 with Trp142 of the C-
terminus (182).

NME family members consist of six single subunits that are enzymatically active. In some
cases, it has been reported that they exert a number of their activities as heteromeric
complexes (189). For instance, NME2 and NME3 oligomers were proposed to be involved the
complex formation of G-proteins in cardiomyocytes (190) but the exact mechanisms are
unknown. Heterooligomerisation of NME proteins is therefore an area of research that needs
to be studied in greater detail. As NME1 and NME2 share 88% identity, their individual ability
to form heterohexameric isoenzymes has been investigated (182). Only 18 out of 152 amino
acids in NME1 and NME2 differ, however NME1 is an overall acidic protein, compared to
NME2 which is overall a basic protein, with predicted pl values of 5.83 and 8.52, respectively
(15) due to some of these 18 amino acids possessing oppositely charged side chains (Figure
1.7). Irradiation-induced DNA damage in cells leads to NME1 and NME2 co-localisation and
a change in NME1/NME2 homo- and hetero-hexamer ratios. In addition, mitochondrial
elongation appears to be stimulated by NME3 oligomerisation, as opposed to catalytic NDPK
activity. It was reported that the expression of both wild-type and catalytically dead H135Q
NME3 restored mitochondrial fragmentation in glucose starved human cells, but a double
mutant, E40/46D abolishing the salt-bridges between monomers, did not (177).

Large interface

Figure 1.9. Schematic ribbon representation of the NME1 structure. (A) NME1 hexamer
(dimer of trimers) showing the large interface between trimers, and for clarity, (B) showing a
single NMEL1 trimer and the small interfaces, including the Kpn loop in orange, and conserved
Cys residues involved in structure assembly at positions 109 and 145, as well as 4 are
highlighted in red, yellow and magenta respectively. Ribbon diagram was produced in PyMol
from the PDB file 1JXV.
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NME proteins contain several conserved Cys residues (Figure 1.9). Indeed, NME
oligomerisation has been reported to be regulated through redox-dependent mechanisms. For
example, under oxidising conditions, a crystal structure of NME1 containing an intramolecular
disulfide bond has been reported (191). This disulfide bond, between Cys4 and Cysl145,
disrupts the small interface of the protein involved in dimer assembly and is believed to induce
a conformational change in the C-terminal region, of which Cysl145 is a part of, thereby
destabilising the hexamer and triggering dissociation. The population of NME1 dimer was
increased and a concomitant reduction in the enzyme activity of NME1 has been reported
(192). This apparent redox-sensitivity of NME1 was further supported by a study carried out
in NME1 null mice, which exhibited lower tolerance to oxidative stress compared to wild-type
mice (193). Together, the differences in quaternary structure between species, the assembly
into homo/hetero isomers, and the oxidation-induced NME dimer formation all elucidated a

potential mode of regulating the multitude of NME functions (189).

1.8.2.2 The NDP catalytic cycle

The NME proteins are strongly conserved throughout the phylogenetic kihngdom and are
present in a wide variety of organisms as nucleoside diphosphate (NDP) kinases. In humans,
Group | protein members, NME1-NME4 all possess the NDP kinase active site motif
(NXXHG/ASD) and are catalytically active as these nine residues are the most essential for
catalysis and stability of the NDP kinase (180). The NDP kinase reaction (Figure 1.10)
catalyses the transfer of the y-phosphate from nucleoside triphosphates through a
phosphonhistidine (pHis) enzyme intermediate to nucleoside diphosphates vis a ping-pong
reaction mechanism (172). Functional studies have shown that the phosphotransfer step

essential for several biological roles occurs via His118 in the active site.

NDP NT(P
NME NME(-P) \!—}bNME
NTP)= = NDP

Figure 1.10. Schematic diagram describing the catalytic mechanism of the NDP kinase
reaction of NME. Phosphate transfer is carried out via a ping-pong mechanism.

1.8.2.3 NME nucleotide substrate specificity
The NDP kinases are believed to be ubiquitous housekeeping enzymes that play an important
role in the appropriate balance of intracellular NTP and dNTP pools to maintain essential

cellular processes such as RNA synthesis, translation and high DNA replication fidelity (10).
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They catalyse the transfer of the gamma phosphate group from nucleoside triphosphates such
as GTP, TTP and ATP, to nucleoside diphosphates (NDPs) including ribo- and deoxyribo-
GDP, ADP, UDP and CDP (Figure 1.11) (194). The second order rate constants for
phosphorylation by natural NTPs are between 0.7 and 13 x 10 M s, equivalent to greater
than 1000 s (195, 196).

Crystal structures of the transient phosphorylated enzyme intermediate have not been solved,
however substrate-complexed forms of the NDP kinase and structures in the inactive,
nucleotide-free state are available (197-199). Each NME monomer possesses an active site
that is located in a cleft formed by the two helices, termed aa and a, (Figure 1.8). The
nucleotide base is oriented near the surface of the protein and is stabilised by Phe60 of the
az-helix and Valll2 of the Kpn loop (see above) whereby a clamp like structure is formed.
This clamp like structure in the substrate bound complex is assumed to be conserved across
the catalytically active NME proteins, since NME1-3 all contain F60 and V112 residues, and
in NME4 V112 is replaced with isoleucine, which is presumed to support this interaction. In
contrast, Group || NME proteins are not able to form this clamp due to the absence of a residue
equivalent to V112 (180).
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Figure 1.11. Chemical structures of diphosphate and triphosphate nucleosides. The
nucleotides shown are substrates of the NDP kinases. Structures were generated with
ChemDraw 19.1.
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In contrast to the nucleotide base, the ribose sugar is buried in the nucleotide binding cleft of
the protein. Side chains of K12 and N115 form hydrogen bonds to the 2’ and 3’ hydroxyl
groups, with the phosphate moiety pointing towards His118 (Figure 1.8) (200). The active site
His118 residue is stabilised by Glu129 and this interaction is reinforced through a hydrogen
bond with N3 of the Hisl118 imidazole group, leaving the N1 position available for
phosphorylation and subsequent phosphate transfer to a nucleotide (201). Tyr94 and Arg88
are responsible for forming hydrogen bonds with the phosphogroups of the substrate and are
conserved across the NDPK active NME proteins (Figure 1.8). Intriguingly, in the GDP-bound
state, a Glul152 residue in an adjacent subunit of NME2 was found to form a salt bridge with
the N2 amino group of GDP (197). Although this residue is conserved in NME1, no such
interaction was reported for ADP in complex with NME1 (199).

1.8.2.4 NME is characterised as a ‘metastasis suppressor’

The discovery of NME1 was linked early on to its role as a metastasis suppressor gene.
Metastasis suppressor genes inhibit different biological processes during metastatic
progression without globally influencing the development of the primary tumour. The number
of human metastasis suppressor genes is now numbered at ~30 (202, 203), and NME1 was
the first to be named, based on non-metastatic (NME) phenotypes linked to its expression
(14). This initial study compared expression of NME1 in mouse metastatic melanoma cell lines
with non-metastatic cells, and reported that NME1 expression was downregulated in
metastatic cell lines (14). This was further investigated in melanoma and epithelial tumours,

where NME1 expression was inversely correlated with metastasis potential (204-213).

Upregulated NME1 also correlates with poor prognosis in several cancer sub-types, including
haematological cancers (214, 215) and work in neuroblastoma patients reported a positive
correlation between NME1 expression and tumour progression (216, 217). In addition, a
missense mutation (S120G) was identified in aggressive neuroblastomas. This appears to be
specific to this tumour type as amino acid changes in NME1 (217, 218) are very rare in cancer
databases, compared to other tumour suppressor genes such as p53. This data suggests
potential dual roles of NME1 during tumour development, although further work is needed to
confirm this. For example, it was proposed that overexpression of NME1 can be detected in
the primary tumour during the early stages of tumorigenesis, followed by later downregulation

of expression during metastasis (219).

Tumour cells must gain certain capabilities in order to execute the metastatic program. This
includes the ability to acquire motility and invasion, which NME1 has been shown to suppress

in vitro (220). Boissan et al demonstrated that mice expressing the SV 40 large T antigen in
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the liver, which leads to hepatocellular carcinoma, exhibit a higher incidence of lung
metastases when crossed with an NME1 knockout strain (221). Furthermore, the metastatic
potential of cells is reduced in human and mouse invasive cell lines where NME1 was
overexpressed, compared to the parental cell line where endogenous expression was low. In
addition, in response to NME1 downregulation in previously non-invasive hepatocellular
carcinoma cell lines (where NMEL levels are usually high), invasive and metastatic
phenotypes are observed (222-224). This gives rise to a loss in intracellular adhesion,
including increased expression of Racl signalling and MAPK/SAPK protein kinases, including
ERK and JNK and activation of the P13K/Akt pathway activation.

NMEL is also thought to function in a late step of the metastatic cascade through the induction
of tumour dormancy when apoptotic and proliferative signals are balanced. Tumour cell
proliferation has been reported to be inhibited by the phosphorylation of Ser392 on the MAPK
pathway scaffold KSR, which in turn reduces signalling to ERK (225). Phosphorylation of
Ser392 has been proposed to be carried out by NMEL1 through a pHis enzyme intermediate
(226). When studied in HepG2 cells in which NME1 was silenced, ERK, a protein that forms
complexes with Raf/MEK in the RTK/Ras/ERK pathway (227, 228) was hyperactivated (219)
consistent with high levels of ERK signalling in the proliferation of tumour cells (229-231). This
implies that NME1 can negatively regulated the outcome of Ras/MAPK signalling, perhaps
through KSR.

More recently, Wu et al showed that two non-phosphorylatable serine mutants of NME1 (S44A
and S120G) were unable to suppress tyrosine phosphorylation of STAT3, which is involved in
the upregulation of expression of metalloproteinase 9, an important metastatic factor.
However, the H118F mutant of NME1 still maintained the ability to suppress STAT3
phosphorylation. In this instance at least, the autophosphorylation ability and protein kinase
function of NME1 does not appear to be directly connected with the effect on STAT3
phosphorylation. Thus, much remains to be investigated concerning the relationship between
the protein kinase activity of NME1 in general, and its protein histidine kinase activity in

particular, and its anti-metastatic effect (232).

Thus, the NME gene family display pleiotropic functions and their effect on metastatic
progression might actually be contradictory in distinct human cancers. These findings might
be due to the presence of highly homologous NME isoforms in cells, especially NME1 and
NMEZ2, which are not discriminated by commercial antibodies. Conflicting data can also be

explained by different cellular context, as NDPKs were proposed to act in opposing ways
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depending on the cellular environment where cells attached to a surface show behaviour that

differs markedly from cells proliferating in suspension.

1.8.2.5 Cellular NME binding partners and model organism studies

A model organism that has shed light on the functions of NME proteins is the fruit fly,
Drosophila melanogaster. The mutation termed Killer of prune (Kpn), was shown to lead to
lethality in individuals homozygous for the non-lethal mutation prune, which causes a ‘prune’
colour in the eye (233). It was later found that the gene responsible is abnormal wing disc
(awd), which is a homolog of NME sharing 78% amino acid identity (168). The loss of function
mutants lack NDPK activity, and furthermore, the phenotype can be rescued by human NME2,
the most ancient NDPK, but not NME1 (234). This ‘Killer of prune’ notation has since been
used to identify the Kpn loop structure in human NME proteins, described above, where Pro96

is located, described aboce.

It was also shown that in flies, the awd protein partners with Shibire, the homolog of human
dynamin (235). Dynamin, plays a key role in the initiation of endocytosis as it is essential for
the generation of vesicles (236) (Figure 1.12). The interaction of human NME1 with dynamin
has been further studied in primate cell lines and in particular, human NME1 was shown to
interact with dynamin in human breast carcinoma cells. GTP is believed to be supplied to
dynamin by NME1 and NME2 NDPK activity, and thus increasing its GTPase activity, which
in turn promotes dynamin oligomerisation and vesicle fission (237, 238). In breast carcinoma
cells, this process contributes to suppression of tumour cell motility by promoting endocytosis

of chemotactic receptors by facilitating dynamin (237).

Further insights into NME protein functions have been gained through studies on mice, where
murine NME1 and NME2 share 94% and 98% with their human homologs, respectively (239).
Several NME1 and NME2, as well as NME1/NME2 double knockout mice have been
generated. Single mutant mice were found to be viable but did possess developmental defects
for developing into adulthood. For example, NME1 knockout mice developed mild hypotrophy
and females displayed defective mammary gland growth and maturation, and as a result those
females were incapable of feeding their offspring (240, 241). A lack of NME2 affected the
immune system in mice as T helper 1 and 2 cell types demonstrated an insufficient cytokine
production (242). In addition to this, NME2 has been shown to be crucial for the activation of
the KCa3.1 channel in these murine CD4* T cells (243) (Figure 1.12). The absence of both
NME1 and NME2 is lethal and the double knockout mice died perinatally (244).
Haematological defects such as anaemia with damaged maturation of erythrocytes were

displayed, suggesting NME1 and NME2 functions are necessary for erythroid lineage
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development (10, 244). The role of NME in phagocytosis is evolutionary conserved. NME1
was found to interact with Dynamin-2 in human macrophages, which is essential for the
formation of macrophage phagosomes (245) and the depletion of NMEL1 led to decreased
phagocytic capacity (246).

NMEL1 has also been shown to bind to Dbl-1, an exchange factor for the Rho-type GTPase
CDC42, leading to inactivation and inhibition of cell migration (247). Several other
mechanisms have been proposed through which NME1 exerts its effects on cell migration. In
order to suppress tumour cell motility, NME1 has also been reported to bind to gelsolin and
inactivate its actin-severing capacity (248). Furthermore, the awd/prune interaction
established in flies has been further investigated in breast cancer models (249). This revealed
that h-Prune (a phosphodiesterase), directly interact with human NME1, which results in
increased cell motility (250). In addition, human NME1 and its homologs in C. elegans were
shown to promote apoptotic cell death of several cell types (251). For example, human NME1
was observed to act in caspase independent apoptosis as a granzyme A-activated DNase

(252, 253). However more work is are required to further investigate this.

Group | NMEs possess an affinity for membrane phospholipids. NMES3 is recruited to the
mitochondrial membrane via its hydrophobic anchor and phosphatidic acid (173), while NME4
binds to cardiolipin, a mitochondria specific phospholipid (178). This can facilitate cardiolipin
externalisation and trigger mitophagy or apoptosis (254, 255), or the formation of the Nlpr3
inflammasome, a multiprotein complex that generates proinflammatory signals (256).
Interestingly NME4, as well as NME3 and NME6 have been reported to be important for
different signalling pathways such as inflammasome pathways, but the mechanisms are
hereby unknown (257). Limited progress has been made establishing the function of Group Il
NMEs. Mutations in NMES5 were repeatedly observed as a cause for primary ciliary dyskinesia
in animals and humans (258-260). What's more, semi-lethal primary ciliary dyskinesia in rats
was also reported for NME7 knockdowns (261), suggesting similar functions for NME5 and
NME?7 in ciliogenesis and control of ciliary transport in mammals (10, 173). Knockdown of
NME?7 in rat models was also linked to glucose intolerance or adiposity (262, 263). In all cases
studied, NME function is related to NDPK activity, and is relevant to its cellular location and

interaction partners (10, 173).

1.8.3 Additional functions of the NME family that require a pHis enzyme intermediate
NME1 and NME2 are best known to exploit a pHis enzyme intermediate for their nucleoside
diphosphate kinase reaction. But most relevant to this thesis, they have also been reported to

use a pHis madification for a number of distinct cellular processes (Figure 1.12). For example,
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mutational analysis has been shown that NME utilises a pHis 118 enzyme intermediate in a
protein kinase role involving NME1 Ser120 (Figure 1.8) (264). Aldolase C is a key enzyme in
glycolysis and gluconeogenesis (265) and was suggested to be phosphorylated (at low levels)
on an aspartic acid residue by NME1 (266). The amino acid identified as the phosphorylation
site was Asp319 of aldolase C and this phosphorylation was greatly reduced in the presence
of NME1 mutants P96S and S120G. Phosphoaspartic residues are reduced by NaBH4,
whereas phosphohistidine residues are not, and when incubated with NaBH4 3P was no

longer detected on aldolase C (266). More work is required to establish the relevance of this

finding.
Gene Function pHis site N1 or N3
NME1 NDPK, His kinase H118 N1 pHis
NME2 NDPK, His kinase H118 N1 pHis
NME3 NDPK, mitochondrial H135 N1 pHis
NME4 NDPK, mitochondrial H151 N1 pHis
NME7 NDPK, centrosomal H206 N1 pHis
PGAM1 Glycolysis H11 N3 pHis
PGAMbS Ser/Thr & His phosphatase H105 N3 pHis
SUCGL Succinyl-CoA ligase H299 N3 pHis
ACLY ATP-citrate synthase H760 N3 pHis
PHPT1 pHis phosphatase - -
LHPP pLys, pHis and pyrophosphatase - -
GNB1 GPCR signal transdction H266 N3 pHis
KCa3.1/KCNN4 | Calcium activated potassium channel H358 N3 pHis
TRPV5 Calcium channel H711 -
HISTH4 Nucleosome, chromatin regulation H18 N1 pHis/N3 pHis
PLD Phospholipid metabolism, signalling H94 ?
NAMPT NAD+ biosynthesis H247 N1 pHis

Table 1.1. pHis containing proteins, a brief description of function and the site of
histidine phosphorylation are also shown.

The biological role pHis in proteins, particularly as a product of histidine kinase activity is still
relatively poorly understood. In this context, the dimeric glycolytic enzyme PGAM
(phosphoglycerate mutase) has been demonstrated to employ an N3 pHis (as opposed to a
N1 pHis) covalent enzyme intermediate during the interconversion of 2 and 3

phosphoglycerate, and so is useful as a positive control forimmunoblotting with 3 pHis-specific
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antibodies (9). The structural basis for the differential binding of N1 and N3 pHis-specific
antibodies to peptides with chemical pHis analogues has recently been disclosed (267). In
addition to the NDPK catalytically active NME family members, a number of other proteins
have been reported to possess or utilise phosphohistidine to carry out cellular processes

(Table 1.1) and these are discussed further below.

1@ — Qe — @
T lon channel T
© PGAMs ~ fegulation oo,
Dynamin

. T e Localised GTP
Gprotein prpy 2@ GTP /

signallin / NME1/2 '
- - GDP ' o

NTP +—— NDP
NME1/2 Phagosome

‘ Nucleus Ac CoA
/ !\ o Glycolysis 2.DPG /60(‘0.
i \ NTP homeostasis o f' Citrate
: o Fatty acid
\ Chromatin i

LHPP —i 2 3-DPG biosynthesis
regulauon
/ Succinate NDP
0o\ e 0
Centrosomes & Succinyl NTP

CoA

Bl Mitochondria

NME7

Figure 1.12. Schematic diagram of cellular functions of pHis signalling and the
proposed histidine kinase activities of NME1 and NME2. Proteins that utilise pHis as an
enzyme intermediate or in histidine protein kinase (HPK) reactions are shown in pink, and
putative substrates of the HPK reaction are in orange. Histidine phosphatases are shown in
green.

1.8.3.1 Putative NME protein kinase substrates in vertebrate cells

1.8.3.1.1 KCa3.1

The calcium activated potassium (K*) channel KCa3.1, also known as KCNN4, plays a critical
role in stimulating Ca?* influx in a number of cells, including CD4* T and B lymphocytes and
vascular smooth muscle cells (268-270). Through mediation of K* efflux from these cells,
KCa3.1 is key to maintaining a negative cell membrane potential to electrochemically drive
Ca?" influx into these cells. The importance of KCa3.1 channels in a number of biological
processes highlights the importance of understanding the mechanisms whereby it is
regulated. It was recently reported that the channel requires phosphatidylinositol 3 phosphate
(PI3P) for activity and this indirect interaction was mediated by a 14 amino acid stretch at the
carboxyl terminus (271). It was later reported that this stretch of amino acids was responsible

for the recruitment of a protein, together with PI3P that leads to the activation of KCa3.1 (243).
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NME2 was shown to co-IP and also reported to be responsible for the phosphorylation of
KCa3.1 channel at His358, which lies within the C-terminal tail (243). Among the four calcium
activated potassium channels, KCa2.1, KCa2.2 and KCa2.3, KCa3.1 is unigue in that it
possesses a His residue. Binding of KCa3.1 to NME2 was also demonstrated through a yeast
two-hybrid library screen to the 14 amino acid peptide in the carboxyl terminus. This was
further supported by co-immunoprecipitation experiments in which NME2 and KCa3.1 were
shown to interact both in vitro and after overexpression in Chinese hamster ovary (CHO) cells.
Increased activation of the channel was observed in CHO cells where NME2 was
overexpressed alongside KCa3.1 based on whole cell patch clamp experiments. This
contrasted with the unchanged amplitude of cells where catalytically inactive (H118A) NME2
(but not NME1) were expressed, suggesting a link (through not necessary direct) to NME2
(243) as a potential protein histidine kinase for KCa3.1.

In addition, in NME2 knockdown cells, Ca?" and KCa3.1 channel activity was found to be
reduced and the proliferation of human CD4* T cells was inhibited. The recent identification of
the protein histidine phosphatase PHPT1 as a potential KCa3.1 His358 phosphatase, which
leads to negative regulation of CD4* T cells, further supports the importance of His
phosphorylation for regulation of KCa3.1. PHPT1 appears to be specific for this site, because
other putative histidine phosphatases, such as PGAM5, were unable to dephosphorylate

His358 on the channel (243) when they were overexpressed.

1.8.3.1.2 TRPV5

The epithelial Ca?* channel termed transient receptor potential-vanilloid-5 (TRPV5) plays an
important role in the control of Ca?* homeostasis and it is partly responsible for the
reabsorption of Ca?* in the kidney (272). NME2, but not NME1 was shown to regulate TRPV5
through phosphorylation on His711 in the intracellular channel C-terminus (273). Like KCa3.1,
TRPVS5 is a tetrameric channel that binds calmodulin and is regulated via Ca?*/CaM signalling
(274, 275). For both KCa3.1 and TRPV5, the histidine amino acid is thought to play an
inhibitory role, which is released through phosphorylation. This was demonstrated through the
mutation of His711 in TRPV5 to a phosphorylation-mimicking aspartic acid, which resulted in

increased Ca?* currents when analysed by patch clamp (276).

In a similar manner to KCa3.1, TRPV5 channel activity was increased when assessed by
whole cell patch clamp experiments when co-transfected with wild-type NME2, as opposed to
NDP ‘kinase dead’ H118A. Furthermore, this increase in activity was reversed upon incubation
with the histidine phosphatase PHPT1 (273). Finally, cells in which NME2 levels were depleted
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through siRNA showed a reduction in TRPV5 activity, however activity was not completely
abolished. This data suggests that His phosphorylation on 711, distinguished through inactivity
of the neutral TRPV5 H711N mutant in the presence and absence of NME2 (273), plays a role
in the regulation of TRPV5 activation. Whether NME2 directly regulates His phosphorylation
at this site in cells, or if it occurs through changes in nucleotide levels accompanied by

mutations such as H118A, remain to be established biochemically.

1.8.3.1.3 Histone H4

Histidine phosphorylation on histone proteins was first characterised in yeast (277), but since
then studies have shown that histone H4 (HH4) is phosphorylated on His in the nuclei of rat
liver cells (278-281) and Walker-256 carcinosarcoma cells (135 ). The sites mapped were
His18 and His75, which are conserved in HH4 across all species. The histone histidine kinase
regenerating from rat liver cells was found to form N1 pHis, whereas from carcinosarcoma
cells N3 pHis was formed, suggestive of a different His protein kinase activity. It has also been
speculated that occurrence of pHis histone H4 is linked to different cellular conditions (7). For
example, newly synthesised histone H4 lacks His phosphorylation and furthermore,
nucleosome core particles containing appropriately packaged H4, is not a substrate for the
unidentified histone histidine kinase (282). In addition to this, studies on foetal rat and human
liver displayed 100-fold higher histone histidine kinase activity compared to adult liver (281).
This has led to the idea that histidine phosphorylation of histone H4 occurred at the time
histones are displaced from DNA during replication, perhaps in order to prevent premature
formation of nucleosome complexes during DNA synthesis. In support of this theory, there is
a large body of evidence of the control showing that covalent modification of histones,
including phosphorylation, underlies fundamental cellular processes such as transcription,
DNA repair and carcinogenesis (283-286). The putative phosphorylated His residues in H4 lie
in regions of the protein that form interactions with other histones in the core nucleosome (7,
287), and phosphorylation would likely destabilise nucleosome structure. To date, the specific
histone histidine kinase(s) that transfer phosphate to histone H4 in yeast and liver have not
been identified. It is worth nothing that Histones have also been reported to be phosphorylated
on both Lys and Arg (288), though their biological roles are uncertain. The discovery of a
specific histone histidine kinase would better equip researchers to answer some of these

unanswered questions surrounding the role of histidine phosphorylation on histone H4.
Another histone histidine kinase activity described in the literature, which also remains

unidentified, was reported in islet g cells by Kowluru and colleagues (289). This kinase was

shown to employ ATP and GTP as a substrate and to phosphorylate both exogenous histone
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H4 and Gpg. However, the interpretation of these results is complicated by only partial
purification of the protein and the potential presence of NME, an NDPK, which may be linked
to the use of both ATP and GTP as a substrate. It is also possible that the histone histidine
kinase revealed in this study is membrane-associated, since the molecular mass of the activity
does not correlate with an NME monomer, or hexamer, and might therefore represent a new

protein histidine kinase.

1.8.3.1.4 Heterotrimeric G-proteins

Heterotrimeric G-proteins consist of a guanine nucleotide-binding a-subunit, and a complex
of B and y subunits. This regulated complex plays a pivotal role in many signal transduction
pathways and is activated by GDP/GTP exchange catalysed by G-protein coupled receptors.
Several studies have demonstrated the formation of a high energy phosphoramidate bond in
a histidine residue of the GB subunits enables the local formation of GTP via transferring of
the His-phosphate onto GDP (290-295). This phosphorylation event was speculated to require
a co-factor that acts as a histidine kinase (289, 293, 294). In a study reported by Cuello et al,
several experiments were performed that link NME2 with the Gy dimers. In particular, the
two protein complexes co-immunoprecipitate, suggesting that NME2 histidine kinase activity
could be required for the G His-phosphorylation reaction. Consistently, G phosphorylation
was observably increased in membranes of H10 cells overexpressing wild-type NME2 but not
catalytically inactive (H118N) NME2 (296). Further studies led to the proposed site of histidine
phosphorylation being the imidazoyl side chain of His266. This was supported by a lack of
phosphorylation being detected in a protein termed G5, in which the His was replaced with
a lysine (297-300). However, structural analysis of heterotrimeric G proteins indicates that
His266 is distant from GDP, meaning that a direct transfer of a phosphate is unlikely if NME2
were to function as a His protein kinase (301).

1.8.3.1.5 ATP citrate lyase and succinate thiokinase

Studies in rat liver showed that ATP citrate lyase is histidine phosphorylated at the N3 position
based on autoradiography (302). ATP-citrate lyase is the primary source of cytosolic acetyl-
CoA, which is used in a number of biosynthetic pathways, including fatty acid, cholesterol and
ganglioside biosynthesis. NME1 was reported to His phosphorylate ATP-citrate lyase when
incubated with PC12 cell cytosol. Succinate thiokinase, also known as succinyl-CoA
synthetase (SUCLG), is a bacterial enzyme that was also proposed (but could not be
conclusively shown) to be a substrate for NME1 via phosphorylation on His299 (303, 304). In
contrast, previous studies have shown that both SUCLG and ATP citrate lyase can

autophosphorylate on His (305), and this may account for the increase in histidine
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phosphorylation in the presence of NME1, with NME1 increasing the local amount of NTPs
for a separate protein His autophosphorylation reaction. Again, it is unclear if NMEL1 acts as a
protein His kinase, or is instead a source of nucleotides for a His phosphorylation event

catalysed by a separate protein kinase.

1.8.4 Mammalian histidine phosphatases

The discovery of widespread pHis in mammalian cells (116, 143) and the proposal that
mammalian His kinases must exist, raises the question as to whether this post-translational
modification can also be reversed by His-specific phosphatases. To this end, several putative
phosphohistidine phosphastases have been described (180). Phosphohistidine phosphatase
| (PHPT1) was the first histidine phosphatase evaluated biochemically, as far back as 1962
(11). PHPT1 can dephosphorylate a His residue on several of the proteins described above
and shown in Figure 1.12, including KCa3.1 (306), TRPV5 (273), ACLY and GNB1 (296).

Another putative histidine phosphatase, phospholysine phosphohistidine inorganic
phosphatase (LHPP), has also been reported after purification from porcine brain tissue (307).
As its name suggests, this enzyme appears to dephosphorylate both pHis and pLys.
Interestingly, like NME1, LHPP has also been described as a tumour suppressor in liver
cancer, where its expression is downregulated, alongside upregulation of NME1/NME2 (308).
The downregulation of LHPP has also been observed in colorectal (309), bladder, pancreatic
(310), thyroid (311) and cervical cancer (312) cells. ACLY has been suggested to be a
substrate for LHPP, based on mass spectrometry analysis of pHis containing proteins from

mouse hepatocellular carcinoma cells (313).

Histidine phosphorylated NME2 at His118 has recently been shown to be dephosphorylated
by the phosphoglycerate mutase family member, PGAM5. PGAM5 attacks the phosphate
linkage on His to form a pH105 intermediate at the N3 position, which is subsequently
hydrolysed to release phosphate. However, PGAMS5 has also been reported to be a pSer
phosphatase (306), as has the broad spectrum phosphatase encoded by bacteriophage
Lambda. Other members of the PGAM family that share sequences with histidine
phosphatases include STS-1 and STS-2, which are potential candidates for pHis
dephosphorylation, but they have not been extensively studied. The major cellular
phosphatases such as PP1, PP2A and PP2C have also been reported to exhibit
dephosphorylation of pHis in vitro (180). As described above, histone H4 is also subjected to
regulated through His phosphorylation and dephosphorylation, but again the enzymes

responsible are not yet known (306, 314).
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1.8.5 A comparison of NDP kinases and Ser/Thr/Tyr kinases

Regulated Serine/Threonine and Tyrosine protein kinases are implicated in the regulation of
all aspects of eukaryotic cell biology. Like Ser/Thr and Tyr kinases, NME proteins are found
in all eukaryotic organisms, but unlike protein kinases, they do not possess a bilobal kinase
fold, and can accept nucleotide substrates with all known natural nucleobases in the form of
2’deoxyribose and ribose. In contrast, canonical protein kinases maintain specificity for ATP
or GTP (199), although recent work shows that pseudokinases can sometimes bind
nucleotides in unusual orientations to catalyse atypical post-translational modifications (315,
316). Phosphohydroxy amino acids such as Ser, Thr and Tyr all possess a phosphoester
bond, which has a AG° of hydrolysis of between -6.5 to -9.5 kcal mol™. In contrast, pHis
contains a phosphoramidate bond with a AG° of hydrolysis of -12 to -14 kcal mol?
demonstrating that the thermodynamic stability of the P-N bond differs from a P-O bond.
Moreover, the instability of the P-N bond at 95°C and under acidic conditions is well known

(133), making it challenging to analyse by conventional techniques (Section 1.6.4).

Protein kinases and the NME family of NDPKs belong to different evolutionary families and
are also unrelated in both sequence and in three-dimensional structure. A key difference is
that the phosphate transferred to a Ser/Thr/Tyr residue is located on either the same protein
itself (autophosphorylation either in cis or in trans) or on a distinct substrate protein. However,
NDP kinases transfer a phosphate between one nucleotide and another employing a N1 pHis
intermediate, which has not been shown for any protein kinase, to my knowledge. Although
the general chemical mechanism is similar, whereby a nucleophilic imidazole or hydroxyl
group attacks the y-phosphate, generating an intermediate from which the NDP moiety
departs (199), NDPK follows a ping-pong reaction mechanism, in which a pHis enzyme
intermediate is formed. This is supported by X-ray structures of NDP kinase from dictyostelium
(200) and cAPK (317), and by comparison of both in complex with the transition-state mimic
ADP-AIFs.

Protein kinases and NDP kinases also employ distinct chemical groups encoded by amino
acids for catalysis and for driving interacting with their substrates, which generates different
molecular environments for bound nucleotides (and potentially small molecule inhibitors). The
nucleotide monophosphate moiety of the substrate maintains the same conformation in both
types of enzyme with the base in anti-orientation and the a-phosphate in trans to the sugar,
however the § and y-phosphates behave differently, since the 3'OH hydroxyl group plays a

major role in NDP kinases, forming a hydrogen bond with the triphosphate moiety, whereas
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this hydroxyl group plays no known role in catalysis amongst protein kinases (199).
Furthermore, the phosphate groups in NDP kinases form interactions with conserved Arg
residues as well as Lys12 one main-chain NH away from Gly119 in space, whereas Lys
residues in kinases interact with the phosphates, creating a different environment surrounding
the nucleotide (318). Both kinases bind divalent metal ions, which compensate the negative
charge of the phosphate groups. It is thought that the Arg amino acids involved in nucleotide
binding in NDP kinases, potentially negates the need for Mg?* ions for phosphotransfer, as
discussed below. Finally, in addition to these differences in nucleotide binding and therefore
environment within the active site described, the two types of kinases possess opposite

chiralities in their phosphate-metal binding mode (199, 319).

1.9 NME proteins as potential histidine protein kinases

Interest in His phosphorylation has increased due to the recent demonstration by
unbiased phosphopeptide enrichment by strong anion exchange (UPAX) and MS that His
phosphorylation is common in human cells, coupled with the generation and commercial
availability of pHis-specific antibodies. However, questions around the ability of NME1 and
NME?2 to act as protein histidine kinases, some of which are described above, have developed
as the research in this field increases (320). For example, an intriguing hypothesis has
emerged in which NME supplies GTP to activate mono-or heterotrimeric G proteins (13, 297,
321, 322). Several studies proposed that NME2 was associated with GSy dimers and directly
phosphorylated GDP when it was bound; however only of those associations was reproduced
and validated by an independent group (323 ) and the original findings were later retracted
(324). Cuello et al later proposed that direct His phosphorylation, as opposed to enzymatic
GDP/GTP exchange, activates the G-protein (Section 1.8.3).

However, much of this reported work discussed has yet to be replicated independently, and
the risk of contamination of activities attributed to NMEs remains at the forefront of the field.
In addition, the relative roles of NME proteins as nucleotide-modifying enzymes (NDPKSs) vs.
additional roles as protein His kinases remains controversial as the active site of NME the
small 17 kDa proteins is unlikely to accommodate large protein substrates in a capacity that
phosphate transfer from the pHis118 enzyme intermediate can occur. This is one of the
reasons that the work described in this thesis focuses on this area, by generating recombinant
enzymes that can autophosphorylate on His residues as part of their NDPK activity, and
investigating them in detail in the context of nucleotide and small molecule binding, subunit

composition, enzyme activity and effectiveness as potential protein histidine kinases.
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Aims and objectives of thesis:

1. Analyse the biochemical and biophysical properties of purified wild-type and mutant
NME proteins
Investigate redox regulation of NME1 and the effects on oligomeric structure
Identify any small molecule compounds that interact with NME1
Explore the histidine kinase activity and interaction of NME with putative His-containing

substrates.

Chapter 2: Materials and Methods

2.1 Chemicals, reagents and antibodies

The pOPIN bacterial expression vectors were from OPPF-UK. The Flp-In T-Rex system for
mammalian cell expression, including cells and pcDNA3 were purchased from Invitrogen.
Restriction enzymes were purchased from New England Biolabs (NEB). CloneAmp HiFi PCR
premix was purchased from Takara. All primers (Table 2.2) were purchased from Integrated
DNA Technologies (IDT). All buffers were made using Milli-Q water unless otherwise

indicated.

Mouse anti-6His HRP-linked primary antibody, goat anti-rabbit HRP secondary antibody and
monoclonal rabbit antibodies N1-pHis and N3-pHis were all obtained from Sigma Aldrich. Goat
anti-mouse HRP secondary antibody was purchased from Cell Signalling Technology. Mouse
monoclonal pTyr antibody (P-Tyr-100), rabbit pT288 Aurora A antibody, anti-FLAG and anti-
Myc antibodies were also purchased from Cell Signalling Technology. The diphosphate and
triphosphate nucleotides were all purchased from Sigma Aldrich. Unless otherwise stated, all

other reagents were purchased from Sigma.

The clinically approved kinase inhibitors and RAF kinase inhibitors were purchased from
Tocris and SelleckChem. The FDA approved drug screening library was also purchased from
SelleckChem and comprises 976 compounds ranging from protein tyrosine kinase inhibitors,
molecules involved in immunology and inflammation, proteases and hormones. Compounds

were stored frozen in 10 mM stocks in dimethyl sulphoxide (DMSO) in 96-well plates.
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2.2 Transformation of E. coli and plasmid purification

2.2.1 Generation of chemically competent E. coli

TOP10 and BL21(DE3)pLysS E. coli strains were streaked onto Luria-Bertani (LB) agar plates
from a glycerol stock and grown for 18 hours in an incubator at 37 °C. Single colonies from
these plates were grown in 50 mL of LB media for a further 18 hours in a shaker incubator
(250 RPM) at 37 °C. From the 50 mL subcultures, 2 mL of bacteria in suspension were added
to 200 mL of fresh LB media and grown to an ODeoonm 0f 0.6. The cells were then centrifuged
at 5000 x g for 10 minutes to obtain a cell pellet. The LB media was decanted leaving the
pelleted bacteria, which were re-suspended in ice-cold Buffer 1 (100 mM rubidium chloride,
50 mM manganese chloride, 30 mM potassium acetate, 10 mM calcium chloride and 15%
(v/v) glycerol). The cell suspensions were incubated on ice for 5 minutes and subsequently
centrifuged once again at 4 °C to pellet the bacteria. The supernatant was decanted, and the
bacteria was re-suspended in ice-cold Buffer 2 (10 mM MOPS, 10 mM rubidium chloride, 75
mM calcium chloride and 15% (v/v) glycerol) and incubated for a further hour on ice. The
chemically competent bacteria were then aliquoted on ice at a volume of 200 puL into sterile
1.5 mL eppendorf tubes, flash frozen in liquid nitrogen and stored at -80 °C. BL21(DE3)pLysS
cells were grown in the presence of 35 pg/mL chloramphenicol throughout all of the growth

steps described above.

2.2.2 Transformation protocol

Chemically competent Top10 E. coli cells were transformed in order to amplify plasmid stocks
for purification. Chemically competent BL21(DE3) pLysS was used for protein expression. In
a 1.5 mL sterile eppendorf tube, 50 ng of plasmid DNA was added to 50 uL of chemically
competent E. coli cells and incubated on ice for 30 minutes. The mixture was subsequently
transferred to a heated water bath at 42 °C for 30 seconds in order to initiate bacterial heat
shock. The bacteria were then transferred back to ice for a further 2 minutes. 250 uL of SOC
(Super Optimal broth with Catabolite repression) media (2% tryptone, 0.5% yeast extract, 10
mM NaCl, 2.5 mM KCI, 10 mM MgCl;, 10 mM MgSO4, 20 mM glucose) was added to the
transformation mixture and incubated at 37 °C for 1 hour in a shaker incubator. Finally, the
bacterial suspension in SOC media was spread on an agar plate with, depending on the
plasmid, appropriate antibiotic selection marker (Table 2.1) and incubated for 18 hours at 37

°C to allow colonies to grow.

2.2.3 Plasmid purification
Single colonies freshly transformed TOP10 E. coli were cultured in 5 mL of LB liquid media

for 18 hours 37 °C in a shaking incubator. Bacterial pellets were collected by centrifugation for
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10 minutes at 5000 x g. The supernatant was removed and plasmid DNA was purified using

a QlAprep Spin MiniPrep kit, as described by the Manufacturer’s instructions and stored in

nuclease free water (Qiagen).

The ratio of absorbance at 260 nm and 280 nm was used to assess the purity and quantify

the purified plasmid DNA, employing a Nanodrop 2000c system (Thermo Fisher Scientific).

Plasmid stocks were stored as aqueous solutions at -20 °C.

2.2.4 DNA sequencing

The DNA was sequenced using 800 ng of plasmid DNA with 10 pmol/uL of appropriate

sequencing primer (Table 2.2) in a total volume of 10 uL, before sending the sample for

Automated Sanger Sequencing (GATC biotech).

Plasmid Insert Tag Selection Marker

pOPINJ Human NME1 3C-cleavable N- Ampicillin
Full-length amino acids 1- | terminal 6His-GST
152

pOPINJ Human NME2 3C-cleavable N- Ampicillin
Full-length amino acids 1- | terminal 6His-GST
152

pPOPINJ Human PGAM1 3C-cleavable N- Ampicillin
Full-length amino acids 1- | terminal 6His-GST
254

pPET30 Human Aurora A N-terminal 6His-tag | Kanamycin
Amino acids 1-403

pET28a Human ABL N-terminal 6His-tag | Kanamycin
Amino acids 46-515

pOPINJ Human EPHA3 N-terminal 6His-tag | Ampicillin
Full length amino acids 1-
983

pcDNAS3 Human NME1 3C-cleavable N- Ampicillin
Full-length amino acids 1- | terminal MYC-tag
152

pcDNA3 Human NME2 3C-cleavable N- Ampicillin
Full-length amino acids 1- | terminal FLAG-tag
152

Table 2.1. All plasmid vectors, including the insert, selection marker and specific tags
utilised and employed for DNA cloning
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Sequencing

primers Primer Sequence

Forward:

5/ -AAGTTCTGTTTCAGGGCCCGATGGCCARCTGTGAGCGTACC-3"
Reverse:

5 -ATGGTCTAGAAAGCTTTATCATTCATAGATCCAGTTCTGAGC-3"
Forward:

5 -ARGTTCTGTTTCAGGGCCCGATGGCCAACCTGGAGCGC -3
Reverse:

5 -ATGGTCTAGARAGCTTTATTATTCATAGACCCAGTCATGAGC -3
Forward:

5 =AAGTTCTGTTTCAGGGCCCGATGGCCGCCTACAAACTGG-3"
Reverse:

5 -ATGGTCTAGAAAGCTTTATCACTTCTTGGCCTTGCCC-37

NME1

NME2

PGAM1

SDM primers

Forward:

5 -GTTGGCAGGAACATTATAGCTGGCAGTGATTCTGTGGAG-3"
Reverse:

5 -CTCCACAGAATCACTGCCAGCTATAATGTTCCTGCCAAC-3"
Forward:

5 -GACTCCAAGCCTGGGACCATCGCTGGAGACT TCTGCATACAAGTTGG-3"
Reverse:

5/ -GCCRACTTGTATGCAGAAGTCTCCAGCGATGGTCCCAGGCTTGGAGTC-3"
Forward

57 -GTTGGCAGGAACATCATTGCTGGCAGTGATT CAGTAAMAAGTG-3"
Reverse

5" -CACTTTTTACTGAATCACTGCCAGCAATGATGTTCCTGCCAAC-3
Forward

5 -GATTCAAAGCCAGGCACCATTGCTGGGGACTTCTGCATTCAG-3"
Reverse:

5 -CTGAATGCAGAAGTCCCCAGCAATGGTGCCTGGCTTTGAATC -3
Forward:

5" =CRAAACTGGTGCTGATCCGGGCCGGCGAGAGCGCATGGAAC-3
Reverse:

5" =GTTCCATGCGCTCTCGCCGGCCCGGATCAGCACCAGTTTG-3"

NME1 H118A

NME1 R105A

NME2 H118A

NME2 R105A

PGAM H11A

pCDNAS3 primers

Forward: Kpnl restriction site
5% -CGGGGTACCGCCACCATGGE TCATCTCAGAAGAC
MYC-NME1 AGCAGCGGETCTTGAAGTTCTTTTTCAAGGTCCTATGGCCAACTGT
Reverse: NgflI restriction site

5! -CGCGCGECCGCTTATTATTATCATTCATAGATCCAGTTCTGAGC -3
Forward: Kpnl restriction site

5f =CGCGGTACCCCACCATGGGACTACARAGACGATGACGACAAG
FLAG-NMEZ2 AGCAGCGGTCTTGAAGTTCTTTTTCAAGGTCCTATGGCCAACCTGGAGCGC-3"
Reverse: Notl restriction site

5 CGCGCGGCCGCTTATTATTATTATTCATAGACCCAGTCATGAGC 3

GATCTG
GAGCGTACC-3"

Table 2.2. All primers, including tags and restriction sites. Sequencing primers used for
DNA amplification and GATC sequencing show the pOPIN infusion forward and reverse
primer extension in orange. PCR SDM primers are designed for mutagenesis and the mutated
codon is highlighted in yellow. pcDNA3 primers were designed for amplification of full length
NMEZ1/2 and to enable ligation in to the mammalian expression vector pcDNA3. GC extension
in green, the restriction site is underlined, the kozak sequence in red, the tag peptide sequence
in blue, the linker region in italics, the 3C protease cleavage site is underlined in red, the stop
codon is in bold and the protein specific sequence is at the 3’ end.

2.3 Site directed mutagenesis (SDM)
To specifically mutate an amino acid residue in NME1, NME2, PGAM1 and KCa3.1, primers
were used that introduce designated mutation(s) into the coding sequence using a standard

PCR-based mutagenesis approach. Primer pairs were designed to incorporate codons for the
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desired mutation(s), which were flanked either side by ~15 bp of coding DNA (Table 2.2). The

reverse primer is the exact reverse complement of the forward primer.

SDM PCR reactions were performed using 25 ng template plasmid DNA, 0.5 pM of
forward/reverse primer, and 6.25 uL Clone Amp reaction mix (containing enzyme, optimised
buffer and dNTPs (Takara)) with the final volume adjusted to 12.5 pl using nuclease free water
(NFW). The PCR amplification was performed using the following parameters: 98 °C for 10 s,
annealing temperature (2-5 “C below the specified primer melting temperature) for 10 s and
lastly 72 °C extension for 1-2 min (varied as required for the size of the final PCR product).
These parameters were cycled 40 times before a final extension at 72°C for 10 min. The
concentration of template DNA and primers, as well as extension times and annealing
temperatures were optimised case by case if DNA yield was low and/or mutagenesis was
unsuccessful. The PCR amplified plasmid products were incubated with Dpnl (20U) for 1 hour
at 37 °C to digest and remove the purine methylated template DNA. The PCR products were
subsequently transformed into the Top10 E. coli and expanded overnight in 5 mL of LB after
single colony selection. After purification of plasmids by QIA miniprep QuickSpin Kit (Qiagen),

successful mutagenesis was determined by Sanger Sequencing (GATC Biotech).

2.4 Directional cloning in a mammalian expression vector

In order to efficiently express proteins in a mammalian expression system, cDNA encoding
the proteins of interest were cloned into the mammalian expression vector, pcDNA3. The
pcDNA3 vector contains multiple cloning sites (MCS), allowing the use of two different
restriction enzymes to generate sticky ends for downstream ligation and sub-cloning.
Compatible restriction sites are then incorporated by PCR into the flanking ends of the gene

of interest which can then anneal to the target vector in the correct orientation.

NME1, NME2, and KCa3.1, which had previously been cloned into pOPINJ vectors, were sub-
cloned in to pcDNAS using the same PCR procedure described previously (Section 2.3) using
forward and reverse primers designed to incorporate specific compatible restriction sites
(Table 2.2). Forward primers resulted in a PCR product containing N-terminal MYC-peptide
(NME1) or FLAG-peptide (NME2) (see Table 2.1) followed by a short linker region and a region
encoding a 3C protease site. A Kozak consensus sequence was included in all primers
designed for mammalian protein expression which is a nucleic acid motif that functions as the
protein translation initiation site for most eukaryotic mRNA transcripts. If necessary, additional
nucleotides were added to the primer to ensure a correct reading frame. Reverse primers

incorporated tandem stop codons immediately preceding the insert. After PCR, the gene

62



inserts were resolved on a 1 % (w/v) agarose gel, purified using a QIAquick gel extraction kit
and the DNA concentration was quantified using a Nanodrop (as previously described). 1 ug
of the DNA insert was digested with 10 U of each corresponding restriction enzymes in 1X
CutSmart buffer (New England Biolabs) at 37 °C overnight and this restriction digest was
terminated through heating at 70 °C for 20 minutes in a water bath to inactivate the restriction
enzymes. The pcDNA3 vector was digested in the same way as the insert and in order to
prevent re-ligation of the vector without any insert, the vector was dephosphorylated.
Dephosphorylation of the vector was done in a reaction mixture of the digested pcDNA3
vector, 1X Antarctic phosphatase buffer (New England Biolabs) and 5 U of Antarctic
phosphatase (New England Biolabs). This reaction mixture was incubated at 37 °C for 30
minutes and then a further 15 minutes at 70 °C for 15 minutes to inactivate the Antarctic
phosphatase enzyme. 0.075 pmol of the digested insert and 0.015 pmol of dephosphorylated
vector were mixed together at a ratio of insert to vector 5:1 in the presence of 1X T4 DNA
ligase buffer (New England Biolabs). Ligation was then carried out through the addition of 400
U T4 DNA ligase (New England Biolabs) and the ligation reaction mixture was incubated at
ambient temperature for 15 minutes before heat inactivating the T4 DNA ligase at 70 °C for
10 minutes. The ligation reaction was then transformed into TOP10 E. coli (Section 2.2.2),
along with a negative control ligation reaction that was subjected to the same procedure but
contained no DNA insert. Between 3 and 5 colonies were picked and DNA was purified using
a QIlAprep Spin MiniPrep kit (Section 2.2.3). To confirm whether ligation was successful, a
small sample of the ligated DNA product was treated with the appropriate restriction enzyme
and analysed by agarose gel electrophoresis (Section 2.4.1). If the DNA insert was
successfully ligated into the vector, digesting the DNA with both restriction enzymes would
mean that two DNA bands would be observed after agarose gel electrophoresis as one band
would correspond to the vector size and the other would correspond to the DNA insert size.
Plasmids were then Sanger Sequenced (GATC) to ensure the DNA insert had no mutations

and to confirm insert is the DNA sequence of interest.

2.4.1 Agarose gel electrophoresis and purification of DNA

For ligation of a DNA product into a new vector, DNA was amplified using PCR and isolated
using electrophoresis in 1% (w/v) agarose gels. 1 g of agarose (Sigma Aldrich) was added to
100 mL of 1X Tris-acetate EDTA (TAE) buffer (40 mM Tris, pH 8.0, 20 mM acetate, 1 mM
EDTA) and heated in a microwave to dissolve. After slight cooling, the mixture was
supplemented with the intercalating DNA stain Midori Green (Sigma Aldrich) and was added
to a gel cast and left to solidify. 6X DNA purple loading dye (New England Biolabs) was added

to the DNA sample at an appropriate volume to dilute it 1X. The gel was placed in a tank
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containing 1% TAE buffer and the DNA was subsequently electrophoresed at 100 volts for
~45 minutes. A UV transilluminator was employed to visualise the migrated DNA with
reference to a 1-10 kb DNA ladder (New England Biolabs). The DNA fragment was excised
using a clean scalpel blade, transferred to a sterile 1.5 mL eppendorf tube and purified using
the QIlAquick gel extraction kit (Qiagen) according to the manufacturer’s instructions and
collected in nuclease free water (NFW). The DNA content was then quantified using a

NanoDrop.

2.5 Recombinant protein expression and purification

Bacterial expression vectors were transformed into BL21(DE3) pLysS E. coli and streaked
onto agar plates (with appropriate selection markers) and incubated for 18 hours at 37 °C. All
NME1 and NME2 proteins and PGAM were cloned in to pOPINJ vectors, which infer
resistance to Ampicillin (50 pg/mL) and encode recombinant proteins with 3C protease
cleavable N-terminal His-GST tags (Table 2.1). BL21(DE3) pLysS possesses an additional
plasmid, which expresses T7 lysozyme and carries a resistance to chloramphenicol (34
ug/mL) (325). For expression of each protein, a single colony from the agar plate was
transferred to 100 mL of LB media containing the appropriate antibiotics and incubated for 18
hours at 37 °C in a shaker incubator at 240 RPM. The subcultures of E. coli were then
transferred to larger volumes of LB media (5 mL of subculture per litre of LB media). For
expression of each protein this was 8 litres of culture medium. The flasks were incubated at
37 °C in a shaker incubator until bacteria reached an ODeoonm 0f 0.6 - 0.8, at which point protein
expression was induced by the addition of sterile isopropyl-1-thio-p-galactosidase (IPTG) at a
final concentration of 0.4 mM. The cultures were incubated at 18 °C for 18 hours in a shaker
incubator shaking at 240 RPM. Lastly, the cultures were centrifuged at 5000 xG for 10 minutes
and the bacterial pellet was collected and either harvested immediately or stored as frozen
pellets at -20 °C.

The bacterial pellets (section 2.4) containing the exogenously expressed protein were

subsequently lysed. Proteins were then purified from the soluble fraction using a combination

of affinity chromatography and size exclusion chromatography.
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2.5.1 Cell lysis of E. coli

The lysis method for E. coli was the same for the purification of all proteins. E. coli was
suspended and lysed in ice cold pH 7.4 lysis buffer (50 mM Tris-HCI pH 7.4, 300 mM NacCl,
1% Triton X-100, 1 mM DTT, 0.1 mM EGTA, 0.1 mM EDTA, 10 mM Imidazole, 10% Glycerol
and a cOmplete protease inhibitor cocktail tablet (Roche)). The cell lysis suspension mixture
was then sonicated on ice for 30 second intervals at an amplitude of 16 microns using a 3 mm
exponential microprobe attached to a MSE Soniprep 150 plus motor unit, followed by
incubation on ice for 1 minute. This was repeated 5-6 times, until the cell lysate was
homogenous. After sonication, the samples were centrifuged at 4 °C for 1 hour at 43,000 x g
to pellet cellular debris. The supernatant of the cell lysate contained the soluble expressed
protein, which was subsequently purified by immobilised metal affinity chromatography (IMAC)

as all proteins expressed possessed a N-terminal 6His-tag (Figure 2.1).

1 152
N-terminal : NME C-terminal
GIP
3C cleavage site
N-terminal ' PGAM C-terminal
1 254

Figure 2.1. Schematic diagram of the protein design with the 3C cleavable His-GST tag.
The His-GST tag is located at the N-terminus, followed by the 3C-cleavable site Leu-Glu-Val-
Leu-Phe-GIn/Gly-Pro and the Gly/Pro site is contained within the linker between the affinity
tag and the protein.

2.5.2 IMAC of recombinant His-GST tagged proteins

2.5.2.1IMAC

After centrifugation, the lysate was filtered using a 0.45 uM syringe filter and incubated with 1
mL of Ni-NTA agarose beads (Sigma Aldrich), equilibrated in lysis buffer. Lysate/Ni-NTA
mixtures were incubated at 4°C with gentle agitation using a magnetic stirrer for 1 hour. The
beads were then collected in a reusable plastic filter column and the lysate was collected as
it passed through (flow through fraction). The beads, with the His-tagged protein now bound,
were washed incrementally with a high salt wash buffer (50 mM Tris-HCI, pH 7.4, 500 mM
NaCl, 20 mM Imidazole) (=50 mL in total). Bound protein was then eluted from the affinity
resin using either a competitive excess of imidazole or by proteolytic cleavage of the affinity

tag as described below.

2.5.2.2 Imidazole dependent elution of His-GST tagged proteins
Bound recombinant His-tagged protein was eluted from the affinity resin using 10 mL of elution
buffer (50 mM Tris, pH 7.4, 100 mM NaCl, 1 mM DTT, 500 mM Imidazole, 10% Glycerol) in

65



increments of 1 mL. Throughout the elution process 500 pL fractions were collected. All

fractions were immediately transferred to ice and analysed by SDS-PAGE.

2.5.2.3 Cleavage of the His-GST tag by 3C protease

To proteolytically remove the N-terminal His-GST tag from Ni-NTA-bound protein, the affinity
resin was first washed in ~10 mL of low salt wash buffer (50 mM Tris-HCI, pH 7.4, 100 mM
NaCl, 1 mM DTT and 10 % v/v glycerol) as described above. The beads were then
resuspended in 5 mL low salt wash buffer and transferred to a 5 mL eppendorf tube and
centrifuged at 1000 xG for 5 minutes, removing all but 500 pL of the supernatant. 30 uM 3C
protease was then added and incubated for 3 hours at 4°C with gentle agitation. The beads
were collected by centrifugation for 5 minutes at 1000 x g and the supernatant, containing the
His-GST cleaved protein was collected. The beads were washed with high salt wash buffer
and centrifuged again at 1000 x g for 5 minutes. The supernatant was removed, and the beads
were resuspended in 1 mL high imidazole elution buffer, centrifuged a further time and the
supernatant, containing residual non-cleaved His-GST and His-3C protease was collected for
SDS-PAGE analysis.

2.5.3 Size exclusion chromatography

After IMAC, proteins were further purified by size exclusion chromatography. A Superdex 200
(16/60) column set up with an Akta FLPC system and a Frac-920 (all GE Healthcare) was
equilibrated with filtered, degassed gel filtration buffer (50 Mm Tris pH 7.4, 100 mM NacCl, 1
mM DTT, 10% (v/v) Glycerol). Before the protein was applied to the column, all samples were
centrifuged for 20 minutes at 4°C at 16,000 x g to remove aggregated protein. The protein
was then applied to the column at a flow rate of 0.5 mL/min and 1.5 mL fractions were
collected. 10 uL samples of the fractions, deduced to contain protein by measuring
absorbance at 595 nm, were analysed by SDS-PAGE (Section 2.6). The elution volume was
used to estimate the molecular weight of the eluted proteins by comparing their elution volume
with reference to Molecular Weight Standards (Chapter 3).

2.6 SDS-PAGE

SDS-PAGE was performed in order to visualise the purity and molecular weight of purified
proteins, as well as prior to electrophoretic transfer to nitrocellulose during immunoblot
analysis (Section 2.10). SDS-PAGE gels were made using a resolving buffer (1.5 M Tris-HCI,
pH 8.8) and a stacking buffer (0.5 M Tris-HCI, pH 6.8). The resolving gel, in which the proteins
were resolved, composed of 0.4 M resolving buffer, 10% or 12% Bis-Acrylamide (v/v), 0.01%
(v/iv) SDS, 0.01 % (v/v) ammonium persulfate (APS) and 0.1% (v/v) N,N,N’,N'-
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Tetramethylethylenediamine (TEMED) (Sigma Aldrich). Proteins were loaded onto the gel
through the stacking gel, which was composed of 0.1 M stacking buffer, 4% Bis-Acrylamide
(v/v), 0.01% (v/v) SDS, 0.01 % (v/v) APS and 0.1% (v/v) TEMED.

2.6.1 SDS-PAGE

To verify the purity of protein purified from bacteria, proteins were denatured in 5x sample
buffer (0.25 M Tris-HCI pH 6.8, 0.25% bromophenol blue, 500 mM DTT, 10% SDS and 50%
glycerol) to a final concentration of 1% SDS and heated to 90 °C for 5 minutes before being
subjected to electrophoresis. To detect proteins between 32 kDa and 80 kDa 10%
polyacrylamide gels were used. To detect proteins below 32 kDa 12% polyacrylamide gels
were used. Polyacrylamide gels resolved proteins ~1 hour (depending on the percentage) with
an electric field strength of 20 Vem™ in running buffer (25 mM Tric-HCI, 190 mM Glycine and
0.1% SDS) and a prestained molecular mass standards (Biolabs) was also loaded onto the
gel as a reference for the estimation of the molecular weight of the resolved proteins.
Subsequently the gel containing the proteins was immersed and incubated in Coomassie stain
(0.2% Brilliant blue R-250, 7.5% acetic acid, 50% methanol) for 1 hour with agitation. The
stained gel was then washed for 16 hours using destain buffer (H.O, methanol and acetic acid
50/40/10 viviv). For SDS-PAGE prior to western blot analysis to detect phosphonhistidine
(pHis), a modified 5x sample buffer (0.25 M Tris-HCI pH 8.8, 0.25% bromophenol blue, 500
mM DTT, 10% SDS and 50% glycerol) was used. Furthermore, the sample was not heated to
denature the protein as this would hydrolyse the phosphoramidate (P-N) bond and

electrophoresis was done at 4 °C using at 100 V instead of 200 V to avoid overheating.

2.7 Immunoblotting

Following SDS-PAGE, western blot analysis was employed to detect any protein(s) present in
the resolving gel. The proteins within the resolving gel were blotted onto a nitrocellulose
membrane (GE Healthcare) by electrophoretic transfer. To do this, the gel and nitrocellulose
membrane were sandwiched together with blotted pads and 4 pieces of blotting paper either
side of the gel and nitrocellulose membrane within a cassette and placed into a tank containing
chilled transfer buffer (25 mM Tris, 190 mM Glycine, 0.1% SDS, 20% methanol). For transfer
to occur, the tank was placed in a tray of ice and transfer was set to take place at 100 V for 1
hour. The membranes with bound protein(s) were incubated in 5% (w/v) non-fat milk (Marvel)
in Tris-buffered saline and 0.1% Tween-20 (TBST) (20 mM Tris pH 7.6, 137 mM NacCl, 0.1%
Tween-20 (v/v)) for 1 hour at room temperature with agitation on a seesaw rocker to block the
membranes with milk proteins. Blocking the membrane with milk proteins prevents the
antibodies applied to the nitrocellulose membrane from binding non-specifically. The blocked

membranes were then incubated for 1 hour at room temperature or 12 hours at 4 °C with
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primary antibody at indicated dilutions in 5% (w/v) milk TBST with agitation. The membranes
were washed three times for 10 minutes each with 10 ml TBST before incubation with the
secondary antibody at an indicated dilution in 5% (w/v) milk TBST for a further 1 hour at room
temperature. The membranes were washed and Immunoblion Western Chemiluminescent
HRP Substrate (Millipore) developing agent was added to the membranes in accordance with
the manufacturer’s instructions, placed into a plastic wallet to prevent the nitrocellulose
membrane from drying and becoming brittle, and into an X-ray film cassette. The films were
exposed to the membrane for indicated time periods and the film was developed using an
ECOMAX X-ray film processor (Protec). In order to detect phosphohistidine (pHis) through
western blot analysis, this western blot process was amended to prevent heating, and
therefore hydrolysis of the P-N bond. This involved transfer of the proteins from the resolving

gel to the nitrocellulose membrane taking place at 4 °C, using a current of 30 V, for 18 hours.

2.8 Bradford assay

Bovine serum albumin (BSA) (2 mg/mL) (Thermo Scientific) was used to generate a calibration
curve of known protein concentrations. 0.5 mg/mL BSA in 1X Tris buffer, pH 7.4 was prepared
to create a 2-fold dilution series and generate known BSA concentration standards (Figure
2.1). Bradford assays were performed as per the manufacturer’s instructions. In brief, 200 pL
of Coomassie Plus Protein Assay Reagent (Thermo Scientific) was mixed with 5 pL of protein
sample and colorimetric detection of protein was determined by absorption measurements at
595 nm. Buffer containing blanks were subtracted from all measured data. Experiments were
performed in a 96 well plate formatted and recorded using a spectrophotometer (what type,
when back). A standard curve was generated to allow estimation of protein concentration for
unknown samples, as well as to quantify the amount of protein in total cell lysates. The
standards are related through a linear regression (R2) and the equation for the line is
y=0.8033x + 0.0304. The absorbance (y) of the unknown protein is measured and used to

calculate the concentration of the protein (x).
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Figure 2.2. Bradford assay standard curve. Increasing concentrations of BSA incubate with
Coomassie based reagent. The absorbance was measured at 595 nm using a
spectrophotometer and a standard curve was plotted in Excel for determination of protein
concentration.

2.9 Intact mass spectrometry

To identify phosphorylation-induced mass shifts and His protein kinase activity intact mass
spectrometry was carried out. Autophosphorylation assays (Section 2.10.1) using the
specified protein were set up, along with a control assay containing no phosphate donor.
Reactions with ATP were vortexed and spun down in a microfuge for a few seconds and then
analysed immediately. Protein mass was determined using a Waters Nano Acquity Ultra
Performance Liquid Chromatography (UPLC) system coupled with a Waters Synapt G2Si.
Instrument calibration was carried out with GluFib for a mass accuracy of 1 ppm or below.
Proteins were eluted using a C4 trap column (Waters - MassPREP Micro Desalting Column)
on the gradient shown in Table 2.3, with buffer A (0.1% (v/v) formic acid in HPLC grade water)
and buffer B (0.1% (v/v) formic acid in HPLC grade acetonitrile). Data was processed using
MassLynx (4.1) and deconvoluted using MaxEnt1. Deconvolution settings were as follows: 0.5
Da/channel resolution; Uniform Gaussian distribution with a width at half height of 0.500 Da;
Minimum intensity ratios surrounding the peak for left and right at 33%. Figures were created

using UniDec software.
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Time (min) Flow (uL/min) Buffer A (%) Buffer B (%) Curve
Initial 25 95 5 6
0.10 40 95 5 6
5.10 40 95 5 6
5.20 25 95 5 6
6.00 25 95 5 6
6.10 25 95 5 6
7.60 25 10 90 6
7.90 25 95 5 6
8.60 25 10 90 6
8.90 25 95 5 6
9.60 25 10 90 6
11.60 25 10 90 6
11.70 25 95 5 6

Table 2.3. Details of the LC-MS gradient used for intact protein separation. Flow rate and
buffer composition (% A and % B) are listed.

2.10 In vitro histidine phosphorylation assay

2.10.1 Autophosphorylation on N1-pHis or N3-pHis

To analyse the activity of histidine protein kinases, autocatalytic phosphate incorporation into
histidine was detected by immunoblotting. 500 ng of recombinantly expressed NME1, NME2
or PGAM1 was incubated with indicated 100 uM phosphate donor or nucleotide of interest
e.g. ATP/GTP for NME1 and NME2 or DPG for PGAM1 and/or 100 mM MgCl,, buffered with
50 mM Tric-HCI, pH 8.0, 100 mM NacCl in a total volume of 40 puL for 20 minutes at ambient
temperature. The reaction was terminated by adding 5x loading sample buffer (LSB) (0.25 M
Tris-HCI pH 8.8, 0.25% bromophenol blue, 500 mM DTT, 10% SDS and 50% glycerol). In
order to further investigate the conditions and reagents required for autophosphorylation to
occur, nucleotide analogues such as PAP and PAPS at indicated concentrations were
incorporated into the assay. Each assay was divided in two; one half of the reaction was
heated to 95 °C for 30 minutes and/or acidified and the other half was left at ambient
temperature. Acid treatment was done prior to adding the loading sample buffer and carried
out by the addition of 0.01% acetic acid until the pH dropped to 4. The sample was incubated
at ambient temperature for 1 minute before restoring the pH of the sample to pH 8.0. This
served as a negative control, as any pHis formed would be eliminated when heated or acid

treated. In order to detect any phosphorylation on histidine, the assay was followed by
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immunoblot analysis (Section 2.7), using the monoclonal antibodies N1-phosphohistidine and

N3-phosphohistidine.

2.11 Differential scanning fluorimetry (DSF) nucleotide screening and analysis
of compound binding

DSF experiments were performed using an Applied Biosystems StepOnePlus Real-Time PCR
instrument using a standard DSF procedure previously developed and validated for the
analysis of kinases (326, 327). To assess the melting temperature of proteins (including WT
NME proteins, PGAML1, their relative mutants and PKA) and generate a thermal melting
profile, proteins were mixed with buffer (10 mM Tris, pH 7.4, 20 mM NaCl) and SYPRO Orange
dye (Invitrogen), which was used as the fluorescence probe for detecting thermal unfolding as
SYRPO Orange binds non-specifically to hydrophobic surfaces and has an
excitation/emission wavelength profile that is compatible with gPCR machines (Figure 2.2). In
each reaction mixture, the concentration of protein was 2-5 uM and the SYRPO Orange dye
was diluted 1:1000 with a final reaction volume of 25 uL. The 25 uL reaction was transferred
to individual wells of MicroAmp Fast Optical 96-well reaction plate (Applied Biosystems). The
plates were sealed with optical adhesive covers and vortexed to mix the assays. The plate
was then centrifuged for 30 seconds at 500 x g and transferred to the RT-PCR machine
(Applied Biosystems StepOne Plus). The machine was set to measure fluorescence emitted
from the sample as the temperature increased incrementally from 25 °C to 95 °C at a rate of
0.3 °C a minute. The data was collected by the StepOne Software v2.1. Using a combination
of Microsoft Excel and GraphPad Prism, thermal denaturation profiles were generated. These
were then normalised so that the lowest fluorescent reading was assigned as 0% and the
highest as 100%. Data points at temperatures before and after the melting profile of the protein
were removed and linear regression analysis was utilised by means of fitting the Boltzman
sigmoidal equation to the denaturation curves, which allowed the T to be determined. Every
assay condition was done in duplicate and the average T (temperature at which 50% of the

protein is denatured) was taken. Mean T, values were derived from three independent assays.
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Figure 2.3. Differential Scanning Fluorimetry (DSF) schematic. An annotated example of
a proteins thermal unfolding profile in a thermal shift assay. This typical melt curve shows a
protein transitioning from a folded protein to a denatured protein, in which the fluorescent
SYRPO orange dye can bind to the exposed hydrophobic regions. The dye dissociates as the
protein progresses to an aggregate protein.

In order to analyse the effects of many different nucleotides, including ATP, nucleotide
analogues and divalent cations on the stability of NME1, NME2 and PGAM1, the DSF assay
was utilised to deduce the change in Ty, values from the protein control (buffer) to the melting
temperature of the protein in the presence of a nucleotide or divalent cation; this temperature
change was referred to as the AT, value. The reaction mixtures consisted of 2-5 uM protein,
1 mM of the indicated nucleotide and/or 100 mM MgCl, and 1:1000 SYPRO Orange dye in a
total volume of 25 ulL. These reaction mixtures were dispensed into individual wells of a

MicroAmp Fast Optical 96-well plate and the experiment was conducted as described above.

For the FDA-approved drug library and FDA approved tyrosine kinase inhibitors (TKISs)
compound screening and RAF inhibitors, 40 uM (final concentration) of each compound were
pre-incubated with 2-5 uM of the indicated protein for 5 minutes and then subjected to DSF
analysis. The final concentration of DMSO was no higher than 4% (v/v) in all conditions and

therefore all control experiments contained 4% (v/v) DMSO.
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2.12 Native-PAGE

Native-PAGE was carried out in the same way as described in Section 2.6.1 but under non-
reducing conditions. The SDS was omitted from the acrylamide gel and the loading buffer, as
well as DTT. Furthermore, the samples were not heat-treated before being subjected to gel

electrophoresis.

2.13 Size exclusion chromatography-multi-angle laser light scattering (SEC-
MALLS)

The molecular mass and heterogeneity of the protein in solution was analysed using SEC-
MALLS. The protein was separated using a Superdex 75 column 10/300 (GE Healthcare)
connected in series with a Wyatt Dawn8* and Wyatt Optilab T-rEX (Wyatt Technology) at 22
°C. The column and multi-angle light scattering system was washed with filter sterilised H>O
at a flow rate of 0.2 mL/min for a total of 4 column volumes and then equilibrated with buffer
A (50 Mm Tris pH 7.4, 100 mM NacCl, 1 mM DTT, 10% (v/v) Glycerol) at the same flow rate
overnight. To allow the baselines on the light scattering (LS) and retraction system (dRI) to
settle, the buffer was pumped through the system at a flow rate of 0.6 mL/min. This flow rate
was employed for the duration of the experiment as any changes in pressure would affect the
results. The system was calibrated with 0.5 mg/mL BSA before applying and injecting the
protein sample. Protein samples of 100 uL were filtered and then applied to the column at a

flow rate of 0.6 mL/min. Data was analysed using Astra Software.

2.14 Native lon Mobility Mass Spectrometry

lon mobility-mass spectrometry experiments were acquired on a Waters Synapt G2-Si
instrument operated in ‘resolution’ mode. Proteins were subjected to nano-electrospray
ionization (nESI) in positive ion mode (at ~2 kV) with a pulled nanospray tip (World Precision
Instruments 1B100-3). The pressure in the TWIMS cell was set at 2.78 mbar (nitrogen), with
an IM wave height of 23 V, a wave velocity of 496 m/s and a trap bias of 33. NME was buffer
exchanged into 150 mM ammonium acetate (IM-MS) using Amicon spin filter 10 kDa cut-off
columns at 4°C. Spin columns were pre-washed with buffer prior to addition of protein and
centrifuged 3x 10 minutes at 13,000 RPM. Following the final spin, the filter was inverted into
a new collection tube and spun for 2 minutes at 3,000 RPM to collect the protein. Protein
concentration was calculated using a NanoDrop spectrophotometer at a wavelength of 280
nm and adjusted to 5 yM for MS analysis. Inhibitor compounds and nucleotides were made
up in 10 mM DMSO and then diluted to 200 uM in 150 mM ammonium acetate prior to use

(stored at -20°C). 10:1 excess (compound/nucleotide:protein) was added following buffer
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exchange and incubated for 10 minutes at ambient temperature. Data was processed using

UniDec software to determine oligomeric state of proteins.

2.15 Nucleoside diphosphate kinase (NDPK) assay by western blot analysis

To assess the NDPK activity of NME1 and NME2 as opposed to the autophosphorylation
activity, phosphorylated NME was required, and any excess ATP removed. A 50 pL reaction,
containing 2 pug of NME in the presence of 2 mM ATP, buffered with Tris/HCI pH 8.0, was
incubated at ambient temperature for 10 minutes before resuspending in 500 pyL 1% Tris/HCI
pH 8.0 wash buffer. To remove the excess ATP, the reaction mixture was transferred to a 1.5
mL Nanoset 50 kDa spin column and centrifuged at 4 °C until the volume was 50 pL. This
dilution and subsequent concentration process was repeated 5 times to wash away ATP and
phosphorylated NME (NME-P) was obtained. To determine if the NME proteins possessed
NDPK activity, NME-P was incubated in the presence of ADP and subjected to western blot

analysis utilising a monoclonal antibody that recognises N1 pHis (Section 2.10).

2.16 NDPK assay (ADP-Glo assay)

To evaluate the nucleoside diphosphate kinase (NDPK) activity of NME1 and NME2 proteins,
the ADP-Glo kinase assay kit (Promega) was employed. This kinase assay kit measures
kinase activity as a measure of ADP production during a kinase reaction, in which a phosphate
is transferred from ATP to an amino acid in the kinase or to another protein, yielding ADP. The
assay is performed in two steps; first, the ADP-Glo reagent is added to the kinase reaction in
an equal volume to terminate the reaction and deplete any remaining ATP and second, the
kinase detection reagent is added to convert the ADP produced to ATP (Figure 2.4). The ATP
is then used by luciferase to generate light, which is measured using a lumonimeter. This
signal therefore correlates with kinase activity or NDPK activity. In the case of a nucleoside
diphosphate kinase, a substrate protein is not required as the ADP is produced from the
transfer of a phosphate from one nucleotide to another through a phosphorylated enzyme
intermediate. For example, an NDP kinase reaction for this assay requires a phosphate donor
such as ATP and a phosphate acceptor, such as GDP and the NDPK activity is determined
as a measure of ADP production and ATP depletion during the conversion of GDP to GTP.
Other nucleoside triphosphates such as GTP are compatible with this assay as the luciferase

reaction is specific for the conversion of ATP to ADP (328).
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Figure 2.4 Simplified diagram of the ADP-Glo Kinase Assay. The assay is performed in
three steps: 1) the NDP kinase reaction (NDPK + ATP and GDP) produces ADP 2) the kinase
reaction is terminated, and ATP is depleted, and 2) the ADP is detected and converted to ATP
to be measured using a luciferase/luciferin reaction to generate light. Image obtained from
Promega.com and adapted for the NDPK reaction.

A kinase reaction containing 1 uM protein, the indicated amount of ATP (phosphate donor)
and GDP (phosphate acceptor) and kinase reaction buffer (40 mM Tris, pH 7.4, 20 mM MgCl;
and 0.1 mg/ml BSA) in a total reaction volume of 5 uL was incubated at 25 °C for 10 minutes.
For nucleotide concentration dependent NDPK assays, a serial dilution of phosphate donor
(ATP or GTP) was prepared in kinase reaction buffer. The kinase assay was then transferred
to a 384 well plate and the ADP-Glo assay was carried out according to the manufacturer
instructions (Promega). Each assay was done in triplicate and the kinase activity was
determined as a percentage of ATP to ADP conversion control through processing using
GraphPad Prism 6.0. This assay was also employed to screen for inhibitors from the FDA
approved library that inhibited NDPK activity. Inhibitor assays were set up as using a kinase
reaction as stated above with the addition of 40 uM of the indicated inhibitor compound being
incubated with the NDPK for 10 minutes at ambient temperature prior to the addition of the
ATP and GDP. The kinase reaction in the presence of inhibitor and ATP/GDP was then
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incubated for a further 10 minutes at 25 °C and the experiment was completed as previously

described.

2.17 Pyruvate kinase/Lactate dehydrogenase assay

Once optimised, the pyruvate kinase/lactate dehydrogenase (PK/LDH) assay was performed
in a 200 pL reaction mixture in a 96-well plate containing 250 uM NADH, 2.5 U LDH, 2 U PK,
0.3 mM TDP, 0.3 mM ATP, 0.3 mM PEP, 100 nM MgCl, and 25 nM KCI buffered in 1% Tris-
Acetate, pH 7.4. The enzymes utilised in this assay were all made up in 1% w/v BSA solution.
The reaction was initiated by the addition of 25 nM purified recombinant 3C-cleaved NMEL1.
The PK control reaction assay mixture omitted the TDP and ATP, and instead was initated by
the addition of 0.3 mM ADP. The absorbance values were measured at 10 s intervals over a
period of 20 minutes. The AODs40nm Was calculated measuring the change in absorbance of
the linear portion of the reaction, which stopped at ~10 minutes. The absorbance at 10 minutes
was subtracted from the absorbance at 10 s, yielding AODasonm in absorbance units (AU).
When investigating any inhibitory effects of compounds through this assay, the process was
carried out in the same way as described above however the reaction was initiated by the
addition of the assay reaction mixture as NME1 was pre-incubated with the indicated

concentration of the tested compound for 10 minutes prior to measuring the AOD3z40nm.

2.18 Purification of GST-fusion peptides

Bacterial expression vectors were transformed into BL21(DE3) pLysS E. coli and streaked
onto agar plates (with appropriate selection markers) and incubated for 18 hours at 37 °C. All
the GST-fusion peptide sequences were cloned in to pOPINJ vectors, which infer resistance
to Ampicillin (50 pg/mL) and encode recombinant proteins with 3C protease cleavable N-
terminal His-GST tags. The purification process of the GST-peptides from E. coli was the
same as described in Section 2.5.4 but each peptide was purified in 1 L of LB media, and
subsequently lysed in 10 mL lysis buffer. The lysate was transferred to a 15 mL falcon tube
for sonication and centrifuged as in Section 2.5.4. The supernatant was then collected and
incubated with 200 pL of glutathione resin equilibrated in lysis buffer in a 50 mL falcon tube at
4 °C for 3 hrs.

The glutathione bead pellet was then separated from the supernatant by centrifugation at
14000 xG on a bench top centrifuge and collected. The supernatant (flow-through) was also
collected for analysis by SDS-PAGE. The GST-peptide conjugated glutathione beads were
then washed in 1 mL of wash buffer (50 mM Tris, 500 mM NacCl, pH 7.4) to remove any non-

specific binding proteins. To elute the protein from the beads, the beads were suspended in
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elution buffer (10 mM R-Glutathione, 5 mM DTT, 50 mM Tris pH 7.4, 100 mM NacCl, 10% v/v
Glycerol) and centrifuged for 1 min and the eluate was collected. 10 pL of eluate was incubated
for 15 mins at 37 °C in the presence of 2 ug 3C protease and was subjected to SDS-PAGE
electrophoresis alongside the flow-through, eluate and eluate in the presence of 3C to identify

the purified GST-fused peptides.

2.19 Maintenance of human cell lines

Adherent parental human Flp-In T-Rex-HeLa and parental Flp-In T-Rex-HEK293 cells
(Invitrogen) were cultured in Dulbecco’s Modified Eagle medium (DMEM) supplemented with
sterilised 4 mM L-glutamine, 10% (v/v) Foetal Bovine Serum (FBS) and 100 I.U./mL Penicillin
and 100 ug/mL Streptomycin (Gibco) to prevent bacterial contamination of cell cultures. The
cells were cultured in 10 mL DMEM at 37 °C in a 5% CO; atmosphere and were passaged
every 2 - 3 days in a lamina flow hood. To passage the cells, the media was removed and
subsequently washed with 10 mL warm PBS. The PBS was then removed and 1 mL of
trypsin/EDTA (Versene) (Gibco) was added to the cells and incubated at 37 °C in a 5% CO;
atmosphere for 1 minute. Trypsin is a proteolytic enzyme that breaks down proteins to
dissociate the adherent cells from the flask or vessel in which they are being cultured. The
cells were then resuspended in 10 mL DMEM and 1 mL of these trypsinised cells were added

to 9 mL of fresh media in a new sterile flask.

2.19.1 Generation of ‘freeze down’ mammalian cell stocks

Each cell line was grown in separate T-75 cell culture flasks in volume of 10 mL DMEM to
~90% confluency. Cells were harvested by trypsin/EDTA (Versene) treatment, washed in
phosphate buffered saline (PBS) and centrifuged for 5 minutes at 220 x g. The cells were then
re-suspended in Foetal Bovine Serum (FBS) with 10% DMSO (1 mL per flask). Cells were
aliquoted at a volume of 1 mL into sterile cryogenic storage vials and transferred to an
isopropanol-controlled rate freezing chamber (Mr. Frosty, Sigma Aldrich) for 24 hours, before
being transferred to a -80 °C freezer for storage. To bring up cells post storage, the cell aliquot
was thawed at 37 °C and mixed with 9 mL warm DMEM media in a T-75 flask and incubated
overnight 37 °C in a 5% CO, atmosphere. The following day, the media was removed and 10

mL fresh media was added the cells.

2.20 Transient transfections
For transient transfections, human Flp-In T-Rex-HEK293 cells were cultured to 40%
confluency. 20 ug of pcDNAS plasmid, encoding the protein of interest was incubated in Opti-

MEM reduced serum media containing polyethylenimine (PEI) at a PEI to plasmid ratio of 3:1.
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For co-expression experiments, 20 ug of each plasmid was added in the same mixture with
twice as much PEI. PEl is a stable cationic polymer used for transfecting DNA into a host cell
as it condenses DNA into positively charged particles, forming a DNA:PEI complex, which
bind to anionic cell surfaces and are consequently endocytosed into the cell cytoplasm. The
DNA PEI mixture is incubated at ambient temperature for 20 minutes, vortexed and
subsequently added to a dish of 40% HEK293 cells. The cells were then incubated at 37 °C
in 5% CO; for 24 — 48 hours prior to lysis and immunoblot analysis (329).

2.21 Human cell lysis

2.21.1 Lysis in 2% SDS

For cells seeded into 10 cm? dishes, the medium was removed and the cells were washed
with 10 mL warm PBS. Once the PBS was removed, 1 mL of warm trypsin/EDTA (Versene)
was added to the cells and incubated at 37 °C in 5% CO; for 1 minute. The detached cells
were resuspended in 10 mL DMEM media and transferred to a 15 mL falcon tube for
centrifugation at 220 xG for 5 minutes. The pelleted cells were washed again with 10 mL ice
cold PBS and centrifuged once again 220 xG for 5 minutes. Once the cells were pelleted, 100
uL of lysis sample buffer (50 mM Tris, pH 6.8, 2% SDS, 1% Triton X-100, 100 mM DTT, a
protease inhibitor tablet and a phosphatase inhibitor tablet (Roche)) was added and incubated
on ice for 10 minutes. When lysates were prepared for analysis of pHis, 50 mM Tris, pH 8.0
was used. The cells in sample buffer were sonicated for 10 seconds at an amplitude of 6,
transferred to ice for 1 minute for cooling and sonicated once more. To quantify the protein
concentrations, a sample of lysate was diluted 1:30 in PBS and subjected to Bradford assay
and western blot analysis. This method of human cell lysis was used to analyse whole cell
lysates, including nucleic proteins as SDS is a harsh detergent and denatures and releases
all proteins present in the cell. This lysis method was therefore done to determine the presence

of proteins and detect any phosphohistidine in whole cell lysates.

2.21.2 Lysis in 1% Triton X-100 prior to immunoprecipitation

This method of cell lysis was employed for immunoprecipitation experiments as Triton X-100
is a less harsh ionic detergent, releasing proteins from the cytoplasm and not the nucleus.
This minimises protein denaturation and prevents the protein from detaching from the antibody
conjugated beads. For cells seeded into 10 cm? dishes, the medium was removed and the
cells were washed with 10 mL warm PBS. Once the PBS was removed, 1 mL of warm trypsin
was added to the cells and incubated at 37 °C in 5% CO; for 1 minute. The detached cells
were resuspended in 10 mL DMEM media and transferred to a 15 mL falcon tube for

centrifugation at 220 x g for 5 minutes. The pelleted cells were washed again with 10 mL ice
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cold PBS and centrifuged once again 220 x g for 5 minutes. Once the cells were pelleted, 100
pL of lysis buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1 mM EDTA/EGTA, 1% Triton X-100, a
protease inhibitor and a phosphatase inhibitor (Roche)) and left on ice for 10 minutes before
sonication as Section 2.21.1. When lysates were prepared for analysis of pHis, 50 mM Tris,
pH 8.0 was used. Following this, the lysate was centrifuged at 16,000 xG for 20 minutes at 4
°C and the supernatant was collected and diluted 1 in 30 in PBS before being subjected to

Bradford assay analysis to determine the protein concentration.

2.22 Protein immunoprecipitation

Immunoprecipitation experiments were set up initially by transfecting Flp-In T-Rex-HEK293
cells with the pcDNA3 plasmid encoding the protein of interest as described in Section 2.4,
along with a GFP control, that served as a means for determining whether the transfection
was successful and as a negative control for the immunoprecipitation experiment as GFP did
not possess the appropriate peptide tag. Cells were harvested by trypsinisation as previously
described in Section 2.15. For MYC-NME1 and FLAG-NME2 immunoprecipitations, the
cleared lysates were incubated with 50 uL of either c-Myc conjugated agarose beads or FLAG
M2 conjugated agarose beads (Sigma Aldrich) respectively. The lysate and agarose bead
mixtures were placed in a rotating carousel, for gentle agitation, at 4 °C for 2 hours. The beads
were then pelleted by centrifugation for 1 minute at 1000 x g and washed 3 times with wash
buffer (50 mM Tris, pH 7.4, 500 mM NaCl). To elute the protein from the beads, 3C protease
was added to the lysate agarose mixture and incubated for a further 3 hours at 4 °C, with
gentle agitation. The beads were then pelleted by centrifugation as before, and the
supernatant was collected, and the presence of protein was determined by immunoblot

analysis.

2.23 GST-Pull down interaction assays

2.23.1 Pull down assay with recombinant NME1 and NME2

To determine if the GST-fused putative substrate peptides bound and interacted with purified
recombinant 3C-cleaved NMEL1 or NME2, GST-pull downs were exploited. 1 pug of GST-
peptide was added to glutathione agarose beads in the presence of 2 mM DTT. The peptide
and glutathione bead mixtures were placed in a shaking incubator for gentle agitation at 1000
RPM, at 4 °C for 3 hours. The beads were then pelleted by centrifugation for 1 minute at 1000
x g and washed 3 times with wash buffer (50 mM Tris, pH 7.4, 500 mM NaCl). 2 ug of NME1
or NME2 bait was then added to the GST-peptide bound beads and incubated for a further
hour at 4 °C, with gentle agitation. To elute the protein from the beads, an elution buffer
containing 10 mM R-Glutathione (50 mM Tris, pH 8.0, 100 mM NaCl 10 mM R-Glutathione, 5
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mM DTT, 10 % glycerol) was added to the mixture and the beads were then pelleted by
centrifugation as before, and the supernatant was collected, and the presence of GST-peptide

and protein was determined by immunoblot analysis.

2.23.2 Pull down assay with cell extract containing NME1 and NME2

GST-pull down assays were also carried out using HEK293T cell extract over-expressed with
Myc-NME1 and Flag-NME2 (Section 2.18). In the same way as 2.11.1, 1 ug of GST-peptide
was incubated for 3 hours at 4 °C with glutathione agarose beads in a shaking incubator at
1000 RPM. The peptide and agarose bead mixtures were then centrifuged for 1 minute at
1000 x g and washed 3 times with was buffer, before adding 50 ug cell extract overexpressed
with Myc-NME1 and Flag-NMEZ2. The lysate agarose mixture was then incubated for a further
hour at 4 °C, with gentle agitation. To elute the protein from the beads, elution buffer (10 mM
R-Glutathione, 5 mM DTT, 10 % glycerol, 50 mM Tris, 100 mM NaCl) was added to the mixture
and the beads were then pelleted by centrifugation as before, and the supernatant was
collected. The presence of GST-peptide and any bound protein was determined by

immunoblot analysis utilising anti-GST and anti-NME antibodies.

2.24 Molecular modelling and docking of ligands to NME1

The work described here was carried out by Jack Simpson (PhD student of Dr Neil Berry,
University of Liverpool). The human NMEL1 in the presence of ADP (PDB code: 2HVD) was
downloaded and Chain B was chosen to carry out the docking process on. All molecules were
downloaded from EBI, Drugbank or Chemspider as SDF files where possible, and where not
possible were converted to SDF files using Spartan software. In Spartan, all molecules were
optimised by calculating their equilibrium geometry using Molecular Mechanics forcefield
(MMFF). The ADP ligand was then removed from the file and re-docked under in order to
modify the ligand flexibility until docking poses (ideally 10) with a RMSD below 2.0 was
achieved, meaning the docking procedure was suitable. The docking run with the highest
number of poses with a RMSD of below 2.0 was determined to be the most ideal for docking
new molecules in. Using this file and pose, the ADP ligand is replaced with the molecules of
interest and docking runs were carried out in the software. Those docking poses that yielded
the highest CHEMPLP score were saved and loaded into desertsci ViewContacts for further
analysis. PyMol scripts were produced to calculate the interactions between the molecule and
protein residues in ViewContacts and the structures were analysed in PyMol, where the

models were visualised.
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Chapter 3: Characterisation and biochemical analysis of the pHis
containing proteins NME1, NME2 and PGAM

Introduction

The nucleoside diphosphate kinases (NDPKs) NME1 and NME2 are members of the
mammalian non-metastasis (NME) family of proteins (15), which have been most extensively
studied in the context of tumour suppression (14, 330). The NDPK proteins are found in all
kingdoms of life, and ten members are recognised in higher vertebrates (Section 1.8.2), which
share ~ 30% overall sequence homology when all ten are considered, although the most well-
studied NDPKs, termed here NME1 and NMEZ2, share 88% identity (172). The NDPK family
are multifunctional proteins that are located in the cytosol, nucleus and mitochondria. They
are involved in a variety of cellular functions including cell proliferation, membrane dynamics
and remodelling (331) and 3’-5’ exonuclease activity against single-stranded DNA (10, 266).
The NMEL1 (also called NDPK-A) and NME2 (also called NDPK-B) proteins are responsible
for maintaining the homeostasis of the nucleotide pool within the cell in which a phosphoryl
group is transferred from a triphosphate nucleotide to diphosphate nucleotide such as
adenosine triphosphate (ATP) to guanosine diphosphate (GDP) (332-335).

The NME proteins that possess NDPK activity catalyse this reaction through a N1-pHis
enzyme intermediate, via transfer of the phosphate to an active site histidine through a bi-
directional ping-pong mechanism (Figure 1.10) (335). N1-pHis was first discovered and
reported by Boyer et al in the 1960s (11). However, as a non-canonical post-translational
modification, histidine phosphorylation has not been studied as extensively as canonical
phosphorylation on the hydroxyl groups Ser, Thr and Tyr which all form phosphoesters (336,
337). Phosphoesters bond formation is typical in canonical protein kinase reaction
mechanisms, in which a phosphate group is transferred to a protein substrate and in turn alter
the substrate’s activity (338, 339). The majority of protein kinases possess a eukaryotic protein
kinase catalytic domain (ePK), in which a catalytic DGF motif lies, and is optimised for protein
substrate binding (340). In contrast to protein kinases, NME proteins possess an NDPK
domain which is optimised for nucleotide binding and transfer a phosphate to a His amino acid

in the active site, creating a heat and acid-labile phosphoramidate bond (133).

Studies on pSer, pThr and pTyr typically employ conditions (341) that were not compatible
with studies for phosphohistidine (pHis) due to the lability of the phospharamidite bond on His
at high temperatures and low pH (133, 342). Studies into pHis have progressed recently, and
several reagents required to detect and identify pHis have been generated and shared

commercially or collaboratively. This includes new monoclonal antibodies specific to N3-pHis

81



and N1-pHis (9), and have greatly advanced the analysis of pHis in intact proteins (7, 10, 13).
Moreover, the heat and acid lability of the pHis moiety (133) is a useful indicator of the
presence of phosphorylated histidine as opposed to the much more stable pSer, pThr and
pTyr, which is evaluated further in this chapter. NME1 and NME2 have been increasingly
exploited as a means to study and control for histidine phosphorylation due to the generation
of an N1 pHis enzyme intermediate and the ability to maintain this activity after recombinant

expression and purification of the enzymes from bacteria (343).

In order to catalyse the transfer of a phosphate group between nucleotides, recombinantly-
expressed NME proteins need to be appropriately folded and stable in solution, thus,
maintaining the correct environment to bind to the nucleotide. In this chapter, differential
scanning fluorimetry (DSF) was utilised to assess the stability of the protein and its ability to
bind to a variety of nucleotide, using thermal profiling as a proxy for binding. Each monomer
possesses a nucleotide binding pocket in which the residues involved in nucleotide binding,
including Arg105, Lys12 and Ser120 are situated (Figure 3.10) (344). In NDPK, two arginine
residues Arg88, Argl05 and Lysl12 donate hydrogen bonds to the nucleotide phosphate
groups to help neutralise the negative charge, similar to the roles of the conserved 3-Lys of
protein kinases. Upon nucleotide binding, Phe60 undergoes a conformational change and its
side chain stacks onto the planar base of the nucleotide (199). This stacking buries the
phosphate and orients it towards the catalytic residue His118. Arg88 also shifts locally to a

position in which it interacts with the B-phosphate of ADP (199).

Under native conditions, the mammalian NDPK proteins NME1 and NMEZ2 are reported to be
homohexamers with a predicted molecular mass of 102 kDa, made up of six 17 kDa
monomers of 152 amino acids each (198, 201). The structural elements of the protein that
form the hexamer include both a dimer and trimer interface, with the trimer interface including
the ‘Kpn loop’, which comprises residues 96-116 (Figure 1.8 and 1.9). Specific residues,
including Arg105, are involved in catalysis in the active site, and also mediate surface contacts
that support protein oligomerisation (187). The NMEL1 C-terminal tail segment is also important
for bringing the dimers of the protein into contact, as Glul52 of the C-terminal tail interacts
with Asp112 of a different subunit, helping drive assembly of the trimer (182, 345, 346). Finally,
mutations of the highly conserved residue Pro96 in the Kpn loop, in conjunction with C-terminal

deletions, resulted in dissociation of the NME hexamer into dimers (347).

In contrast to NME1 and NME2, phosphoglycerate mutase 1 (PGAM) employs N3 pHis as an

enzyme intermediate. PGAM is a member of the ‘histidine acid phosphatase’ fold superfamily,

82



which also includes enzymes such as glucose-1l-phosphatase and fructose-2,6-
biphosphatase that are involved in glycolysis and gluconeogenesis pathways (348, 349).
PGAM is responsible for isomerisation of the phosphate group from 3-phosphoglycerate to 2-
phosphoglycerate for subsequent activation of the phosphate group and production of
phosphoenolpyruvate (PEP). This proceeds via a N3 pHis enzyme intermediate in which a
phosphate group is transferred from 2,3-biphosphoglycerate to His11 in the PGAM active site
(350). PGAM is reported to exist as a homodimer in solution, with a predicted molecular mass
of 58 kDa (351).

In the NDPK reaction, the enzyme catalyses a reversible reaction to transfer a phosphoryl
group from a phosphate donor to a phosphate acceptor via autophosphorylation of a His
residue. The NME1 and NME2 enzymes are therefore intermediary substrates in the
nucleotide-kinase reaction mechanism (352). Due to the bi-directionality of the reaction, the
pHis is not transferred to a protein substrate, therefore it is relatively hard to measure the
NDPK activity (352). Therefore, in work described in this chapter, | explore multiple different
techniques to purify and then assay NDPK activity of NME1 and NME2 in a reliable way

The experimental objectives of work described in this chapter are:
Cloning and purification of recombinant soluble human NME1/2 and PGAM
Biochemical and biophysical analysis of purified proteins.

Semi-quantitative analysis of nucleotide-binding and catalytic activity

I A

Analysis of active-site mutants

3.1 Purification of His-GST tagged NME1

The expression plasmids described in this chapter were generated in house and the
purification of recombinant His-GST tagged NME proteins was previously optimised as
described (353), whereby proteins were purified by immobilised metal affinity chromatography
(IMAC) in 50 mM Tris, pH 7.4, 100 mM NaCl, 1 mM DTT, 500 mM Imidazole, 10% glycerol
(v/v) (Section 2.5.2), and then size-exclusion chromatography in 50 mM Tris pH 7.4, 100 mM
NaCl, 1 mM DTT and 10% (v/v) glycerol (Section 2.5.3). This buffer composition often
maintains protein kinase stability during the purification process, as is evaluated below for
NME/PGAM. Full length human NME1 (1-152) encoded in a pOPINJ vector (OppF UK) was
cloned with an N-terminal His-GST tag (Figure 2.1) and expressed in BL21(DE3)pLysS E. coli.
After centrifugation and cell lysis, the protein was purified to near homogeneity by IMAC. Size-
exclusion chromatography was then used to both further purify and evaluate the apparent
multimerisation status in solution, using a Superdex 200 gel-filtration column (Figure 3.1A).

Following size-exclusion chromatography, fractions eluting between 40 mL and 90 mL were
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analysed by SDS-PAGE and Coomassie staining (Figure 3.1B), in addition to the insoluble
bacterial cell pellet, the flow through containing unbound proteins and the pooled fractions of
protein eluted from the Ni-NTA beads by 500 mM imidazole. Fractions 9-27 were resolved by
electrophoresis in order to identify the fractions with the purest and highest yield of NME1
protein. Figure 3.1B shows that the two prominent absorbance peaks at 280 nm at ~47 mL
and ~58 mL both contained a protein of the predicted molecular mass, ~43 kDa, equivalent to
the NMEL1 protein fused to GST. Fractions 11-13 and 21-26 were pooled, aliqguoted and flash

frozen in liquid nitrogen for further analysis.
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Figure 3.1. Purification of His-GST-tagged NME1 from BL21(DE3)pLysS. E.
coli transformed with pOPINJ encoding full length His-GST-tagged NME1 were induced with
IPTG for 16 hours at 18°C. Following cell lysis and centrifugation the protein was purified
and analysed by SDS-PAGE. (A) UV profile of partially-purified His-tagged NMEL1. The
cleared bacterial lysate was bound to a nickel affinity column and eluted (Section 2.5.2).
Fractions (0.5 mL) were collected and the UV peak pooled and further resolved on a S200/60
size-exclusion chromatography (SEC) column (Section 2.5.3). (B) Fractions 7-29 from (A)
were analysed further. 10 pL of the indicated fraction was boiled with 2 x SDS sample buffer
and subjected to electrophoresis on a 10 % SDS poly acrylamide gel. The bacterial cell pellet,
post IMAC lysate (non-bound flow through) and pooled IMAC eluate are also shown, as are
the predicted His-GST NME1 and a potential high molecular-weight contaminant. (C)
Calibration of S200/60 column with molecular weight standards, plotted against elution volume
(Ve) over void volume (Vo) (D) Western blot of recombinant His-GST-NME1 and His-
PKA. 200 ng of purified NME1 or PKA were resolved by electrophoresis on a 10 %
polyacrylamide gel. The protein was transferred to a nitrocellulose membrane and probed with
an anti-His antibody conjugated to HRP. Binding was detected by chemiluminscence,
confirming the presence of His-NMEL1 at approximately 50kDa.
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Molecular mass markers consisting of thyroglobulin dimer (~669 kDa) (354), apoferritin
multimer (355), B-amylase tetramer (~200 kDa) (356), alcohol dehydrogenase tetramer (~150
kDa) (357), monomeric bovine serum albumin (~66 kDa) (358), carbonic anhydrase monomer
(~29 kDa) (359) and cytochrome C dimer (~12 kDa) (360) were resolved on a S200 gel-
filtration column (Figure 3.1C) in order to determine the relative molecular mass (Mr) of NME1,
which was calculated based upon the elution volume and by comparison with the standards.
The molecular mass of a His-GST tagged NME1 monomer is predicted to be ~43 kDa. Native
human NME1 and NME2 proteins, exist as homohexamers (183), with a predicted mass of
~258 kDa for the hexameric oligomeric state for His-GST tagged NME1. At the elution volume
of 58.74 mL, the calculated Mr of His-GST tagged NME1 was 275 kDa, which is close to the
predicted molecular mass of an NME1 homohexamer. We can therefore conclude that NME1
is a near symmetrical hexamer, which is in accordance with the literature (182). At the elution
volume of 46.58 mL, the calculated Mr of His-GST tagged NME1 was 537 kDa, which suggests
that the NMEL eluted at this volume was a multimer, potentially a dimer of hexamers. Utilising
a 6xHis horse radish peroxidase (HRP)-conjugated antibody, 200 ng of His-GST NME1 was
subjected to SDS-PAGE (Section 2.6) and immunoblot analysis (Section 2.7) (Figure 3.1D) to
further help identify the purified protein. In Figure 3.1D a protein band that corresponds to the
predicted molecular mass of His-GST tag NME1 at ~46 kDa is shown in Lane 1. The co-
purified E. coli protein at ~80 kDa detected by SDS-PAGE analysis (Figure 3.1B) was not
detected by the 6xHis antibody, suggesting that this contaminant is unlikely to be an oligomer
of NMEL.

3.2 Purification of His-GST tagged NME2 and His-GST tagged PGAM

Full-length His-GST tagged NME2 (1-152) was expressed and purified as described above
for His-GST tagged NMEL1 (Figure 3.2) (Section 2.5). Size-exclusion chromatography was
used to resolve NME2 using a S200 gel-filtration column (Figure 3.2A) and the peak that
possessed the highest absorbance at 280 nm eluted at a volume of ~59 mL. Fractions were
then analysed by SDS-PAGE (Figure 3.2B). In order to identify the fractions with the purest
and highest yield of NMEZ2 protein, fractions 11-31, corresponding to elution volumes of 48 mL
to 90 mL were resolved by electrophoresis. In addition to these eluates, the fractions
containing insoluble proteins, the flow through containing unbound proteins and the pooled
fractions of protein eluted from the Ni-NTA beads by 500 mM imidazole were also analysed.
Figure 3.2A shows a prominent absorbance peak at 280 nm at 59.45 mL. The calculated
molecular mass of His-GST tagged NME2 hexamer from size-exclusion on Superdex 200 is
281 kDa. A His-GST tagged NME2 monomer has a molecular mass of ~43 kDa, therefore a

hexamer has a molecular mass of ~260 kDa (182). This, therefore, suggests that the purified
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recombinant His-GST tagged NMEZ2 is a hexamer in fractions 23-28. At the elution volume of
46.98 mL, the calculated Mr of His-GST tagged NME2 was 549 kDa, similarly to NME1,
suggesting the potential presence of a dimer of two homohexamers. Fractions 12-16 and 21-
28 were pooled, aliquoted and flash frozen in liquid nitrogen for further analysis. Utilising a
6xHis HRP-conjugated antibody, 200 ng of His-GST NME2 was subjected to electrophoresis
under denaturing and reducing conditions prior to subsequent immunoblot analysis. This data
(Figure 3.2D) supports the identification of the purified protein as a His-GST tagged NME2,
which migrates at ~43 kDa. Therefore, the hexamer observed in solution is likely to be

converted to a monomer under reducing conditions.

The same purification processes were used to express and purify full length His-GST tagged
PGAM (1-254) (Figure 3.2). BL21(DE3)pLysS E. coli cell lysate with expressed PGAM was
purified by IMAC in 50 mM Tris, pH 7.4, 100 mM NaCl, 1 mM DTT, 500 mM Imidazole, 10%
(v/v) glycerol (Section 2.5.2) and size-exclusion chromatography in 50 mM Tris pH 7.4, 100
mM NaCl, 1 mM DTT and 10% (v/v) glycerol (Section 2.5.3). Full length His-GST PGAM was
separated on a Superdex 200 gel-filtration column and fractions with the highest absorbance
at 280 nm, as well as the pellet containing insoluble proteins, the flow-through containing
unbound proteins during IMAC and pooled fractions eluted from Ni-NTA beads, were
subjected to SDS-PAGE analysis (Figure 3.2C). Fractions 7-12 and 21-25 were pooled,
omitting fractions containing a prominent ~80 kDa protein contaminant. As this contaminant
was also found in His-GST tagged NME1, NME2 and PGAM protein samples purified from E.
coli, itis likely to be a co-purifying bacterial E. coli protein and not an oligomer of NME1, NME2
and PGAM. Immunoblot analysis (Figure 3.2D) demonstrate that the ~56 kDa protein is indeed
His-GST tagged PGAM.
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Figure 3.2. Purification of His-GST-tagged NME2 and His-GST tagged PGAML1
from BL21(DE3)pLysS. E. coli transformed with pOPINJ encoding full length His-GST-
tagged NME2 or full length His-GST tagged PGAM1 were induced with IPTG for 16 hours at
18°C, and the bacteria were lysed after centrifugation. (A) UV profile of partially-purified His-
tagged NME2 from cleared bacterial lysate after SEC. Fractions (0.5 mL) were
collected, pooled and subjected to size-exclusion chromatography (SEC)on a S200/60
column as described in Figure 3.1 (B) 10 pL of each fraction was subjected to SDS-PAGE
9 (Section 2.6) on a 10 % (w/v) SDS poly acrylamide gel showing the predicted His-GST
NME2 and a potential high molecular-weight contaminant, in addition to the bacterial cell
pellet, the unbound fraction and the pooled eluate from the IMAC column. (C) GST-His-tagged
PGAM1 was purified by IMAC and SEC and fractions (1.5 mL) 6-30 were resolved on a 10%
acrylamide SDS-PAGE gel as in (B). (D) Western blot of recombinant His-GST-NME2 and
His-PGAML1 (see below). 200 ng of purified NME2 or PGAM1, both of which contain a 6His
tag, were resolved by electrophoresis on a 10 % (w/v) polyacrylamide gel. The protein was
transferred to a nitrocellulose membrane and probed with an anti-His antibody conjugated to
HRP and detected by chemiluminescence (Section 2.7).

3.3 3C proteolytic cleavage of the His-GST tag on NME1, NME2 and PGAM

Protein tags such as GST can both promote and interfere with target protein folding and
oligomerisation (361, 362). The multimer previously observed when purifying NME1 and
NME2 by SEC might therefore be a result of the affinity tag (362). To work with the highest
guality protein possible corresponding to the native His-kinase, the linked His-GST tag was

therefore removed proteolytically (Section 2.5.2.3). An initial experiment was performed to
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determine the efficiency of proteolytic cleavage by human rhinovirus (HRV) 3C protease, a 25
kDa protein which recognises the N-terminal cleavage site Leu-Glu-Val-Leu-Phe-GIn/Gly-Pro
encoded at the N-terminus before the NME1, NME2 and PGAM amino acid coding sequences
(Figure 2.1). The proteins were incubated with Ni-NTA beads for 1 hour at 4 °C to allow the
His-GST tagged protein to bind to the resin. 3C protease was then added to the Ni-NTA bound
protein and the sample was incubated at 4 °C for 2 hours (Section 2.5.2.3). The Ni-NTA resin
was then heated to 95 °C in SDS-PAGE sample buffer and collected for analysis (Figure 3.3A).
Prior to proteolytic cleavage His-GST tagged NMEL1 resolved at ~43 kDa (Figure 3.3A, Lane
1). The sample collected after incubation with 3C protease (Lane 2) contained three
polypeptide bands. The ~28 kDa band is likely to be the His-GST tag that has been removed
from NMEL1 and eluted from the beads, as GST has a molecular mass of 25-28 kDa. The band
that migrated at ~25 kDa corresponds to the molecular mass of the 3C protease, which is
corroborated by the band in control Lane 7 containing only 3C protease. The predicted
molecular masses of NME1 and NME2 are between 17-19 kDa, and the third band observed
in Lane 2, at a molecular mass of ~19 kDa is therefore untagged NME1. His-GST tagged
NME2 prior to proteolytic cleavage, was resolved at ~43 kDa in Lane 3. In Lane 4, the band
pattern was similar to that of the cleaved NMEL1 fraction with band at ~27 kDa, ~ 25 kDa and
a band at a molecular mass of ~17 kDa corresponding to monomeric untagged NME2 (Figure
3.4A).
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Figure 3.3. SDS-PAGE and Coomassie blue staining of purified recombinant NME1,
NME2 and PGAM before and after proteolytic removal of the N-terminal His-GST tag. Ni-
NTA-bound His-GST tagged protein was incubated with 3C protease (which cleaves between
LEVLFQ/GP amino acids) for 3 h (Section 2.7) and unbound (eluted) proteins were collected.
(A) SDS-PAGE of protein before and after 3C cleavage resolved on
a 10 % (w/v) polyacrylamide gel. (B) Following 3C cleavage, recombinant proteins were
subjected to size-exclusion chromatography and then 2 Vo] of each of
the protein peaks was analysed by SDS-PAGE as in (A).

Purified His-GST tagged PGAM resolved at ~55 kDa. This is in accordance with the predicted
molecular mass of His-GST of between 53-56 kDa (Figure 3.3A, lane 5). In addition to bands
corresponding to the cleaved His-GST tag at ~27 kDa and the free 3C protease at ~25 kDa,
a ~28 kDa band is clearly observed (Figure 3.4A, Lane 6). Cleaved PGAM has a predicted
molecular mass of ~29 kDa which therefore suggests that the ~28 kDa protein band is purified
untagged PGAM. These findings suggest that His-GST affinity tag cleavage by 3C protease
was both accurate and efficient and was evaluated further by MS (see below). As the 3C
protease and the His-GST tag both possessed an encoded His-tag, these contaminants were
easily removed after proteolytic cleavage, by binding to the Ni-NTA resin. These were then
separated from the purified cleaved protein by centrifugation, and the flow through containing

the purified recombinant protein was collected and subjected to size-exclusion
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chromatography. The purified proteins were then resolved by SDS-PAGE (Figure 3.3B) and
their purity determined by comparison with BSA as a standard.

To further confirm the identity of each of the purified recombinant proteins, intact mass
spectrometry (MS) (Section 2.12) was used to analyse the untagged purified proteins (Figure
3.4). The predicted mass of full-length NME1, including the 3C protease cleavage site
residues Gly and Pro is 17,303 Da. The intact MS analysis for NMEL1 identified a peak with a
m/z value of 17,304 Da (Figure 3.4A), confirming the identity of the intact purified protein. In
Figure 3.4B, purified NME2 was analysed by intact MS and a peak with an m/z value of 17,453
Da was revealed. The predicted mass of full length NME2 is 17,452 Da. Both NME1 and
NME2 show a mass difference of ~1 Da which might be due either to deamidation of a single
Asparagine, or Glutamine residue to either Aspartate and Glutamate, but this cannot be
confirmed through intact MS analysis (363). Purified PGAM, with a predicted molecular mass
of 28,958 Da was also subjected to intact MS analysis and a peak was identified with the mass
of 28,958 Da. Large differences detected in theoretical and observed mass by intact MS are
generally a result of post translation modifications (364). For example, Aurora A kinase was
discovered to have 14 sites of phosphorylation, eliciting a mass difference of ~ 1.12 kDa after
MS (365). Thus, the collective data and the analysis using intact mass spectrometry of the
purified recombinant proteins NME1, NME2 and PGAM not only confirms the identification of
each protein but suggests that no proteolysis or major post translational modifications are

present on any of the proteins.
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Figure 3.4. Intact mass spectra of purified (A) NME1, (B) NMEZ2, or (C) PGAML1 after 3C
cleavage. Samples were analysed by LC-MS using a Waters Synapt G2Si. Data were
processed using MassLynx (4.1) and deconvoluted using MaxEntl. Deconvolution settings
were as follows: 0.5 Da/channel resolution; Uniform Gaussian distribution with a width at half
height of 0.500 Da. The masses of each of the intact proteins are indicated.

3.4 Investigating NME1, NME2 and PGAM binding partners by Differential
Scanning Fluorimetry (DSF)

3.4.1 DSF analysis of purified NME1

The use of differential scanning fluorimetry (DSF) as a tool to analyse protein kinase ligand
interactions is relatively well-established and it has been shown that the stabilising effects of
ligands and compounds upon binding is often quantitatively proportional to the affinity of the
ligand, especially in the case of protein kinases (327, 366-368). Lower concentrations of ligand
induce lower changes in melting temperature of the protein, and vice versa for higher
concentrations of ligand. This was previously demonstrated by our group, where the melting
temperature of purified His-tagged PKA (5 uM) in the presence of 100 uM staurosporine was
~12 °C compared to ~9 °C in the presence of 10 uM compound (369). To assess if nucleotides
bind to NME1, NME2 and PGAM and induce a thermal shift, and can so be employed in order

to analyse autophosphorylation on histidine, DSF was employed (Section 2.13). The buffer
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used in the DSF assays shown is Tris-HCI buffer, made to a pH of 7.4. The pK, of Tris can
change depending on the temperature, for example, as temperature increases the buffer
capacity of Tris decreases, as hydrogen bonds are broken and free H*is released into solution,
making it more acidic (370). Although this may have an effect on the melt curves displayed by
the proteins, this buffer was deemed appropriate for the analysis of ligand binding as the melt
curves were compared in the absence and presence of ligand, therefore making any change
in pH relative. However, experiments to assess the effect of pH on the T, of these proteins

and binding capacity to different nucleotides could be an interesting area of research.

Figure 3.5 shows the effects of prior incubation of a series of nucleotides from 30 uM ATP
increasing in 2-fold increments to 1 mM ATP with NMEL1 (Figure 3.5A and B), NME2 (Figure
3.5C and D) or PGAM (Figure 3.5E and F). Figure 3.5A shows dose-responsiveness of the
thermal unfolding profile of NMEL1 in the presence of increasing ATP concentrations. The
unfolding profile of NMEL1 in the absence of nucleotides is shown in black. In the presence of
30 uM ATP (green), the thermal unfolding profile shifted to a higher melting temperature and
increased incrementally up to + 6.4 °C in the presence of 1 mM ATP. As the protein displayed
a classical sigmoidal unfolding profile, this suggests that prior to denaturation, NME1 was
folded, and that the thermal stability of this folded protein structure was increased by the

presence of the known ligand ATP.
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Figure 3.5. Thermal stability of NME1, NME2 or PGAM in the presence or absence
of biochemicals. The purified recombinant proteins were incubated in the presence or
absence of the indicated nucleotide (or 2,3 DPG in the case of PGAM) and/or subjected to
differential scanning fluorimetry (DSF) to analyse the thermal stabilisation of
nucleotide binding. Thermal unfolding profiles (Section 2.13) of a final concentration of 5 yM
for each protein: (A) NME1, (C) NME2 and (E) PGAM and the average (N=2) change in
melting temperature (ATm) of (B) NME1, (D) NME2 and (F) PGAM in the presence of the
indicated addition (1mM). Thermal unfolding profiles were generated by normalising the data
and assigning the lowest fluorescent reading as 0% and the highest as 100%. Linear
regression analysis was utilised by means of fitting the Boltzman sigmoidal equation to the
denaturation curves, which allowed the Tm to be determined. ATm values were calculated by
subtracting the Tm value for the protein in Tris buffer, pH 7.4 from the Tm value in the presence
of biochemical.
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NME1 was also analysed in the absence and presence of ATP, ADP, GTP and GDP pre-
incubated with MgCl, and the change in melting temperature (ATn) of the protein was plotted
(Figure 3.5B). ATm was calculated by subtracting the melting temperature at which 50 % of
the protein is unfolded in the presence of Tris-HCI buffer (pH 7.4) from the melting temperature
at 50% in the presence of nucleotide (369) (Section 2.13). In the presence of MgCl, alone
(blue), the melting temperature of NME1 was reduced by -0.38 °C. This lies within the typical
variability seen in this assay (368), and within the error envelope seen in the assays carried
out here of ~ 0.5 °C, as anything below this is unreliable. This suggests that MgCl: either fails
to bind, or if it does, does not elicit sufficient change in protein stability. In the presence of the
triphosphate nucleotide, ATP (green), the T, of NME1 increased by +6.8 °C, indicative of ATP
binding. It was previously reported that NME1 has very high affinity for ATP, with a measured
dissociation constant (Kd) of 0.5 uM (199). Together, these data support the use of DSF as a
semi-quantitative technique to assess ligand binding through shifts in Tr, (371). Interestingly,
in the presence of both ATP and MgCl; (red), a much lower +2.8 °C T, shift was observed
compared to ATP alone. In contrast, when NME1 was incubated with ADP and MgCly, the Tn,
was higher than in the presence of nucleotide alone, at +2.2 °C. The presence of MgCl, may
alter the local binding site of ATP/ADP due to additional bonds or bonds being broken between
the substrate and the protein and this would therefore effect the stability of the protein in the
presence and absence of MgCl,, A similar pattern was demonstrated for guanosine
nucleotides. NME1 incubated in the presence of GDP yielded a higher melting temperature
than ADP alone at +2.4 °C, and in the presence of GDP and MgCl; the melting temperature
increased by +6.5 °C. In the presence of GTP, NME1 exhibited a T, shift of +5.0 °C and in the
presence of GTP and MgCl,, the T shift was reduced to +1.8 °C. This contrasts with protein
kinases, where ATP requires Mg-binding in order to induce stabilisation measured by thermal
assays such as DSF (326, 327).

3.4.2 DSF analysis of purified NME2

In a similar way, the purified recombinant protein NME2 was also incubated in the absence
and presence of different nucleotides. A dose response of the thermal unfolding profile of
NMEZ2 in the presence of increasing ATP concentrations is shown in Figure 3.5C. Like NME1,
the higher the ATP concentration, the greater the thermal stabilisation and therefore the higher
the Tm shift measured. NME2 was also incubated with ADP, GTP and GDP, as well as MgCl»
and analysed by DSF and the change in melting temperature (ATm) was plotted in Figure 3.5D.
In the presence of MgCl; alone (blue), NME2 T, was increased by +0.14 °C, which is within
the error envelope of the assay as variability is seen below +0.3 °C and cannot be concluded

as a true result (368). This suggested that the protein was either not binding to Mg?* ions or
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such binding had no effect on the protein’s melting profile. However, in the presence of ATP
(green), the T, of NME2 increased by +5.5 °C. The stability of the protein increased, and this
indicated that the ATP was binding. In the presence of both ATP and MgCl; (red), the NME2
exhibits a similar effect to NME1, as the Mg?* ions appeared to reduce the stabilising effect of
the ATP, causing a Tn shift of +3.5 °C. The T, shift in the presence of ADP alone was +0.1
°C but when incubated with ADP and MgCl;, the Tn, increased to +1.7 °C. A similar result was
observed for the guanosine nucleotides as in the presence of GTP alone the T, shift was +4.4
°C and in the presence of GTP and MgCl,, the T shift was +1.9 °C. NME2 incubated with
GDP had a T shift of +2.3 °C, and in the presence of GDP and MgCl. the T, shift was +4.9
°C. Thus, NME1 and NME2 demonstrate very similar thermal profiles in the presence of the
adenosine and guanosine triphosphate and diphosphate nucleosides. Together, these data
clearly show that the binding of NME1 and NME2 for nucleotides is readily detected by DSF,
and also demonstrates differences between nucleoside diphosphate kinases and protein
kinases, as in contrast to NME1 and NME2, MgCl. is necessary for ATP binding to monomeric
Ser/Thr protein kinases including Aurora A (AurA) or PKA (shown in Section 4.5, Figure 4.15)
(369).

3.4.3 DSF analysis of purified PGAM

Human PGAM autophosphorylates on position N3 of Histidine 11 by transferring a phosphate
group from 2,3-diphosphoglycerate (DPG). PGAM is not known to autophosphorylate using
any other nucleotides, however DSF analysis was employed as described for NME1 and
NME?2 in order to investigate this matter further (Figure 3.5F). Furthermore, to determine
whether PGAM was folded into a native-like structure and was stabilized after binding to DPG,
a dose-response assay was set up (Figure 3.5E). The thermal unfolding profile of PGAM in
the presence of DPG demonstrates that the higher the DPG concentration, the greater the
thermal stability and therefore the higher the calculated T, of PGAM (Figure 3.5E). Figure
3.5F shows the AT, of PGAM (calculated as above) in the presence of DPG, ATP, ADP, GTP
and GDP. MgCl; had little, or no, effect on PGAM, with a Tn, shift of -0.4 °C. However, in the
presence of the phosphate donor DPG, calculated T value increased by +16.0 °C, which
suggests that DPG binding has a very substantial effect on PGAM stability. Whether this is
directly related to affinity cannot be determined directly by this assay, however, as PGAM has
been shown to have a submicromolar Ky, value of 0.33 uM for DPG in an enzyme assay, it is
likely that the large shift in the T, of PGAM is real (350). Intriguingly, PGAM behaved similarly
to NME1 and NME2 in the presence MgCl;, since the +16.0 °C ATy, shift induced with DPG
was reduced to a ATy, of +11.0 °C after incubation with DPG and MgCl.. When incubated with
the nucleotides, ATP, ADP, GTP and GDP alone, a positive Tn, shift was established, whereas,

in the presence of nucleotide and MgCl; the Ty shifts were negligible. For example, in the
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presence of ATP, the T, of PGAM increased by +8.0 °C and increased by +1.4 °C with ADP.
Incubation with GTP and GDP caused T, shifts of +8.5 °C and +5.0 °C, respectively.

3.5. Measurement of NME1, NME2 and PGAM pHis autophosphorylation activity
3.5.1 Analysis of the pHis autophosphorylation activity of the putative histidine kinases
NME1, NME2 and PGAM

In Section 3.4, purified NME1, NME2 and PGAM were determined to be folded, since they
were stabilised by appropriate ligands during differential scanning fluorimetry (DSF). In all
cases, the stability of NME1/2 and PGAM proteins increased in the presence of their
respective phosphate donor, ATP for NME1 and NME2 or 2,3-diphosphoglycerate (DPG) with
PGAM (Figure 3.5) as reported (367, 371). In order to evaluate whether NME1, NME2 and
PGAM are enzymatically active, and require binding of distinct nucleotides in order to
autophosphorylate on a specific His residue, N1 pHis and N3 pHis monoclonal antibodies
were exploited for immunoblotting analysis (9). The His-GST tagged proteins were utilised in
a number of immunoblot analysis experiments, such as the one described in Figure 3.5. As
the protein tag does not contain a His that becomes phosphorylated, it is not likely to interfere
with the analysis and presence of pHis in NME1/2 and PGAM.

NME1 was incubated with ATP, ADP, GTP and GDP and histidine phosphorylation was
analysed (Figure 3.6A). In the presence of ATP, ATP/MgCl,, GTP and GTP/MgCl;, a band at
~43 kDa, corresponding to N1 histidine phosphorylated (N1 pHis) His-GST NME1 was
detected. On the other hand, when incubated with the diphosphate nucleotides ADP and GDP,
no N1 pHis NME1l was detected, demonstrating that ADP and GDP were not suitable
phosphate donors and/or binding partners for histidine phosphorylation of NMEL. An anti His-
tag antibody was used to determine the total protein of NMEL1 in all samples analysed (Figure
3.6A, bottom panel). The same samples were also probed using a N3 phosphohistidine (N3
pHis) antibody, with PGAM as a positive control. This demonstrates that both ATP and GTP
enabled phosphorylation of NMEL1 at the N1 position of histidine, but not at the N3 position.

Immunoblot analysis was also carried out on NME2 incubated with these diphosphate and
triphosphate nucleotides (Figure 3.6B). This revealed that in the presence of ATP, ATP/MgCl,,
GTP and GTP/MgCl, a band at ~43 kDa corresponding to N1 pHis His-GST NME2 was
detected. In contrast, when incubated with the diphosphate nucleotides ADP and GDP, no
pHis NME2 was detected. The presence of His-tagged NME2 in these samples was confirmed
(Figure 3.6B, bottom panel), demonstrating that ADP and GDP are not suitable phosphate
donors for N1 histidine phosphorylation on NME2. It is apparent from both Figure 3.5 and
Figure 3.6 that Mg?* ions are not required for histidine autophosphorylation of NME1 and
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NME2, and are potentially inhibitory (Figure 3.5). This is also notable in Figure 3.6 in the
presence of GTP/MgCI. as the pHis signal for both NME1 and NME2, is reduced.
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Figure 3.6. Immunoblot analysis of phosphate donor capability. GST-tagged enzymes
(200 ng) were pre-incubated with 1 mM ATP or 1 mM ATP and 10 mM MgCl. (A) NMEL1 or (B)
NMEZ2, or (C) 1 mM DPG (PGAML1) were analysed after exposure to the indicated nucleotides
or 2,3 DPG (DPG) by SDS-PAGE and immunoblotted with the monoclonal antibodies anti-
N1 pHis (NME1/2) and anti-N3 pHis (PGAM1) (Section 2.10). Total protein was determined
using an anti-His antibody. A representative immunaoblot is shown from N=2.

Diphosphate and triphosphate nucleotides were next tested to determine if they were suitable
phosphate donors for N3 pHis autophosphorylation activity by PGAM (Figure 3.6C). However,
DPG alone and in the presence of MgCl, was the only nucleotide that elicited N3 pHis PGAM
when analysed by immunoblotting. These samples were also probed using a commercial
monoclonal N1 pHis antibody (Figure 3.6C, middle panel), and the absence of N1 pHis in
PGAM supported the ability of these monoclonal antibodies to specifically distinguish between

the N1 and N3 positions on histidine. Equal protein loading was confirmed using an anti-His
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tag antibody, which was not removed to allow rapid comparison of loading (Figure 3.6C,

bottom panel).
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Figure 3.7. Analysis of heat lability of histidine phosphorylation on NME1, NME2 and
PGAM. Each GST-tagged enzyme (200 ng) was preincubated with 1 mM ATP or ATP and
10 mM MgCl> (A) NME1 and (B) NME2, or (C) 1 mM DPG (PGAM1) were analysed after
exposure to the indicated nucleotides by SDS-PAGE and immunoblotting using the
monoclonal antibodies anti-N1 pHis (NME1/2) and anti-N3 pHis (PGAML1) (Section
2.10). One half of each enzyme reaction was heated to 95 °C for 5 minutes prior
to analysis. (D) Heated or unheated recombinant Aurora A (200 ng) was immunoblotted with
anti-pT288 Aurora A antibody. Total protein was determined by stripping and reprobing blots
with anti-His antibody. A representative immunoblot is shown from N=3.

Phosphorylated histidine (pHis) is heat-labile due to the phosphoramidate bond possessing a

high AG° value for hydrolysis, at ~ -12 kcal mol?* compared to the more stable phosphoester
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bond at ~ -6.5 kcal mol™? (133). As the proteins were determined to be enzymatically active in
the presence of appropriate phosphate donors (Figure 3.6), to further confirm that the signal
detected is pHis, the heat lability of the unstable modification on the purified proteins was
analysed by immunodetection (Section 2.10) using N1 pHis and N3 pHis monoclonal
antibodies described above (Figure 3.7). NMEL1 (Figure 3.7A) and NME2 (Figure 3.7B) were
incubated in the presence of ATP and ATP/MgCI. and duplicate samples heated to 95 °C as
controls. In the top panel of Figure 3.6A and B, in the presence of ATP and ATP/MgCl,, a band
is detected at the appropriate molecular mass for N1 phosphorylated NME1 and NME2. When
the same samples were heated to 95 °C, no detectable N1 phosphorylated polypeptide was
observed, in accordance with the heat lability of pHis (133). The bottom panel of Figure 3.7A
and B shows total NME protein loading detected by an anti-His tag antibody. When PGAM
was incubated with the phosphate donor DPG, in the presence and absence of MgCl, and
immunoblotted with the anti-N3 pHis antibody, bands corresponding to N3 phosphorylated
PGAM were observed (Lanes 1 and 3). Due to the heat lability of N3 pHis, N3-phosphorylated
PGAM was no longer detected after brief heating at 95 °C. In contrast, human full-length
Aurora A (purified as described in Section 2.5) remains autophosphorylated on Thr288 after
heating to 95 °C, based on immunoblotting with an antibody that specifically recognises
phosphorylated T288 (Figure 3.7D). This is consistent with the chemical nature of the bonds
involved; whereas phosphoester bonds are essentially stable to boiling, phosphoramidate
bonds formed by phosphorylation on nitrogenous groups such as the imidazole ring of His,
are not (8, 133).

The time-dependent analysis of NME1 and NME2 pHis incorporation was analysed by
immunoblot, after establishing a time course assay with purified NME1 in the presence of ATP
(Figure 3.8A). As shown in Figure 3.8A, it is clear that the reaction in which NMEL1 transfers a
phosphate from ATP to His is essentially instantaneous, as at 10 seconds N1 pHis was
detectable on NMEL. The level of N1 pHis detected on NMEL1 increased up until 4 minutes,
where the reaction began to plateau. The relative amount of ATP required to detect N1-pHis
on NME1 or NME2 (Figure 3.8B) was also analysed. The limit of detection for N1 pHis on
NME2 was at 1 pM ATP, since no N1 pHis NME2 was detected at concentrations below this.
On the other hand, the limit of detection for N1-pHis in NME1 was below 0.1 uM ATP.
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Figure 3.8. Western blot analysis of NME autophosphorylation activity: determining the
limits of pHis detection in vitro. (A) 1 pg of NME1 was incubated with 50 uM ATP and the
reaction was terminated by adding sample buffer (pH 8.8) at different time points after the
assay was initiated. (B) Analysis of autophosphorylation of 1 pg of NME1 or NME2 after
incubation with the indicated ATP concentration. Samples from both (A) and (B) were resolved
on a 15% acrylamide gel and analysed by western blot using the anti-N1 phosphohistidine
antibody. Total protein levels were revealed using anti-His antibody. A representative
immunoblot is shown from N=2.

3.5.2 Do NME1 and NME2 have specificity towards different nucleotides?

NME1 and NME2 are important for controlling the levels of various nucleotide pools in cells
(372), and this is supported by my finding that they bind (Figure 3.5) and utilise different
nucleotides to drive histidine autophosphorylation (Figure 3.6). To evaluate this further, NME1
and NME2, were incubated with the nucleotides cytidine triphosphate (CTP), uridine
triphosphate (UTP) and thymidine triphosphate (TTP) and analysed by DSF and
immunoblotting (Figure 3.9). In the presence of CTP, the melting temperature of the NME1
increased by +5.8 °C. This was greatly reduced in the presence of MgCl,, when the Ty, shift
was only +0.9 °C. CDP and CTP were reported to be the poorest nucleotide binders of NME1
by Chen et al, with a high dissociation constant (Kp) for CTP of >20 uM (199). This is supported
by the data described here, as CDP appeared to have a very low ATnindicative of poor binding

and CTP yielded one of the lowest AT, shifts. UTP resulted in a Tr shift of +6.2 °C, and with
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the addition of MgCl, the T, shift reduced to +1.8 °C. When incubated with TTP alone, the
melting temperature of NME1 increased by +6.1 °C compared to that of NMEL1 in buffer alone.
The difference between the T, of NMEL in the presence of TTP and TTP with MgCl, was the
smallest of all the nucleotides analysed. In the presence of TTP and MgCl; the Tn, shift was

+5.9 °C, suggesting that MgCl, had essentially no effect on NME1 binding to the TTP
nucleotide.
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Figure 3.9. DSF and western blot analysis of nucleotide binding and the ability to donate
a phosphate for histidine autophosphorylation. (A) Chemical structure of nucleotide tri-
hosphates. Nucleoside diphosphates are omitted for clarity (B) The purified recombinant
proteins were incubated for 5 minutes in the presence or absence of 1 mM of the indicated
nucleotides and/or 10 mM MgCl, and then subjected to differential scanning fluorimetry (DSF)
to analyse the thermal stability of each protein mixture relative to a solvent control. The
average (N=2) change in melting temperature (ATm) of (5 M)
enzymes (B) NME1, (D) NME2 and histidine phosphorylation (Section 2.12) of 500
ng enzyme (C) NMEL or (E) NME2 are presented. Equal protein loading was confirmed by
immunoblotting using anti-NME1 or NME2 antibodies. Thermal unfolding profiles and ATm
values were calculated as described in Figure 3.5.

The data presented for NME1 DSF analysis (Figure 3.9B) correlate with the results obtained
by immunoblot analysis (Figure 3.9C) in that the triphosphate nucleotides that displayed a
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positive T, shift by DSF also resulted in N1 pHis autophosphorylation. Furthermore, Mg?* ions
that reduced the T, shift when incubated with nucleotide and protein, were not necessary for
histidine autophosphorylation and reduced the levels of pHis NMEL1 detected (Figure 3.6A). In
the absence of any nucleotide NME1 displays no pHis activity detectable by the N1 pHis
antibody. In the presence of CTP, UTP, TTP and ATP, histidine phosphorylated NME1
migrated to the correct molecular mass of ~17 kDa. When incubated with both nucleotide and
MgClz, N1 pHis NMEL is not detected other than with UTP and ATP, which is greatly reduced

compared to incubation with nucleotide alone.

Similar results were observed for purified recombinant NME2. DSF analysis of NME2 (Figure
3.9D) showed that in the presence of CTP, the T, of NME2 shifted +5.6 °C and with the
addition of MgCls, the T, of NME2 increased by +1.0 °C. In the presence of UTP, the T, shift
was +6.2 °C, and this was reduced to +1.9 °C with the addition of MgCl,. Furthermore, the
nucleotide TTP caused a Tn shift of +6.1 °C and when NME2 was incubated with TTP and
MgCl,, the melting temperature of NME2 increased by +5.8 °C. Immunoblot analysis showed
that NME2 transferred a phosphate group from CTP, UTP and TTP to its active site His at
position N1. Thus, the band at ~17 kDa corresponding to pHis NME2, was detected in the
presence of CTP, and this was nearly undetectable in the presence of CTP and MgCl.. In the
presence of UTP and TTP, both with and without MgCl,, a phosphorylated protein was
observed in all samples, and the addition of MgCl, reduced phosphorylation, this being more
significant with TTP and MgCl. In summary, Figure 3.9 demonstrates that although NME1
and NME2 have a higher affinity for some nucleotides more than others, this data suggests
that both proteins bind all these nucleotides tested, and are able to use them as in a

phosphotransfer reaction.

3.6 Analysis of NME1, NME2 and PGAM active site mutants and their effect on
structure and enzyme activity

3.6.1 Purification and identification of NME and PGAM mutant proteins

NME1, NME2 and PGAM are believed to autophosphorylate on a single His residue as part
of the NDPK reaction (9). Both NME1 and NME2 transfer the gamma phosphate residue from
a nucleoside triphosphate, such as ATP, onto position N1 of His 118 (9). In contrast, PGAM
is believed to transfer a single phosphate from 2,3-diphosphoglycerate (DPG) onto position
N3 of His 11 (9). To assess the role of His in enzyme activity and verify the specific
phosphosite in NME1, NME2 and PGAM, His to Ala mutants at His118 and Hisll were
purified, respectively. In addition to this, to explore the importance of the conserved cysteine
residues in NME1, a single (C109A) and double cysteine mutant (C109A/C145A) were
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produced. The NME and PGAM mutants (highlighted in Figure 3.10) were purified in the same
way as the wild-type proteins, as described above, using immobilised metal affinity
chromatography (IMAC) and size-exclusion chromatography (SEC) to purify proteins from the
bacterial lysate (Section 2.5), expressed from an appropriately mutated plasmid in
BL21(DE3)pLysS E. coli (Section 2.2). Once purified by IMAC, the His-GST tag was removed
using 3C protease and the proteins were resolved on a Superdex 200 column (Figure 3.11).
To determine the presence and purity of the eluted NME proteins and the PGAM proteins,
they were resolved on a 12% (w/v) acrylamide gel (Figure 3.12). The NME1 polypeptides
migrated at ~17 kDa and the NME2 polypeptides were evident at ~15 kDa. The PGAM
polypeptides were resolved at ~26 kDa. This confirmed that the mutant proteins had been

successfully expressed and purified.

Figure 3.10. Cartoon of dimeric human NME1 (PDB Code: 1XJV). The position of
conserved residues (Section 1.8.2 from Intro) in the crystallographic NME1 dimer in the
active site of a single NME1 monomer are indicated. See Introduction for further
information. (A) Crystal structure of NME1 dimer (monomers in green and grey) (B) Ribbon
diagram of the monomer (grey) and side-chain of the conserved active site residues His118
(red), Lys12 (green), Arg88 (orange), Argl05 (cyan) and the conserved residues involved in
protein stabilisation and folding, Cys109 (magenta) and Cys145 (yellow), are shown as sticks.
Cartoons were generated using PyMoL.
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Figure 3.11. Size-exclusion chromatography of NME proteins. Elution volumes and the
absorbance at 280 nm are shown for a series of NME1 and NME2 active site mutants. Arrows
indicate the UV peak corresponding to the centred region of elution.
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Figure 3.12. SDS-PAGE analysis and Coomassie blue staining of NME1, NME2 and
PGAM proteins and active site mutant proteins after purification. After IMAC and SEC,
1 pg of the indicated protein was boiled with 2 x SDS sample buffer and subjected to
electrophoresis on a 12 % (w/v) acrylamide gel (Section 2.6.1).

To further confirm and identify the purified mutant proteins, they were analysed by intact mass
spectrometry (Figure 3.13). All the mutant proteins analysed possessed a mass difference of
+1.0 Da from the predicted theoretical molecular mass. As described above, a mass difference
of +1.0 Da could be a result of the deamidation of Asparagine or Glutamine to Aspartate or
Glutamate. The intact mass spectrum displayed in Figure 3.13 confirmed that full-length NME

mutant proteins had been isolated through IMAC and SEC.
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Figure 3.13. Intact molecular mass of purified NME proteins. The indicated proteins were
purified by IMAC and pooled after SEC and then analysed by LC-MS using a Waters Synapt
G2Si. Data were processed using MassLynx (4.1) and deconvoluted using MaxEntl.
Deconvolution settings were as follows: 0.5 Da/channel resolution; Uniform Gaussian
distribution with a width at half height of 0.500 Da. (A)H118A NMEL1,
(B) R105A NMEL, (C) R105A/H118A NMEZ1, (D), C109A NME1, (E) H118A NME2,
and (F) R105A NMEZ2. Representative spectra are shown from N=3.
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3.6.2 Analysis of NME protein oligomeric state

The NME proteins are known to be oligomeric proteins, with a 3-dimensional structure of six
functionally independent monomers that assemble into dimers and trimers, to form a hexamer
(182, 183). The biological activity and function of NME1 and NME2 proteins is dependent on
its oligomeric state (373). It was therefore important to confirm the oligomeric state of the
proteins purified in E. coli. The techniques utilised to do this were size-exclusion
chromatography with multi angle laser light scattering (SEC-MALLS) (Figure 3.14) and native
mass spectrometry (MS) (Figure 3.15).

Size-exclusion chromatography linked to multi angle laser light scattering (SEC-MALLS) is
used to determine the molecular mass of a protein in solution, which provides information as
to oligomeric states (374). SEC-MALLS relies on the separation of macromolecules during
flow through of a column and the differences in retention time due to different lengths of time
spent diffusing in and out of the stationary phases before eluting from the column (375). More
data can be obtained from this when combined with multi-angle light scattering and differential
refractive index (dRI) detectors as the MALLS detector measures the proportion of light
scattered by an analyte into multiple angles relative to the incident laser beam (Figure 3.14A).
SEC-MALLS calculates the average molecular mass of molecules in an elution volume
separated by the column, which assumes that the elution is homogenous and can therefore
be affected by purity of the protein (375).

Compared to non-native MS (see Section 3.6.1 above), native MS is a form of electrospray
ionisation in which conditions are optimised to sustain the protein in the folded native states,
whereby proteins are separated based on their size and charge (376-378). To maintain the
folded state, non-denaturing conditions are required, and the pH and ionic strength are
carefully controlled. Native MS relies on the protein maintaining its native structure in the gas
phase. A less structured/unfolded protein will pick up more charges during the electrospray
ionisation phase than a more structured, folded protein (376). This differs to SEC-MALLS, as
the SEC-MALLS has the advantage of determining the molecular mass of the protein in

solution.

The SEC-MALLS system was calibrated with 50 pg bovine serum albumin (BSA) standard
(Figure 3.14B) which eluted as a monomer and dimer, in accord with the literature (358).
Afterwards, 50 pg of recombinant NME protein was analysed and the molecular mass was
obtained using a differential index reading (Figure 3.14). Utilising SEC-MALLS analysis, WT
NMEL1 was calculated to have a mass of 93 kDa (Figure 3.14A). The predicted molecular mass
of monomeric NMEL1 is 17 kDa, and the hexameric form of NMEL is predicted to be 102 kDa.
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Based on the calibration of the system, WT NME1 was indicated to be a hexamer in solution.
The enzymatically inactive H118A NMEL1 protein was calculated to be 90 kDa (Figure 3.14B),
and this indicated that this mutant was also present as a hexamer in solution. On the other
hand, the R105A NME1 mutant had a calculated mass of 29 kDa (Figure 3.14C). The
molecular mass of a NMEL1 dimer is predicted to be 34 kDa, therefore itis likely that this mutant
is a dimer in solution. Analysis by SEC-MALLS revealed that WT NME2 had a molecular mass
of 112 kDa (Figure 3.14D). Like NMEL, the predicted molecular mass of a monomeric NME2
is 17 kDa (102 kDa for a hexamer) which indicated that the WT NMEZ2 protein in solution is a

hexamer, which correlates closely with the data shown in Figure 3.2.

Further SEC-MALLS analysis was performed using purified NME proteins, and the data is
summarised in Table 3.1. This confirmed that H118A NMEZ2, similarly to H118A NME1 and
wild-type NME2 was likely to be a hexamer in solution as the calculated molecular mass was
close to the predicted molecular mass of an NME2 hexamer, 103 kDa. When incubated with
ATP or ADP, the molecular mass of the protein changes only by negligible amount, suggesting
the oligomeric state of the protein did not change. This data also highlights the effect of the
R105A and H118A mutations in combination as the R105A/H118A NMEL elutes in two
separate volumes, one corresponding to a dimeric form and the other corresponding to a

hexameric form of the protein (Figure 3.11C).
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Figure 3.14. Average molecular mass per volume unit and Differential refractive index
(dRI) of purified NME proteins. (A) Schematic of SEC-MALLS. SEC resolves the protein by
size and MALLS permits molecular mass to be determined independently of retention time.
The molecular weight of (B) BSA, (C) NME1, (D) H118A NMEL1, (E) R105A NME1 and (F) WT
NME2 were estimated after processing SEC-MALLS data using Astra 6.1 software. The dRI
is shown in red and the predicted molecular mass is indicated by the black dotted line.
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Name of Protein/ligand | Approximate Molecular Mass | Predicted Oligomeric State
NME1 93 kDa Hexamer
NMEL + ATP 93 kDa Hexamer
NME1 + ADP 94 kDa Hexamer
H118A NME1 90 kDa Hexamer
H118A NMEL1 + ATP 87 kDa Hexamer
H118A NME1 + ADP 86 kDa Hexamer
R105A NME1 29 kDa Dimer
R105A NME1 + ATP 29 kDa Dimer
R105A NME1 + ADP 31 kDa Dimer
R105A/H118A NME1 89 kDa;29 kDa Hexamer;Dimer
NME2 112 kDa Hexamer
NME2 + ATP 104 kDa Hexamer
NME2 + ADP 104 kDa Hexamer
H118A NME2 110 kDa Hexamer
H118A NME2 + ATP 89 kDa Hexamer
H118A NME2 + ADP 90 kDa Hexamer
NME1 + NME2 85 kDa Hexamer

Table 3.1. Apparent molecular mass and predicted oligomeric state of purified NME
proteins inferred from SEC-MALLS analysis. The approximate molecular mass in the
presence or absence of 1 mM ATP or 1 mM ADP is given to the nearest 1kDa.

lon mobility mass spectrometry was also exploited to investigate the oligomeric state of the
purified proteins. WT and mutant NME proteins were buffer-exchanged into 150 mM
ammonium acetate, which maintains the protein in the folded state and allows the solution to
become volatile in order for the protein to enter the gas phase (378). The MS spectra is
deconvoluted in UniDec and the output spectra shows the mass of the native protein (Figure
3.15). As stated previously, the predicted molecular mass of an NME1 hexamer was 102 kDa
and through MS analysis, the mass of WT NME1 was calculated to be 104 kDa (Figure 3.15A).
The mass of H118A NMEL1 (Figure 3.15B) was calculated to be 100 kDa, suggestive of a
hexamer. Similar to the results of SEC-MALLS analysis, the mass of both the R105A NME1
mutant (Figure 3.15C) and the R105A/H118A NME1 mutant (Figure 3.15D) was 35 kDa,
indicative of a predicted 34 kDa NME1 dimer. C109A NME1 was calculated to have a mass
of 105 kDa, demonstrating that the protein exists as a hexamer under native conditions.

The analysis of NME2 by native MS showed that WT NME2 (Figure 3.15F) was likely a
hexamer, at 108 kDa, as well as H118A NME2 (Figure 3.15G), which displayed a molecular
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mass of 101 kDa. Using native MS, the mass of R105A NME2 was revealed to be 43 kDa,
suggesting that like R105A NME1, R105A NME2 was also a dimer in native conditions. This
contradicts the data shown in in Figure 3.11, as R105A NME2 eluted at a similar volume to
that of HL118A NMEZ2, which was found to be a hexamer. These differences may be a result of
R105A NME2 forming multimers in solution, or due to the variation in techniques utilised.
NME1 and NME2 are found as homohexamers in native conditions (183), and this is in
agreement with the data shown in Figures 3.1 and 3.2, which showed that the purified
recombinant proteins NME1 and NME2 were likely hexamers. Using a number of different
techniques previously described, the collective data (Figure 3.1, 3.2, 3.14 and 3.15) show that
WT NME1, WT NME2, H118A NME1, H118A NME2 and C109A NMEL1 are hexamers and
R105A NME1, R105A NME2 and R105A/H118A NME1 are dimers in solution.
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Figure 3.15. Native mass spectra of purified proteins. Purified recombinant NME proteins
were buffer exchanged into 150 mM ammonium acetate using Amicon 10 kDa cut-off spin
columns prior to MS analysis. Samples were analysed using a Waters Synapt G2Si. The
oligomeric state of the protein was estimated by processing the native ESI spectrum using
MassLynx 4.1 and UniDec. (A) WT NME1l (B) H118A NME1l (C) R105A NME1, (D)
R105A/H118A NMEL, (E) C109A NMEL1, (F) WT NME2 (G) H118A NME2 (G) and R105A
NME2 (H). The respective mass of monomeric NME1 is 17.1 kDa and NME2 is 17.3 kDa.
Representative spectra are shown from N=3.
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3.6.4 Analysis of the His autophosphorylation activity of NME and PGAM active site
mutants

The identity and native structure of the active site mutants have previously been verified.
Differential scanning fluorimetry (DSF) was then employed to determine the folding and
stability of the proteins under thermal stress and to report on the interaction of these proteins
with ATP. As shown in Figure 3.16 and summarised in Table 3.2, thermostabilisation of the
NME1 and NME2 recombinant mutants in the presence of ATP was observed for all purified
mutants, with the exception of R105A/H118A NME1. Among the active site mutant H118A
and R105A proteins, the extent of thermal stabilisation upon incubation with ATP was reduced,
with the most significant reduction in the R105A mutants, compared to wild-type proteins. For
example, in the presence of ATP, R105A NME1 was revealed to have a +2.3 °C T, shift and
R105A NME2 a +2.2 °C T, shift, compared to +6.8 °C for wild-type (WT) NME1 and +5.6 °C
for WT NME2. This reduction is likely to reflect the loss of or weaker nucleotide binding,
through abolition of key charge:charge or hydrogen bond interactions between nucleotide and

protein.

Name of Protein Tm (°C) ATm + ATP (°C)
NME1 60.1+0.33 +6.8 + 0.09
H118A NME1 58.3 +0.09 +2.3+0.16
R105A NME1 59.6 + 0.62 +1.7 £0.37
R105A/H118A NME1 44.8+0.10 -0.3+0.29
C109A NME1 64.5 + 0.04 +5.9 +0.07
C109A/C145A NME1 61.3+0.01 +6.9 + 0.53
NME2 67.8 +0.05 +5.6 + 0.01
H118A NME2 65.2 £ 0.01 +4.8 + 0.47
R105A NME2 64.7+0.14 +2.2+0.32

Table 3.2. Melting temperature (Tm) values for the purified recombinant proteins and the
change in melting temperature (ATn) in the presence of ATP. T values presented are of
protein in Tris-HCI, pH 7.4 buffer alone, and the ATm values of protein in the presence of 1
mM ATP calculated according to Section 2.10. Mean ATm values + SD (N=2) are shown.
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values were calculated as described in Figure 3.5.
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In order to further evaluate effects of NME/PGAM mutations, H118A NME1, H118A NME2
and H11A PGAM (Figure 3.17) proteins, along with R105A NME1 and R105A NME2 (Figure
3.18) were subjected to DSF in the presence of different nucleotides. The phosphate donor,
2,3-DPG was included for PGAM. The thermal stabilisation of wild-type proteins in the
presence of indicated nucleotides are shown side-by-side for easy comparison (Figure 3.16-
8). Notably, H118A NME1 and H118A NME2 active site mutants both displayed an increase
in stability when incubated with nucleotides and MgCl,. These data, as well as the findings
shown in Figure 3.16, support a hypothesis that H118A mutants are still capable of binding to
nucleotide substrates, and suggest that His118 plays a greater role in phosphate transfer than
binding and orienting the substrate. Compared to wild-type NME1l, H118A NME1
demonstrated a +13.3 °C increase in melting temperature (Tn) in the presence of ATP and
MgClz, while wild-type NME1 demonstrated only a +2.5 °C increase in Tm. Figure 3.16
demonstrates that H118A NME1 and H118A NME?2 proteins were less stable than the wild-
type proteins, with an approximate -2 °C reduction in T, for both proteins, therefore it could
be possible that Mg?* ions alone might help to increase the stability of the mutant proteins.
However, when incubated with MgCl. alone, the stability of the protein was unaffected. This
suggests that the greatest effect on the stability of the mutant proteins is a result of both the

Mg?* ions and nucleotide binding to the protein.

In contrast, a histidine to alanine mutation in PGAM appears to abolish binding to ATP, ADP,
GTP and GDP. Similar to HL18A NME1 and H118A NMEZ2, in the presence of DPG and MgCl;
the Tm of HL1A PGAM is increased by ~4 °C compared to wild-type PGAM. In the presence
of DPG alone, the T, of H11A PGAM was determined to be +16 °C, the same as the shift
established for wild-type PGAM. Due to the proximity of the histidine residue in the active site,
the binding of DPG may be unaffected upon mutation, as the residues crucial for DPG binding,
such as Tyr26, are still present (379). However as this cannot be determined by DSF analysis,
to further explore this theory, active site mutants substituting Tyr 26, or other residues such
as Argl16, Argll7, which are involved in DPG binding (380, 381) would be required for further

analysis.
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Figure 3.17. Comparative DSF analysis of NME1, NME2 and PGAM histidine active site
mutants. The purified recombinant proteins were incubated for 5 minutes in the presence or
absence of 1 mM of the indicated nucleotides and/or 10 mM MgCl; and then subjected to
differential scanning fluorimetry (DSF) to analyse the thermal stability of each protein mixture
relative to a solvent control. The average (N=2) change in melting temperature (ATm) of
(5 uM) enzymes (A) NME1, (B) H118A NMEL1, (C) NME2, (D) H118A NMEZ2, (E) PGAM and
(F) H11A PGAM are presented. Thermal unfolding profiles and ATm values were calculated
as described in Figure 3.5.

Comparative DSF analysis of R105A NME1 and NME2 mutants (Figure 3.18) revealed that
magnesium no longer effected the thermostability of the mutants when incubated in the
presence of nucleotides, in a similar manner to that established for H118A NME mutants.
R105A NMEL1 displayed a reduced T shift compared to WT NME1 when incubated with all
nucleotides. For instance, a T shift of 6.8 °C was reduced to 1.7 °C for R105A NME1 with
ATP, whereas ADP, GTP and GDP failed to induce a Tn, shift above 0.5 °C. Unlike WT NMEL1,

for ATP, GTP and GDP the stability of the protein was increased in the presence of Mg?* ions.
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Likewise, the Tn shift, and proposed stability of R1I05A NME2 was greatly increased by the
addition of Mg?* ions in the presence of nucleotides. The Tn shift observed for ATP alone was
+ 2.1 °C, whereas with the addition of MgCly, this increased to + 11.94 °C. This large increase
in Tm in the presence of MgCl.is repeatedly shown when incubated with the nucleotide ligands,
particularly GTP, with a Tm shift of + 11.67 °C. In contrast to WT NME1 and NMEZ2, it is clear
that the affinity of the R105A mutants for these nucleotides increased in the presence of MgCl;
as the resultant stability is increased. As the R105A mutants were shown to be dimers (Figure
3.14 and 3.15), the presence of nucleotide and Mg?* ions may induce a higher order oligomer

formation which therefore increases the stability of the protein.
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Figure 3.18. Comparative DSF analysis of NME1, NME2 and arginine active site mutants.
The purified recombinant proteins were incubated for 5 minutes in the presence or absence
of 1 mM of the indicated nucleotides and/or 10 mM MgCl, and then subjected to differential
scanning fluorimetry (DSF) to analyse the thermal stability of each protein mixture relative to
a solvent control. The change in melting temperature (ATm) of (5 uM)
enzymes (A) NMEL, (B) R105A NMEL1, (C) NME2 and (D) R105A NMEZ2 are presented.

To evaluate the His phosphosites on NME1, NME2 and PGAM it was necessary to assess
specific histidine point mutants by immunoblot. Purified recombinant proteins were incubated
with ATP or DPG and any N1 histidine phosphorylation or N3 histidine phosphorylation was
probed by immunoblotting (Figure 3.19). Wild-type (WT) NME1 and H118A NME1 were
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incubated with ATP, along with WT PGAM and DPG as a N3 pHis positive control (Figure
3.19A). In the presence of ATP, WT NME21 was detected using the N1 pHis antibody, unlike
H118A NME1. Only N3 pHis PGAM in the presence of DPG was observed when probed with
the N3 pHis antibody. In Figure 3.19B, WT NME2 and H118A NME2 were processed in the
same way as NME1 and only WT NME2 exhibited N1 histidine phosphorylation. To test the
enzyme activity of H11A PGAM, the protein was incubated with the phosphate donor DPG
and when analysed by immunoblot, it revealed no N3 pHis PGAM. As expected, this
demonstrated that the site of N1 phosphorylation is indeed His118 on NME1 and NME2 (382,
383) and His11 on PGAM (384), as when substituted to Ala, autophosphorylation is negated.
As the production of the enzyme intermediate is created through autophosphorylation, it is

evident that these mutants are enzymatically inactive for phosphate transfer.

To evaluate the His autophosphorylation activity of the additional NME1 and NME2 active site
mutants, they were compared side-by-side using by immunoblotting (Figure 3.19D and E).
Other than R105A/H118A NMEL1, all mutants were thermally-shifted by ATP (Figure 3.19). As
the cysteine residues are not directly involved in nucleotide binding and enzyme activity (199),
it was hypothesized that these mutants would maintain their autophosphorylation activity, and
to evaluate this, they were also subjected to immunoblot analysis. N1 pHis was detected at a
near similar level as WT NMEL1 in C109A NME1 and the N1 pHis signal displayed by
C109A/C145A NME1 was greater than in WT NMELl. As expected, however, His
phosphorylation was greatly reduced in R105A NMEL. Figure 3.18E also revealed that R105A
NME2 had a reduced ability to autophosphorylate compared to that of WT NME2. Not
surprisingly, the R105A/H118A NME1 mutant was also unable to autophosphorylate based
on N1 pHis antibody signals.
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Figure 3.19. Selectivity of histidine phosphorylation for N1 and N3 phosphosites and
the analysis of NME mutant proteins His autophosphorylation. The indicated proteins
(200 ng) (A) His-GST NME1 and H118A NMEL1, (B) (non-tagged NME2) and H118A NME2
and (C) His-GST H11A PGAM are shown. All proteins were incubated with 10 uM of the
indicated phosphate donor. Enzymes (1 pg) (D) NME1 and active site mutants and (E) NME2
and active site mutants were incubated with 1 mM of the indicated nucleotide in the presence
or absence of 10 mM MgCl, and subjected to western blot analysis using the monoclonal anti-
N1pHis antibody to detect phosphorylated histidine. Samples were divided into two aliquots,
and one was heated at 95°C for 5 minutes. Unheated samples were processed for
immunoblotting with either N1-pHis or N3-pHis antibodies and heated samples were probed
using anti-His or anti-NME1 antibody to determine the total protein. A representative
immunoblot is shown from N=3.

To further corroborate findings on the enzyme activity of the NME proteins shown in Figure

3.8, intact MS was carried out after incubation with ATP and MgCl.. A mass shift of +80 Da is
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consistent with the commonly analysed post-translational modification (PTM), phosphorylation
(385). From Figures 3.20 to 3.24, it can be deduced that WT NME1 and C109A NMEL1 both
contain phosphate, since WT NMEL1 exhibits an +80 Da shift and C109A NME1 exhibits a +79
Da shift in the presence of ATP. In the presence of MgCl., WT NME1 (Figure 3.20) and C109A
NMEL (Figure 3.24) are only partially phosphorylated, indicated by observing two fragments,
one corresponding to the mass of the proteins in the absence of any phosphate and another
containing a phosphate group. This supports the hypothesis that Mg?* ions are inhibitory to
NME autophosphorylation. In the case of the NME1 mutants, H118A NME1 and
R105A/H118A NMEL1, no such mass shift was detected, confirming their lack of, or markedly-

reduced catalytic activity.

Furthermore, analysis of the NME2 proteins corresponded to the results observed for the
NME1 (Figures 3.25 to 3.27), as WT NME2 (Figure 3.25) displayed a +81 Da mass shift in the
presence of ATP and an +80 Da shift in the presence of ATP and MgCl,, suggesting the
addition of a phosphate group to the protein. An additional species of NME2, with a mass shift
of 21 Da, was revealed in the presence of ATP and MgCl,. A 21 Da shiftindicates the presence
of sodium adducts in the sample, which are generally obtained in sample preparation, for
example from glassware. Consistent with previous findings (Figure 3.7), NME2 appeared to
possess a lower level of autophosphorylation compared to NME1, as in both conditions, NME2
underwent partial phosphorylation. In contrast, HL118A NME2 (Figure 3.26) displayed no mass
shift on the addition of either ATP or MgCl..

Intriguingly, intact MS analysis of the R105A NME1 and R105A NME2 proteins revealed that
in the presence of ATP, no mass shift was observed. However, in the presence of ATP and
MgCl,, ~10% of a species containing phosphate was detected for R105A NME1. When R105A
NME2 was analysed, a peak attributable to ~50% of a phosphorylated NME2 species was
also detected. Although this phosphosite cannot be determined by intact MS, this analysis

suggests strongly that the R105A mutant proteins possess partial enzyme activity.
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Figure 3.20. Intact mass spectrum of NME1 in (A) the absence or (B) the presence of
ATP and (C) ATP/ MgCl:. 1 ug of purified recombinant NME1 was incubated with or without
1 mM nucleotide in 50 mM Tric-HCI, pH 8.0, 100 mM NaCl for 5 minutes at room temperature.
Samples were analysed by LC-MS using a Waters Synapt G2Si. Data were processed
using MassLynx (4.1) and deconvoluted using MaxEntl. Deconvolution settings were as
follows: 0.5 Da/channel resolution; Uniform Gaussian distribution with a width at half height of
0.500 Da. The phosphorylated and non-phosphorylated NME proteins are indicated by black
circles coloured red (NME1) or blue (NME2). Representative spectra are shown from N=3.
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Figure 3.21. Intact mass spectrum of H118A NME1l in (A) the absence or (B) the
presence of ATP and (C) ATP/ MgCl,. 1 ug of purified recombinant NME1 was incubated
with or without 1 mM nucleotide in 50 mM Tric-HCI, pH 8.0, 100 mM NaCl for 5 minutes at
room temperature. Samples were analysed by LC-MS using a Waters Synapt G2Si. Data were
processed using MassLynx (4.1) and deconvoluted using MaxEntl. Deconvolution settings
were as follows: 0.5 Da/channel resolution; Uniform Gaussian distribution with a width at half
height of 0.500 Da. The phosphorylated and non-phosphorylated NME proteins are indicated
by black circles coloured red (NME1) or blue (NME2). Representative spectra are shown from
N=3.
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Figure 3.22. Intact mass spectrum of R105A NMEL in (A) the absence or (B) the
presence of ATP and (C) ATP/ MgCl.. 1 pg of purified recombinant NME1 was incubated
with or without 1 mM nucleotide in 50 mM Tric-HCI, pH 8.0, 100 mM NaCl for 5 minutes at
room temperature. Samples were analysed by LC-MS using a Waters Synapt G2Si. Data were
processed using MassLynx (4.1) and deconvoluted using MaxEntl. Deconvolution settings
were as follows: 0.5 Da/channel resolution; Uniform Gaussian distribution with a width at half
height of 0.500 Da. The phosphorylated and non-phosphorylated NME proteins are indicated
by black circles coloured red (NME1) or blue (NME2). Representative spectra are shown from

N=3.
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Figure 3.23. Intact mass spectrum of R105A/H118A NMEL1 in (A) the absence or (B) the
presence of ATP and (C) ATP/ MgCl.. 1 pg of purified recombinant NME1 was incubated
with or without 1 mM nucleotide in 50 mM Tric-HCI, pH 8.0, 100 mM NaCl for 5 minutes at
room temperature. Samples were analysed by LC-MS using a Waters Synapt G2Si. Data were
processed using MassLynx (4.1) and deconvoluted using MaxEntl. Deconvolution settings
were as follows: 0.5 Da/channel resolution; Uniform Gaussian distribution with a width at half
height of 0.500 Da. The phosphorylated and non-phosphorylated NME proteins are indicated
by black circles coloured red (NME1) or blue (NME2). Representative spectra are shown from
N=3.
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Figure 3.24. Intact mass spectrum of C109A NMEL in (A) the absence or (B) the
presence of ATP and (C) ATP/ MgCl.. 1 pg of purified recombinant NME1 was incubated
with or without 1 mM nucleotide in 50 mM Tric-HCI, pH 8.0, 100 mM NaCl for 5 minutes at
room temperature. Samples were analysed by LC-MS using a Waters Synapt G2Si. Data were
processed using MassLynx (4.1) and deconvoluted using MaxEntl. Deconvolution settings
were as follows: 0.5 Da/channel resolution; Uniform Gaussian distribution with a width at half
height of 0.500 Da. The phosphorylated and non-phosphorylated NME proteins are indicated
by black circles coloured red (NMEL) or blue (NME2). Representative spectra are shown from
N=3.
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Figure 3.25. Intact mass spectrum of NME2 in (A) the absence or (B) the presence of
ATP and (C) ATP/ MgCl». 1 pg of purified recombinant NME2 was incubated with or without
1 mM nucleotide in 50 mM Tric-HCI, pH 8.0, 100 mM NacCl for 5 minutes at room temperature.
Samples were analysed by LC-MS using a Waters Synapt G2Si. Data were processed
using MassLynx (4.1) and deconvoluted using MaxEntl. Deconvolution settings were as
follows: 0.5 Da/channel resolution; Uniform Gaussian distribution with a width at half height of
0.500 Da. The phosphorylated and non-phosphorylated NME proteins are indicated by black
circles coloured red (NME1) or blue (NME2). Representative spectra are shown from N=3.
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Figure 3.26. Intact mass spectrum of H118A NME2 in (A) the absence or (B) the
presence of ATP and (C) ATP/ MgCl,. 1 ug of purified recombinant NME2 was incubated
with or without 1 mM nucleotide in 50 mM Tric-HCI, pH 8.0, 100 mM NacCl for 5 minutes at
room temperature. Samples were analysed by LC-MS using a Waters Synapt G2Si. Data were
processed using MassLynx (4.1) and deconvoluted using MaxEntl. Deconvolution settings
were as follows: 0.5 Da/channel resolution; Uniform Gaussian distribution with a width at half
height of 0.500 Da. The phosphorylated and non-phosphorylated NME proteins are indicated
by black circles coloured red (NMEL) or blue (NME2). Representative spectra are shown from

N=3.
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Figure 3.27. Intact mass spectrum of R105A NME2 in (A) the absence or (B) the
presence of ATP and (C) ATP/ MgCl,. 1 ug of purified recombinant NME2 was incubated
with or without 1 mM nucleotide in 50 mM Tric-HCI, pH 8.0, 100 mM NacCl for 5 minutes at
room temperature. Samples were analysed by LC-MS using a Waters Synapt G2Si. Data were
processed using MassLynx (4.1) and deconvoluted using MaxEntl. Deconvolution settings
were as follows: 0.5 Da/channel resolution; Uniform Gaussian distribution with a width at half
height of 0.500 Da. The phosphorylated and non-phosphorylated NME proteins are indicated
by black circles coloured red (NMEL) or blue (NME2). Representative spectra are shown from
N=3.
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3.7 Development of an enzyme assay in order to measure the nucleoside
diphosphate activity of NME

NME proteins catalyse the transfer of a phosphate group from one nucleotide to another, using
a ping-pong mechanistic reaction and a pHis intermediate (352). In contrast to protein kinases,
which readily phosphorylate other proteins, the substrate for NME proteins is not generally
thought to be a separate protein that elicits downstream effects, potentially making the
reaction somewhat bidirectional depending upon nucleotide concentrations. (5). This
potentially makes measuring the absolute catalytic activity of NME proteins challenging, as
both the triphosphate nucleotides or diphosphate nucleotides and the NME enzyme itself are
substrates. A reliable way to measure the NDPK activity of the purified recombinant proteins
would be useful for further characterisation and analysis of NME proteins as well as for studies
aimed at exploring inhibitory effects of small molecules and compounds on histidine kinase,

and therefore NDPK activity.

3.7.1 Immunoblot analysis

As previously shown (Section 3.5), NME1 and NME2 are enzymatically active, in that each
kinase autophosphorylates on His118. However, using the techniques described above, the
protein’s ability to transfer a phosphate from His118 in the active site to a nucleoside
diphosphate cannot be readily demonstrated. In light of the recent development of monoclonal
antibodies against phosphohistidine (pHis), which are specific for the N1 and N3 position (9),
| employed these antibodies to determine if NME1 and NME2 possess NDPK activity.
However, in order to only measure the forward reaction (Figure 1.10) of phosphate transfer to
the nucleoside diphosphate (NDP), pre-phosphorylated (pNME) was generated and
repurified, (Section 2.14) so that excess nucleoside triphosphate (NTP) was removed to help

mitigate the ‘reverse’ reaction.

To assess the NDPK activity of NME1, pNMEL1 was generated, purified, and then incubated
with increasing concentrations of ADP prior to immunoblot analysis with N1pHis antibodies
(Figure 3.28). When immunoblotted with anti-N1 pHis, in the absence of any ADP, the signal
displayed by N1 pHis NME1 was strong. However, as little as 20 uM ADP reduced the pNME1
signal and as the concentration of ADP increased, the level of pNMEL reduced, indicative of
the NDPK reaction. At 625 uM ADP, and up to 5 mM ADP, pNME1 was no longer observed.
Through this analysis, it was discovered that pPNMEL, at a concentration of 5.8 mM transferred
most of the His118 bound-phosphate to ADP, despite the concentration of ADP being nearly
10-fold lower than NMEL1, at 625 pM. This verified that NME1 had a high level of NDPK activity
and a high affinity for the ADP substrate.
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Figure 3.28. Transfer of phosphate from phosphorylated NME1 to ADP. Purified
recombinant NME1 was incubated with 2 mM ATP to obtain pHis NME1. Excess ATP and
ADP was removed by diluting pNMEL1 in Tris buffer and centrifugation. 1 pg of pHis NME1
(Section 2.14) was then incubated with increasing ADP at 2-fold increments and subjected to
immunoblotting with N1-phosphohistidine antibody. Half the sample was heat treated and
immunoblotted with the anti-NME1 antibody to determine total protein.

3.7.2 Can an ADP-Glo assay be used to assay NDPK activity?

The ADP-Glo assay exploits the enzyme Iluciferase, which employs ATP to create
luminescence; the amount of light produced in the assay is therefore an indirect measurement
of the kinase reaction products (Figure 3.29A). To explore this assay further in the context of
kinases, reactions were set up that mimicked the conversion of ATP to ADP in a standard
protein kinase assay, which transfers a phosphate group from ATP to a protein substrate,
generating ADP (Figure 3.29C). The more ADP produced in the assay as a result of a high
rate of enzyme activity, the greater the amount converted back to ATP (by an ADP-Glo assay
reagent) for the luciferase reaction. Since ATP is a luciferase substrate, the greater the relative
luminescence units (RLUs) detected and quantified. Due to the lack of a standard NME protein
substrate, ADP and GTP were utilised in order to measure NDPK activity. The reaction
produces ATP and GDP, and therefore the rate of the reaction would be measured by a
reduction in RLUs as opposed to an increase in RLUs, as the ATP product is depleted in step
2 of the assay (Figure 3.29B). However, as Figure 3.29D shows, little to no change in
luminescence was displayed, or the assay could not detect any change. This is likely due to
the signal to noise ratio being high, because the levels of measured ADP are at such low

concentrations.
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Figure 3.29. Development of a NDPK activity assay adapted from the ADP-Glo assay
(Promega) to measure the nucleoside diphosphate kinase activity of purified
recombinant NME proteins. (A) Schematic of the mechanism of ADP-Glo assay as
instructed by Promega, used accordingly in panel B. (B) Luminescence at increasing ratios of
ADP to ATP at different ADP concentrations was measured to test the efficacy of the assay
as followed by the manufacturers instructions shown in (A). (C) 100 nM of NME1 was
incubated with an increasing concentration of GTP and the assay was carried out as followed
by the manufacturers instructions shown in (A). (D) NME1 and (E) NME2 were assayed as
followed by (B) with an increasing concentration of GDP. Panels C, D and E were carried out
using the ADP-Glo assay system adapted to the NDPK reaction as shown in Figure 2.4.
Representative assays are shown from N=3.

132



To combat this, and to better mimic a protein kinase assay and elicit a detectable increase in
RLU instead of a decrease, GDP and ATP were used in order to generate ADP as a product
of the NDPK reaction (Figure 3.29E and F). WT NME1 and NME2, along with H118A and
R105A mutants were incubated with increasing concentrations of GDP and a static ATP
concentration. A dose dependent response was elicited for WT NME1 and NME2 as
increasing GDP concentrations resulted in increased luminescence. Although it is clear that a
level of NDPK activity was measured using this technique, the background noise of this assay
when NME was introduced is greatly increased. Furthermore, Figure 3.29C shows that when
100 pM of ADP was produced, luminescence values reached ~ 40,000 RLUs, whereas if 100%
of ATP was converted to ADP from GDP in assays (Figure 3.29E and D), the level of
luminescence would be expected to be above that seen in Figure 3.29C, however at 100 uM
GDP, the RLU was around zero. Therefore, a more appropriate sensitive method to measure

NDPK activity of the purified recombinant NME proteins was designed, as described below.

3.7.3 The pyruvate kinase-lactate dehydrogenase coupled assay

The pyruvate kinase-lactate dehydrogenase (PK-LDH) coupled assay detects changes in
enzyme activity based upon changes in absorbance of NADH at 340 nm. Here, NDPK activity
is measured through phosphate transfer from ATP to any nucleoside diphosphate that
pyruvate kinase does not utilise. The ADP product is then fed into a coupled assay system
exploiting the enzymes pyruvate kinase (PK) and lactate dehydrogenase (LDH) described in
Figure 3.30A. The final product of the assay system is NAD*, which does not absorb at 340
nm. Thus, a change in enzyme activity in the PK-LDH assay is demonstrated by a reduction

in the absorbance at ODz40nm.

To confirm that PK and LDH in the secondary reaction mechanism of the coupled assay were
active, the ODz40nm Was also measured at different ADP concentrations in the absence of NME
(Figure 3.30B). As the ADP concentration increased, the rate at which the OD 340nm reduced
over time also increased. This data was plotted, and the linear portion of the graph in Figure
3.30B is also presented as a bar chart in Figure 3.30C. From this, a 25-fold increase in the
rate of reaction was observed when increasing the concentration of ADP from 0.1 mM to 1

mM, which verified that the secondary coupled assay was functioning.

To determine whether this assay could be used to measure NDPK activity of NME1, the assay
was repeated in the presence of NMEL. In this case, the substrates for NME1 were thymidine
diphosphate (TDP) and adenosine triphosphate (ATP). The NDPK reaction with the
aforementioned substrates catalysed by NME1 would therefore produce ADP to be fed into

the PK reaction (Figure 3.30A). To try to obtain optimal reaction conditions, different
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concentrations of ATP and TDP were tested (Figure 3.30D, E and F) and Figure 3.30G
summarises the data. Compared to the negative control (no enzyme, grey), a reduction in the
absorbance at 340nm over time was demonstrated in all enzyme assays. Figure 3.30G shows
that with increasing concentrations of TDP and ATP, the rate of the reaction increased. At 0.1
mM TDP, regardless of the ATP concentration, the reaction rate was limited. At a
concentration of 0.3 mM TDP and 0.3 mM ATP, a clear increase in reaction rate was seen,
demonstrating that experiments carried out at these concentrations for the two substrates is
sufficient to measure the NDPK activity of the purified recombinant NME proteins and is a
suitable method to explore the different conditions under which enzyme activity might be

affected.
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Figure 3.30. Evaluating a pyruvate kinase/lactate dehydrogenase coupled assay to
guantify nucleoside diphosphate kinase activity (NDPK) of purified recombinant NME
proteins. (A) Reaction mechanism of the NDPK and pyruvate kinase/lactate dehydrogenase
coupled assay, which also quantifies ADP levels, but results in a read out at 340nm. (B)
PK/LDH assay in the absence of NMEL1 at the indicated substrate ADP concentrations (C) the
rate of the combined PK/LDH reaction calculated from (B). The PK/LDH assay in the presence
of 25 nM NMEL1 at indicated substrate TDP concentrations in the presence of (D) 0.1 mM ATP,
(E) 0.3 mM ATP and (F) 1 mM ATP and (G) displays the rates of reactions in (D), (E) and (F).
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3.8 Discussion

3.8.1 Biochemical characterisation of recombinant NME proteins and PGAM

NME1, NME2 and PGAM have recently been at the forefront of research attempting to
understand regulatory protein histidine phosphorylation (8, 9). Several studies have shown
that each of these proteins contains a single His autophosphorylation site (His118 for NME
and His11 for PGAM) and that His autophosphorylation activity is abolished when the His is
mutated to an Ala (13, 132). However, for NME1/2, mutation of His does not appear to result
in the loss of function for all roles in the cell. For example, NDPK activity is not required for
either DNA binding nor cleavage, several transcriptional roles and in some reported cases
suppression of metastasis (386, 387). The functions of NME1 and NME2 proteins are likely to
require productive protein:protein interactions. Due to this, and the variety of functions NME1
and NME2 perform, including metastasis suppression (14), the evaluation of NME1 nucleotide
ligands and nucleotide analogues has been reported (388). The aim of the studies described
in this chapter was to carefully characterize recombinant human NME1, NME2 and PGAM,
and to analyse nucleotide analogue interactions using thermal shift-based DSF, an
established technique to study nucleotide and drug binding to protein kinases. In addition, a
series of NME mutations were generated in order to further explore their significance in
maintaining nucleotide-binding protein multimerisation and enzyme activity. To this end,
recombinant full-length human tandem His-GST tagged NME1, NME2 and PGAM were
expressed in E. coli and purified by IMAC and SEC. The His-GST tag used to purify the
proteins was removed by proteolytic cleavage to reduce the risk of GST interfering in
experimental procedures and to generate homogenous protein. Purified proteins were
carefully analysed by exploiting a combination of SDS-PAGE, intact and native mass

spectrometry (MS) and immunoblotting.

The thermal stability of each purified protein was assessed using DSF, which demonstrated
that the proteins were likely to be folded, based on their possession of a characteristic
unfolding profile as the temperature increased, with a clear midpoint transition. An unfolded
protein is unlikely to display a large change in fluorescence upon heating, since more
hydrophobic regions are already likely to be exposed to the surface (371). As discussed in
previous studies from our group (368, 369, 371), this confirmed that the NME proteins bound
to, and were stabilised by, ATP in a dose-dependent manner. In addition, PGAM was
stabilised by DPG, as well as ATP (Figure 3.5), although NME1/2 did not appear to bind DPG.
Adenosine diphosphate (ADP) and guanosine di- and triphosphates (GDP and GTP) were
also tested, and NME1 and NME2 were stabilised by these nucleotides, with a similar profile

to that of ATP. As expected, PGAM showed the biggest thermal stabilisation in the presence
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of DPG, and similarly to NME1 and NMEZ2, this was reduced in the presence of Mg?* ions, in
contrast to the known effects of Mg?* ions on protein kinases, which promote nucleotide/co-
factor (but not small molecule) binding. Furthermore, PGAM also bound to ATP, GTP and
GDP and in the presence of ADP a small thermal shift was shown, which has not been
previously studied in detail. The presence of magnesium for these nucleotides yielded no
change in thermal stabilisation of PGAM in the presence of nucleotides. Whereas in the
presence of Mg?* ions, binding to the diphosphate nucleotides, ADP and GDP, was increased,
as shown in Figure 3.5. One or two magnesium ions are favoured by the majority of kinases
for supporting ATP binding and productive protein phosphorylation (389-391). However, in
contrast to canonical kinases such as cAMP dependent kinase (PKA), binding to the
triphosphate nucleotides was clearly reduced in the presence of Mg?* ions in both NME1,
NME2 and PGAM. Due to its aromatic imidazole ring, histidine can take part in cation
interactions (392-394) and the protonated His form is likely capable of stabilizing metal cations
alongside aromatic amino acids such as Phe, Tyr or Trp (395-398). This is a well-known
phenomenon in the conserved HxD motif in the catalytic loop of protein kinases, as
interactions between the HxD-His and DFG-Phe help position the catalytic loop and
magnesium binding loop (399). Therefore, the inhibitory effects of magnesium may be a result
of His118 cationic interactions in NME1/2, potentially leading to displacement of ATP. On the
other hand, the conformation of the protein and the nucleotide binding pocket in the absence
of Mg?* ions may be more favourable for nucleoside triphosphate (NTP) binding, since a more
favourable NDPK domain environment for nucleoside diphosphate (NDP) is seen in the

presence of Mg?* ions, demonstrated by higher thermal shifts.

Crystal structures have been solved for human NMEL1 in complex with ADP (400) and human
NME2 in complex with GDP (345), but not ATP, and these complexes highlight that although
Mg?* ions are found in crystallographic the active site, only weak density peaks were observed
in the vicinity of the a@and B phosphates of ADP (345, 400), in contrast to binding of
phosphates by Asp and Asn residues in canonical kinases. Crystallographic studies on
tetrameric bacterial NME1 show that in the presence and absence of Mg, the structures are
essentially identical, with Mg bound via an Asp residue, whilst interacting with the
pyrophosphate of ADP (401). However, it is clear from data presented here, that
phosphotransfer to the catalytic His, creating the phosphohistidine enzyme intermediate
(Figure 3.6), and subsequent transfer to ADP (Figure 3.28), can be achieved in the absence
of Mg ions. The finding that shifts in melting temperature of each enzyme is higher when
incubated with diphosphate nucleotides and Mg?* ions (Figure 3.5) compared to that in the

absence of magnesium may also suggest that only the second step of the reaction, whereby
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a phosphate group is transferred to the phosphate acceptor, is promoted by magnesium, but

is still not essential.

3.8.2 Are recombinant NME1, NME2 and PGAM enzymatically active?

The utilisation of pHis as a means for catalysis in cell signalling and cell biology is not
uncommon (8). For example, as well as NME1, NME2 and PGAM, succinyl-CoA synthetase
(11) and ATP citrate lyase (402, 403) exploit a pHis enzyme intermediate in order catalyse a
reaction. NME1, NME2 and PGAM have only been shown to transfer the phosphate moiety
from a nucleoside triphosphate (GTP/ATP) to nucleoside diphosphate (ADP/GDP) (334). As
previous findings suggest that NME1 and NME2 bind to adenosine and guanosine
nucleotides, and PGAM binds DPG, it was important to determine whether this interaction
resulted in productive autophosphorylation, the hallmark of enzyme activity in these proteins.
To this end, immunoblot analysis and monoclonal N1-pHis and N3-pHis antibodies were
employed to study proteins generated in bacteria. It was apparent that NME1, NME2 and
PGAM possessed autophosphorylation activity when incubated with ATP or GTP and for
PGAM and that DPG was sufficient for autophosphorylation in PGAM. Consistent with DSF
findings, the level of pHis NME1 and NME2 detected by immunoblot analysis was reduced in
the presence of Mg?* ions, which further supports the theory that Mg?* ions are not required

for pHis autophosphorylation but rather impose an inhibitory effect.

These experiments also highlighted that in NME1 and NME2 pHis autophosphorylation was
not specific to a particular biological triphosphate base (Figure 3.9). Although the roles of
NME1 and NME2 have been previously attributed to ATP and GTP, for example NME2
activates G-proteins through the synthesis of GTP from GDP (404), these nucleoside
diphosphate kinases bind to both purine and pyrimidine base nucleotides within the cell (352).
| also established that the purified recombinant proteins behave similarly to those reported in
the literature, as it was demonstrated the purified proteins can bind and utilise all nucleotides
for pHis autophosphorylation. Interestingly, in Figure 3.9, | identified that although CTP and
GTP display the smallest shift in melting temperature, and in the presence of CTP and GTP,
the highest level of pHis NME1 and NME2 are detected (Figure 3.6 and 3.9), which suggests
that thermal stability and binding is not necessarily indicative of the ability for the
autophosphorylation reaction to occur. The ability to use any nucleoside triphosphate as a
phosphate donor for autophosphorylation is likely attributed to NME’s very central role in
nucleotide sensing, interconversion and homeostasis. Crystal structures of NME1 and NME2
in complex with different NDP substrates such as ADP, GDP and TDP have been reported
and have established that the NME proteins bind both di and triphosphorylated substrates at

the same site with the phosphate moiety possessing the same conformation in the NDPK
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domain (197, 199, 201). Both ADP and TDP interact with Arg88 and Argl05, whereas the
guanine group only interacts with Arg88 but additionally interacts with the carboxylate Glu152
in an adjacent subunit (199). Whilst the co-crystallisation of NME with CDP has not been
reported, one study has shown that CDP exhibits very low affinity (199), in accord with my
DSF data (Figure 3.9).

The isolation of folded and enzymatically active NME and PGAM recombinant proteins was
required for future experiments. As a consequence of this exploratory work, the development
of medium-throughput DSF screens to explore small molecules as potential targets for NME1
and NME2 is now made possible, alongside investigations into the putative histidine kinase
activity of NME1 and NME2 towards other proteins, which could reveal if these enzymes are

indeed protein His kinases.

3.8.3 How do amino acid substitutions in the active site affect NME structure and
function?

In addition to the native, wild-type proteins, active site mutants were produced to expand on
the biochemical and mechanistic understanding of the proteins. The effects of mutations on
native structure were compared using both SEC-MALLS and native MS. SEC-MALLS analysis
revealed that wild-type NME1 and NME2 were likely to be hexameric in solution, in agreement
with previous findings, and clear evidence that these recombinant proteins are folded and able
to multimerise (Figure 3.1 and Figure 3.2). Whilst H118A NME1 was also found to be a
hexamer, R105A NME1 possessed a molecular mass indicative of a homodimer at ~34 kDa,
suggesting an important functional role for this highly conserved Arg residue in the assembly

of higher order structures (see below).

To build on SEC-MALLS analysis in solution, native MS was also performed on purified
NME1/2. Wild-type NME1 and NME2, H118A NME1, H118A NME2 and C109A NME1 were
all present as hexamers in the gas phase. It was clear that the substitution of Arg to Ala at
position 105 had the greatest effect on the oligomeric state of the protein, consistent with SEC-
MALLS findings. In accord, R105A NME2 was also dimeric, and analysis of a R105A/H118A
NMEZ1 double mutant showed that due to the R105A mutation, this protein also presented as
a dimer. Argl105, along with Lys12, Arg88 and Gly119, all donate hydrogen bonds to the
phosphate groups of the nucleotide substrate (199). However, Arg105 is also located within
the Kpn loop, which is a flexible region of the C-terminal tail, spanning residues 96-117 (Figure
1.8 and 1.9) (179). The importance of the Kpn loop was initially reported when the first residue
of the loop, Pro96 (Pro97 in Drosophila) a residue conserved in all NDPKs, was mutated to a

Ser residue. This is associated with a downstream dysfunction in the plum gene encoding
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phosphodiesterase activity, which was shown to be lethal (179, 405, 406) and was since
named ‘killer of prune’ (188). Furthermore, the Kpn loop was found to be important for
oligomerisation, as it is located in the area between subunits and forms extensive hydrophobic

and hydrogen bonds with different subunits within the oligomer (Section 1.8.2.1) (186).

Previous structural analysis has highlighted the effects of mutating the Arg105 in the Kpn loop
(407). For example, when the Arg105 of NME was mutated to a Lys, the protein remained a
hexamer, like the wild-type protein, but no data for an Argl05 to alanine mutant was
presented. Thus, it is likely that the guanidinium group of the arginine side chain contributes
to maintaining the position of the Kpn loop and in particular, the length of the side chain may
be important in anchoring the Kpn loop in the correct secondary structure conformation
through a fully extended arginine side chain as the R105K mutant was in the native hexameric
fold. Regardless, the destabilising effect of the R105A mutation on both NME1 and NME2

highlights its role in stabilising the interactions at the trimer interface.

Based on these findings, it was important to ensure the active site mutants were appropriately
folded and to assess their ability to bind to ATP (Figure 3.16). The melting temperature of the
active site mutant proteins differed somewhat from their wild-type counterparts (Table 3.1).
For example, R105A NME1 and R105A NME2 displayed a lower melting temperature than
the wild-type proteins, consistent with a dimer unfolding at a lower melting temperature. This
is particularly true for R105A/H118A NMEL1, which exhibits a T, some 15 °C lower than wild-
type NME1, suggesting that the substitution of both amino acids has an additional effect on
thermal stability. Interestingly, a positive shift (and higher ATn) in the presence of ATP was
displayed by all proteins tested, with the exception of R105A/H118A NME1. However, the ATn,
was lower for RL0O5A NME1, R105A/H118A NME1 and R105A NME2 compared to wild-type
NME1 and NMEZ2, indicating that the nucleotide-binding pocket in these mutants is less
favourable for ATP binding and explains why the increase in stability induced by ATP inclusion

is much less prominent.

Cys109 and Cys145 are amino acids located outside of the nucleotide binding pocket (Figure
3.10), therefore it is not surprising that mutating these cysteine residues to alanine did not
have a pronounced effect on ATP binding. However, the melting temperature (Tn) of CL09A
NMEL is ~4 °C higher than that of wild-type NME1 and C109A/C145A NMEL is ~1 °C higher,
evident of a more stable protein structure. Although Cys109 is part of the residues forming the
Kpn loop in NME, it is clear that any interactions made with C109 are not crucial for hexamer
assembly, as C109A NME1 remained a hexameric (Figure 3.15). The Cys109 residue is

buried in the protein structure although it was demonstrated by Song et al that under oxidative
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stress, the Cys109 can form disulfide bridges with either Cys4 or Cys145, contributing to a
‘less stable; oligomer (192). It is inevitable that some sample oxidation occurs over time, and
this could therefore provide an explanation as to why the C109A mutant is more stable than
WT NMEL. In the same way, Cysl45 forms disulphide cross-linkages with Cys4 under
oxidative conditions, which in turn stabilises the dimer oligomeric state. When the Cys145
residue is mutated to Ala, these intramolecular disulfide bonds can no longer be formed, which
are thought to be important to stabilise the hexamer structure. This further validates data
presented in Figure 3.16 as Cys145 was more stable (higher T, value) than wild-type proteins
in both the presence and absence of ATP (192, 408).

Active site mutants generated and purified were H118A and R105A NME1 and NME2 and
R105A/H118A NME1 and C109A and C109A/C145A NME as well as H11A PGAM. The
capacity of each to autophosphorylate on a histidine was also compared utilising immunoblot
analysis (Figure 3.18). When compared side-by-side with wild-type proteins, histidine
autophosphorylation in the His to Ala mutants was abolished, confirming that there is likely
only one pHis site at His118 in NME1/2 and His1l in PGAM. This was validated by intact MS
analysis on recombinant NME proteins, since in the presence of ATP, an ~80 Da mass shift
was detected which is equivalent to the addition of a single phosphate group. The level of
autophosphorylation activity was significantly reduced for Argl05 to Ala mutants. When
analysed by DSF (Figure 3.16), it was found that they had a decreased temperature shift with
ATP. This could likely be an explanation for the decrease in pHis autophosphorylation, since
Argl05 is involved in nucleotide binding, orienting the phosphate group in position for transfer
to His118 (197, 199). Therefore, it is reasonable to conclude that His118 and Arg105 are both
important in the binding and more importantly the phosphate transfer from ATP to the NME
protein, whereas since the substitution of the Cys109 and Cys145 residues to Ala has a less
pronounced effect on phosphate transfer to His118, they are not critical. Any N1-pHis NME1
or NME2 detected in Figure 3.18D and E was abolished when heated at 95°C, further verifying
the identity of heat-labile pHis. Through both SEC-MALLS and native MS analysis, R105A
NME1 and R105A NME2 were both discovered to be dimers as opposed to the native
hexameric structure of human wild-type NME1 and NME2 (182) therefore it is to be expected
that the capacity of these proteins to function like their wild-type counterparts is diminished as

the stability of the protein may affect autophosphorylation activity.

3.8.4 Can the enzyme activity of NME proteins be measured in vitro?
Although the NDPK activity is needed to maintain the nucleotide pools, this is just one potential
function for NME proteins. Phosphate transfer, as a function of NDPK activity of NME proteins,

was evaluated in Figure 3.28, and the levels of pNME1l gradually decreased as the
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concentration of phosphate acceptor increased, providing evidence for His phosphorylation.
However, a more high-throughput method was desired to screen for competitive inhibitors and
so an ADP-Glo assay was pursued next (Figure 3.29). Unfortunately, each step in the ADP-
Glo assay required a 40-minute incubation period (Section 2.15) and the turnaround for NME1
autophosphorylation is <10 seconds and phosphate transfer of the enzyme is <5 minutes
(Figure 3.8). This approach is therefore not useful for determination of NDPK activity, since it
is likely the reaction very rapidly reaches an equilibrium; rapid stopped flow kinetics will be

needed to assess this process more carefully (409).

To address these issues further, NME activity was monitored using a pyruvate kinase-lactate
dehydrogenase (PK-LDH) coupled assay and this allowed NME1 to be established as
enzymatically active in terms of autophosphorylation activity, through phosphotransfer activity
onto an NDP. By coupling the NDPK activity of the enzyme to the PK-LDH reactions,
phosphate transfer from NTP to NDP becomes unidirectional, as the product is directly fed
into the secondary reaction system. Developing a method to measure the NDPK activity of the
enzymes was critical in order to obtain a high-throughput assay for studying mutations, and

for the analysis of effects of small molecules under different conditions.
In Chapter 4, 1 go on to utilise DSF and enzymatic assays described in this chapter to search

for new types of NME small molecule binder/inhibitory ligand. In the case of DSF, this

represents a new high-throughput approach for small molecule discovery.
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Chapter 4: Investigating NME1 for small molecule ligands and drug

targets

Introduction

The NME family of proteins utilise a number of nucleotide co-factors in their roles as NDPKs,
alongside a major contribution to a variety cellular processes; in some cases the appropriate
co-factor(s) and targets that support these outputs are not known. In comparison to protein
kinases, the nucleotide binding pocket of NME proteins employ an intramolecular hydrogen
bond between the 3’'OH group of the ribose forms with the oxygen of the g-phosphate (407).
This led to the hypothesis that replacement of the 3’'OH group with a phosphate might inhibit
NDPK activity, which was very recently found to be true for the 3’-phosphorylated nucleotide
inhibitors PAP and PAPS using NME1 from Dictyostelium as the target (410). In addition, it
was recently shown that NME proteins might also be regulated through Cys-based redox
mechanisms. Under experimentally-induced oxidizing conditions, structural modifications on
redox-active cysteines take place, leading to a change in the enzyme quaternary structure as
the hexamer is dissociates into dimers (411). Known modifications on protein Cys thiols also
include glutathionylation and oxidation to sulfonic acid within the proteome (412). Cys S-
glutathionylation is an additional cellular response to oxidative stresses, and in some cases,
this reversible post-translational modification is essential for the function of signalling proteins
(413-415). In response to H»O,, disulfide bond cross-links are thought to form between
Cys109-Cys109 in NME, and this is reversibly reduced by DTT in vitro (408). This site of
oxidation between the Cysl109 residues was identified by mass spectrometry and these
modifications drive hexamer dissociation (192). Residues Cys4 and Cys145 have also been
shown to form an intramolecular disulfide bond under oxidative conditions and these cross-
links and subsequent hexamer dissociation have been shown to result in a loss in enzyme
activity (416).

Very recently, the universal acetyl group carrier Coenzyme A (CoA) was reported to bind to
human NME1 through both covalent and non-covalent mechanisms in vitro (417). The low
molecular weight thiol CoA is produced enzymatically by conjugation of ATP, cysteine and
pantetheine and is generated in all living cells from dephosphorylated CoA, and can then be
converted to acetyl CoA to feed into the TCA cycle and fatty acid metabolism (Figure 4.1)
(418-420). It was also reported that CoA binding and inhibition of NME1 enzyme activity was
induced under oxidative conditions (417). Solvent exposed cysteines in protein targets are
modified by the antioxidant function of CoA by exploiting the highly reactive thiol group. This

novel PTM has been termed protein ‘CoAlation’ and this has since been shown to be
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widespread in metabolic processes and protein synthesis, functioning as a reversible
mechanism for redox regulation (421-423). Broadly, CoAlation is proposed to function through
regulation of the activity, conformation and/or subcellular localisation of the modified protein,

and also serves to ‘protect’ Cys residues from irreversible over-oxidation (423, 424).
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Figure 4.1. Reaction scheme of the synthesis of Coenzyme A and its derivatives. The
flow diagram shows the process of Coeznyme A (CoA) production from dephosphorylated
CoA and subsequent production of acetyl CoA and was developed using BioRender.

To date, no tight binding inhibitors or activators for human NME1 or NME2 have been
described, although the biological functions of NME proteins suggest that it may be a potential
therapeutic target. The discovery of efficient compounds is the first step toward designing
specific drugs targeted to NME proteins and the NDP kinase activity. Furthermore, such
compounds could shed light on the specific mechanisms by which the NME proteins carry out
their functions and how these mechanisms relate to or rely on NDPK activity and/or structure.
Therefore, in this chapter a variety of clinically approved inhibitors and compounds were
explored to determine any effect on activity and multimerization of NME proteins, including a

set of NME mutants that are predicted to influence their biological functions.

The experimental objectives of work described in this chapter are:
1. Biochemical analysis of purified proteins in the presence of nucleotides and
comparative analysis with active-site and structural mutants
2. Determination of whether redox regulation affects the overall structure and catalytic
activity of NME proteins
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3. Identification of small molecule compound(s) that interact with NME1, in order to

understand connections between NME structure and function in the cell.

4.1 Biochemical analysis of NME1 and NME2 with nucleotide test ligands

The nucleotide test ligands described in this section are presented in Figure 4.2. As discussed
in Chapter 3, NME1 and NME2 have affinity for all nucleotides tested, based on their thermal
responses, and in particular adenosine nucleotides (Figure 3.5). The nucleotide test ligands
investigated in this Chapter all possess an adenosine or guanosine ring (Figure 4.2) and were
therefore deemed appropriate to analyse as potential ligands for the purified recombinant
proteins NME1, NME2 and PGAM, described in Chapter 3. To determine how changes in
nucleotide structure and additional side chains and ions affect binding, differential scanning

fluorimetry (DSF) was employed, as introduced in Chapter 3 (Figure 4.3).

In order to obtain a better understanding of how nucleotides may bind to NME1, NME2 and
PGAM and to elucidate the importance of the His residue that becomes phosphorylated,
mutant NME proteins were generated and analysed by DSF in the presence of nucleotides. A
comparison of wild-type (WT) NME1 and H118A NMEL1 in the presence of ATP, ADP, GTP
and GDP is shown in Section 3.6. Along with each nucleotide, adenosine monophosphate
(AMP), cyclic AMP (cAMP) and cyclic guanosine monophosphate (cGMP) were also
evaluated (Figure 4.3A). In the presence of AMP, in the presence and absence of Mg?* ions,
the change in melting temperature (ATn) of NMEL was negligible, below +/- 0.1 °C. This was
also observed for H118A NMEL, with the AT, near zero, suggesting that AMP does not induce
a change in conformation and/or stability of either NME1 or H118A NME1, and therefore most
likely does not bind. Although the adenosine ring of the nucleotide has been shown to interact
with residues of the NME1 active site (197), it is clear that the presence of at least two
phosphate moieties, as found in ADP and ATP, are important for high-affinity binding. This is
further demonstrated by the cyclic monophosphate nucleotides, cCAMP and cGMP. Although
these cyclic nucleotides induce a AT, indicative of binding, albeit of a lower affinity, compared
to the diphosphate and triphosphate nucleotides, in the presence of cAMP and cGMP, NME1
appeared to have the lowest ATy, shift at +1.2 °C and +1.8 °C. This was reduced to +0.38 °C
and +0.89 °C in the presence of MgCl..
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Figure 4.2. Chemical structures of nucleotide test ligands. Chemical structures were

produced in ChemDraw 19.1.

When H118A NME1 was analysed in the presence of the same panel of nucleotides (Figure
4.2C), similar results to those observed previously were found, in that Mg?* ions alone appear
to stabilise the His mutants compared to a destabilising effect seen in wild-type proteins. The
AT observed for HL18A NMEL in the presence of cAMP and cGMP alone was +3.8 °C and
+4.1 °C. In contrast to ATP, ADP, GTP and GDP, where the presence of Mg?* ions increased
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the stability of the H118A NMEL1 protein, for cAMP and cGMP, the presence of Mg?* ions had
little effect as the AT only increased up to +0.45 °C, which is close to the error margins within
the assay. His amino acid substitution to a smaller, uncharged side chain may provide a more
suitable environment for the cyclic nucleotides to occupy, which is unchanged in the presence
of Mg?* ions and may be a result of the oxygen group of the phosphate group no longer being

free to interact with active site residues in the cyclic structure.
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Figure 4.3. DSF analysis of potential NMEL1 nucleotide ligands. Purified recombinant
proteins were incubated for 5 minutes in the presence or absence of 1 mM of the indicated
nucleotides and/or 10 mM MgCl, and then subjected to differential scanning fluorimetry (DSF)
to analyse the thermal stability of each protein mixture relative to a solvent control. The
average (N=2) change in melting temperature (ATm) of (5 uM) enzymes (A) and (B) NME1
compared to (C) and (D) H118A NMEL1 are presented.

CoA and its derivatives acetyl CoA and dephosphorylated CoA, which lacks the 3’ phosphate
(Figure 4.2 and Figure 4.3) were also analysed by DSF in the presence of NMEL1 (Figure 4.3B)
and H118A NME1 (Figure 4.3D). The ATm observed in the presence of CoA was +3.3 °C,
which reduced to +1.2°C in the presence of CoA and MgCl.. Incubation with acetyl CoA (Ac
CoA) yielded similar results, as the T, of NME1 increased by +2.8 °C for acetyl CoA alone
and +1.5 °C for acetyl CoA plus MgCl.. In contrast to this, in the presence of dephosphorylated
CoA, the T, of NME1 reduced only marginally to -0.15 °C. Collectively, this data suggests that
CoA and acetyl CoA increase the stability of NME1 and are likely binding to the protein via the
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phosphate on the adenosine ring. This is indicated by the absence of any significant change
in Tm when this phosphate is removed in dephosphorylated CoA. Furthermore, the phosphate
group attached to the ribose sugar maintains the strongest structural similarities to nucleoside

di- and triphosphates.

3’-phosphorylated nucleotides are known binding partners of bacterial NME1 (410) and to
confirm that this interaction could be recapitulated with purified human NME1 and NME2
purified, APS, PAP and PAPS were incubated with NME1 and NME2 and analysed by DSF
(Figure 4.3 and 4.4). PAP and PAPS induced large changes in Tm, with the AT value of NME1
in the presence of PAP being similar to that induced by GTP at +5.6 °C. In the presence of
PAPS, a AT, shift of +4.9 °C was observed and the lowest AT, shift was revealed to be +1.9
°C when incubated with APS. This verified that the 3’-phosphate group contributes to NME
binding and increased the affinity of these nucleotides. Like the majority of the ligands tested
in the presence of Mg?* ions, the stability of the protein was reduced for APS, PAP and PAPS
with ATy shifts of -0.5 °C, +4.9 °C and +2.1 °C respectively. This data is in agreement with the
literature describing PAP and PAPS as NME binding ligands, although the biological relevance
of this finding is unknown, since PAPS is best known as a sulfate donor for protein, glycan

and hormone sulfotransferases (410).

Strikingly, Figure 4.3D, revealed that NME1 binding to CoA and its derivatives, as well as the
3’-phosphorylated nucleotides PAP and PAPS, was abolished when the active site His118
residue was replaced with Ala, since the T, changed no more than +0.5 °C in H118A NMEL1.
In the presence of APS however, binding indicative of inducing a destabilising effect was
observed, as a ATy, shift of -2.0 °C was seen. These findings suggest that the active site
His118 residue plays an important role in the binding of all these ligands through the imidazole
ring may forms polar interactions and contributes to neutralisation of the negative charge of

the 3’-phosphate moiety.

Next, NME2 was analysed by DSF with a panel of nucleotide ligands, where it displayed a
similar thermal melt profile to NME1 (Figure 4.4). For example, there was no evidence that
AMP bound to either WT NME2 or H118A NMEZ2, since no change in T, was observed. An
additional possibility is that binding did not induce a change in stability measurable by DSF.
However, for NME2, the cyclic monophosphates cAMP and cGMP did show evidence of
binding, but to a lesser extent than ATP and GTP in the presence of nucleotide alone with AT,
shifts of +1.7 °C and + 2.1 °C. The stability and resultant AT, shown with these nucleotides

reduced to +0.9 °C and +1.3 °C when Mg?* ions were included, in marked contrast to the
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effects of Mg ions for protein kinases. When cAMP was incubated with HL118A NMEZ2, the AT,
for both nucleotide alone, and nucleotide with MgCl, was +0.4 °C. On the other hand, in the
presence of cGMP, the Tm of H118A NME2 increased more than WT NMEZ2, by +4.0 °C. This
ATnwas unchanged when MgCl, was also added to the assay mixture, further corroborating
the hypothesis that MgCl; has no detectable effect on HL118A NME1 or H118A NME2 on the
binding of cAMP and cGMP.
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Figure 4.4. DSF analysis of potential NME2 nucleotide ligands. Purified recombinant
proteins were incubated for 5 minutes in the presence or absence of 1 mM of the indicated
nucleotides and/or 10 mM MgCl, and then subjected to differential scanning fluorimetry (DSF)
to analyse the thermal stability of each protein mixture relative to a solvent control. The
average (N=2) change in melting temperature (ATm) of (5 uM) enzymes (A) and (B) NME2
compared to (C) and (D) H118A NME2 are presented.

In the presence of CoA, acetyl CoA, PAP and PAPs, the T, of NME2 increased, confirming
that these nucleotides are also NME2 ligands (Figure 4.4B). For example, in the absence of
Mg?* ions, CoA induced a ATn, shift of +4.9 °C whereas the AT, shift was decreased to + 2.7
°C in the presence of Mg?* ions. Similarly, a ATy shift of +4.8 °C in the presence of acetyl CoA
alone and a ATm shift of +1.8 °C with MgCl,, was observed. Dephosphorylated CoA (deP CoA)
showed a ATn of - 0.6 °C, suggesting that it had a small destabilising effect on the protein,
which reduced to — 0.5 °C in the presence of MgCl,. APS displayed changes below the error
envelope of the assay (+ 0.3 °C), therefore it had no effect on the stability of NME2 or did not
bind, which given the large shifts displayed with PAP and PAPS, is likely due to the absence
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of the 3’ phosphate group (Figure 4.2). PAP and PAPS had the greatest effect of all the
nucleotides tested on the thermal stability of NME2. When incubated with PAP, DSF analysis
revealed a +6.5 °C increase in T, with nucleotide alone, and +4.5 °C increase with Mg?* ions
added. For PAPS, the observed ATm was +5.3 °C and when Mg?* ions were added, this
reduced to +3.8 °C. As seen with H118A NMEL, the binding of these nucleotides to H118A
NMEZ2 compared to WT NMEZ2, and subsequent changes in melting temperature, was greatly
reduced (Figure 4.4D). The ATn shifts previously displayed by WT NMEZ2 in the presence of
CoA and acetyl CoA was near zero, whilst the AT, shifts of PAP and PAPS were reduced to
+1.0 °C.
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Figure 4.5. DSF analysis of potential PGAM nucleotide ligands. Purified recombinant
proteins were incubated for 5 minutes in the presence or absence of 1 mM of the indicated
nucleotides and/or 10 mM MgCl, and then subjected to differential scanning fluorimetry (DSF)
to analyse the thermal stability of each protein mixture relative to a solvent control. The
average (N=2) change in melting temperature (ATm) of (5 uM) enzymes (A) and (B) PGAM
compared to (C) and (D) H11A PGAM are presented.

Next, the interaction of nucleotides with PGAM was investigated (Figure 4.5). This revealed
that AMP, cAMP and cGMP had very little, or no, effect on the thermal stability of the purified

human PGAM. In the presence of these nucleotides alone, ATn shifts of < -0.5 °C were
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observed, suggesting negligible binding. When the ligands were analysed in the presence of
H11A PGAM (Figure 4.5C), no binding was detected, as expected. In contrast, the ligands
CoA, acetyl CoA and PAP and PAPS, displayed AT shifts indicative of ligand binding as the
stability of the protein was increased in the presence of these nucleotides, like that seen for
NME1 and NMEZ2. For instance, the T, of PGAM increased by +3.8 °C in the presence of CoA,
and +3.1 °C in the presence of acetyl CoA. These were both reduced by the addition of Mg?*
ions. In the presence of PAP, the observed AT, shift was +7.2 °C and for PAPS, the AT was
+5.8 °C and the addition of MgCl. in the presence of both these nucleotides reduced the ATn,
by ~1.0 °C. In comparison to the NME histidine mutants, the His to Ala substitution in PGAM
had a less profound effect on the binding of these nucleotides. Although the AT, shifts were
reduced by ~1.5 °C in all instances, they were not abolished or reduced to near zero as shown
for NME1 and NME2. This was particularly true for PAP and PAPS, and therefore
demonstrates that although the Hisll in PGAM may not be involved in binding of these
ligands, rather the reduction in T, may be a result of a change in protein conformation.

However, using this technique, this suggestion cannot be determined unequivocally.

To further explore the effect of nucleotide ligands on NME proteins, the NDPK activity of NME1
was analysed using the pyruvate kinase/lactate dehydrogenase (PK/LDH) coupled assay
described in Chapter 3 (Figure 3.30). NME has been reported to undergo structural changes
under oxidative conditions, such as in the presence of hydrogen peroxide (H20), which is a
reactive oxygen species, which typically transfers an oxygen atom to a chemical species
(192). It was proposed that the Cys residues in NME were sensitive to oxidative stress and
when incubated with H2O,, formed disulfude linkages which led to NME1 hexamer
dissociation, which reduced NDPK activity. Because of this, NME1 was incubated in the
presence of the nucleotide test ligands, with the addition of 1. mM H»0O: (Figure 4.6), which is
commonly used to interrogate protein kinases at concentrations below 1 mM, up to ~ 100 pM
(425, 426), to explore how oxidative stress affects NDPK activity and structure. In order to
ensure that none of the nucleotides were inhibiting the latter part of the coupled assay system
(Figure 3.30A), a control PK/LDH assay with these nucleotides and test ligands, in the
absence of NME1 and its TDP substrate, was carried out in parallel. The change in
absorbance reflects the reaction turnover, therefore the greater the change in absorbance, the
greater the enzyme activity and rate of reaction. In the absence of any nucleotide test ligand,
the change in absorbance over ten minutes was 0.31 AU for NME1. This was greatly reduced
to 0.01 AU in the presence of Coenzyme A (CoA), indicating very little change in absorbance
over time. This is indicative of CoA inhibiting the catalytic transfer of a phosphate from ATP to

TDP by NME1, and so very negligible ADP is produced for consumption by pyruvate kinase
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in the second part of the coupled assay system in order to produce NAD* (Figure 3.30). As
the reaction rate of the PK/LDH reaction is largely unaffected by the presence of CoA, it is fair
to assume the CoA is specifically inhibiting the NDPK reaction catalysed by NMEL1.
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Figure 4.6. Analysis of NME1 enzyme activity in the presence of nucleotide ligands by
the pyruvate kinase/lactate dehydrogenase coupled assay. (A) Purified recombinant
NME1 was incubated for 5 minutes in the presence or absence of 1 mM of the indicated
nucleotides prior to the addition of the assay reaction mix containing 300 uyM substrate (TDP
for NME1 and ADP for the PK control) then subjected to analysis using the PK/LDH coupled
assay (Section 2.16). The mean change (N=2) in OD at 340 nm over 10 mins is presented.
(B) 10 mM CoA was incubated with 25 nM NMEL1 and TDP was titrated in before analysing
the rate of NDPK reaction by the PK/LDH coupled assay.

In the presence of PAPS, PAP, APS and acetyl CoA, the rate of the reaction appeared to

increase. However, as the turnover for phosphate transfer to a diphosphate nucleotide by
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NME1 is <10 seconds (Figure 3.8), it is unclear whether this is a result of differences in the
time it takes to add the assay mixture and measure the reaction plate. Furthermore, these
slight differences were also observed in the PK/LDH control. Intriguingly, deP CoA also
reduced the rate of the NMEL1 reaction from a AODs340nm 0f 0.31 to 0.02 AU, demonstrating a
potent inhibitory effect. In the presence of H,0,, the AOD3z40nm Was reduced from 0.31 to 0.29,
but this result does not appear to be significant, and this would need to be further explored at
higher concentrations or using a more rapid (stopped-flow) technique. To further validate
inhibition of NME1 NDPK activity by CoA, ATP substrate was titrated into a reaction assay
that contained a set concentration of 10 mM CoA, and the AOD340nm Was measured (Figure
4.6B). The AODs40nm increased in parallel with increasing ATP concentrations. At the highest
concentration of ATP, the AODs40nmWas highest, and as the level of CoA was still much higher
than ATP, the AODz40nm did not come close to that observed in the absence of CoA addition
(blue). This suggests that CoA competitively inhibits the NDPK activity of NME1 through the
canonical ATP substrate. This finding is in accord with the literature (417), whereas inhibition
of NME by deP CoA is a new finding and may suggest an alternate mode of inhibition and

binding that doesn’t rely on phosphorylation.

4.2 Analysing the effect of cysteine mutations in NME1 and effects on ligand
binding and enzyme activity

In the previous chapter, C109A and C109A/C145A NME1 mutants were purified in order to
evaluate whether these amino acids contribute to assembly or stability of the NME1 oligomeric
state, which subsequently influences enzyme activity. Cys109 is located in close proximity to
the nucleotide-binding pocket in the Kpn loop and Cys145 is located in the C-terminal tail, and
these specific residues are not thought to be involved in direct nucleotide binding (183, 191).
However, these regions are associated with catalysis through oligomer assembly, (186) and |
first established that both CL09A NME1 and C109A/C145A NME1 were hexameric (Figure
3.15) in solution. Under oxidative conditions, these Cys residues have been reported to play
an important role in hexamer dissociation, through increasing the stability of the homodimers
that generate native hexameric NME (191, 408). CoA has previously been shown to employ
its reactive thiol group for covalent modification of solvent-exposed Cys residues in cellular
response to oxidative or metabolic stress. This antioxidant function of CoA in redox regulation
was discovered to be a widespread and reversible mechanism (422, 423, 427). Therefore, |
analysed nucleotide binding, including CoA and its derivatives, for NME1 Cys mutants using
DSF (Figure 4.7). The data previously shown in Figure 4.3B is shown again in 4.7A to allow

simple comparative analysis.
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The melting temperature of the purified recombinant CL09A NMEL1 in the presence of CoA
increased by +1.7 °C, which is 1.3 °C lower than that observed for WT NME1. Similar to WT
NMEZ1, when incubated with acetyl CoA, the effect on T, was less than that of CoA, with a
ATnof +0.7 °C. In contrast to CoA and acetyl CoA, dephosphorylated CoA yielded a negative
ATn of -1.3 °C demonstrating a reduction in protein stability when incubated with
dephosphorylated CoA. This is 1.0 °C higher than that observed for WT NMEL. Furthermore,
unlike CoA and acetyl CoA, the AT remained the same in the presence of Mg?* ions as well
as dephosphorylated CoA. The ATnacross the nucleotides APS, PAP and PAPS, in particular
PAP and PAPS, was markedly lower than WT NME1. When incubated with APS, the AT, of
C109A NMEl1was +0.4 °C, and + 2.1 °C and + 0.6 °C for PAP and PAPS. For both APS and
PAPS in the presence of MgCl, the ATy was negligible, and for PAP the ATy reduced to +1.0
°C.
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Figure 4.7. Comparative DSF analysis of NME1 and NME1 cysteine mutants in the
presence of nucleotide test ligands. Purified recombinant proteins were incubated for 5
minutes in the presence or absence of 1 mM of the indicated nucleotides and/or
10 mM MgCl,and then subjected to differential scanning fluorimetry (DSF) to analyse the
thermal stability of each protein mixture relative to a solvent control. The average (N=2)
change in melting temperature (ATm) of (5 uM) enzymes (A) NMEL, (B) C109A NME1 and
(C) C109A/C145A NMEL are presented.
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Figure 4.7C presents the ATy values calculated from the DSF analysis of C109A/C145A
NMEL. Like the majority of the nucleotides tested with C109A NMEL1, the ATn values for
C109A/C145A NMEL1 were reduced compared to WT NME1, however this was less prominent
for CLO9A/C145A NME1 compared to C109A NMEL. Notably, the T, of CLO9A/C145A NMEL1
in the presence of MgCl, was also largely unchanged, whereas the T, of CL09A NME1 was
reduced by -1.0 °C, suggesting that C109A/C145A NME1 was more resistant to destabilisation
by Mg?* ions. In the presence of CoA, the AT shift was revealed to be +2.2 °C, and in the
presence of CoA and MgCl,, the ATy, shift was +1.8 °C. Acetyl CoA yielded a AT shift of +1.9
°C and when incubated with MgCl, alongside, this reduced to +0.8 °C. In contrast to the
inhibition of nucleotide binding by MgCl. seen for the previously mentioned nucleotides, the
pre-incubation of dephosphorylated CoA with MgCl, compared to dephosphorylated CoA
alone was largely unchanged. A similar result was observed with APS and therefore may not
indicate that these nucleotides have any effect on protein stability. On the other hand,
incubation with these nucleotides may simply result in a less pronounced effect compared to

the other nucleotides.

When analysed in the presence of PAP and PAPS, changes in the T, values of C109A/C145A
NMEL indicative of nucleotide binding were also observed. When incubated with PAP,
C109A/C145A NME1 was determined to have a AT, shift of +2.9 °C, which decreased in the
presence of MgCl, by 1.0 °C. Pre-incubation with PAPS revealed a ATy, shift of +1.5 °C and
+1.1 °C with the addition of MgCl,. Overall, the data presented in Figure 4.7 suggest that the
observed stability of NMEL in the presence of the nucleotides CoA, acetyl CoA, PAP and
PAPS, was reduced when the Cys residues were mutated, most notably in the C109A mutant.
Thus, the highly conserved Cys109 is most likely involved in stabilising interaction of these

nucleotides due to its location within the Kpn loop.

There are a total of three Cys residues in NME1; Cys4, Cys109 and Cys145. Cys4 and Cys145
can form disulfide bridges with one another and under oxidising conditions, Cys109 cross-
links can also be formed intermolecularly (191, 416). As previously discussed, these Cys
residues are located within conserved domains of the protein involved in oligomer formation.
To assess the effect that they have on NME1 oligomer formation and structure, the wild-type
protein, along with the Cys mutants, were analysed by gel electrophoresis under non-reducing
conditions (Figure 4.8). Figure 4.8A shows wild-type (WT) NMEL1 in the absence and presence
of the nucleotide test ligands investigated in this chapter. In the absence of any nucleotide or
binding partner, three stained bands are observed, at ~36 kDa, ~19 kDa and ~17 kDa. The
slowest migrating band at ~36 kDa, is most likely a dimer of NMEL1, as this is close to the
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molecular mass of two NME1 monomers. The bands at 19 kDa and 17 kDa are NME1
monomers, and the fastest migrating band at ~17 kDa observed was predicted to be a
monomer with an intramolecular disulfide bond. A similar band pattern was revealed in the
presence of ATP, however at ~19 kDa a very faint doublet band was apparent, indicative of a
phosphorylated protein with reduced electrophoretic mobility. Furthermore, the three stained
bands became less prominent, which might be due to high order oligomers becoming more
stable in the presence of ATP, although if this is the case, these are not detectable using this

semi-quantitative method.
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Figure 4.8. Analysis of NME1 and NME1 cysteine mutants in the presence of nucleotide
test ligands by non-reducing PAGE. 2 ug purified recombinant proteins (A) NME1 (B)
C109A NMEL1 and (C) C109A/C145A NMEL were incubated for 1 hour at 37 °C in the presence
or absence of 1 mM of the indicated nucleotides and then subjected to electrophoresis on a
15% acrylamide gel under non-reducing conditions.

When pre-incubated with CoA and subjected to electrophoresis under non-reducing
conditions, the NME1 band previously seen in the absence and presence of ATP at ~17 kDa
was no longer detectable or was at a level undetectable using this method. On the other hand,
the ~19 kDa band increased in density, suggesting that the intramolecular disulfide bond, or

one of, was abolished in the presence of CoA. From Figure 4.7, it is clear that WT NME1 had
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a high affinity for CoA, with a AT, of +3.3 °C and is likely binding to NMEL. In Figure 4.8A, the
change in the band pattern of native NME1 seen in the presence of CoA provides further
evidence for this. Staining at the same molecular mass as those seen with CoA were also
displayed by NMEL1 in the presence of dephosphorylated CoA. Acetyl CoA is the only CoA
derivative that appeared to not disturb the band at ~17 kDa. Acetyl CoA and dephosphorylated
CoA however result in a doublet band at the molecular mass of ~19 kDa. As no ATP was
present, it is unlikely that this is phosphorylated protein, but may be a result of a faster
migrating band due to modifications induced through nucleotide binding. In addition, for all the
CoA derivatives incubated with NME1, the ~36 kDa band was less pronounced, suggesting

that these nucleotides may also disrupt the stability of the dimer.

In the presence of PAP, PAPS and APS the protein behaved in a similar manner with or
without nucleotide. Although PAP and PAPS yielded the greatest change in NME1 Ty, of the
nucleotides tested, there was no detectable change when subunit migration was analysed by
native-PAGE. It remains possible that the hexameric structure of the protein, which may be
stabilised by these nucleotides, is at a concentration too low to detect by gel electrophoresis.
In the cell, diamide decreases the concentration of reduced glutathione (GSH) (428), and in
vitro it can react with free thiols in protein and lead to disulfide bond formation (429). In the
presence of diamide, NME1 appeared to undergo extensive disulfide bond formation, with the
most notable bands migrating at ~17 kDa and ~32 kDa, with weaker bands at ~36 kDa, ~57
kDa and ~60 kDa. The band at ~17 kDa is most likely the NME1 monomer containing an
intramolecular disulfide. The band at ~32 kDa and ~36 kDa both appeared to be at dimer
molecular mass, however the band at ~32 kDa could also likely contained an intramolecular
disulfide, resulting in faster migration in the gel. Dithiotreitol (DTT) is a commonly used
reducing agent and incubation with DTT resulted in NME1 migrating as a single ~19 kDa
monomer band. This further demonstrates that the ~17 kDa band does likely possesses an
intramolecular disulfide bond and furthermore, that the ~36 kDa dimer is likely formed and

stabilised by disulfide bonds.

When C109A NME1 was analysed by native-PAGE, differences in the native structure and
oligomers compared to WT NMEL1 were clearly revealed. In contrastto WT NMEL, a very weak
band at ~94 kDa was observed alongside weak bands at ~36 kDa and ~19 kDa and a strong
band at ~17 kDa. It is likely that the band at ~94 kDa is a C109A NME1 hexamer, suggesting
that the C109A mutant possessed a more stable higher order oligomeric state. This is
corroborated by data shown by DSF analysing the thermal stability of the protein (Figure 3.16)
as C109A NME1 had a melting temperature 4.4 °C higher than WT NMEL. In the presence of

ATP, this band at a molecular mass inducive of a hexamer became stronger and the
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monomeric bands at ~17 kDa and ~19 kDa were weaker. Furthermore, the ~94 kDa C109A
NME1 hexamer migrated as a doublet, indicating that the protein was potentially
phosphorylated.

The migration pattern of the C109A NME1 oligomers changed when pre-incubated with CoA.
Compared to incubation alone and ATP incubation, the band at ~19 kDa was much stronger
with CoA pre-incubation. In contrast to WT NMEL in the presence of CoA, a ~17 kDa C109A
NME1 monomer is present. The greatest difference between WT NME1 and C109A NME1
was observed in the presence of diamide. C109A NME1 did not seem to form as many
disulfides compared to WT NMEL, as less bands were revealed, most likely to do with the
removal of a Cys residue on which thiols can be produced. Unsurprisingly, incubation with
DTT resulted in the absence of the band at ~17 kDa, as the intramolecular disulfide bond is
no longer formed. However, a band at a molecular mass of ~94 kDa, therefore most likely a
hexamer, was resistant to the reducing agent, and could be a result of the absent Cys residue
further stabilising the NME hexamer. As two out of the three Cys residues in NMEL1 are
mutated in CL09A/C145A NMEL, it is not surprising that when analysed by native-PAGE, the
lower migrating monomeric band, representing a monomer with an intramolecular disulfide, is
no longer present across all conditions analysed. When pre-incubated with ATP in the
absence of Mg?* ions, a band migrating at ~84 kDa was observed in addition to a very faint
~17 kDa monomer doublet. Although 84 kDa is lower than the molecular weight of an NME1
hexamer, the mutations introduced, and in addition to His phosphorylation, may actually result
in a faster migrating NME1. When incubated with CoA and dephosphorylated CoA, a
monomeric NME1 was revealed, and in the presence of acetyl CoA, a monomeric doublet
band like that seen for WT NME1 and C109A NME1 was present.

Analysis of CL09A/C145A NMEL1 in the presence of PAP and PAPS revealed a very faint
NMEL1 band at ~43 kDa, in addition to the monomer at ~17 kDa, which is likely to be a fast-
migrating C109A/C145A NMEL1 trimer. Furthermore, an additional ~68 kDa band was seen in
the presence of PAPS. These bands, which are absent when WT or C109A NMEL1 are
analysed, may be reflective of the disruption that the two mutations of the Cys residues have
on oligomer formation. When incubated with APS, a monomer doublet, similar to that seen in
the presence of acetyl CoA was observed. It is clear that these two residues are vital for
disulfide linkages as there is no change in C109A/C145A NMEL1 in both the presence and
absence of diamide and DTT. Song et al proposed two methods of CoA binding, one that
involved non-covalent bonds between the adenosine ring and the nucleotide binding pocket
and the other that covalently bound the thiol group of the CoA to the previously buried Cys109

that becomes exposed under oxidative conditions (417). This thiol group is also present in
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dephosphorylated CoA and the acyl group of acetyl CoA disturbs this and could therefore
provide an explanation for NME1 binding and inhibition of CoA and dephosphorylated CoA,
but not acetyl CoA. However, the experiments done here were not carried out under oxidative

conditions, although it is difficult to completely avoid this in an open-air environment.

To further analyse the effects of Coenzyme A and to better understand how oxidising agents
affect NMEL1, wild-type NME1 and C109A NME1 were analysed by DSF after pre-incubation
with titrated CoA (Figure 4.9A) and H.O. (Figure 4.9B). It was found that only at a
concentration of 0.75 mM did CoA yield a change in melting temperature of WT NME1 or
C109A NME1 above the assay threshold of significance, at +1.8 °C for both proteins. A dose
dependent AT, was then observed as the concentration of CoA increased to 3.0 mM with the
AT of WT NMEL1 reaching +6.7 °C and C109A NMEL reaching +6.3 °C. These changes in
melting temperature are similar to those seen in the presence of 1 mM ATP, demonstrating
decreased CoA affinity compared to ATP, although a quantitative technique such as
calorimetry is needed to reveal the absolute difference. In contrast to CoA, H20; induced a
negative ATn, indicative of binding and in doing so inducing a destabilising effect on the protein
structure. Again, as the concentration of H20: increased, destabilisation increased. At 0.25
mM H,0, the ATy of WT NMEL was negligible and decreased to -1.0 °C at 0.5 mM. At a
concentration of 1.0 mM H2O;, a ATm, of -3.1 °C in WT NME1 was induced. C109A NME1
appeared to be resistant to destabilisation as it remained at ~0.8 °C until the concentration of
H.O,reached 2.0 mM. However, at 2.0 mM H,0,, the AT was revealed to be -5.5 °C for WT
NME1 and -4.5 °C for C109A NMEL. The highest AT, shift for C109A NME1 was a result of
pre-incubation with 5.0 mM, rather than 10 mM H.O; at -5.2 °C. In contrast, for WT NME1 the
ATm continues to decrease up to -8.5 °C at 10 mM H;O.. This greatly differs to the protein
kinase, Aurora A for example, in which the T, is unchanged in the presence of 1 mM H;0;
(425).
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Figure 4.9. Analysis of NME1, C109A NME1 and C109A/C145A NMEL1 in the presence of
Coenzyme A and H;O, by DSF and the PK/LDH coupled assay. (A) and (B) purified
recombinant proteins were incubated for 5 minutes in the presence or absence of 1 mM of the
indicated nucleotides and subjected to differential scanning fluorimetry (DSF) to analyse the
thermal stability of each protein mixture relative to a solvent control. The average (N=2)
change in melting temperature (ATm) of (5 uM) enzymes is presented. (C) 25 nM purified
recombinant proteins were incubated in the presence or absence of 2 mM of CoA or H20;
before the rate of NDPK reaction was analysed using the PK/LDH coupled assay (Section
2.14). The mean change (N=2) in OD at 340 nm over 10 mins is presented.

Together, Figure 4.9A and B, demonstrate that CLO9A NME1 possessed some resistance to
CoA binding and stabilisation and H,O; destabilisation, compared to WT NMEL1. The reduced
stability of CoA in the presence of CoA may be a result of a disruption in the bonds formed at
the CoA binding site. Whereas resistance to H,O- destabilisation could be due to a number of
different oxidation events on Cys4 or Cys145 that in turn stabilises the C109A mutant. As it
was determined that these compounds, particularly CoA, bind and induce structural changes
that are different in WT NME1 and the cysteine mutants (Figure 4.8), it was possible they
might directly affect NDPK activity. To this end, NDPK activity was measured using the
PK/LDH coupled assay system and WT NME1, C109A NME1 and C109A/C145A NME1 were
analysed for NDPK activity in the absence and presence of CoA and H.O: (Figure 4.9C). In
the absence of any compound, WT NME1 had the lowest activity, as C109A NME1 and
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C109A/C145A NMEZ1 both exhibited a AODz40nm after 10 minutes of 0.4 AU, which is ~0.1 AU
higher than WT NMEL1. For all purified proteins, this change is diminished to near zero in the
presence of 1 mM CoA, indicating that from the point of measurement, a nearly undetectable
amount of phosphate was being transferred from ATP to TDP by NMEL1 and the cysteine
mutants. In contrast, H>O, did not have as profound effect. WT NMEL in the presence of H;0O,
did not appear to significantly reduce the change in absorption and did so only marginally for
C109A NME1 and C109A/C145A NME1 with a AODz40nm Of 0.7 and 0.5 AU respectively.

In order to further explore enzyme activity of NME proteins in the presence of CoA and H;Ox,
the extent of autophosphorylation was analysed using monoclonal antibodies against N1 pHis
(Figure 4.10). Figure 4.10A demonstrated the effect of CoA pre-incubated with WT NMEL,
C109A NME1 and C109A/C145A NME1 prior to adding ATP in order to analyse N1 histidine
phosphorylation. In the absence of ATP, no band was detected for any of the proteins tested.
The level of N1 pHis NMEL1 did not appear to change significantly when incubated with CoA
and ATP, compared to ATP alone. This result was replicated for the cysteine mutant proteins.
In conjunction with the data shown in Figure 4.9, this data suggests that CoA binds to NME1
in a dose-dependent manner, despite the Cys mutations, and inhibits transfer of a phosphate
from NME to the nucleotide acceptor (Figure 4.9) but not transfer of a phosphate to NME,

since His 118 autophosphorylation remained unaffected.

When analysed in the presence of H,O,, the signal detected for the WT NME1 monomer was
slightly reduced compared to the ATP control. This could be due to the presence or increase
in a detectable amount in a N1 pHis NME1 dimer. Furthermore, this N1 pHis SDS-resistant
dimer is also presented in C109A NMEL1 with H2O» however the level of autophosphorylated
C109A NME1 monomer is greatly reduced, indicating an inhibitory effect of H,O,on the C109A
NMEZ1 monomer. The signal for N1 pHis C109A/C145A NME1 was unaffected in the presence
of H»O2 and no pHis dimer was observed. This suggests that Cysl145 is involved in
dimerization of the NME protein in the presence of H,O, and most likely oxidative stress. In
addition, the Cys109 may provide some protection from H,O: induced oxidative stress and

subsequent loss of autophosphorylation activity.
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Figure 4.10. Analysis of the autophosphorylation activity of NME1, C109A NME1 and
C109A/C145A NMEL1L in the presence of hydrogen peroxide (H202) and Coenzyme A.
Purified recombinant proteins (1 pg) were incubated in the presence or absence of 10 mM of
CoA or H,0; for 1 hour at 37 °C before the addition of 1mM ATP. Samples were then resolved
by SDS PAGE on a 15% acrylamide gel and analysed by western blot. Samples were divided
into two aliquots, and one was heated at 95°C for 5 minutes. Unheated samples were
processed for immunoblotting with an N1-pHis antibody and heated samples were probed
using anti-NME1 antibody to determine the total protein. Similar results were observed in
repeat experiments.

4.3 A DSF screen for NMEL1 interaction with clinically approved kinase and TPST
inhibitors

NMEL1 can be described as a moonlighting enzyme, whereby it has one or more functions
independent of its catalytic function (430) and it appears to interact with various binding
partners to allow the regulation of cellular processes including nucleotide homeostasis,
endocytosis, intracellular trafficking, stress-response signalling, cell motility and tumour
metastasis (172). Despite diverse effects on cell biology, for the majority of processes, the
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mechanisms by which NME1 drives biology are not understood. In addition, NME1 might be
an interesting chemical biology target in terms of both activation as well as inhibition, which
might help to gain a better insight into its cellular actions. To this end, and recognising that
protein kinase inhibitors can inhibit other classes of enzymes such as sulfotransferases that
employ PAPS as a co-factor (326), a broad panel of kinase inhibitors were screened to look
for binding to NMEL1 (Figure 4.11).

To semi-quantify interactions, NME1 was pre-incubated with the indicated kinase inhibitors
and analysed by DSF in order to evaluate thermal stability in the presence of each compound
(Figure 4.11A). Staurosporine is a hon-specific kinase inhibitor, and Byrne et al demonstrated
that when incubated with the purified protein kinase PKA at a 20 fold molar excess, and
analysed by DSF, a AT, of ~12 °C was evident (327). When NME1 was incubated with 200
MM staurosporine a ATy of -0.7 °C was calculated, suggesting a lack of binding. Interestingly,
negligible AT, values were also observed for other (target-specific) protein kinase inhibitors
tested, including erlotinib, an epidermal growth factor receptor (EGFR) inhibitor (431). Of the
kinase inhibitors tested, those that yielded the largest AT, were selumetinib, vemurafenib,
sorafenib and dabrafenib, with AT, values of +1.0 °C, -3.4 °C, -3.8 °C, and -2.6 °C respectively.
Furthermore, mining the RAF-inhibitor class more carefully for NMEL1 ligands by DSF revealed
that rottlerin, suramin, RAF-265 and ZM336372 all induced significant negative changes in the
melting temperature of NME1 with AT, shifts of -0.8 °C, -1.0 °C, -4.3 °C and -2.7 °C
respectively. The changes in melting temperature for NMEL1 in the presence of these
compounds are generally indicative of destabilisation of the protein structure, as negative
shifts were observed. This is in contrast to canonical protein kinases like PKA and
sulfotransferases such as HS2ST and TPST1, where these compounds all elicit a positive
shift in Tm when tested by DSF (367, 369, 371).

To explore whether catalogued changes in NME1 melting temperature correlate in changes
in NDPK activity, an NDPK reaction assay was set up in the presence of several inhibitors that
demonstrated the largest AT, shifts, and the reaction was analysed using the PK/LDH coupled
assay system (Figure 4.11B). As described previously (Figure 4.9), CoA is an inhibitor of
NDPK activity in NME1 and was therefore used as a positive control. No decrease in the
AODz40nm indicative of a reduced rate of NDPK activity was seen in the presence of any protein
kinase inhibitor tested. Vemurafenib elicited a large increase in the AODzaonm after 10 minutes,

however this increase was also observed in the PK/LDH control, so the effect of this compound
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was not specific to the NMEL part of the reaction, and is therefore likely interfering with the

absorbance at 340 nm.
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Figure 4.11. Screening NME1 with protein kinase inhibitors and drug-like compounds
by DSF. The purified recombinant protein was incubated for 5 minutes in the presence or
absence of 200 pMof the indicated drug then subjected to differential
scanning fluorimetry (DSF) to analyse the thermal stability of each protein mixture relative to
a solvent control. The average (N=2) change in melting temperature (ATm) of (5 uM) enzymes
are presented. (C) 25 nM NME1 was incubated in the presence or absence of 200 uM of the
indicated drug before the rate of NDPK reaction was analysed using the PK/LDH coupled
assay (Section 2.14). The mean change (N=2) in OD at 340 nm over 10 mins is presented.
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4.4 DSF screen for NMEL1 interaction with compounds assembled from an FDA-
approved drug library

Since NMEL1 does not possess the classical bilobal domain structure and catalytic elements
found in protein kinases, it is perhaps not surprising that broad-spectrum kinase inhibitors
such as staurosprone do not block NME1 enzyme activity. Therefore, to further investigate
and identify a broader range of potential NME1-binding compounds, a commercial FDA-
approved drug library was purchased from SelleckChem. The library contains a variety of
unique and biodiverse drugs related to oncology, cardiology, anti-inflammatory, immunology,
neuropsychiatry, analgesia and includes several other kinase inhibitors. Thus, it was deemed

an appropriate source for an initial library screen.

The FDA-approved library collection is named and ordered via a SX000 (X = 1, 2, 3 or 4)
nomenclature and this is also used here. An initial screen of NMEL in the presence of library
compounds was carried out and the AT, values obtained were plotted alongside positive
controls, including ATP and CoA, which induce a stereotypical shift in T as presented in
Figure 4.12A. All compounds that resulted in a AT above £ 1.0 °C were then re-analysed in
duplicate, and the mean ATn for these results were plotted in Figure 4.12B. The data
highlighted in red indicates compounds in the library that caused the melting temperature of
NMEL to increase or decrease by 1.0 °C and will be referred to as FDA-library ‘hits’. A
threshold of 1.0 °C was determined for compounds to be taken for further analysis as below
this the data is generally less reliable in suggesting binding. An exception to this was S1730,
in which the AT, of NME1 was +0.7 °C, and this was selected for further analysis as it was
the only compound that yielded a positive shift above the ‘error envelope’ of the assay. From
DSF analysis, it was observed that many of the FDA-library hits (chemical structures displayed
in Figure 4.13) contained functional groups capable of accepting electrons, which are
potentially able to act as protein oxidising agents. In fact, S1949, better known as menadione,
is a very well-known oxidising agent (432), and resulted in a AT, of -5.7 °C. This pattern was

also seen for compound S1808 for example, which caused a AT, shift of -3.1 °C.
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Figure 4.12. Screening NME1 with the food and drug administration (FDA) approved
drug library by DSF. (A) Purified recombinant protein was incubated for 5 minutes in the
presence of 200 pMof the indicated drug then subjected to differential
scanning fluorimetry (DSF) to analyse the thermal stability of the protein mixture relative to a
solvent control. The change in melting temperature (ATm) of NME1 in the presence of these
drugs presented. (B) FDA hits with a ATm above and below +/-1.0 °C was repeated in duplicate
and the average ATm of these are presented. Compounds that elicited a ATm above and
below +/-1.0 °C are highlighted in red.
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Figure 4.13. Chemical structures of FDA library hits. Chemical structures were
generated using ChemDraw 19.1, with common names indicated alongside.
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To further verify the data, several FDA-library ‘hits’ at increasing concentrations between 10
MM to 200 pM, were incubated with NME1 and analysed by DSF (Figure 4.14). For more than
half the compounds tested, it was revealed these compounds elicit a reduction in NME1
stability in a dose-dependent manner as the higher the concentration, the greater the negative
Tm shift observed. In some cases, only the highest concentration of 200 uM resulted in a AT,
This was observed for the compounds S2028, S1987 (Figure 4.14A), S1737, S4059 (Figure
4.14B), S1444, S1808, S1847 (Figure 4.14C), S1082, S1198, S1344, S1654, S1767 and
S1512 (Figure 4.14D). This suggested that NME1 had a lower affinity for these compounds

compared to those that showed a Ty, shift at 10 uM for example.
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Figure 4.14. DSF analysis of NME1l with titrated FDA library hits. 5 uM purified
recombinant NME1 was incubated for 5 minutes in the presence of 200 uyM of the indicated
FDA hit and then subjected to differential scanning fluorimetry (DSF) to analyse the thermal
stability of each protein mixture relative to a solvent control. The average (N=2) change in
melting temperature (ATm) is presented.
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4.5 Analysis of NMEL1 protein structure in the presence of FDA-approved drug
library hits

Given that NMEL is redox regulated and the hexamer has been shown to dissociate under
oxidative stress (191, 192, 408, 416, 433), it was reasonable to question whether the
destabilising effect of FDA for NME1 was due to a link between the detection of oxidative
stress by NME1 and multimerisation (e.g. hexamer breakdown). In order to determine if some
compounds might be hexamer ‘degraders’, comparative DSF analysis was carried out with
R105A NME1, which is normally a dimer, and the supposedly ‘oxidative-resistant’ C109A
NME1 hexamer. Those compounds that yielded the largest differences in AT, of WT NME1
compared to R105A NME1 and C109A NMEL1 are plotted in Figures 4.15A and B. In Figure
4.15C, a PKA counter-screen was performed to highlight the differences for a canonical
protein kinase and an NDP kinase such as NME1, and also to discover any that are specific
to NMEL.

As shown in Figure 4.15, pre-incubation of C109A NME1 and R105A NME1 with some of the
compounds resulted in higher ATy, shifts than WT NMEL1. In order to thoroughly explore how
these compounds are affecting protein structure and stability; these compounds were also
selected for further analysis on the protein. For instance, although S1082 induced a small
change in ATmin WT NMEL, for CL09A NME1 a AT, of -19.0 °C was observed. Similarly, in
the presence of S1457, for both R105A NME1 and in particular C109A NMEL1, the AT, was
higher than that displayed by the wild-type protein. In the presence of S1512 and S1606,
C109A NMEL1 appeared to be resistant to destabilisation, whereas R105A NMEL in the
presence of S1606 had a higher AT, than WT NMEL at -4.2 °C. Again, in the presence of
S1633, C109A NMEL1 had a slightly lower AT shift compared to WT NMEL, suggesting the
protein stability was not as affected. Unlike WT NME1 and C109A NME1, when pre-incubated
with S1730, R105A NME1 had a negative change in Tn. In the presence of S1737, the ATy, of
C109A NME1 and in particular R105A NME1 was greatly reduced, with AT’s of -1.0 °C and
near zero respectively, compared to WT NMEL1 at -5.0 °C. In contrast to this resistance shown,
C109A NMEL1 displayed a greater effect on protein instability than WT NMEL1 in the presence
of S1760, whereas R105A NMEL yielded a positive thermal shift of +4.3 °C. S1198 and S1344
are shown here and selected for further analysis as well as those displayed in Figures 4.14A
and B to compare the differences between compounds that cause a negligible AT to those

that cause larger ATy, shifts and act as a control.
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Figure 4.15. Comparative DSF analysis of NME1 and NME1 mutants in the presence of
FDA library hits. 5 uM purified recombinant proteins were incubated for 5 minutes in the
presence of 200 uM of the indicated FDA hit and then subjected to differential
scanning fluorimetry (DSF) to analyse the thermal stability of each protein mixture relative to
a solvent control. The average (N=2) change in melting temperature (ATm) of the NME
proteins (A) and (B) is presented. The average (N=2) change in melting temperature (ATm) of
(C) PKA in the presence of FDA library hits is presented.

C109A NME1 displayed ‘resistance’ to destabilisation in this assay based on lower AT, values
in the presence of S1808, S1840, S1847, S1859, S1949, S2522 and S4075. In the same way,
R105A NMEL1 displayed resistance when analysed with S1840, S1859 and when pre-
incubated with S1847 the AT, of RLO5A NME1 was similar to WT NMEL. S1949 induced a
AT value of -8.9 °C in R105A NME1, which was much greater than that seen for the other
proteins tested. Lastly, analysis in the presence of S4221 revealed that R105A NME1 had the
greatest AT, of -9.6 °C and the ATy observed for WT NME1 and C109A NME1 was -1.2 °C
and -2.0 °C respectively. From Figure 4.15C, | conclude that these compounds have some
specificity in inducing an effect on NMEL, since a standard protein kinase (PKA) displayed

ATmvalues of -1.0 °C in the presence of the majority of the compounds tested. The exception
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to this was in the presence of S4075, S1859 and S4221 and only S4221 have a reduced
stabilising effect on WT NME1 when compared to PKA.

Differential scanning fluorimetry (DSF) analysis is a useful technique to determine whether a
test ligand can bind. However, a change in melting temperature may not always be a reflection
of binding. Furthermore, destabilisation or stabilisation of a proteins melting temperature may
not be indicative of quaternary structural changes such as subunit dissociation, just as a
positive AT, does not necessarily mean higher order oligomers are forming. Therefore, to gain
a better understanding of whether these compounds do in fact cause structural changes and
effect native oligomer formation native (non-reducing) PAGE was performed after incubation
of with FDA-library hits (Figure 4.16 to Figure 4.18).
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Figure 4.16. Analysis of NME1 by native PAGE after incubation with FDA library hits. 2
ug of purified recombinant wild-type NME1 was incubated for 30 minutes in the presence 200
MM of the indicated drug ad subjected to electrophoresis on a 15% acrylamide under non-
reducing conditions.
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Figures 4.16A and 4.16B demonstrate the oligomerisation status of wild-type NMEL1 after FDA-
library hits pre-incubation. As previously shown in Figure 4.8A, when analysed in the absence
of any compound or co-factor, three NME1 bands are typically resolved; a faint band at ~36
kDa, and two stronger bands at ~17 kDa and ~13 kDa, depicting a dimer and two monomers,
one of which likely contains an intramolecular disulfide. When analysed in the presence of
S1949 (menadione) however, an additional doublet migrated at a predicted mass between the
~17 kDa and ~13 kDa band, at ~15 kDa. Furthermore, the density of the dimer ~36 kDa band
greatly increased. Since the strength of the lower band at ~13 kDa was reduced, it was
hypothesised that the ~15 kDa doublet band had decreased mobility, which may be a result
of a reduction in thiols due to compound modifications. In addition, the increase in the strength
in staining of the dimer band in the presence of menadione is probably due to hexamer
dissociation as a direct result of dimer stabilisation through disulfide bonds between Cys109,
Cys145 and/or Cys4.

For the remaining compounds pre-incubated with NMEL1 in Figure 4.16A and B, the signal for
the two monomeric bands was similar, suggesting that the monomer, and notably the
intramolecular disulfide, likely forming between the Cys145 and Cys4 residues of NME1, was
unaffected by these compounds. An additional NME1 band that was unaffected by the
compounds was a very faint band at ~72 kDa, most notably in Figure 4.16A. In contrast, the
population of the NME1 dimer appeared to be the most susceptible to change. Like S1949,
S1737, S1606, S2522, S1198 and S4003 increased the density of the band migrating to ~36
kDa. Interestingly, the dimer of NME1 in the presence of S1737 migrated as a doublet,
suggesting that the disulfide linkages involving Cys109, which stabilises the NME1 dimer are
affected, as opposed to S1949, which appeared to affect the Cys145 disulfide linkages.

Strikingly, when C109A NMEL1 was analysed in the presence of these FDA-library hits (Figure
4.17), S1949 appeared to be the only compound that induced high levels of dimer population.
Unlike NME1, the hexamer band at ~95 kDa was more prominent for C109A NME1, which
was also the case for the native-PAGE results displayed in Figure 4.8B. When incubated with
S1949, not only was the dimer band strength increased compared to C109A NMEL1 alone, but
the hexamer band also increased and migrated as a doublet. Similar to WT NMEL, an
additional band between the two monomers at ~17 kDa and a weak ~14 kDa NME1 band,
migrated to ~15 kDa, but did not appear as a doublet. A similar band pattern for the higher
order C109A NMEZ1 oligomers was displayed in the presence of S2522, with a stronger band
at ~95 kDa. Furthermore, the density of CL09A NME1 at ~17 kDa, indicative of a C109A NME1
monomer without an intramolecular disulfide bond, was reduced. In the presence of the

oxidising agent H.O2, NME1 migrating at ~95 kDa and ~36 kDa increased in signal strength,
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whereas the lower monomeric bands both appeared weaker. When incubated with diamide, it
was observed that the ~95 kDa C109A NME1 hexamer band was stronger and migrated as a
doublet. It was also noted that the monomeric C109A NME1 at ~17 kDa was almost

undetectable.
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Figure 4.17. Analysis of C109A NME1 incubated with hits from the FDA-library by non-
reducing PAGE. 2 ug of purified recombinant C109A NME1 was incubated for 30 minutes in
the presence 200 pM of the indicated drug ad subjected to electrophoresis on a 15%
acrylamide under non-reducing conditions.

As previously discussed in Chapter 3, the purified recombinant R105A NME1 mutant is a
dimer under native conditions and in solution (Section 3.6.2). Because of this, it was necessary
to analyse the impact of library hits on the native structure of RL05A NME1 in comparison to
WT NMEL1 by subjection to electrophoresis under non-reducing conditions. Firstly, in the
absence of any FDA-library hit, R105A NME1 exhibits a very different migration pattern of
R105A NME1 oligomers to WT NMELl. For instance, several bands were observed
surrounding both dimeric and monomeric molecular masses. Between ~33 kDa and ~37 kDa,
three bands were revealed, with the strongest at ~36 kDa. Furthermore, three polypeptide
bands were presented for RL05A NME1 monomers at ~16 kDa, ~17 kDa and ~19 kDa. These
additional bands displayed by R105A NMEL1 are likely due to more surface residues being
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exposed as a result of the dimeric structure and changes in the hydrophobicity and charges
of the secondary structure. When incubated with the FDA-library hits, the ~17 kDa band and
the ~37 kDa band are much less pronounced or undetectable and for the majority of
compounds, the bands surrounding the dimer mass were weaker. The exception to this was
S1633, where a strong ~34 kDa NME1 band was observed and may therefore stabilise the

dimer.
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Figure 4.18. Analysis of R105A NMEL1 incubated with hits from the FDA-library by non-
reducing PAGE. 2 ug of purified recombinant R105A NME1 was incubated for 30 minutes in
the presence 200 pM of the indicated drug ad subjected to electrophoresis on a 15%
acrylamide under non-reducing conditions.

To validate this data further and to assess the native structure of NME1 and these mutants in
the presence of FDA-library compounds using an unrelated technique, native mass
spectrometry (MS) was exploited. To do this, it was first necessary to determine how the
protein structure is affected in the presence of a known binding partner and NTP substrate,
ATP (Figure 4.19). After native MS analysis in the absence (Figure 4.19A) or presence (Figure
4.19B) of ATP, the hexamer structure of WT NME1 was maintained. This confirmed that higher

order multimers and homohexamers are not formed in the presence of ATP. The small peak
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identified with a molecular mass of ~109 kDa is most likely caused by a lack of resolution and
overlapping peaks in the MS spectra (see appendix). When C109A NME1 and R105A NME1
were analysed in the absence and presence of ATP (Figure 4.19C to F), their protein structure

was also preserved.
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Figure 4.19. Oligomeric state of NME1l proteins determined by native mass
spectrometry in the presence of ATP. 1 pg of purified recombinant (A) and (B) WT NME1,
(C) and (D) C109A NMEL1 and (E) and (F) R105A NME1 were incubated in the presence of
absence of 1 mM ATP for 10 mins at ambient temperature. Proteins were then buffer
exchanged into 150 mM ammonium acetate using Amicon 10 kDa cut-off spin columns prior
to MS analysis. Data analysis carried out using MassLynx 4.1 and figures created using
UniDec.
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NME1, C109A NME1 and R105A NME1 were also analysed in the presence of members of
the FDA-library and a control DMSO solvent. FDA-library hits that in C109A NMEL1 displayed
resistance to hexamer dissociation compared to WT NMEL1, are presented in Figure 4.20, and
the results of all FDA-library hits are summarised in Table 4.1. In Figure 4.20, the output of
the data deconvolution to determine the molecular mass of NME1 and C109A NMEL1 in the
presence of S1949 (A and B), S1082 (C and D) and S4073 (E and F) were plotted. As shown
in Figure 4.19A, the oligomeric structure of NME1 in the presence of S1949 under native
conditions was revealed to be indicative of dimer of mass ~32 kDa, whereas C109A NME1
was identified as a m/z peak with a trimer mass of ~52 kDa. Similarly, in the presence of
S1082, NME1 was observed to be a dimer at ~38 kDa and C109A NMEL1 a trimer at ~56 kDa.
This resistance to hexamer dissociation displayed by C109A NMEL in the presence of
potentially oxidising agents, was further exemplified when incubated with S4073, which

remained a hexamer. In contrast, NME1 dissociated to a dimer in the presence of S4073.

The results obtained after native MS are summarised in Table 4.1 and in contrast to my native
PAGE analysis, it was apparent that the majority of FDA-library hits resulted in the NMEL1
hexamer dissociating to a dimer, with the exception of S1198 (tetramer), S1344 (trimer),
S1808 (trimer), S1840 (trimer), S4003 (trimer), S4073 (hexamer) and S4221 (trimer). Although
dissociation of C109A NME1 to a dimer was only seen upon pre-incubation with S1457,
S1730, S1760, S1808, S1847 and S4073, a change in the native C109A NME1 structure was
revealed for most of the compounds. Furthermore, the R105A NMEL1 dimer is preserved in the
presence of all compounds except S1457, S1082, S1737 and S4075, in which the latter three

result in the identification of a hexamer, which is difficult to detect by native-PAGE analysis.
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Figure 4.20. Oligomeric state of NMEL1 proteins with selected FDA drugs. Oligomeric
determination for 10x excess compound with NME1 WT or C109A. Data analysis carried out
using MassLynx 4.1 and figures created using UniDec. Protein buffer exchanged into 150 mM
ammonium acetate using Amicon 10 kDa cut-off spin columns prior to MS analysis.

179



Compound NME1 ﬁﬁg? FI:I‘:’:;?
S1082 (Vismodegib) Dimer Trimer Hexamer
S1198 (Irinotecan) Tetramer | Hexamer Dimer
S1344 (Glimepiride) Trimer Trimer Dimer
S1457 (Atazanavir sulfate) Dimer Dimer Monomer
S1512 (Tadalafil) Dimer Trimer Dimer
S1606 (Clotrimazole) Dimer Trimer Dimer
S1633 (Zafirlukast) Dimer Trimer Dimer
S1730 (Indapamide) Dimer Dimer Dimer
S1737 (Prednisolone) Dimer Tri/lHex | Hexamer
S1760 (Rifapentine) Dimer Dimer Dimer
S1808 (Nifedipine) Trimer Dimer Dimer
S1840 (Lomustine) Trimer Tetramer Dimer
S1 Bizrgzlgrtr:;stine Dimer Dimer Dimer
S1859 (Diethyilstilbestrol) Dimer Trimer Dimer
S1949 (Menadione) Dimer Trimer Dimer
S2522 (Adrenaline) Dimer Trimer Dimer
S4003 (Lithocholic acid) Trimer Trimer Dimer
S4073 (SAcr)EiirJ?ns)alicylate Hexamer Dimer Dimer
S4075 (Zinc pyrithione) Dimer Hexamer | Hexamer
S4221 (Benzbromarone) Trimer Trimer Dimer

Table 4.1. Oligomeric state of NME1l proteins with selected FDA library drugs
determined by native mass spectrometry. Oligomeric determination for 10x excess
compound with NME1 WT, C109A or R105A. Data analysis carried out using MassLynx 4.1.
Protein buffer exchanged into 150 mM ammonium acetate using Amicon 10 kDa cut-off spin
columns prior to MS analysis.
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4.6. Analysis of NMEL1 nucleotide transferase activity in the presence of FDA-
approved drug library drugs

To determine if library hits change the activity of wild-type NMEL1 protein as a function of the
structural changes they elicit based on MS analysis, His118 autophosphorylation activity was
analysed, both under non-reducing conditions and by using the monoclonal N1 histidine
phosphorylation (N1 pHis) antibodies (Figure 4.21). In the absence of ATP, no band was seen
for N1 pHis-containing NMEL1. In contrast, in the presence of ATP, three proteins were
detected at ~15 kDa, ~18 kDa and ~32 kDa. NME1 at ~18 kDa and ~32 kDa possessed the
strongest N1 pHis NMEL1 signal. The presence of three differentially-migrating NME1 proteins
suggested that either each monomer within the multimer is histidine phosphorylated (199,
373), orthat any N1 pHis present in the native structure prior to analysis was maintained under
reducing conditions. As previously suggested, it was clear that these compounds had a
greater effect on the NME1 dimer, however total loss of autophosphorylation activity was not

observed in the presence of any of the compounds by western blot analysis.

The effects of compounds on NME1l autophosphorylation were further investigated by
immunoblotting. For example, when the N1 pHis signal dropped for the NME1 dimer in the
presence of a number of compounds, most notably S4073 (Figure 4.21B), it was difficult to
determine whether autophosphorylation dropped for other higher order oligomer species as
particularly in the case for S4073, the protein showed no sign of hexamer dissociation by
native-PAGE or native-MS. However, the hexamer species was undetectable in both native-
PAGE and western blot analysis. Furthermore, the level of monomeric N1 pHis signal varies
in the ATP controls, making it difficult to clarify how the compounds changed it. On the other
hand, it is apparent that the majority of those compounds that increased the population of
NME1 dimer species, such as S1737, did not inhibit the level of autophosphorylation activity
detectable by western blot analysis.
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Figure 4.21. Western blot analysis of NME1 autophosphorylation in the presence of
FDA-approved drug library hits under non-reducing conditions. 1 pg of purified
recombinant NME1 was incubated in the presence or absence of 200 uM of the indicated drug
for 30 mins at ambient temperature before the addition of the 50 yM ATP. One half of the
reaction was split and heated to 95 °C. The samples were then subjected to electrophoresis
on a 15% acrylamide gel and immunoblotted using anti-N1 pHis antibody under non-reducing
conditions. Total protein was determined using anti-NME1 antibody against the heat-treated
samples.

The level of NME1 autophosphorylation activity appeared to be variably altered in different
oligomer species in the presence of these FDA-library hits. As previously demonstrated by
analysis of NMEL1 in the presence of CoA (Figure 4.10), pHis autophosphorylation is both rapid
and very robust, and immunoblot analysis may not therefore be a reliable method to assess
inhibition. Therefore, to further elucidate the extent of changes in NME1 enzyme activity that
these compounds could elicit and whether these changes in autophosphorylation activity
impact the NDPK activity of NMEL, the PK/LDH coupled assay was employed (Figure 4.22).
Additional compounds that were originally identified in the DSF screen and resulted in a
change above 1.0 °C were also analysed. To ensure the assay was working efficiently, a no
enzyme control was set up, encompassing all other reagents except the active enzymes and
no change in absorbance was revealed. In the positive no compound control, the AOD340nm

after 10 minutes of the reaction was 0.42 AU for NME1 and 0.21 AU for PK. When analysed
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using the PK/LDH coupled assay, no significant reduction in OD340nm (indicative of decreased
enzyme activity) was observed across both NME1 and the PK control. The greatest AOD3z4onm
was in the presence of S2453, at 0.38 AU respectively. Compared to the known inhibitor, CoA,
this effect was considered negligible. However, due to solubility issues with compounds,
concentrations of higher than 200 uM could not be tested, and as the substrate concentration
below 300 uM did not elicit a suitable AOD340nm for reliable measurement (Figure 3.30), it is
possible that the compounds were outcompeted by both TDP and ATP. Although, pre-
incubation with the compounds, particularly those that induce dimerization such as S1949 and
S2522, potentially negate this view. In the presence of S1949 and S2522, the NDPK activity
of NMEL1 did not appear to be affected and this suggested that the dissociation of the hexamer
and dimer stabilisation did not reduce NDPK activity.
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Figure 4.22. Analysis of the NDPK reaction rate of NME1 in the presence of FDA-
approved drug library hits by the PK/LDH coupled assay. 25 nM NME1 was incubated in
the presence or absence of 200 uM of the indicated drug before the addition of the 300 uM
substrate (TDP for NME1 and ADP for the PK/LDH control) and the rate of NDPK reaction
was analysed using the PK/LDH coupled assay (Section 2.14). The mean change (N=2) in
OD at 340 nm over 10 mins is presented.
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4.7 Proposed docking and binding methods of novel FDA-approved library
drugs to NME1

To gain insight into how these known and novel NMEL1 ligands might interact with the NME
protein structure, a collaboration was established with Jack Simpson, a PhD student in the
group of Dr Neil Berry (School of Chemistry, University of Liverpool). The docking pose and
binding interactions of CoA, S1949 (Menadione) and S2522 (Adrenaline), based on successful
ADP docking replicated from the known NMEL crystal structure (PBD Code: 2HVD) (Section
2.23) and (Figure 4.23) was established. Due to this, this meant that the predicted binding site
of these molecules was focussed to the known ADP binding site. The NME1 crystal
coordinates were loaded into Spartan software, where the ADP molecule was removed and
re-docked to ensure that the software mimicked the crystal structure pose accurately. Once
this was done, the settings within the software were optimised until several poses of ADP in
the NMEL crystal structure obtained RMSD’s of < 2.0. This ensured that the process was
accurate and reliable enough to be brought forward for the docking of other molecules that
currently do not have a solved crystal structure and to analyse and propose a method of
binding for novel ligands.

Figure 4.23. Computational modelling of NME1 ligand docking. (A) ADP (B) CoA (C)
Menadione and (D) Adrenaline. Hydrogen bonds (red), cationic dip bond (cyan), pi-pi bonds
(orange), van der waals (yellow) and water molecules (magenta) are shown. Residues of
interest and that form interactions with the ligands are shown in green. PDB Code: 2HVD
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Figure 4.23A displays likely interactions between a single ADP molecule and NMEL1 active site
residues. In accordance with the literature, the adenosine ring is stacked against the aromatic
ring of Phe60 and hydrogen bonds to Arg88 and Argl05 neutralise the phosphate groups
(197-199). His118 also forms hydrogen bonds with the phosphate group of ADP, orienting the
molecule for phosphate transfer (197, 407). As shown in Figures 4.23C and 4.23D, it was also
observed that the stacking of the aryl rings present in both menadione and adrenaline might
involve Phe60 and Valll2, however the orientation of adrenaline appeared to be less
favourable than menadione. Lys12, a key residue for NME1 enzyme activity (345), was not
predicted to interact with menadione. In addition, the docking analysis showed that these
molecules did not occupy as much space in the nucleotide binding pocket as ADP, and as a
result, did not appear to interact with His118. Thus, the proposed method of binding that this
analysis demonstrated may provide an explanation as to why they do not inhibit enzyme

activity under the conditions tested.

In comparison to ADP, menadione and adrenaline, CoA is larger molecule. Surprisingly, in
silico docking suggested that the adenosine ring did not occupy the same position as the
adenosine ring does in ADP. Instead, hydrogen bonds and van der Waals interactions were
observed between the adenosine ring of CoA and Arg58 and Asp54, which are not known to
being involved in nucleotide binding. Furthermore, the sulfhydryl group of CoA may interact
with Pro59. However, the orientation and binding of CoA in this model contradicts the evidence
discussed here (Figure 4.6) since it suggests that the CoA binds to NME1 in a similar
orientation to ADP which results in competitive inhibition of the NDPK activity. On the other
hand, compared to menadione and adrenaline, this docking pose does highlight how CoA
interacts with His118 and therefore could interfere with phosphate transfer to a nucleoside
diphosphate.
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4.8 Discussion

NMEL1 is an evolutionary conserved and multifunctional enzyme that was the first metastasis
suppressor gene to be named; its downregulation is also indicative of poor patient prognosis
(14). Despite extensive NMEL1 analysis there remains a lack of small molecule inhibitors with
which to probe NME protein function in vitro or in cells. In this chapter, known co-factors,
potential inhibitors and novel compounds identified in a screen were examined. Due to
fundamental differences in NDP kinase structure and reaction mechanism when compared to
protein kinases, a non-kinase focused library containing a panel of known drug chemotypes

was used to screen for potential NME1 binders and inhibitors.

4.8.1 Comparative biochemical analysis of NME1 wild-type and NME1 active mutants

Through DSF, the thermal stability of wild-type and His active-site mutants of NME1, NME2
and PGAM were assessed in the presence of a number of different nucleotide derivatives.
This demonstrated that the affinity displayed by NME1 and NMEZ2, relative to AT values, was
much greater for di- and tri-phosphorylated nucleotides than for monophosphorylated
nucleotides. Indeed, when NME1 and NME2 were analysed in the presence of the nucleotides
shown in Figure 4.2, AT values suggested that both proteins have a relatively high affinity for
CoA, acetyl CoA and, most notably, PAP and PAPS. The established literature binding of PAP
and PAPS (410), and much more recently CoA (417), is in accordance with these findings.

Investigating whether binding of nucleotides is affected by substitution of the active site His
residue has not previously been evaluated. In this Chapter, | discovered that an Ala mutation
at the conserved His118 residue in the active site of NME1 and NME2 negated ATn values,
suggesting abolition of binding. Although a H118A mutation does not change the hexameric
nature of NMEL (Figure 3.15), loss in binding-affinity likely occurs through loss of an interaction
with the phosphate moiety, which is transferred to His118 enzymatically (197). Unlike ADP
and GDP, where binding to H118A NME1 and H118A NME?2 increased in the presence of
Mg?* ions. CoA and its derivatives were unaffected by the presence of Mg?* ions, meaning the
added stability observed for ADP and GDP was not enough to maintain binding of these

nucleotides, perhaps due to their larger size.

Evidence of the increased stability of PGAM, which likely infers the binding of PGAM to the 3’-
phosphorylated nucleotides PAP and PAPS represents a new finding. These nucleotides
appeared to bind to PGAM with a high affinity, yielding a change in melting temperature higher
than, or equivalent, to that observed with NME1 and NME2 (Figure 4.5). Interestingly, this
change in melting temperature was unaffected by the mutation of His11 to Ala, suggesting a

novel mode of binding. A crystal structure in the presence of 2,3-DPG (DPG) has not been
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reported for PGAM but interactions between the substrate and the protein can be inferred
based on crystal structures of bacterial PGAM derived from E. coli in complex with the
inhibitors vanadate and citrate (434-436). The key residues involved in substrate DPG and
cofactor 3-PG binding include His11 and Tyr 92, as substitution of these amino acids abolish
PGAM enzyme activity (436). Another residue involved in the regulation of catalytic activity
was found to be Tyr26 (379). A highly disordered C-terminal tail and a loop segment which
are mobile in solution, form a ‘flexible gateway’ to accommodate a variety of substrates and
cofactors (436), which may account for the binding of the nucleotide test ligands described
here that differ from the known physiological substrate, DPG. This would also provide an
explanation as to why the H11A PGAM mutant still possesses affinity to PAP and PAPS.
Furthermore, vanadate is an inhibitor of several other enzymes such as tyrosine
phosphatases, sulfatases and sulfotransferases (437, 438), which also bind PAP and PAPS
(439), suggesting that PAP and PAPS may bind in the same way as vanadate does to PGAM

by mimicking a phosphate group in the substrate.

4.8.2 Investigating the effect of oxidising agents on NME1 structure and enzyme activity
The regulation of enzyme functions through oxidative modification is thought be a common
adaptive mechanism in cells. For example, the oxidation of Cys to sulfenic or sulfonic acid is
known to inactivate peroxiredoxins (440), phosphatases (441) and protein kinases (425). In
comparison, oxidized Cys is essential for the proper function of matrix metalloproteases (442)
and nitrile hydratases (443). NMEL1 is also thought to be redox sensitive in vitro, because
oxidative stressors, such H2O> have been shown to induce disulfide crosslinking (192). Inter-
and intra-molecular disulfide bonds were discovered between Cys109, Cys145 and Cys4
(191) and to validate these findings and further investigate how NMEL1 is modified through
redox regulation, cysteine mutants, C109A and C109A/C145A NME1 were purified and

analysed.

To evaluate the impact of nucleotide derivatives on NDPK catalytic activity of NME1, the
change in absorbance at 340nm was measured after pre-incubation with them and subjected
to analysis via the PK/LDH coupled assay. In addition to nucleotide ligands reported
previously, H2O2, an oxidative agent, was also analysed under similar conditions to determine
how it affects NDPK activity. The data presented in Figure 4.6 revealed that the two
nucleotides that decreased the NDPK activity of NME1, based on the lowest AOD340nm after
10 minutes, were CoA and dephosphorylated (at the 3’ position of the ribose sugar) CoA.
Interestingly, acetyl CoA did not have the same effect. These results, including the analysis
by DSF and the structural differences between the CoA derivatives (Figure 4.2) suggest that

the increase in thermal stability of NMEL, but not enzymatic activity, was dependent on the
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phosphate group attached to the adenosine ring. Whereas the enzyme activity was subject to
the presence of the sulfhydryl side chain in CoA and dephosphorylated CoA (deP CoA). This
also highlights that analysis by DSF yielding a small AT, value, particularly a negative value
like that shown for deP CoA, does not necessarily indicate that a ligand is not binding or having
a large impact on the protein, demonstrating the importance of exploiting a variety of

techniques for experimental investigations.

The sulfhydryl group on CoA and deP CoA may be interacting with residues in NME1 important
for phosphate transfer or interfere with enzyme activity through conformational changes. In
order to further explore this, and to determine whether the sulfhydryl group interacts with
residues within the active site or not, active site mutants, such as positively charged arginine
residues that are most likely going to neutralise and interact with the sulphate group e.g. R88A,
would need to be explored. In contradiction to the literature showing the 3’-phosphorylated
nucleotides PAP and PAPS are inhibitors of NME1 enzyme activity, when tested here, activity
was not detectably inhibited in their presence. However, as optimised previously (Figure 3.30),
relatively high levels of NDP/NTP substrate were utilised in this assay, and as the K4 of PAP
and PAPS is lower than NTP’s or NDP’s (410), PAP and PAPS may have been outcompeted
by these in the assay mixture. What's more, this inhibitory effect was reported in NDPK from

Dictyostelium discoideum (410), and may therefore not extend to the human NDPKs.

4.8.3 Utilising cysteine mutants to further explore NME1 structure and enzyme activity
in the presence of nucleotide ligands

It is unclear whether CoA competitively inhibits NME1 by occupying the nucleotide binding
pocket as if this were the case, acetyl CoA and not dephosphorylated CoA would likely reduce
enzyme activity. However, Figure 4.6B confirms that in the presence of a set CoA
concentration, the AODssonm increases relative to ATP concentration. Interestingly, CoA
binding and inhibition of NME1 has been discovered previously in cells and in vitro (417), and
this study concluded that CoA binds covalently and non-covalently to NME1, which might
explain the findings in Figure 4.5, where the inhibition mechanism would likely be due to
covalent (irreversible) inhibition. CoA binding was discovered to be dependent on
experimental conditions, and the proposed covalent binding was evident under oxidative
conditions and was reliant on Cys109. As previously stated, the cysteine residues of NME1
are important for response to oxidative stress, and Cys109 in NME1 could be a key redox
regulator (408).

To gain further insights into this model, C109A and C109A/C145A NME1 mutants were also

analysed by DSF in the presence of nucleotide analogues (Figure 4.7). The AT, values
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observed for C109A NME1 and C109A/C145A NMEL1 in the presence of the nucleotide test
ligands decreased compared to WT NME1. This suggested that these residues are likely to
be involved in binding. However, they are not critical as the changes in T were not abolished
upon amino acid substitution. In fact, it may be that these nucleotides and CoA derivatives
alter the conformation of the protein structure, yielding differences in T, compared to the wild-
type (WT). To verify this theory, native-PAGE analysis was carried out on these proteins in
the presence of these ligands (Figure 4.8). Most notably, when proteins were analysed under
non-reducing conditions, two monomeric bands in WT NME1 and C109A NME1l were
observed, but one was absent for C109A/C145A NMEL. This suggests that the fastest
migrating band is likely a population of NME monomer with an intramolecular disulfide

between Cys145 and Cys4.

The resistance to CoA interaction by mutation of Cys 109 to Ala reported by Song et al is likely
due to prolonged pre-incubation with H.O3, since inhibition of CLO9A NME1 was evident under
non-oxidative conditions and this is corroborated by my data, in which CoA inhibits both Cys
mutants as well as the WT (Figure 4.9C). This revealed that inhibition is likely due to ATP/TDP
competition and not inhibition by covalent binding. However, my data did suggest that another
residue may play an additional role in thiol binding, as acetyl CoA does not inhibit the protein.
To further explore this, the NDPK activity of the cysteine mutants pre-incubated with acetyl
CoA and dephosphorylated CoA would need to be measured. When analysed by native-
PAGE, CoA appeared to reduce WT NMEL, as the monomeric band containing the
Cys4/Cys145 disulfide was less apparent. This is further corroborated by the reduction in

dimer population of WT NMEZ1 with CoA whereas it increased with acetyl CoA.

In the presence of ATP, the density of the monomeric bands reduced, and higher order
oligomers were stabilised, which is particularly prominent for CL09A NMEL. In fact, it appeared
that in the absence of C109, the hexamer oligomer was stabilised. Lack of dimers in
C109A/C145A NMEL1 indicated that Cys109 is not solely responsible for dimer stabilisation.
The sulphide group in PAPS and APS does not seem to have the same effect on NME1 or
C109A NME1 as in CoA. It is possible that under non-oxidative conditions, inhibition by CoA
may be due to reduction of Cys4 as it is exposed on the surface of the protein structure and
mutating Cys145 in addition to Cys109 does not cause resistance to CoA inhibition.
Furthermore, the side chain of CoA could alter the conformation of the protein leading to an

unfavourable position for disulfide cross linking.

In the presence of CoA and H,O;the ATy, values of both WT NME1 and C109A NME1 change

incrementally with increasing concentrations of both CoA and H.O,. In comparison to CoA,
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H.O, incubation resulted in ATy values indicative of destabilisation. C109A NME1 was
observed to be more resistant to the changes in T displayed by WT NMEL. This is in
accordance with the literature, as studies have demonstrated that due to the oxidative
conditions induced by H>O,, Cys109 is thought to be exposed to the surface and in doing so
forms disulfide bridges that promote hexamer dissociation. However, with the previous
findings, this data demonstrates that mutating the Cys residue to Ala, does not result in a fully
resistant protein, highlighting that there may be other factors involved. Furthermore, from
Figure 4.9C, when the NDPK activity of NME1 and cysteine mutants was measured using the
PK/LDH assay, CoA appeared to inhibit WT NME1 and both the cysteine mutants. This is
likely due to the non-covalent binding of CoA and competitive inhibition with nucleotide
substrates of NME1 and while my work was taking place, Gout and colleagues demonstrated
that the NDPK activity of the catalytically active CL09A mutant was still inhibited by CoA (417).
However, in the presence of H>O>, the NDPK activity of WT NME1 was not affected, and as a
result it was unclear whether the cysteine mutants were resistant to H>O- oxidation. Other
studies have demonstrated inhibition of NDPK activity by H.O2 however only substantial loss
of activity was lost at 5 mM when pre-incubated for 2 hours prior to NDPK activity
measurement (192), meaning a loss of NDPK activity may be undetectable for WT NMEL1 at
2 mM H20;.

Although inhibition of NDPK activity in the presence of CoA was present (Figure 4.9), the
autophosphorylation activity of NMEL in the Cys mutants did not appear to change, and was
certainly not abolished (Figure 4.10). This may be due to the first half of the ‘ping pong’
reaction mechanism catalysed by NME1, in which the phosphate is transferred to the active
site His118, not being greatly affected by CoA, or simply the differences in technique. On the
other hand, when analysed in the presence of H.O,, an SDS resistant dimer was apparent for
WT NME1 and C109A NME1. What's more, the level of autophosphorylation detected for the
C109A NME1 monomer was reduced. This demonstrated that the dimer present under
oxidative stress was stabilised by a disulfide link involving Cys145, and most likely Cys4, as
the C109A/C145A NMEL protein was resistant to dimer formation, as well as a reduction in
N1 pHis levels shown by WT NME1 and most notably, C109A NMEL1. However, it is difficult
to determine if this is a true result. Due to the nature of the heat labile N1 pHis modification,
samples processed for immunoblot analysis to detect N1 pHis are not heat-treated, although
SDS is still present in order to denature the protein. As shown previously, the C109A NME1
hexamer is stabilised by the presence of ATP (Figure 4.8), meaning an SDS resistant N1 pHis
hexamer undetectable by western blot may account for the reduction of N1 pHis monomer.
This would explain why no reduction in NDPK activity was demonstrated by C109A NMEL1 in

the presence of H,O-in Figure 4.9.
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Moreover, the dissociation of the hexamer does not necessarily result in a reduction in enzyme
activity, particularly autophosphorylation activity. This is supported by the fact that the purified
R105A NME1 mutant, which was found to be a dimer in solution, maintains its
autophosphorylation activity. Therefore, in the presence of H,O; or other oxidising agents, the

N1 pHis signal across oligomers, may not be reflective of a reduction in activity.

4.8.4 Can small molecule NME1 inhibitors be discovered from unfocused libraries?
Published genetic work aimed at understanding molecular mechanisms underlying the ability
of NMEL1 to suppress metastasis led to several observations demonstrating that NME1 binds
to a variety of proteins and cofactors, for example the kinase suppressor Ras 1 scaffold
protein. This, along with its role in metastasis suppression makes NME1 a desirable target for
small molecules. To this end, a variety of clinically approved kinase inhibitors, including RAF
inhibitors found to be novel inhibitors of TPST (326) and NME1’s affinity for TPST substrates
PAPS, were first analysed here by DSF (Figure 4.11A) and then analysed by the PK/LDH
assay for NDPK activity (Figure 4.11B).

A selection of compounds that induced the largest ATy values, such as vemurafenib,
sorafenib, selemutinib and RAF-265, as well as staurosporine, a well-known broad spectrum
protein kinase inhibitor, were pre-incubated with NME1 and the NDPK activity of the enzyme
was measured. It was observed that rottlerin was the only compound that reduced the
AODs40nm and this did not appear to be a significant change. Vemurafenib greatly increased
the change in absorbance after 10 minutes, however this was also revealed for the PK/LDH

control, demonstrating that this change in absorbance is not specific to NMEL1.

As protein kinase and sulfotransferase inhibitors induced no detectable change in NDPK
activity, despite evidence for thermal effects through DSF, a new analysis with an FDA-
approved drug library was performed. When the structures of compounds that induced a AT
value below -1.0 °C were studied (Figure 4.12), it became apparent that these compounds
had the ability to oxidise NME1, for example S1949. Many other compounds, such as S2522
and S1082, that also resulted in the destabilisation of NMEL, possess carbonyl groups that

may cause oxidative stress and result in Cys-based modifications.

With this, and my data demonstrating that many FDA-library hits reduced the thermal stability
of NMEL1 in a dose-dependent manner (Figure 4.14), it was necessary to analyse the more
stable C109A mutant and the R105A NME1l dimer in the presence of a selection of
compounds. Although in some cases, C109A NME1 and R105A NME1 were observed to
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possess larger AT, values than WT NMEL in the presence of compounds, many of the
compounds were selected based on smaller ATy, values. These mutant proteins were thought
to be more resistant to destabilisation, in particular hexamer dissociation in the presence of
potentially oxidising compounds. Furthermore, the FDA-library hit counterscreen undertaken
with a standard protein kinase, revealed that these selected compounds do not induce great
changes in PKA thermal stability compared to NME1, reflective of selectivity towards NME1
(Figure 4.15C).

To analyse and obtain more qualitative data for purified recombinant NME1 and the mutants
in the presence of these FDA-library hits, gel electrophoresis was carried out under non-
reducing conditions (Figure 4.16 to 4.18). When analysed by native-PAGE, some compounds
revealed an increase in the population of NME1 dimer, a similar result to pre-incubation with
H.0,, suggesting that these compounds could be acting as oxidative stressors. However, in
contrast to H»O2, the compounds did not affect the population of the monomers, as in the
presence of H,O; the band representing the monomer containing an intramolecular disulfide
bond at ~12 kDa was stronger and in turn, the monomer at ~14 kDa was weaker. It is therefore
likely that H2O- induced disulfide cross-links between all Cys residues present, whereas the
compounds may have had a greater effect on some Cys residues more than others. Cysteine
residues can undergo different types of modifications and depending on the modification,
migration during gel electrophoresis may be different. This may account for the differences
seen in NME1 migration patterns of H,O, and the FDA-library hits, however this could not be

determined using this technique and would require mass spectrometry analysis for example.

The data presented in Figures 4.16, 4.17 and 4.18 determined the impact of mutating the
residues Cys109 and Argl105 to Ala on protein structure and the consequence that this had
on the protein response in the presence of the FDA-library hits. In contrast to WT NME1,
C109A NME1 and R105A NME1 demonstrated resistance to increased dimer formation in the
presence of S1737, S1606, S2522, S1198 and S4003 for example, whereas S2522 and
S1949 increased the hexamer population of CL09A NMEL1. This data confirms that NME1 is
sensitive to redox regulation, in agreement with recent literature (408). In addition, the
involvement of the Cys109 residue in dimer formation and stabilisation under oxidative
conditions is verified (192) and that it is specific to the dimer oligomer as when R105A NME1
which still possessed Cys109, was analysed, no other higher order oligomers were produced.
Furthermore, this data highlighted the importance of Cys residues in redox regulation and for

NMEL, in oligomer formation.
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To further evaluate the impact of FDA-library hits on NME1, analysis by ion mobility mass
spectrometry (MS) under native conditions was undertaken in the presence of ATP or
compounds. NME1, C109A NME1 and R105A NMEL1 all demonstrate an ability to bind to ATP,
and although it is clear that the oligomeric state of NME1 is dynamic and flexible under a
variety of conditions and binding partners, pre-incubation with ATP did not alter the protein
structure in a way that changed the quaternary and native fold of the protein (Figure 4.19).
This was particularly true for the R105A NME1 ‘fixed’ dimer, which did not form higher order
oligomers after stabilisation by ATP (Figure 4.19), which could have been a possible

explanation for its reduced autophosphorylation activity.

Strikingly, and in contrast to what was observed in the presence of ATP, when NME1 and the
mutant proteins were pre-incubated with library hits, distinctive changes in the oligomeric state
of NME proteins were clear. This data is summarised in Table 4.1, and selected compounds
that revealed C109A NME1 resistance to dissociation compared to WT NME1 are presented
in Figure 4.20. For example, in the presence of S4075, C109A NME1 remained a hexamer,
whereas wild-type NME1 was identified with a molecular mass of a dimer. This was not
detectable by native-PAGE, as the density of the dimeric NMEL1 band did not increase when
incubated with S4075, however when analysed by DSF, the AT value of C109A NME1 was
negligible compared to >5.0 °C for WT NMEL1 (Figure 4.15B). S4075, also known as zinc
pyrithione, is known to dissociate to zinc salt and pyrithione in the cell (444, 445). Hyper-
accumulation of zinc has been found to cause mitochondrial dysfunction associated with
reactive oxygen species, which is linked to the reduction in ATP production (446-448). NME1
may detect the high levels of zinc and react to oxidative stress, dissociating the hexamer and
this response may be inhibited in C109A NMEL1. On the other hand, the presence of sulphur
and oxygen groups in S4075 may result in cysteine modification in WT NME1 but not C109A

NME if zinc salts are formed when dissociated form pyrithione.

As discussed previously, S1949 is an oxidising agent, and from the data presented in this
chapter, it is likely that S1949 is resulting in the oxidation of NME1, as supported by thermal
destabilisation when analysed by DSF, and an increase in dimer population when analysed
by native-PAGE. This was further corroborated through analysis by native MS, as when
incubated with S1949, the molecular mass of the protein detected was ~ 32 kDa, distinctive
of a NME1 dimer. C109A NME1 however, was revealed to have a molecular mass of ~54 kDa,
which is representative of a trimer. When C109A NME1 was analysed by DSF in the presence
of S1949, the AT value was lower than that displayed by WT NME1, but the thermal stability
of C109A NME1 was reduced, suggesting that CL09A NME1 maintained some resistance to

dissociation. The dissociation of the hexamer to a trimer, as opposed to a dimer, may be due
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to menadione yielding modifications in Cys145 and Cys4, as demonstrated by native-PAGE
analysis and the presence of a monomer doublet migrating to ~ 13 kDa. This was not observed
for any other compound tested and would explain why C109A NME1 was still affected.
Dissociation to a trimer for CL0O9A NME1 and a dimer for WT NME1 was also noted when pre-
incubated with the compound S1082. Both S1949 and S1082 did not appear to interfere with
trimer association in the C109A NME1 mutant protein, suggesting that the Kpn loop involved
in trimer interaction remained intact in the presence of these compounds but was disordered

in WT NMEL1, promoting dissociation to a dimer.

It also remains possible that in the gas phase, where ‘native’ MS is carried out, both wild-type
NME1 and C109A NME1l were more sensitive to dissociation in the presence of these
compounds compared to in solution. This would therefore shed light on the differences
obtained by native MS and native-PAGE. However, the collective data does highlight the role
of Cys109 in dimer stabilisation under oxidative stress, as it is clear that in the presence of
compounds such as S1949 and S1737 for example, the C109A NME1 hexamer is less prone
to dissociate, which is corroborated by both techniques.

4.8.5 In vitro analysis of NME1 with small molecule ligands

To further expand on these novel findings, the enzyme activity including autophosphorylation
and NDP kinase activity of NMEL1 in the presence of the FDA-library hits were analysed. The
autophosphorylation activity of NME1 was tested by immunoblot (Figure 4.21) and the NDP
kinase activity was analysed through the PK/LDH coupled assay (Figure 4.22). It was revealed
that under reducing (in the presence of DTT) and oxidising (diamide) conditions, N1 pHis
autophosphorylation at His118 in the NME active site occurred, however this was reduced in
the presence of diamide. This is most likely due to extensive cysteine modification and
hexamer dissociation. Analysis by western blot clearly showed that the level of
autophosphorylation on His118 varied in the different oligomeric species and under different
conditions. For example, in reducing conditions, monomeric N1 pHis NME1 increased, and
the N1 pHis dimer species was no longer present. Due to each monomer of the NME1
hexamer binding an ATP molecule, it is not surprising that each monomer becomes
autophosphorylated at His118. However, this does make it difficult to make conclusions on
the inhibitory effects of these compounds through western blot, as although the detected N1
pHis dimer species seemed to vary with different compounds it is not clear whether

undetectable higher order oligomeric species maintain the activity of the enzyme in solution.

To combat this, the PK/LDH assay was employed and the NDPK activity was measured, which

relies on the formation of the pHis enzyme intermediate. A AODzsonm after ten minutes,
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demonstrating the production of NAD* as a product of active enzymes within the assay
system, was observed in the presence of all compounds. This indicated that the presence of
these compounds, and apparent change in NMEL1 structure did not inhibit the NDPK activity
in this assay. It is clear that the protein structure of NMEL can vary and the changes in the
thermal stability of the protein, particularly negative shifts when analysed by DSF does not
necessarily result in the enzyme activity of the protein being affected. For the library hits found
here, the effects on the NME1 structure and stability may yield changes in the functional
properties of NMEL1 that are unrelated to NDP kinase activity. The results found here therefore

suggest that the catalytic activity of NMEL1 could be independent of its oligomerisation state.

Identifying new binding partners of NME proteins like these described in this Chapter could
provide new insight into the cellular functions of the multi-faceted NME proteins, in particular
with regard to oligomerisation linked to enzymatic activity. This might allow further exploration
into the potential role of NME proteins role as elusive ‘histidine kinases’, as has been proposed
through the transfer of phosphate in the NMEL pHis intermediate to other proteins in trans.
However, pHis modifications and their roles within human cells are not very well understood.
Chapter 5 utilises the knowledge gained from Chapters 3 and 4 to more thoroughly investigate

NME1 and NME2 as putative protein histidine kinases.
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Chapter 5: Investigating NME1 and NME2 as histidine protein

kinases

Introduction

Despite the presence of Ser/Thr and Tyr phosphorylation in most prokaryotes and plants, it is
believed that the dominant form of protein phosphorylation in these organisms is His
phosphorylation catalysed by His protein kinases functioning as part of ‘two-component’ signal
transduction systems (449-451). The imidazole ring of His contains two phosphorylatable N-
containing atoms, so two possible isomers of phosphohistidine can be generated: N1
phosphonhistidine (N1 pHis) and/or N3 phosphohistidine (N3 pHis) (11, 133). In bacteria and
plants, pHis is critical for cell signalling, and plays a dominant role in the two-component
signalling systems (TCS) (Figure 1.6) (12). In this system, a His kinase is linked to a
membrane-bound receptor, which is activated through a sensor domain upon detection of an
extracellular stimulus; this results in autophosphorylation on a conserved His residue in the
receptor. Subsequently, the phosphoryl group is transferred enzymatically to a conserved Asp
residue located in the regulatory domain of a response regulator protein (452-455). In bacteria,
two-component signalling is important for environmental sensing, biofilm formation and in
diseases and drug-resistance (456). In higher plants, pHis is connected to multiple regulatory
mechanisms, including circadian rhythms, osmoregulation, cytokine and ethylene signalling
(457, 458).

The activation of the response regulator protein, which is often a transcription factor,
modulates the cellular response, or in more complex systems typically found in plants, the
histidine kinase activates multiple phospho-relay reactions (459). The ‘thermodynamic
instability’ of the phosphoramidate bond in N1 pHis or N3 pHis (133), as well as the
phosphoanhydride bond in phosphoaspartate (460, 461), is postulated to facilitate these
phosphoryl transfer reactions. However, the unstable nature of these bonds significantly
impedes biochemical investigation into pHis-based cell signalling, since standard gel-based
analysis and phosphoproteomics workflows both rely on acidic conditions or elevated
temperatures for analysis, which are incompatible with the acid and heat-labile nature of pHis
(133). As a consequence, eukaryotic studies into non-canonical phosphorylation have fallen
behind compared to the study of heat-stable pSer/Thr/Tyr, and the extent to which pHis, pLys,
pArg (and other non-canonical phosphorylation) on proteins contribute to mammalian cell

signalling remains unclear.

However, with the development of new tools and protocols for experimental analysis, recent

studies have shed some light on the characteristics and mechanisms of pHis in mammalian
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cells (7-10). Indeed, phosphorylation on a His residue in histone H4 was one of the earliest
described events driven by a still-unidentified histidine kinase (135, 279, 462). Moreover, the
NME1 and NME2 enzymes have been proposed to function as His protein kinases, perhaps
consistent with their well-characterised ability to employ a pHis intermediate during catalysis
in their well-established roles as nucleoside diphosphate kinases. Moreover, to date, NME
proteins are the only putative mammalian histidine kinases that have been characterised in
any detail (7, 13).

_ o o Putative
Protein His site pHis isoform o Reference
His Kinase
NME1 His118 N1 pHis - Wagner et al, 1995
NME2 His118 N1 pHis - Wagner et al, 1995
PGAM His11 N3 pHis - Cantley et al, 2010
KCNN4 (KCa3.1) His358 N3 pHis NME2 Srivastava et al, 2006
Histone H4 Chen et al, 1977
_ His18 N1/N3 pHis Unknown
(HisH4)
TRV5 (TRPV5) His711 N3 pHis NME2 Srivastava et al, 2014
SUCLG2 His105 N1 pHis NME1 Kee and Muir, 2012

Table 5.1. List of pHis containing proteins and site of phosphorylation

NME1 and NME2 share 88% identity (463) and both bind to a variety of nucleotides including
ATP (Chapters 3 and 4) however, they do not possess conventional substrate-binding features
found in protein kinases. Moreover, these putative histidine protein kinases have been
reported to phosphorylate different protein substrates on His residues (Section 1.8.3). For
example, NME1 has been reported to phosphorylate succinate CoA synthetase (264, 464,
465), ATP-citrate lyase (466) and annexin Al (8, 467), whilst NME2 phosphorylates the -
subunit of trimeric G proteins (296), the potassium channel KCa3.1 (243, 468) and the calcium
channel TRPV5 (273). To evaluate this further, peptide sequences derived from a select few
of these substrates, containing the pHis sites, were utilised for the experimental procedures
described in this chapter (Table 5.1).

The aims of the work described in this chapter are:
1. Determine experimental conditions under which pHis can be detected in human cell
extracts.
2. Explore the enzymatic activity of recombinant NME and NME isolated from human
cells lines and establish whether phosphate can be transferred to an unphosphorylated

His residue
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3. Investigate the interaction and potential phosphorylation of NME1 and NME2 with
peptides derived from putative His-containing substrates

5.1 Detecting global phosphohistidine (pHis) levels in human cell lines

To carefully investigate the ability of NME1 and NMEZ2 to transfer a phosphoryl group onto a
His residue in a protein substrate, both bacterially and human cell sources of NME1 and NME2
were utilised. To determine an appropriate human cell line in which to express NME,
endogenous pHis levels were determined in human HeLa and HEK293T mammalian cell lines,
both of which are ideal for transfection. To help understand conditions under which pHis can
be detected and in order to generate appropriate controls and optimise experimental
procedures, both cell lines and different lysis conditions were explored.
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Figure 5.1. Thermal analysis of global pHis levels in human HEK293T and HelLa cells
under different lysis conditions and blocked with 5% milk-TBST solution. HelLa or
HEK293T cells were lysed in 2% SDS and 1% Triton-X100 (Condition 1), 2% SDS (Condition
2) or 1% Triton X-100 (Condition 3) (Section 2.21). Samples were split into two and one was
heat-treated to 95 °C for 30 mins. Recombinant NME1 and PGAM in the presence of
phosphate donors ATP and DPG were used as positive controls. 50 ug samples of cell lysate
were subjected to electrophoresis on a 15% acrylamide gel and processed for immunoblotting.
The nitrocellulose membranes were blocked in 5% milk-TBST solution before being probed
with (A) N1-phosphohistidine antibody or (B) N3-phosphohistidine antibody. Total cell lysate
loaded was determined by stripping and reprobing the membrane for anti-GAPDH. A
representative immunoblot is shown.
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Figure 5.1 demonstrates three different conditions in which HeLa and HEK293T mammalian
cells were lysed and lysates analysed by immunoblotting, using 5% low-fat milk-TBST, to
evaluate N1-phosphorylated histidine proteins (Figure 5.1A) or N3-phosphorylated histidine
proteins (Figure 5.1B). Lysates were split into two samples and one sample was heat-treated
to 95 °C to confirm whether any proteins detected were heat sensitive (indicative of non-
canonical phosphorylation) and not due to non-specific binding of the antibodies. Lysis
conditions in a Tris buffer, but differing in types and therefore strength of detergent, were also
compared (Section 2.21). One consisted of lysing HeLa or HEK293T cells in SDS sample
buffer (2% SDS, 1% Triton X-100), as described by Hunter and colleagues (8, 9). In HeLa cell
lysate, two major protein bands were detected at ~ 20 kDa and ~19 kDa, likely to be equivalent
to endogenous pHis-containing NME1 and pHis-containing NMEZ2. Upon heat treatment, these
signals were no longer be detected. The second lysis condition comprised 2% SDS, but lacked
1% Triton X-100; in the HelLa cell lysate a polypeptide band at ~20 kDa was seen. A similar
pattern was also detected under lysis condition three (no SDS, 1% Triton X-100) in a HelLa
cell lysate, but the signal detected for N1 pHis was weaker than that seen when the first two

lysis conditions were employed.

In HEK293T cell lines, identical lysis conditions were also compared. A signal consistent with
NMEL1 was detected in HEK293T cell lysate using condition 1. This band was also shown in
lysis condition two but to a lesser degree, and this signal weakened further for non-heat-
treated lysis condition three. Across all lysis conditions in the heat-treated samples, the
putative signal for an N1 phosphorylated protein was abolished. This is in broad accordance
with data obtained using recombinant purified NMEL controls (Section 3.5). The presence of
N3 histidine phosphorylated proteins in HeLa and HEK293T cell lysates was also examined
(Figure 5.1B). In both cell lines, no N3 pHis proteins could be detected under any experimental

conditions, although the purified recombinant PGAM control was detected.

To compare experimental procedures and conditions, identical cell extracts were processed
using a 5% BSA-TBST (Figure 5.2). An additional sample, provided by Dr Christopher Clarke,
comprising of HeLa cells lysed in 1% SDS, 1% deoxycholate and 1% NP40, was also analysed
to further investigate how the difference in lysis conditions effects pHis detection. Figure 5.2A
shows Hela cell lysates under the different lysis conditions after western blot analysis using
anti-N1 phosphonhistidine and anti-N3 phosphohistidine antibodies with recombinant NME1
and PGAM in the presence of phosphate donor as a positive control. When probed for N1
phosphohistidine antibodies, the HeLa cell lysate in condition one detected a variety of signals,

with the strongest present at ~19 kDa alongside a lower band of ~17 kDa. The ~19 kDa band

199



is consistent with the cleaved recombinant NME1 control, and likely represents endogenous
NMEL. As reported previously, NME2 migrates more quickly than NME1 during SDS-PAGE,
(Figure 3.3) and appears below endogenous NMEL1 at ~17 kDa.
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Figure 5.2. Thermal analysis of global pHis levels in human HEK293T and HelLa cells
under different lysis conditions and blocked with 5% BSA-TBST solution. HelLa or
HEK293T cells were lysed in 2% SDS and 1% Triton X-100 (Condition 1), 2% SDS (Condition
2) or 1% Triton X-100 (Condition 3) and for (A) 1% SDS, 1% deoxycholate and 1% NP40
(Condition 4). Samples were split into two and one was heat-treated to 95 °C for 30 mins.
Recombinant NME1 and PGAM in the presence of phosphate donors ATP and DPG were
used as positive controls. 50 ug samples of cell lysate were subjected to electrophoresis on a
15% acrylamide gel and processed for immunoblotting. The nitrocellulose membranes were
blocked in 5% BSA-TBST solution before being probed with (A) N1-phosphohistidine antibody
or (B) N3-phosphohistidine antibody. Total cell lysate loaded was determined by stripping and
reprobing the membrane for anti-GAPDH. A representative immunoblot is shown.

Cell lysates that were processed using western blot analysis were split in two and one sample
was heat-treated to 95 °C. When this was done, only a faint band at ~25 kDa is detectable
and as N1-phosphohistidine is heat labile, this is likely to be due to either non-specific antibody
binding or the presence of a N1 pHis protein that is highly resistant to heat treatment. The
identity of the signals at ~48 kDa, ~40 kDa, ~ 34 kDa, ~25 kDa in the non-heat-treated sample
under lysis condition one are unknown, although they could be oligomers of NME1 or NME2,
for example the band at ~34 kDa band that is detected corresponds to the molecular weight
of a NME1 or NME2 dimer (see Section 3.6).
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HEK293T mammalian cell lysates were analysed in the same way as HelLa cell lysates and
as shown in Figure 5.1 under three different lysis conditions (Figure 5.2B). As before, samples
were divided in two, and one half was heated at 95 °C for 30 minutes. In Lane 1, under lysis
condition one, the non-heat-treated sample shows a protein band at ~19 kDa, and a weaker
protein band signal at ~40 kDa. Under these same conditions, when heat-treated these bands
were no longer detected. In the presence of only 2% SDS, the same ~19 kDa and ~40 kDa
bands were detected, with the addition of a band at ~34 kDa and ~80 kDa. When lysed in 1%
Triton X-100, bands detected in the HEK293T cell lysate was consistent with lysis condition
two. In contrast to condition one, in lysis conditions two and three, the signal corresponding to

a protein of ~40 kDa possessed a stronger signal, whereas endogenous NMEL1 at ~19 kDa.

The HEK293T cell lysates were also immunoblotted with commercial monoclonal anti-N3 pHis
antibody in order to identify if any N3 pHis proteins are present. When lysed in condition one,
a polypeptide band was detected at ~27 kDa which was not present when the sample was
heat-treated. For lysis conditions two and three, it was not possible to determine specific
binding from non-specific binding, but it was apparent that the ~27 kDa band detected in lysis
condition one, was not detectable in these conditions. The pHis control, PGAM prepared in
the presence of DPG in order to generate 3-His autophosphorylate protein (Section 3.5),
migrated at a similar position to that established in lysis condition one and it is therefore likely
to be endogenous N3 pHis PGAM.

NME1 and NMEZ2 play a key role in nucleotide homeostasis and have been reported to employ
their intrinsic nucleoside diphosphate kinase machinery to phosphorylate proteins on histidine
residues (7, 180, 373). To test whether supplementation of cell lysate with active NME1 or
NME2 could alter and/or enhance global pHis levels, a ‘spiking’ experiment was performed.
As shown in Figure 5.3, no signal was detected at the position of endogenous NME1 or NMEZ2,
although the positive control revealed that the added NME1/2 were phosphorylated. When
immunoblotted using N3 pHis antibodies, no bands corresponding to endogenous N3 pHis

proteins were detected, with the exception of the recombinant PGAM N3 pHis control.
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Figure 5.3. Thermal analysis of mammalian cell lysate ‘spiked’ with recombinant NME1
and NME2 in the presence and absence of ATP. 50 pug of HEK293T cell extract lysed in 1%
Triton X-100 were incubated in the presence and absence of purified recombinant NME1,
NME2 and 1 mM ATP. Samples were split into two and one was heat-treated to 95 °C for 30
mins. 1 pg recombinant NME1 or PGAM in the presence of ATP and DPG was used as a ug
positive control. Samples were then subjected to electrophoresis on a 15% acrylamide gel
and processed for immunoblotting with (A) N21-phosphohistidine antibody or (B) N3-
phosphohistidine antibody. Total cell lysate loaded was determined by stripping and reprobing
the membrane for anti-GAPDH. A representative immunoblot is shown. Similar results were
seen in a repeat experiment.

The next step taken to evaluate whether NME1 and/or NME2 were able to act as protein
histidine kinases in trans was to determine whether they were capable of transferring a
phosphate from their own active site histidine onto a separate NME protein. To this end, trans-
phosphorylation on N1 or N3 of His amino acid present in 3C-cleaved untagged NME2 was
analysed by western blot (Figure 5.4) (Section 2.23). In order to distinguish between trans-
phosphorylation and cis-phosphorylation in this experiment GST-tagged protein was utilised
to ensure excess ATP was removed from the histidine kinase being tested, in this case GST-
tagged NMEL. However, as an additional control, NME2 was also analysed in the presence
of GST-tagged H118A NMEL (inactive) to determine whether the ATP was successfully
removed. The GST-tagged proteins were incubated with glutathione beads and subsequently
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ATP. The protein conjugated beads were then thoroughly washed to remove the excess ATP
and to obtain pHis NME1.

GST-NME1 GST-H118A NME1
++ ++ + +++ + ++ + - + NME2
= = = = = 4 = = = = = = = = H118ANME1
- = = = = =4 = = = = = = = R105ANME1
=+ + = = 4+ 4+ = 4+ + = - + + ATP
= = =4+ 4+ = = = = - 4 4 - - GTP
- =+ -+ 4+ + - - 4+ - + - - MgCl

<4— N1 pHis-GST-NME1
Anti-N1 pHis

“— N1 pHis-NME2

<+— N3 pHis-GST-PGAM
<+— Cross reactive N1

Anti-N3 pHis pHis-GST-NME1?

<+— GST-NME1
Anti-NME

<+— NME2

Figure 5.4. Analysis of potential trans-phosphorylation of NME on N1 or N3 pHis. 5 ug
of GST-tagged NME1 or GST-tagged H118A NME1 were pre-incubated with glutathione
Sepharose beads and 2 mM ATP and/or 10 mM MgCl,. Excess ATP was removed and then
5 pg untagged NME2, H118A NME1 or R105A NME1 was incubated with GST-NME1 or GST-
H118A NME1 for 30 mins at 25 °C. Sample buffer was added to terminate the reaction.
Samples were then subjected to western blot analysis by using an N1 pHis antibody or N3
pHis antibody. Samples were split in two and one was heat-treated at 95 °C. Heat-treated
samples were probed with anti-NME1 antibody to determine total protein.

In the absence of any ATP or untagged NME2, no N1 pHis NME1 was detected. When GST-
NME1 and GST-H118A NMEL1 were incubated in the presence of ATP, in all conditions, only
wild-type pHis GST-NME1 was detected by the N1 pHis antibody, and due to high levels of
N1 pHis NMEL1 and therefore likely cross reactivity with the N3 pHis antibody, it was also
detected when probed for N3 pHis. The GST-H118A NMEL1 protein was not detected by either
antibody as expected. On the other hand, a signal for untagged NME2 appeared in the
presence of ATP and GTP, both with and without the addition of MgCl.. The observed signal
was lower in the presence of ATP alone, and increased with MgCl, whereas in the presence
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of GTP alone the signal for N1 pHis NME2 was highest, reducing after the addition of MgCl..
No untagged N1 pHis H118A NME1 was evident in this experiment, consistent with a lack of
pHis in these proteins. Untagged R105A NME1 was included in this experiment as it displays
a reduced ability to autophosphorylate (Figure 3.19), but still possesses the active site His118
and because of this, it was hypothesised that it may be a potential target for trans-

phosphorylation. Despite this, no N1 pHis R105A NME1 was revealed.

The presence of pHis-containing NME2 after incubation with GST-H118A NME1, ATP and
ATP/MgCl, demonstrated that the excess ATP may not have been completely removed. This
makes it challenging to determine whether or not the pHis NME2 present when incubated with
the pHis GST-NMEL1 was a result of trans-phosphorylation. However, where the pHis NME2
signal was strongest, the level of pHis GST-NME1 was reduced compared to the GST-NME1
controls for example. Furthermore, when GST-H118A NME1 was pre-incubated with GTP and
GTP plus MgClz no pHis NME2 was observed, or the levels of pHis NME2 were undetectable
via this method. This suggests, but does not prove, that trans-phosphorylation might be

occurring in the presene of GTP.

5.2 Investigating the histidine kinase ability of recombinant NME1 and NME2
towards artificial substrates

In order to further explore pHis deposition in substrates by the putative histidine kinases NME1
and NME2, GST-fusion peptides containing a histidine amino acid previously shown to
undergo phosphate transfer, were generated in bacteria and purified. Each peptide sequence
was derived from the putative protein substrates shown in Table 5.1 and GST-peptide

sequences are shown in Table 5.2.

Peptide Sequence
NME1-tide QVGRNIIHGSDSVES
NME2-tide QVGRNIIHGSDSVKS
KCNN4-tide FRQVRLKHRKLREQV
HisH4-tide GKGGAKRHRKVLRDN
TRV5-tide LRONTLGHLNLGLNL

SUCLGZ2-tide SGLKGGVHLTKDP NV

Table 5.2. Peptide sequences derived from putative substrates containing pHis site
(highlighted in red)
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The GST-fusion peptides were expressed in E. Coli and purified using affinity chromatography
(Section 2.18). Once the peptides were eluted from the glutathione beads using reduced-
glutathione (R-Glutathione), the identity of the proteins were confirmed by proteolytic cleavage
with 3C protease. Each GST-peptide contained a 3C cleavage site (Leu-Glu-Val-Leu-Phe-
GIn/Gly-Pro) to allow removal of the tag from the peptide in the presence of 3C protease,
detected by a change in electrophoretic mobility. Figure 5.5 shows the unbound fraction that
was collected prior to elution of each GST-peptides alongside the peptides after purification,
both before and after proteolytic cleavage by 3C. Figure 5.5A and B demonstrate the
appearance of proteins at the predicted molecular weight of ~25 kDa, corresponding to GST.
For all GST-fusion peptides, this band migrates slightly more quickly in the presence of 3C

protease, confirming the presence of the substrate peptide.
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Figure 5.5. Purification and SDS-PAGE analysis of GST-His tagged putative substrate
peptides. Lysates containing expressed GST-fused peptides were incubated with Glutathione
Sepharose and bound peptides were eluted using competition with soluble Glutathione. The
eluate was then incubated with 3C protease at 30 'C for 30 minutes. Samples of unbound
flow-through (FT), eluate (E) and eluate incubated with 3C (E+3C) were subjected to
electrophoresis on a 12% acrylamide gel.
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Figure 5.6. Western blot analysis of purified recombinant NME1 incubated with His
containing GST-peptides. 1 pug of NME1 was incubated with 1 pg of the indicated GST-
peptide for 10 minutes at ambient temperature before adding 500 uM of ATP in the presence
and absence of either 10 mM MgCI; for 1 min before being resolved by SDS PAGE on a 15%
acrylamide gel and analysed by western blot. Top panels: Samples were processed for
western blot analysis using (A) and (B) N1-pHis or (C) and (D) N3-pHis antibody. Bottom
panels: membranes were stained using ponceau to determine total GST-peptide and total
NME1 protein levels.
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| next used immunoblotting analysis to evaluate His phosphorylation before and after
incubation of peptides (Figure 5.5) with enzymatically active NME1 (Figure 5.6) or NME2
(Figure 5.7) in the presence and absence of ATP and MgCl,. Unfortunately, no evidence of
peptide phosphorylation was present using N1 pHis antibodies, although the antibodies
recognised N1 pHis in both NME1 or NME2.

The TRV5 and KCNN4 (KCa3.1) ion channels are both reported to be phosphorylated at the
N3 position of His (273, 468). Therefore, these samples were also immunoblotted with anti N3
pHis antibodies (Figure 5.6C and D). However, no N3 pHis was detected at the appropriate
position for the fusion peptide (~25 kDa), although the antibody detected PGAM in the
presence of DPG, consistent with the presence of N3 pHis in the control. A similar result was
obtained when purified recombinant NME2 was incubated with the indicated GST fused
peptides (Figure 5.7) and no N1 pHis or N3 pHis signal was detected in the peptides. This
shows that under these experimental conditions, recombinant NME1 and NME2 are unable to
phosphorylate these peptides at the proposed site of His phosphorylation reported in the full-
length proteins. However, it remained possible that since excess ATP or ADP would occupy
the nucleotide binding pocket of NME1 and NMEZ2, this might continuously catalyse the
forward and reverse reaction of the nucleoside diphosphate kinase reaction (Figure 1.9),

leading to loss of pHis in a protein substrate.
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Figure 5.7. Western blot analysis of purified recombinant NME2 incubated with His
containing GST-peptides. 1 ug of NME2 was incubated with the indicated 1 ug GST-peptide
for 10 minutes at ambient temperature before adding 500 uM of ATP in the presence and
absence of either 10 mM MgCI; for 1 min before being resolved by SDS PAGE on a 15%
acrylamide gel. Top panels: Samples were processed for western blot analysis using (A) and
(B) N1-pHis or (C) and (D) N3-pHis antibody. Middle panels: Membranes were stained using
ponceau to determine total GST-peptide. Bottom panels: Samples generated for the top panel
were split into two reactions and one half was heated-treated at 95 “C and analysed by western
blot using anti-NME1 antibody to determine total NME2 protein.
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To investigate this further, excess ATP removed from His-phosphorylated purified
recombinant NME (Section 2.15) and an experiment performed with either pNME1 (Figure
5.8) or pNMEZ2 (Figure 5.9) in the presence of GST-peptides was carried out. These proteins
were already phosphorylated on His118, and no nucleotide substrate was added to the
reaction mixtures, to evaluate if phosphotransfer could occur. The controls in this experiment
were GST, to ensure that any phosphate transfer observed was not transferred to GST itself
and pNME incubated with ADP. Like that shown in Figure 3.28, pHis signal of pNME reduced
in the presence of ADP, indicative of phosphate transfer, and was therefore utilised as a
benchmark for histidine protein kinase activity. For both pNME1 and pNMEZ2, no histidine
protein kinase activity was observed when analysed by western blot. This was apparent as no
band at ~25 kDa was revealed when incubated with the GST-peptides, indicating no
phosphate was transferred to a His residue at either the N1 or N3 position on these peptides.
Furthermore, the only reduction in N1 pHis NME signal was revealed in the presence of ADP,

a substrate of the NDPK reaction.

Once more, the samples were analysed utilising the N3 pHis antibody. However, apart from
the PGAM N3 pHis control, no signal was detected. Figure 5.8C shows a control experiment
involving the Tyrosine kinase EPHA3 and a substrate peptide, GST-tagged STAT5 (provided
by Dr Dominic Byrne). This experiment was carried out in order to verify the ability of GST-
fused peptides to become phosphorylated. EPHA3 autophosphorylates on several Tyr
residues, including Tyr602 and Tyr770 (469-471) and when immunoblotted with pTyr
antibodies, it was apparent that EPHA3 could be detected. When incubated with GST-STAS
alone and ATP, only pTyr EPHA3 was observed, whereas in the presence of ATP and MgCl;,
pTyr containing STA5 could also be detected, indicating that the assay was functional for
canonical phosphorylation.
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Figure 5.8. His-containing GST-peptides incubated in the presence of pHis NME1 and
analysed by western blot. 500 ng of histidine phosphorylated (pHis) NME1 was incubated
in the presence of 1 ug indicated GST-peptides and resolved on a 15% acrylamide gel before
being subjected to immunoblot analysis with (A) N1-phosphohistidine antibody or (B) N3-
phosphonhistidine antibody. 1 pg of GST and 2 mM ADP were used as controls. Total GST-
peptide and total NME1 protein was determined by ponceau staining. (C) 500 ng of EPHA3
was incubated with 1 pg of GST-fused STA5 peptide and subjected to immunoblot analysis
using a phosphotyrosine (pTyr) antibody. Total protein was determined using an antibody
against anti-His.
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Figure 5.9. His-containing GST-peptides incubated in the presence of pHis NME2 and
analysed by western blot. 500 ng of histidine phosphorylated (pHis) NME2 was incubated
in the presence of 1 ug indicated GST-peptides and resolved on a 15% acrylamide gel before
being subjected to immunoblot analysis with (A) N1-phosphohistidine antibody or (B) N3-
phosphonhistidine antibody. 1 pg of GST and 2 mM ADP were used as controls. Total GST-
peptide and total NME2 protein was determined by ponceau staining.

In Chapter 3, | showed that the R105A NME1 and NME2 mutants were enzymatically active
and were able to autophosphorylate on His in the active site (Figure 3.19) despite a marked
change in overall protein structure from a hexamer (wild-type) to a dimer. When analysed by
intact MS, the percentage of protein that underwent a mass shift consistent with addition of a
phosphate group was higher in the presence of MgCl. (Figure 3.21). Canonical Ser/Thr protein
kinases, such as Aurora A, and tyrosine kinases, such as EPHA3 (Figure 5.8C) require ATP
and Mg?* ions for enzyme activity. In contrast, autophosphorylation of wild-type NME1 and
NME?2 is partially inhibited by MgCl» (Figure 3.5 and 3.6), and they do not require this co-factor
for the NDPK reaction. | therefore speculated that since the R105A mutant protein bound Mg-
ATP, it might now possess a protein kinase-like activity, and evaluated if any histidine kinase

activity could therefore be detected towards peptides.

To do this, in a similar way to recombinant wild-type (Figure 5.6 and 5.7), R105A NME1 was
incubated with the indicated GST-fused peptides in the presence and absence of ATP and
MgCl, and analysed by western blot (Figure 5.10). In Figure 5.10A and 5.10B, when
immunoblotted for N1 pHis, a signal for RL05A NME1 was demonstrated in the presence of
both ATP alone, and ATP plus MgCl;, with a stronger signal being detected for the latter,

which is again, more characteristic of a canonical protein kinase. This was consistent with my
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previous MS data (Figure 3.21). However, no N1 or N3 pHis signal was detected in any GST-
peptides tested using R105A NME1. This demonstrated that mutating Arg105 to Ala has no
effect on protein histidine kinase activity in NME1. This finding is further supported by analysis
of R105A NME2, where the absence of any signal for N1 or N3 pHis in GST peptides was
again evident (Figure 5.11).
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Figure 5.10. Western blot analysis of GST-His containing peptides when incubated with
purified recombinant R105A NME1. 500 ng of R105A NME1l was incubated with the
indicated 1 pg GST-peptide for 10 minutes at ambient temperature before adding 500 pM of
ATP in the presence and absence of either 10 mM MgCl; for 1 mins before being resolved by
SDS PAGE on a 15% acrylamide gel. Top panels: Samples were processed for western blot
analysis using (A) and (B) N1-pHis or (C) and (D) N3-pHis antibody. Bottom panels:
Membranes were stained using ponceau to determine total GST-peptide and total R105A
NMEL protein.
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Figure 5.11. Western blot analysis of GST-His containing peptides when incubated with
purified recombinant R105A NME2. 500 ng of R105A NME2 was incubated with the
indicated 1 pug GST-peptide for 10 minutes at ambient temperature before adding 500 uM of
ATP in the presence and absence of either 10 mM MgClI, for 1 min before being resolved by
SDS PAGE on a 15% acrylamide gel. Top panels: Samples were processed for western blot
analysis using (A) and (B) N1-pHis or (C) and (D) N3-pHis antibody. Bottom panels:
Membranes were stained using ponceau to determine total GST-peptide and total R105A
NME?2 protein.

Interestingly, when the total protein present in the samples analysed was evaluated by
ponceau staining (Figure 5.10 and 5.11; bottom panel), an oligomer at ~65 kDa was observed
in the presence of ATP and MgCl; for all R1I05A NME2 samples (Figure 5.11) and for R105A
NMEL in the presence of the NME1-tide (Figure 5.10C). This molecular mass is likely to be
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representative of the tetrameric NME mutant protein. It is deemed unlikely that this oligomeric
status is generated due to the presence of GST or the fused peptide sequence, as it was also
present in the absence of GST for R105A NME2.

5.3 Investigating the histidine kinase ability of NME1 and NMEZ2 isolated from
human cell lines

Bacterial expression systems for protein production can result in improper folding or
oligomerisation, though this is deemed unlikely due to experiments described in Chapters 3
and 4). However, a vast number of eukaryotic post-translational modifications do not occur in
bacteria, many of which are required to attain the biologically active protein active in cells
(472). Therefore, a mammalian expression system was employed to study NME1 and NME2
after processing and isolation from the cellular environment. To achieve this, expression of
eptitope-tagged (Myc-tagged NME1 or FLAG-tagged NME2) was optimised in HEK293T
human cells (Section 2.22) (Figure 5.12 and 13). eGFP was exploited as a transfection control
to monitor transfection efficiency in addition to acting as a negative control for NME1 or NME2
overexpression. Figure 5.12A demonstrates that e GFP transfected cells, do not contain a ~20
kDa protein present when Myc-tagged NMEL1 transfected cells are immunoblotted using anti-
Myc antibody (top panel). The increase in the signal of the ~20 kDa band after 48 hours and
addition of valproic acid (VPA, a short chain fatty acid that enhances transient gene
expression) (473-475), further suggests that the over expression of Myc-tagged NME1 had

been achieved.

To determine whether autophosphorylation of NME1 protein was enhanced upon addition of
ATP and MgCl,, purified NME1 or H118A NME1 were analysed using the anti-N1 pHis
monoclonal antibody (Figure 5.14C). In the absence of nucleotide, the signal for N1 pHis
NMEL1 was low. When pre-incubated with ATP alone, the signal significantly increased and
was then revealed to be slightly decreased by the inclusion of Mg?* ions. Consistently, H118A
NMEZ1 showed no evidence of any autophosphorylation activity after analysis by western blot,

and had not become phosphorylated in trans by endogenous proteins at a different His site.
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Figure 5.12. Stable expression of NME1 in HEK293T cells and determination of the
histidine autophosphorylation activity of the mammalian protein. (A) Optimisation of the
expression of Myc-tagged NME1 in HEK293T cells as cell lysis was carried out at indicated
time points and/or different conditions post transfection. (B) Myc-tagged NME1 and H118A
NME1 were expressed in HEK293T cells as optimised in (A) and Myc-NME1 and Myc-H118A
NMEL1 containing cell extract was analysed by western blot using anti-Myc antibody (top panel)
and N1-pHis antibody (middle panel) to assess autophosphorylation activity. Total cell extract
loading was compared by immunoblotting with anti-GAPDH antibody (bottom panel).

The catalytic activity of over-expressed Myc-tagged NMEL, in the absence of ATP, was
evaluated initially. To this end, Myc-H118A NME1 was also generated, and cell extracts were
processed for analysis (Figure 5.12B). When analysed with the anti-Myc antibody (top panel),
both Myc-NME1 and Myc-H118A NME1 were detected. When probed using anti-N1 pHis
antibody (middle panel), a signal was only detected for N1 pHis Myc-NMEL. This supports
data obtained using bacterially-expressed proteins, in that wild-type NME1 is able to
autophosphorylate on His, but HL118A NMEL1 is not. It also demonstrates that in human cells,
His118 is the site of phosphate transfer. Interestingly, in contrast to mammalian-expressed
NME, NME proteins obtained from bacteria require an exogenous phosphate donor such as
ATP or GTP to induce His118 phosphorylation (Figure 3.6), further highlighting the importance

of examining NME proteins expressed in a human expression system.
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Figure 5.13. Isolation of NME1 and NME2 from HEK293T cells by immunoprecipitation
and 3C-proteolytic cleavage. (A) HEK293T cell extract with over-expressed Myc-NME1 and
Flag-NME2 (input) were incubated with Myc conjugated (NMEL1) or Flag conjugated (NME2)
agarose beads. The bound proteins were eluted from the beads using 3C protease. Aliquots
of the Myc and Flag-tagged input proteins and untagged eluted proteins, including eGFP
controls, were resolved on a 15% acrylamide gel and analysed by western blot using anti-
NME antibody. These samples were also processed for western blot analysis to with anti-N1
pHis antibody. (B) Myc-tagged NME1 and Myc-tagged H118A NME1 were purified as in (A).
(C) Eluates from (B) were incubated in the presence of 1 mM ATP and/or 10 mM MgCl; and
analysed by western blot using N1pHis antibody. Total protein was determine using anti-NME
antibody.

To evaluate whether human NME1 and NME2 expressed in HEK293T cells possess the ability
to transfer a phosphate group to a His residue in GST-peptides, NME1 and NME2 were
isolated from transfected cell extract (Figure 5.13). The Myc and Flag-tags on NME1 and
NME2 respectively were exploited to immunoprecipitate Myc-NMEL1 or Flag-NME2 and activity
of these proteins was assessed throughout the immunoprecipitation process. Figure 5.13A
demonstrates that cell extract over-expressed either Myc-NME1 or Flag-NME2 (inputs). NME
proteins were isolated by incubation with Myc or Flag-conjugated beads (Section 2.22). After
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removing non-specific binding proteins by washing, Myc-NME1 and Flag-NME2 were
removed from the beads by 3C protease cleavage, leaving NME1 or NME2 in solution
(elution). Each protein contained His phosphorylation in the absence of any added nucleoside
triphosphate (NTP), since N1 pHis NME1 was detected in both the input and eluted samples,
and N1 pHis NME2 was observed in the eluted sample (Figure 5.14A; bottom panel). A similar
approach was used to isolate catalytically-inactive NME H118A NMEL.
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Figure 5.14. Investigating NME1 purified from mammalian HEK293T cells incubated
with GST-peptides containing a His site for N1 or N3 histidine phosphorylation by
western blot analysis. 500 ng of untagged NMEL1 purified by immunoprecipitation and eluted
by removal of the GST-His tag by 3C protease was incubated with 1 ug of indicated GST-
peptides for 10 mins at ambient temperature before adding 500 yM ATP and/or 10 mM MgCl.,
Recombinant NME1 and PGAM in the presence of phosphate donors were used as a positive
control. Samples were subjected to western blot analysis using the monoclonal anti-N1pHis
(top panel) and anti-N3pHis (second panel) antibodies to detect phosphorylated histidine.
Total GST-peptide loaded was determined by ponceau staining (third panel) and total NME1
loaded was determined by analysis using the anti-NME1 antibody.
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Figure 5.15. Investigating NME2 purified from mammalian HEK293T cells incubated
with GST-peptides containing a His site for N1 or N3 histidine phosphorylation by
western blot analysis. 500 ng of untagged NME2 purified by immunoprecipitation and eluted
by removal of the GST-His tag by 3C protease was incubated with 1 pg of indicated GST-
peptides for 10 mins at ambient temperature before adding 500 uM ATP and/or 10 mM MgCl..
Recombinant NME2 and PGAM in the presence of phosphate donors were used as a positive
control. Samples were subjected to western blot analysis using the monoclonal anti-N1pHis
(top panel) and anti-N3pHis (second panel) antibodies to detect phosphorylated histidine.
Total GST-peptide loaded was determined by ponceau staining (third panel) and total NME2
loaded was determined by analysis using the anti-NME1 antibody.

It is possible that purified recombinant NME1 and NME2 from a bacterial expression system
do not possess appropriate PTMs or cofactors to promote histidine phosphorylation of GST-
peptides assessed above. The indicated GST-peptides were therefore incubated with
immunoprecipitated 3C cleaved NME1 (Figure 5.14) or NME2 (Figure 5.15) prior to the
addition of either ATP and MgCl. and then subjected to analysis with N1 pHis and N3 pHis

antibodies.

As shown in Figure 5.13C, in the absence of ATP, N1 pHis NME1 was observed and was
replicable, as in Figure 5.14, the N1 pHis signal for NME1 also increased in the presence of
ATP and ATP/MgCl.. However, no pHis was detected in any of the GST-peptides. This was
true when employing both N1 pHis and N3 pHis antibodies. In contrast to NMEL1,

218



immunoprecipitated NME2 could not be detected when analysed using the anti-N1 pHis
antibody in the absence of ATP (Figure 5.15). However, low levels of N1 pHis NME2 were
revealed in the presence of ATP, which increased with the inclusion of MgCl.. However, like
mammalian expressed NMEL1, no signal for N1 or N3 histidine phosphorylated GST-peptides
in the presence of mammalian expressed NME2 was detected, including the sequence

surrounding His in the putative potassium channel substrate KCNN4 (243, 468).

HEK293T cell extract

<—— GST-Peptides

<— N1 pHis NME1

<— GAPDH

Figure 5.16. Western blot analysis of HEK293T cell lysate incubated with putative
substrate, His containing GST-peptides of NME1, NME2, KCNN4, HisH4, TRV5 and
SUCLG2 using the monoclonal antibody N1 pHis. HEK293T cells were lysed in 50 mM Tris
pH 8.0, 1% Triton-X100, and 70 ug of this lysate was incubated with 1 ug of the indicated
GST-peptides incubated in the presence and absence of 1 mM ATP for 20 mins at ambient
temperature. These were then subjected to SDS-PAGE at 4 °C and transferred to a
nitrocellulose membrane at 30V at 4 °C. The membranes were then immunoblotted with
monoclonal antibody N1-pHis and then reprobed with anti-GAPDH antibody to serve as a
loading control. 200 ng recombinant NME1 incubated with 1 mM ATP was used as a positive
control for N1 histidine phosphorylation.

219



HEK293T cell extract

72

43
34

25 <—— GST-Peptides

17

10

72
55
43

34

<— N3 pHis PGAM
25

17

10

55
43
34 <— GAPDH

25

Figure 5.17. Western blot analysis of HEK293T cell lysate incubated with putative
substrate, His containing GST-peptides of NME1, NME2, KCNN4, HisH4, TRV5 and
SUCLG2 using the monoclonal antibody N3 pHis. HEK293T cells were lysed in 50 mM Tris
pH 8.0, 1% Triton-X100, and 70 ug of this lysate was incubated with 1 ug of the indicated
GST-peptides incubated in the presence and absence of 1 mM ATP for 20 mins at ambient
temperature. These were then subjected to SDS-PAGE at 4 °C and transferred to a
nitrocellulose membrane at 30V at 4 “C. The membranes were then immunoblotted with
monoclonal antibody N3-pHis and then reprobed with anti-GAPDH antibody to serve as a
loading control. 200 ng recombinant GST-tagged PGAM incubated with 1 mM DPG was used
as a positive control for N3 histidine phosphorylation.

From the data presented in this Chapter so far, it is apparent that NME1 and NME2 do not
possess the ability to act as histidine protein kinases towards GST-fused peptides in vitro. It
was next deemed appropriate to evaluate if any proteins in the cell extract (including
endogenous NME1/2) were capable of transferring phosphorylating His within these potential
peptide substrates. Thus, HEK293T cell extract were spiked with purified GST-peptides, in the
presence and absence of ATP, and the levels of N1 pHis or N3 pHis GST-peptides assessed

(Figure 5.16 and 5.17). However, no histidine phosphorylation could be detected, including on
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endogenous NME1 or NME2, as the levels of pPNME1 and pNME2 are often variable, and
difficult to detect in cell extract lysed with 1% Triton X-100 (Figure 5.1).

5.4 Analysing the interaction between GST-fused peptides with NME1 and NME2
To extend the experiments discussed above, | tested whether bacterial-expressed NME
proteins and NME proteins isolated from mammalian cells show direct binding to any of the
GST-peptides, as a lack of pHis phosphorylation may not imply a lack of interaction. The GST-
peptides were bound to beads and purified NME1 or NME2 ‘bait’ was added (shown as ‘input’
in the ponceau stained membrane), washed and evaluated for binding. To elute GST-peptides
from the glutathione beads, excess glutathione was added, and the samples analysed for
NME1 or NMEZ2 using the anti-NME antibody (Figure 5.18A; top panel). To ensure the pull-
down assay had worked, an anti-GST antibody was also employed (Figure 5.18A; bottom
panel). However, the GST-peptides containing potential sites of NME1/2 His phosphorylation
did not interact with either of the kinases, and only the NME1 and NMEZ2 positive controls were
present. To confirm that this assay can detect the interaction of a GST-peptide and a known
protein binding partner, PKA and a high affinity GST-PKI peptide were employed (476, 477)
(Figure 5.18B). In the presence of a GST control, no PKA (~ 46 kDa) was observed. However,

when incubated with an immobilised GST-PKI peptide, PKA was isolated.
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Figure 5.18. GST ‘pull-down’ interaction assay using GST-peptides and purified
recombinant NME1 and NME2. (A) 1 ug of GST or GST-conjugated peptides were incubated
with glutathione Sepharose beads. Unbound peptides were removed before 2 ug of purified
recombinant NME1 or NME2 was added and incubated at 4 “C for 1 hour. The bound fraction
was eluted using 10 mM free reduced glutathione and these samples were analysed by
western blot using anti-NME1 antibody to identify any NME1 or NME2 pulled down and anti-
GST antibody. (B) As a control for the experimental procedure, 1 ug of GST-PKI was incubated
with glutathione Sepharose beads and 2 pg of His-PKA was added and processed as in (A)
and analysed by western blot to identify PKA pulled down by PKI using the anti-His antibody.
To determine the total protein input to the interaction assays ponceau staining was carried out
on the membrane.

To further expand these findings, a similar experiment was performed using HEK293T cell
extract containing overexpressed Myc-NME1 or Flag-NME2 (Figure 5.19). eGFP transfected
extract was used as a control. The input cell extract containing the bait protein is shown in
Figure 5.19A and the presence of the bait was demonstrated with either Myc or Flag-tag. Myc-

NMEL1 and Flag-NME2 were detected in the respective transfected cell extracts. The samples
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were also analysed with anti-GAPDH to ensure the amount of cell extract added to the GST-
peptides immobilised on the glutathione beads was similar. Similar to data presented in Figure
5.18, NME1 and NME2 were not ‘pulled down’ with any of the GST-peptides.

<+— Anti-Flag

<+— Anti-Myc

<+— Endogenous/overexpressed NME

<+— GAPDH
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34

25
Anti-NME

17,

10

Figure 5.19. GST ‘pull-down’ interaction assay with GST-peptides and HEK293T cell
extract overexpressed with Myc-NME1 and Flag-NME2. (A) Western blot analysis of input
cell extract and total protein content of eGFP, Myc-NME1 and Flag-NME2 transfected cell
extract. (B) and (C) 1 yg of GST or GST-conjugated peptides were incubated with glutathione
Sepharose beads. Unbound peptides were removed before 50 ug of HEK293T cell extract
was added and incubated at 4 °C for 1 hour. The bound fraction was eluted using 10 mM R-
glutathione and these samples were analysed by western blot using anti-NME1 antibody to
identify any NME1 or NME2 pulled down, using recombinant NME1 (rNMEZ1) as a control. To
assess the efficacy of the pull-down procedure, the membrane was ponceau stained and
immunoblotted with anti-GST antibody.
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5.5 Discussion

Histidine phosphorylation is crucial for prokaryotic signal transduction and as an enzyme
phosphointermediate for human metabolic enzymes, including NME1 and NME2 (8, 12, 132).
However, its role in mammalian cells remains largely uncharted. The synthesis of stable pHis
analogues enabled the development of pHis specific antibodies (9) and this accelerated pHis
research, shedding light onto the importance of this enigmatic post-translational modification.
This research has identified several putative pHis-containing substrates and histidine specific
phosphatases, such as LHPP and PHPT1 (478-480) being reported. However, it remains
unclear how these substrates might access the pHis in the active site of NME1/2 for transfer,
or whether NME1/2 might directly transfer phosphate from ATP to a substrate. In particular,
none of the reported cellular substrates for NME2 have been shown to be phosphorylated in
vitro by purified (as opposed to immunoprecipitated) enzymes, which is a standard procedure
in the protein kinase field in order to allow site-characterisation and analysis of
phosphorylation stoichiometry. In this Chapter, N1 pHis and N3 pHis monoclonal antibodies
were utilised to explore conditions under which His kinase activity can be analysed in vitro in

order to help uncover the functional role of pHis.

In a number of experiments where His protein kinase activity of NME1 and NME2 have been
reported, adequate control experiments appear to be lacking. For example, in co-IP assays
reporting interaction between overexpressed NME2 and KCa3.1, no control was included to
show that the eGFP protein tag on KCa3.1 was either interfering with, or responsible for, the
NME2 interaction (243). It was also shown that the activity of the channel increased in the
presence of overexpressed NME2, but it is likely that the activity of many other proteins
changes alongside NME2, due to the ubiquitous use of ATP by enzymes, in which NME2 plays
a role in producing and could therefore be involved either directly in histidine phosphorylation
or by aiding complex formation. The same research group reported the histidine
phosphorylation of TRPV5 and its activation by NME2 using patch-clamp experiments,
however this study that lacked co-IP experiments and adequate controls, such as a broad
spectrum small molecule inhibitor approach, or the testing of a range of metal ions to

potentially implicate (or rule out) known protein kinases (273).

A lack of reported evidence for HPK activity in vitro using highly purified preparations of
proteins, also raises the idea that the phosphotransferase activity attributed to NME/NDP
kinase activity could be due to contaminating proteins. In addition, other Group | family
members, such as NME3 and NME4 possess NDP kinase activity through a pHis118
intermediate, and have strong sequence and structural similarities to NME1/2, but no histidine

kinase activity has been reported for them (10). Perhaps most importantly, if NME1 or NME2
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were to act as histidine protein kinases (HPK), they do not appear to contain significant
structural information in the form of substrate-binding adaptions in order to make this possible.
For example, the active site of the 17 kDa proteins forms a small cleft to fit nothing more than
a nucleotide (Figure 1.8 and 1.9) (199). As it the case for all the reported protein substrates,
it is difficult to conceptualise how a single NTP/NDP binding pocket could also accommodate
a positively charged His residue as part of a presented peptide backbone and be properly
oriented for transfer of phosphate from pHis118 to the N1 or N3 position of the protein (320).
Crystal structures of HPKs in complex with putative substrates might help alleviate this issue
and shed light on these unanswered but crucial questions that currently no one has been able

to address.

The mechanisms underlying histidine phosphatase substrate selection and the main factors
driving their substrate specificity are also unknown. A non-redundant role for histidine
phosphatases to regulate different targets in cell signalling pathways has been suggested. To
the same degree, the exact mechanisms of histidine kinase activity by the only proposed
mammalian histidine kinases to date remain very poorly understood. For these reasons, it is
important to continue expanding our understanding of histidine phosphatases in parallel with
investigating histidine kinases with the correct and thorough controls, such as NME, which is
endeavoured here. The understanding of these understudied enzymes and the role of histidine

phosphorylation in eukaryotes might point to new therapeutic targets for diseases.

The challenges associated with the study of chemically unstable post-translational
modifications, such as pHis, are demonstrated vividly in Figure 5.1 and 5.2. Conditions under
which global pHis levels in HEK293T and Hela cells could be detected were assessed using
a variety of lysis conditions, as well as different immunoblotting procedures. In Figure 5.1,
HEK293T and Hela cell extracts lysed in buffers comprising of a mixture of SDS and/or Triton
X-100, and post-processing for western blot analysis, blocked in 5% Milk-TBST. Milk contains
a number of proteins (notably phosphorylated casein) that might influence antibody binding to
proteins in the blot, whereas BSA does not (Figure 5.2) (481).

Results presented in Figures 5.1 and 5.2 also show that a different level and pattern of pHis
signal is observed depending on the lysis buffer components as well as the antibody blocking
solution employed. For instance, the presence of SDS in the lysis buffer increased the signal
of N1 pHis of the protein migrating at ~19 kDa. This was also the case for N3 pHis, particularly
in HeLa cells, for a protein that migrated to a molecular mass of ~25 kDa. It is predicted that
the bands at ~19 kDa and ~25 kDa are NME1 or NME2 and PGAM, respectively. Compared

to when membranes were blocked with 5% Milk-TBST, more proteins were detected with a

225



N1 or N3 pHis signal in the presence of a BSA blocking buffer. In fact, only NME1 or NME2
are and no N3 pHis signal is present in any of the lysis conditions or cell types when ‘non-

specific’ antibody epitopes were blocked with milk (Figure 5.1B).

Proteins with a similar molecular mass were observed in Figure 5.2 and the band at ~25 kDa,
which is proposed to be PGAM, is observed only in harsh lysis conditions, and more so in
Hela cells, as only a very faint band was visible in lysis condition 1 in HEK293T cell extract.
Together, this data demonstrates some of the challenges associated with the study of pHis,
as detection is heavily dependent on the conditions used. However, it is clear that the signal
at ~19 kDa, which is likely to be endogenous NME1 or NME2, possesses a strong N1 pHis
signal in both HEK293T cells and HelLa cell lysates.

To assess whether any N1 pHis signal was detected after addition of recombinant NME1 or
NMEZ2, the purified recombinant proteins were spiked into HEK293T cell extract lysed in 1%
Triton X-100 to maintain the integrity of the proteins within the extract, and analysed by
western blot (Figure 5.3). As established in Figure 5.1, in lysis condition 3 and when blocked
with milk, only a very faint band for endogenous NME was detected and endogenous NME
could not be observed. Furthermore, no N1 or N3 pHis signal was enhanced by inclusion of
NMEL. This data did imply that endogenous levels of pHis remain unaffected after incubation
with recombinant NME1 or NMEZ2, although this could be caused by competing His
phosphatases present in the cells, as is the case for high activity protein Ser/Thr/Tyr

phosphatases.

NME1 and NMEZ2 exist in solution as heterohexamers, sometimes containing both NME1 and
NME2 (482). This led me to investigate whether NME1 or NME2 could induce histidine
phosphorylation of each other; to do this a GST-tagged NME1 and a 3C-cleaved NME2 were
exploited in a series of binding assays (Figure 5.4). This study clearly demonstrated lower
levels of pHis NME2 when incubated with GST-NME1 (compared to an inactive GST-H118A
NME1 control). Nevertheless, due to the presence of pHis NME2 in the GST-H118A NME1
control, this raised the possibility that an excess ATP may still have been present, which would
be capable of inducing NME2 autophosphorylation. Therefore, although there are differences
in pHis NME2 signals, it is likely that no trans-phosphorylation from NME1 to NME2 had
actually occurred. This is further supported by experiments carried out using the NME1 and
NME2 GST-fused peptides in Figure 5.6 and 5.7, where no pHis signal was observed for these
peptides in the presence of purified recombinant NME1 or NME2. The enzyme activity towards

each isoform of NME would be difficult to determine through the PK/LDH enzyme assay
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described in Section 2.17 as the ‘substrate’ NME would interfere. Therefore an NME mutant,

that is inactive but still possesses the His residue, would be required using this approach.

GST-peptides derived from sequences surrounding the His residue in putative NME
substrates were exploited to try to identify histidine kinase activity exhibited by NME1 and
NME2 isolated from both E. coli and human cells. However, no evidence for phosphate
transfer to a histidine residue was observed beyond the known autophosphorylation on His118
of NME1/2. The data gathered here, under these particular experimental conditions, does not
support the literature reporting the identification of several NME1/2 protein substrates that are
phosphorylated. This may be due to the assay not actually being able to detect a pHis signal
(i.e. the antibodies are not pan-pHis antibodies) or it may be a result of the peptides alone
being poor substrates and/or when fused to GST. The finding that human cell extracts possess
multiple pHis-responsive proteins, and that MS can be used in conjunction with UPAX to
identify pHis-containing proteins in cells, suggests the latter. Indeed, although these pull-down
approaches have been used throughout the protein kinase literature, issues can sometimes
arise when employing peptides as potential substrates. For example, the absence of critical
docking sequences and PTMs surrounding the peptide sequence are absent in synthetic
peptides, and although my experiments do not provide any new evidence for phosphorylation
of these His sites in these peptides, further work is needed to study the kinases that do deposit

pHis in human cell extracts.

The data presented here do, however, build on recent work in the literature evaluating His
kinase activity of NME1 and NME2. For example, Levit et al found that recombinant NME
added to a two-component signalling system led to His kinase protein substrates only
becoming phosphorylated in the presence of ADP. This led the authors to propose that
histidine phosphorylation, and therefore activation of the bacterial His kinase component, was
due to the presence of residual ADP as opposed NME catalysed phosphotransfer to His. This
suggests no direct effect of the recombinant human NME proteins tested (483), consistent

with my findings.

The high affinity of NME1 and NME2 for both di and tri-phosphorylated nucleotides, which |
confirmed by DSF analysis in Chapter 3 (Figure 3.9), was predicted to interfere with enzymatic
investigations of NME1 and NMEZ2, since the NME proteins may favour the NDPK reaction
instead if excess ATP is present in an attempt to drive protein His phosphorylation. To combat
this, previously His phosphorylated pHis-NME1 and pHis-NME2 were utilised. Although every
effort was made to remove ATP (Figure 5.8 and Figure 5.9), this issue was somewhat negated

due to the ability to compare the pNME signal in the absence and presence of the known
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substrate, ADP (199, 335). Indeed, despite the very low levels of ATP likely present, the signal
for pPNME was markedly reduced. This is indicative of the His active site NME phosphate being
transferred to ADP during the NDPK reaction, and this was not seen in the presence of any
GST peptide. These experiments were therefore unable to verify protein histidine kinase
activity, although they validated NME1 and NME2 as NDP kinases entirely.

R105A NME1 and R105A NME2 were also assessed for their ability to histidine phosphorylate
GST-peptides as they are both NDPK active, but dimeric, versions of NME. Indeed, it was
hypothesised that a dimer of NME might have a differential ability to phosphorylate presented
peptide substrates. However, no pHis signal was detected in any of the GST-peptides after
incubation with R105A NME1 or NME2, although it was noted that the level of N1 pHis R105A
NME2 was found to be lower in the absence of any peptide. This may not have any
significance for the analysis of histidine kinase activity, however it may indicate that the
presence of GST-peptide increases the stability of RL05A NME2 and as a consequence
increase autophosphorylation activity. Interestingly, when compared to R105A NME1, Mg ions
increase autophosphorylation activity of R105A NME2. In addition, in the presence of Mg?*
ions, NME2 migrated at ~ 60 kDa, which is likely to be a tetramer, but this band was not
detected with the N1 pHis antibody and therefore might not be ‘active’. Mg may therefore
induce a conformation that stabilises two R105A NME2 dimers to form a tetramer, however,
due to the lack of Arg105, the Kpn loop may still not be in a favourable conformation for ATP
binding, and a reduced interaction with ATP molecule due to the absence of Argl05 may

account for the lack of autophosphorylation.

When GST-peptides were analysed for pHis modifications in the presence of HEK293T cell
lysate, no pHis signal was revealed (Figure 5.16 and 17). The nucleotide pools within the cell
varies considerably, with ATP estimated at ~ 1-5 mM and particularly for Figures 5.16 and
5.17, this may therefore mean that reactions that utilise ATP, such as the NDPK reaction,
catalysed by additional NME proteins other than just NME1 and NME2, may outcompete
phosphotransfer to the peptide substrates analysed here. However, a similar result was
observed when incubated with NME1 and NMEZ2 isolated from HEK293T cells, as only pHis
NME1 and NME2 were detected (Figure. 5.14 and 15).

Overall, my work suggests that NME1 and NME2 do not possess histidine kinase activity
towards GST-peptides when analysed in vitro. Global pHis levels in extracts vary in the
experimental data presented here and, in the literature, hence making reliable conclusions
and extrapolating from other published data difficult. As stated previously, heterohexamers

are predicted to be the most prominent proteoforms of NME1 and NME2 in cells, and
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potentially this might also explain discrepancies between histidine kinase activity assessed in
vivo and in vitro. However, it remains unclear how putative kinase substrates such as KCNN4
and TRV5, might bind adjacent to the very small nucleotide binding pocket found in NME

proteins.

However, a lack of interaction observed in Figure 5.18 and 5.19 with NME1 and NME2 and
the GST-peptides clarifies that proteins do not interact via the His residue, or the residues

surrounding them (Table 5.2).

Additional experiments exploring NME1 and NME2 and their putative protein substrates are
clearly needed to establish whether NME1 and 2 either work alone, or could co-operate, to
regulate His phosphorylation of proteins. By using the recombinant proteins, procedures and
assays developed in this Chapter, alongside knowledge garnered from Chapters 3 and 4,
including mass spectrometry, this should be possible in the near future. Some of these

approaches, and an overview of the work described, are presented in Chapter 6.

229



Chapter 6: Conclusions and Future investigations

6.1. Conclusions

Phosphohistidine (pHis) is commonly used by prokaryotes and in plants as an intermediate
for signal transduction across membranes (12). In higher eukaryotes, pHis is also a known
enzyme intermediate, and recent work has revealed that protein His phosphorylation is much
more common than previously thought, despite remaining relatively challenging to analyse.
However, the kinases and phosphatases that control endogenous His phosphorylation in
human cells remain a mystery. It is widely accepted that NME proteins operate as pHis-
containing nucleoside diphosphate kinases (NDPK), which modulate the levels of nucleotide
di and triphosphates in both prokaryotic and eukaryotic organisms (180). However, in
eukaryotic species, evidence is accumulating that the N1 pHis-containing enzyme NME1/2
and the N3 pHis-containing enzyme PGAM, might also possess an additional histidine protein
kinase activity, which would permit trans-phosphorylation of distinct intracellular proteins on
His residues in order to regulate their function. In order to evaluate the NME and PGAM
proteins carefully, | set out to purify and analyse these enzymes using a set of approaches
that are standard in the protein kinase field, including the semi-quantitative measurement of
nucleotide binding and the potential for small molecule protein kinase inhibitors to target the

active site, where phosphotransfer occurs.

Although impacted by the COVID-19 pandemic, the work described in this thesis allowed me
to create a large number of useful reagents that will be critical for future studies aimed at
studying His phosphorylation in proteins. Alongside this, | developed several novel
approaches for evaluating NME1, NME2 and PGAM, all of which contain a phosphorylated
His residue when exposed to nucleotides. Intriguingly, none of these enzymes contain pHis
when purified from E. coli, suggesting either that bacteria lack appropriate nucleotide
substrates, or that a bacterial pHis phosphatase was active. In Chapter 3, | purified human
recombinant NME1, NME2 and PGAM from E.coli and used several approaches to investigate
each protein, including evaluation of subunit stoichiometry, nucleotide binding and the
formation of a pHis enzyme intermediate. Using differential scanning fluorimetry (DSF), | found
that NME1, NME2 and PGAM can bind to a variety of purine and pyrimidine diphosphate and
triphosphate nucleotide bases, using thermal stabilization as a proxy for interaction. Much of
this data agrees with the published literature, however through the use of DSF alongside
temperature ramping, in addition to intact MS and immunoblot analysis, | uncovered an
inhibitory effect of Mg?* ions when nucleotide was examined, in marked contrast to protein
kinases. For NME proteins, Mg?* ions were also found to have the opposite effect in the

presence of nucleoside diphosphates, actually enhancing binding as determined by
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comparative thermoanalysis.

After optimizing the conditions in which the acid and heat labile pHis modification could be
analysed, | employed two strategies to evaluate NDPK activity, including mutagenesis and the
development of an enzyme-linked assay. This was performed alongside immunoblotting with
pHis-specific antibodies to evaluate NME and PGAM autophosphorylation at the site of
phosphotransfer between nucleotides. | found that autophosphorylation on His occurred only
in the presence of triphosphate nucleotides for NME and only in the presence of 2,3-DPG for
PGAM, despite PGAM demonstrating thermal stabilization by the majority of nucleotides
tested. This data was expanded via the analysis of various mutants, including H118A, which
is inactive, and R105A NME, which behaved as an enzymatically active dimer, as opposed to
the native wild-type hexamer observed in vitro. Due to a lack of time, | was unable to develop
a highly-sensitive NDPK assay appropriate for measuring the NDPK reaction, which was
shown occur almost instantaneously in vitro. However, a thermal shift DSF assay was deemed
to be suitable for further analysis of ligand binding, including screening of a small molecule

libraries.

In Chapter 4, | showed that non ATP/GTP nucleotides also interact with NME proteins, and
established that PGAM is a target for a variety of cellular nucleotides and acetyl donors,
including PAP, PAPS and Coenzyme A, whose binding was unaffected by the Hisll to Ala
mutation, which abolishes formation of the 3-pHis intermediate. | next went on to evaluate
canonical NDPK phosphotransfer in the presence of several ligands, and discovered that as
well as Coenzyme A, which is a known NME1 inhibitor, 3’ dephosphorylated Coenzyme A also
inhibited NDPK activity. These findings support a model in which NME and PGAM might be
CoAlated within the cell. To further explore ligand binding and potential inhibition of NME1, |
undertook an unbiased screen of 976 FDA-approved drugs for NME1 binding to NME1 and

found that a broad spectrum of drug molecules appear to interact with NMEL.

The presence of conserved Cys residues makes NME1 susceptible to hexamer dissociation,
potentially as part of a redox mechanism. In the absence of Cys109, the NME1 hexamer was
stabilised, particularly under oxidative conditions. Encouraged by this observation, | evaluated
requirement for three conserved Cys residues in NME1 using DSF, native PAGE and native
MS; in addition several potential NME ligands were analysed by molecular docking. The
destabilizing effect of many of these drug-like molecules were further evaluated using purified
NMEL1 Cys mutants, and | found that they destabilise the NME1 oligomer, potentially due to
oxidative stress sensing by Cys residues. Given further time, | would also have liked to analyse
effects of these molecules on conserved Cys residues in NMEZ2, particularly as Cys4 from
NMEL is absent in NME2 (183).
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In particular, due to restrictions associated with the COVID-19 pandemic, | was not able to
explore the effects of any NME1-binding compounds in cells. For example, | would have liked
to assess whether NME1 expression levels were influenced by NME1 destabilising agents
discovered in vitro. | predict that reduced stability or changes in subunit architecture might
also have a more profound effect on cell viability, and these could be correlated with in cell

thermal approaches such as CETSA.

In Chapter 5, | analysed whether purified NME1 or NME2 could phosphorylate a series of
fusion peptides corresponding to reported His-phoshorylated literature substrates. This
established that the enzymes purified from both human cells and bacterial cells, possessed
no histidine protein kinase activity towards the fusion peptides at either the N1 or N3 position.
This is notin agreement with the current literature, as several ion channels have been reported
to be direct substrates of NME2. My plans to analyse full-length KCa3.1 channel activity under
conditions where NME1/2 were repressed or inhibited did not come to fruition. KCa3.1 has
reported to be a cellular NME2 substrate, and although conditions for KCa3.1
immunoprecipitated from human cells were established, given further time this would have

been a very interesting area to explore.

6.2. Future Plans for Investigation

An important aspect of future studies will be to employ phosphospecific antibodies and liquid
chromatography mass spectrometry (LC/MS) to probe pHis occupancy in various putative
NME protein substrates, including those proteins that were present in HEK293T/HeLa cell
lysates when probed for the N1 and N3 pHis signal. Proteins such as KCa3.1 would be
digested under conditions suitable for pHis detection and a peptide map would be obtained
displaying different modifications, including sites of histidine phosphorylation, present in the
protein. Global phosphoproteomics first requires phosphopeptides to be enriched or simplified
as they are at a low abundance and due to this are not detectable by MS. This can be done
by fractionation via anion exchange at neutral pH to avoid any pHis hydrolysis. Hardman et al
showed that pHis can be readily detected in peptides derived from proteins in human cell lines
through the UPAX/MS procedure (116). In order to build on this, identifying pHis containing
proteins might help to determine the relevance of pHis in mammalian cell signalling and by
analysing the kinases within these cell signalling pathways, help characterise if a specific
histidine protein kinase is responsible. When investigating potential histidine protein kinase
substrates, it would be interesting to explore the different co-factors that may be necessary
for histidine kinase activity, and also to rule in or rule out potential Ser/Thr/Tyr protein kinases
and various pseudokinases, which could possess atypical phosphotransferase activities. As

NME1 and NME2 do not require Mg?* ions for autophosphorylation, they are distinct from
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protein kinases, and bona fide protein histidine kinases may also require a unique set of

conditions and cofactors to be active.

To expand on the analysis of NME1 and NME2 as potential histidine protein kinases, other
catalytically active NME proteins could also be explored. For example, NME3 and NME4
proteins are part of the Group | NME family members (Section 1.8.2), and share 58 to 88%
identity and like NME1 and NME2 as well as employing phosphotransfer reactions via a pHis
intermediate. Interestingly, NME7 is the only enzymatically active member of Group Il
reported. These proteins are much less extensively studied than NME1 and NME2, and
because of this, may possess unknown enzymology in vitro or in the cell. Therefore, the ability
of any of these pHis containing enzymes to transfer a phosphate onto a His in a protein
substrate, would be an obvious next step for the identification of mammalian histidine protein

kinases.

To extend the semi-quantitative work reported in this thesis, future investigations could also
define the affinity for small molecules discovered to target NME1 by DSF. Evaluation of
dissociation constants for NME1 ligands could be performed using isothermal calorimetry
(ITC) a useful tool to measure thermodynamic data as well as kinetic parameters (484).
Further studies would also focus on establishing the effects of global pHis levels in human
cells in the presence of potential NME1 inhibitors. However, the suitability of these inhibitors
being explored within cells would initially have to be explore, for example, cell viability assays
in the presence of these compounds would have to be assessed and what's more, whether
they are distributed intracellularly. Furthermore, to help build on the docking analysis carried
out in this thesis, future studies would focus on solving co-crystal structures of NME1 or NME2
with a panel of compounds found to bind to NMEL. Thus, the mode in which NME1 ligands
bind could be established in order to help understand the mechanism by which they modulate

the oligomeric state of the protein, without greatly effecting the NDPK activity.

Although the NME proteins are not ‘standard protein kinases’, since they possess different
structural elements related to activity and have an active site that functions as a small
nucleotide binding pocket, nevertheless, it would also be useful to screen a broad variety of
protein kinase inhibitor-focused libraries. For example, the protein kinase inhibitor set 1
(PKIS1) library, which is comprised of 367 ATP-competitive kinase inhibitors, covering ~30
chemotypes. This additional data would be useful in identifying any more NME1 or NME2
ligands and the knowledge gained would be used for the basis of future structure guided
design of NME1 and NME2 protein inhibitors for the utilization in therapeutic strategies to treat

cancers and disease associated with aberrant NME1 and NME2.
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To conclude, it will be interesting to establish NME1, NME2 and PGAM CRISPR-edited cell
lines. Knockdown studies on NME1 and NME2 have been carried out. For example, single
mutant knockout mice were viable but did possess developmental defects, whereas
knockdown of both NME1 and NME2 was lethal (373). CRISPR would allow further
investigations of the viability of mammalian cells when NME1 and NME2 are eliminated from
the genome, but would also allow other mutant NMEs to be explored, including R105A, in
order to better understand down-stream signalling driven by NME1 and NME2. Studies into
the CRISPR-Cas9 molecular machinery has rapidly advanced and by generating CRISPR-
edited cell lines that no longer express NME1 or NME2, global pHis levels could be
investigated. Finally, this would help establish the potential mechanisms by which NME1 and
NME2 control central cellular mechanisms, potentially including G-protein activation as a

function of nucleotide levels.

234



Appendix

The following data presents the spectra obtained from native mass spectrometry (MS)
analysis of wild-type NME1 and C109A NMEL1 in the presence of the FDA library drug ‘hits’.
This data demonstrates the oligomeric state of the proteins, which is summarised in Section
45, Table 4.1.
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Appendix Figure 1. Native ESI spectrum for NME1 WT (left) and C109A (right) in the
presence of FDA compound hits. Data analysis carried out using MassLynx 4.1 and figures
created using UniDec. Protein buffer exchanged into 150 mM ammonium acetate using
Amicon 10 kDa cut-off spin columns prior to MS analysis.
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