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Abstract

Protein kinases are involved in the vast majority of cellular processes including cell cycle
regulation and metabolism, with the dysregulation of protein kinases being a significant
contributing factor in many diseases. Protein kinase inhibitors can thus be very effective in
treating diseases that are driven by abnormal kinase signalling. To aid in the development of small
molecule protein kinase inhibitors, either as potential therapeutics, or as chemical tools to
explore cellular signalling mechanisms, it is therefore important to understand the effects that
such small molecules have on protein kinase structure and activity. Mass spectrometry (MS) and
in particular native ion-mobility mass spectrometry (IM-MS) can be used to explore
conformational dynamics, folding/unfolding intermediates and ligand-induced conformational

changes.

The work presented in this thesis used IM-MS to characterise changes in the conformational
landscape and stability of two protein kinases, Aurora A and NME1, as a function of activity. To
explore conformational dynamics of the essential mitotic Ser/Thr kinase, | made use of peptide
activators, small molecule inhibitors and a single point mutation which rendered the protein
kinase catalytically inactive. Aided by molecular modelling, | established three major
conformations, the relative abundance of which were dependent on the Aurora A activation
status: one highly populated compact conformer similar to that observed in most crystal
structures, a second highly populated conformer possessing a more open structure infrequently
found in crystal structures, and an additional low-abundance conformer not currently
represented in the protein databank. Notably, inhibitor binding induced more compact
configurations of Aurora A, as adopted by the unbound enzyme, with both IM-MS and modelling

revealing inhibitor-mediated stabilization of active Aurora A.

In addition to the serine/threonine Aurora A kinase, the structural conformation of the His kinase
NME1 protein was also investigated, using a number of point mutations to unravel key regulatory
sites. NME1 activity and dimerisation status were also explored in the presence of a variety of
small molecule compounds. These results reveal that dissociation from the native active hexamer
to a dimer could be associated with oxidative stress due to some form of resistance to dissociation
observed with a NME1 C109A mutated protein and the oxidising abilities of the compounds

tested.
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Table 5.3. Oligomeric state of NME1 proteins with compounds
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Amino Acids

Amino acid Three letter code | One letter code
Alanine Ala A
Arginine Arg R

Asparagine Asn N

Aspartic acid Asp D
Cysteine Cys C

Glutamic acid Glu E

Glutamine Gln Q
Glycine Gly G
Histidine His H

Isoleucine lle I
Leucine Leu L
Lysine Met K
Methionine Phe M
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Proline Ser P
Serine Thr S

Threonine Thr T

Tryptophan Trp w
Tyrosine Tyr Y

Valine Val \Y
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Chapter 1. Introduction

1.1 Protein kinases

Eukaryotic cells are exposed to many extracellular signals that result in a specific cellular
response. Signalling within the cell is controlled by post-translational modifications (PTM),
with phosphorylation one of the most common PTM’s. The role of protein kinases is to
transfer phosphoryl groups to target proteins, resulting in protein phosphorylation and can
often result in the modification of their activity status. Phosphorylation was first identified in
the 1950s by Krebs and Fischer, with this PTM now one of the most studied mechanisms that
drives cellular responses (1). Phosphorylation is reversed by phosphatases, which are
responsible for the removal of phosphoryl moieties from target proteins (2). Protein
phosphorylation results in the activation of signal transduction pathways, which are
associated with various biological processes. In particular, protein kinases have important
roles in the regulation of cell growth, differentiation, development and death. There are two
main classifications of mammalian protein kinases depending on which amino acid they
phosphorylate: serine/threonine or tyrosine residues (Figure 1.1). Both of these
classifications of protein kinases consist of a glycine-rich N-terminal ATP binding pocket and
a conserved aspartic acid residue, which is essential for catalytic activity (3). Protein kinases
can act as either intracellular signal mediators or cell membrane receptors. Activation of
membrane receptors leads to a chain of events associated with kinase interactions that
induces a cellular response often through regulation of gene transcription. The loss of kinase
receptor interactions, mutations which alter kinase or phosphatase catalytic activity, or

regulatory phosphorylation sites can lead to uncontrolled cell proliferation and cancer (4).
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Figure 1.1. Structures of phosphoserine, phosphothreonine and phosphotyrosine.

The human genome encodes more than 500 protein kinases making up 2% of human genes.
Protein kinases are separated into groups depending on their structure, specificity, and
regulation. Eukaryotic protein kinases (ePK) make up a large proportion of kinases, classified
into eight groups, whilst other kinases known as atypical protein kinases (aPKs) are
categorised into an additional four groups, which are kinases that do not have sufficient
sequence similarity to be classified as an ePK (5). The ePK group was further divided into nine
groups (Figure 1.2): AGC consisting of 63 members, CAMK with 74 members, CK1 with 12
members, CMGC with 61 members, STE with 47 members, TK with 90 members, TKL with 43
members, RCG with 5 members, and a final group known as ‘Other’ with 83 members. In
addition to the nine kinase families, a further 40 kinases are classified as atypical (6). All
kinases shown in the phylogeny diagram have structural similarities, including a universal
conserved core region, which is associated with the ATP binding pocket and is where the
residues involved in phosphotransfer reactions are situated. The conserved region is modified
based on the spatial placement of the structural elements. The structural elements are
distinctive for each kinase, which are joined to the N- and C-terminal ends of the universal
core region. Within the universal core region, many kinases have structural insertions that

have no spatial similarity between families (7).
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Figure 1.2. Protein kinase classification of the human genome. Eukaryotic protein kinases

are classified into nine groups (eight shown here) based on their structure, specificity, and
regulation properties. Figure adapted from (5).
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1.1.1 Protein kinase structure

Protein kinases consist of a fold of two lobes: an N-terminal lobe and a C-terminal lobe (Figure
1.3). The N-terminal lobe consists of a five-stranded B-sheet with an a-helix, termed the C-
helix, whereas the C-terminal consists of six a-helices. Each of the two lobes are connected
via a hinge region that forms the ATP-binding site for the protein, which plays a vital role in
enzymatic activity. The activation loop begins with a conserved DFG motif and extends up to
an APE motif, with this loop forming a cleft that binds substrates when in an active kinase
conformation. The bound substrate peptide then subsequently form interactions with the

conserved HRD motif that sits within the catalytic loop (8).

N terminal lobe

))— c-helix
- DFG motif
Activation loop

Figure 1.3. Example of a protein kinase structure. Figure adapted from (8).

1.1.2 Magnesium binding DFG motif

The Asp in the DFG motif is positioned to bind magnesium and interact with an oxygen atom
of the B phosphate of ATP when in the active conformation. Active conformations result in an
inwards positioning of the C-helix that enables a Glu to form a salt bridge with a Lys residue.
The positively charged B3 lysine residue is responsible for the coordination of the a and
phosphates of ATP to the C-helix, resulting in stabilisation of the nucleotide due to the

clamping down of the glycine rich loop, which leads to the exposure of the y-phosphate. On
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formation of the salt bridge between B3 and a conserved Glu residue, hydrogen bonds with
oxygen on the a and B phosphates of ATP take place, which are stabilised by a GxGxxG motif
within the N-lobe (9).

1.1.3 The aC-helix

Positioning of the aC-helix plays an important role in conformational changes that occur
within the catalytic domain. The aC-helix is the only conserved helix in the B-sheet rich N-
lobe, with connections to various aspects of the molecule, and therefore, acts as a signal
integration motif (10). The positioning of the aC-helix between the N-lobe and C-helix
determines whether the kinase will adopt an open or closed conformation for an active or
inactive kinase respectively. This position can be allosterically modulated via the interaction
from activating or inhibitory mechanisms (11). Many AGC protein kinases, including protein
kinase A (PKA), are associated with a hydrophobic motif (HM), which is a 50-60 amino acid C-
terminal tail sequence situated after the conserved catalytic domain (12, 13). The general
consensus sequence of the HM is F/Y-X-X-F/Y-S/T/E/D-F/Y (where X is any amino acid), with
this motif docking to a hydrophobic surface in the N-lobe that is created by the aC-helix,
known as the PDK1-interacting fragment (PIF)-pocket (14). Phosphorylation of AKT at the
Ser473 residue of the HM leads to further stabilisation of the kinase in the active

conformation due to the enhanced binding of the PIF pocket (15).

1.1.4 The catalytic motif

The Asp residue in the HRD catalytic motif becomes protonated by the acceptance of a
hydrogen from the hydroxyl group of the R group of a substrate amino acid, commonly being
a Ser, Thr or Tyr (16). The Asn residue within the HRD motif enables the binding of two Mg?*
ions, resulting in the orientation of the catalytic Asp residue (17). The histidine situated at the
beginning of the HRD motif is highly conserved and acts as a central scaffold for the catalytic
spine. This histidine binds to the carbonyl of the Asp in the DFG motif, which also

hydrophobically contacts with the Phe residue of the DFG motif (18).
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1.1.5 Activation loop phosphorylation

Protein kinases that contain the HRD catalytic motif require phosphorylation of the activation
loop for catalysis. The positively charged Arg residue provides a link between the catalytic
motif, DFG motif and activation loop via a phosphorylated residue within the activation loop.
In PKA, the first kinase crystal structure to be solved, phosphorylation of the Thr197 residue,
situated next to the catalytic Asp of HRD, is required for catalytic activity. Phosphorylation of
Thr197 results in a conformational change from DFG-out to the catalytically active DFG-in
mode, where the coordination of His87 on the aC-helix, Argl65 in the catalytic motif and

Lys189 of the B9 sheet all takes place (19).

1.1.6 The aF-helix

The aF-helix has been shown to acts as a central scaffold for all the elements that are required
for full catalytic function (Figure 1.4) (9). The mobility of the aC-helix and the activation loop
enables the hydrophobic spine to be actively assembled and disassembled, which leads to
regulation of protein kinase activity, and therefore, has been termed the regulatory spine
(16). The regulatory spine and the C-lobe are both anchored to the F-helix, with the C-spine
connected to the hydrophobic C-terminus and the R-spine to the N-terminus. One residue of
the regulatory spine in the C-lobe is associated with the HRD motif of the catalytic loop. This
residue is commonly a histidine. However, in PKA and the majority of the AGC family, the
histidine is substituted for a Tyr residue. The histidine or tyrosine residue is anchored to the
F-helix by a conserved aspartate, which then acts as the base of the regulatory spine. The
additional hydrophobic spine, known as the catalytic spine, also connects with residues from
both the N and C-lobes. However, in contrast to the regulatory spine, the catalytic spine also
consists of the adenine ring of ATP. The formation of the catalytic spine occurs from the Ala
residue within the VAIK motif of the B3 sheet, with this residue interacting with the adenine

ring of ATP (9).
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N-lobe
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C-lobe

Figure 1.4. The F-helix interaction with the two hydrophobic spines of PKA. Regulatory spine
(red) and catalytic spine (yellow) connected to the F-helix (green) at the centre of the C-lobe.
ATP provides a link between the N-lobe and C-lobe. Figure obtained from (9).
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1.2 Aurora kinases

Aurora kinases belong to the family of serine/threonine protein kinases, which are encoded
by the Ipllp gene, also known as the Aurora gene (20). Three Aurora kinases have been
identified in mammals: Aurora A, Aurora B and Aurora C. The three Aurora kinases share 60-
75% sequence similarity in the kinase domain. Aurora C lacks the N-terminal domain that is
present in both Aurora A and B, suggesting that Aurora C has different regulation (21). Within
the catalytic domain, the amino acid sequence for each of the Aurora A isoforms is highly
conserved between different organisms, which highlights theirimportance for various protein

functions of different species.

The N-terminal domain of each Aurora kinase, which is responsible for substrate specificity,
intracellular localisations and other functions, have much less similarity (22). Aurora kinases
contain a regulatory domain at the N-terminus and a catalytic domain at the C-terminal
(Figure 1.5). Within the N-terminal region, Aurora A contains an A-box, which is involved in
kinase degradation. The D-box within the C-terminal region also plays an important role in
self-degradation. The regulation of expression levels and activity of Aurora A is associated
with phosphorylation/dephosphorylation and protein degradation. Kinase activity of Aurora
A is stimulated by phosphorylation, with phosphorylation on Thr288, situated within the

activation loop of human Aurora A required for kinase activity (23).
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Figure 1.5. Aurora A protein kinase structure. Structural features including the activation
loop (magenta), DFG motif (red), glycine rich loop (green), Lys162 (blue). Diagram produced
in PyMol from PDB file 1MQA4.

1.2.1 Aurora cell cycle

The cell cycle is divided into different stages, including interphase, prophase, prometaphase,
metaphase, anaphase and telophase (24). Human Aurora kinases are cell cycle regulated; low
in the G1/S phase and high in the G2/M phase, with each kinase having a distinct role during
mitosis (25). In order for a cell to undergo mitosis, replication of the organelles and DNA must
be carried out prior to the separation of the chromosomes into the daughter cell (24). Aurora
kinases are associated with various functions of mitosis, including mitotic entry, centriole pair
separation, bipolar spindle assembly, metaphase chromosome alignment and cytokinesis
completion (26). Aurora A has a distinct characteristic with its association to centrosomes and
microtubule regions close to the centrosome in comparison to Aurora B and C. Aurora A
specifically associates with centrosomes that separate during the late stages of S phase and

early G2 phase (27). The centrosome association is directed by the carboxyl-terminal catalytic
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domain and the amino-terminal region. However, this does not require kinase activity. Aurora

A has also been located at the spindle midzone and midbody in the late stages of mitosis (28).

1.2.2 Aurora and cancer

Aurora kinases are of importance to cancer research, as the genes encoding all three of the
Aurora kinases can be mapped to regions of chromosomal abnormalities in various cancer
types, with the detection of overexpression in tumour cell lines (28). Aurora A has been the
predominant focus for research of the three Aurora kinases. Human Aurora A is mapped to
chromosomal region 20q13.2, with this region being shown to be amplified in cancer cell lines
and primary tumours. Irregular expression of Aurora A can lead to cancer, by uncoupling
centrosome duplication during the cell cycle, which then leads to centrosome amplification
(29). Overexpression of Aurora A has shown to result in mitotic abnormalities, which lead to
cytokinesis failure and tetraploid cell production (30). The inhibition of Aurora A can lead to
abnormalities in mitotic spindle assembly, which results in a spindle checkpoint-dependent
mitotic arrest (31). Research has also shown that Aurora A inhibition can lead to MYCN
degradation. Under physiological conditions, Aurora A binds to MYCN, sequestering it away

from ubiquitin-mediated proteolytic degradation (32).

1.2.3 Aurora A and TPX2 activator

Aurora A is activated through autophosphorylation, enhanced by its interaction with TPX2
(Targeting protein for Xklp2) during mitosis (33). TPX2 is regarded as both a substrate and
Aurora A activator, with its role associated with the positioning of the kinase to the spindle
microtubules. TPX2 binds at two regions of Aurora A: the N-terminal lobe and a region
between the N-terminal and C-terminal lobe (Figure 1.6), inducing a conformational change
that enables autophosphorylation of the activating T288 residue (34). Aurora A on its own is
deactivated by dephosphorylation of T288 by protein phosphatase 1. However, with TPX2-
bound, the phosphorylated T288 residue is protected from phosphatases and activity is
maintained (35). In the absence of phosphorylation, TPX2 has also been shown to increase
the activity of Aurora A when the T288 is mutated to a non-phosphorylated residue due to a

conformational change in the catalytic domain (34).
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Figure 1.6. Aurora A bound to TPX2. A) Catalytic domain of Aurora A (yellow) and the N-
terminal domain of TPX2. TPX2 binds at the N-terminal lobe (red) and between the two lobes
(pink) of Aurora A. Dotted pink line connects the two regions where TPX2 binds. B) Complex
oriented by 180° rotation to show the two regions of TPX2 binding to Aurora A. Figure adapted
from (35).

1.2.4 Aurora A and N-MYC

The family of Myc transcription factors are oncogenic, being de-regulated in over 50% of all
cancers (36).The inhibition of Myc proteins has been targeted as a validated therapeutic.
However, compounds targeting Myc proteins have failed during the clinical stages (37). N-
Myc was first discovered as the product of amplified genes in neuroblastoma (38). Conserved
sequence motifs known as Myc boxes (MBO-1V) provide a docking site that enables protein-
protein interactions (39), with the Myc transactivation domain situated in the N-terminal
conserved motifs MBO, MBI and MBII. Myc stability is regulated by phosphorylation of MBI
which targets the protein for ubiquitination and proteolysis (40). Aurora A inhibits this process
in neuroblastoma cells, which leads to accumulation of N-Myc protein (41). Aurora A binds to
the complex of N-Myc/SCF™W7 leading to a decrease K48 linkages present in the
polyubiquitin chains. The stabilisation of N-Myc is not dependent on catalytically active
Aurora A. The Aurora A inhibitor, MLN8237, have been shown to alter the conformation of

Aurora A, destabilising the interaction with N-Myc (32). Other inhibitors, such as MK-5108,
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Hesperadin and CCT-137690, that compete with ATP and fail to induce any change in

conformation, are understood to leave the Aurora A/N-Myc complex intact (42).

1.2.5 Aurora A and TACC3

TACC3, a member of the transforming acidic coiled coil (TACC) family of centrosome proteins
is thought to enhance microtubule stability in mitosis (43). TACC3 dysregulation is implicated
in neurodegenerative diseases and various cancers, including breast, ovarian and bladder (44,
45). Aurora A in human cells phosphorylates TACC3 on three conserved regions: S34 in the N-
terminal domain, S552 in the clathrin-interaction domain, and S558 in the C-terminal domain
(45). Phosphorylation of S558 in mammalian cells induces TACC3 localisation on the spindle
microtubules and plays an important role in its binding to clathrin (46). TACC3 bound to
clathrin and ch-TOG forms interactions between kinetochore fibres, suggesting a potential for

cross-linking and the stabilisation of the mitotic microtubules (47).

1.3 Protein kinase inhibitors

Dysregulation and mutations of protein kinases can result in many human diseases; therefore,
kinases have become key drug targets. Imatinib, the first FDA-approved small molecule kinase
inhibitor to reach the market, is used to treat chronic myelogenous leukaemia (CML) (6). CML
is associated with the activation of the Abl kinase following gene translocation to the
breakpoint cluster region (BCR). Binding of Imatinib to BCR-Abl via six hydrogen bond
interactions stabilises the complex and prevents ATP from reaching the binding site (48). The
development of inhibitors used for many other cancers is challenging due to kinase
dysregulation of various signalling pathways compared to the inhibition of a single signalling
pathway that is effective with Imatinib. Many of the FDA-approved kinase inhibitors target
the ATP-binding site. However, this can lead to selectivity issues, as many ATP sites of protein

kinases have common features, which can ultimately result in unwanted off-target effects (6).

1.3.1 Kinase inhibitor nomenclature
The conformational state of a kinase on the inhibitor potency is a fundamental issue in the

drug discovery world of selective kinase inhibitors. Protein kinase inhibitors target a variety
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of active or inactive conformations, with the two major classes termed DFG-in and DFG-out.
The DFG motif, situated within the kinase activation loop, plays an important role in catalysis.
In active conformations, the Asp of the DFG motif is orientated to bind magnesium and
interact with ATP. In contrast, inactive kinase conformations have a collapsed activation loop
that inhibits the binding of substrates. The DFG-in mode can be a range of active or inactive
conformations, where the Phe residue contacts both the C-helix of the N-terminal lobe. The
DFG-out mode is associated with the inactive conformation, where the Phe residue occupies
the ATP pocket, resulting in the exposure of the C-helix pocket (Figure 1.7) (8). The gatekeeper
residue, situated within the R spine of protein kinases, plays an important role in the
effectiveness of inhibitor binding. The amino acid that is situated as the gatekeeper residue
determines how accessible the hydrophobic pocket is for inhibitor binding. Small residues
such as Ala, Cys, Gly, Ser, Thr or Val, result in a large hydrophobic pocket, whereas large
residues (Tyr or Phe) have a small pocket reducing the accessibility for binding (49). This
residue is often mutated when the kinase is targeted with an inhibitor to trigger drug

resistance (50).

Kinase inhibitors can be classified as Types I-IV. Type | inhibitors typically bind in the DFG-in
conformation, contacting only the ATP site and not the conserved allosteric pocket. Type |
inhibitors do not require a specific conformation for binding as they do not target the
allosteric pocket. In contrast, Type Il inhibitors, which are commonly associated with the DFG-
out conformation, contact both the ATP site and an allosteric pocket. The allosteric pocket is
only available for binding when the kinase is in its catalytically inactive conformation, where
the DFG motif in the N-terminus of the activation loop is flipped out (51). In addition to Type
I and Il, Type | % inhibitors have been identified that act as a fusion of Type | and Il
classifications. The Type | % inhibitors can bind to various regions including the adenine-
binding pocket, hinge residues, and the hydrophobic pocket Il in the DFG-in conformation.
Two Type 1 % inhibitors have been approved: vemurafenib for the treatment of melanoma,
and lapatinib for the treatment of breast cancer. Type Il inhibitors contact an allosteric site,
which inhibits kinase catalytic activity without having any effect on ATP binding. Trametinib,
is an FDA approved Type lll MEK inhibitor responsible for treating melanoma (52). Type IV
inhibitors form covalent bonds with the target enzyme, which can cause issues with safety

and toxicity, making them less desirable as potential drug targets (53).
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DFG-in DFG-out
ABL — VX-680 ABL — Imatinib

Figure 1.7. DFG-in and DFG-out configurations that protein kinases can adopt. A) Cocrystal
structure of ABL (cyan) bound to VX-680 inhibitor (grey). Activation loop (yellow) adopts DFG-
in configuration. B) ABL (cyan) bound to imatinib (grey) in DFG-out configuration exposing
allosteric pocket (yellow circle). Gatekeeper residue shown as orange circle and DFG residue
that is responsible for DFG configuration shown as magenta circle for both A and B. Figure
obtained from (51).

The conformations of the DFG-in and DFG-out active kinases have been used as a defining
tool to group classes of inhibitor compounds (54). However, there are a variety of kinases
where the Phe residue of the DFG motif is positioned in a different orientation that is within
an intermediate position between a DFG-in and DFG-out conformation. Work carried out by
Modi and Dunbrack have classified all the human kinase structures to two levels of structural
detail. They firstly clustered the kinase structures into three groups that focused on the
position of the Phe side chain of the DFG-motif, which consisted of DFG-in, DFG-out and DFG-
inter. The DFG-in group was the largest set with 227 kinases that orientated the DFG-Phe
against or underneath the C-helix. The second largest group, the DFG-out conformation,
consisted of 60 kinases where the DFG-Phe was orientated into the ATP binding pocket. DFG-
inter was the smallest group identified with 27 kinases that positioned the DFG-Phe side chain
out of the C-helix but not to a fully extended DFG-out conformation. The majority of the
structures showed the DFG-Phe to be orientated upwards and towards the B-sheets that

separate the active site into two distinctive sections. This conformation has previously been
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identified in Aurora A as ‘DFG-up’ by Dodson et al (55) and as a group of conformations

termed ‘wCD’ by Ung et al (56).

The three groups were then divided into subclasses dependent on the dihedral angles that
the Phe side chain required for placement, which resulted in eight groups, six for DFG-in, one
for DFG-out and one for DFG-inter. A nomenclature was developed based on the regions of
the Ramachandran map that were occupied by the X, D, and F residues of the X-DFG motif.
‘A’ for alpha-helical region, ‘B’ for beta-sheet region and ‘L’ for left- handed helical region.
The x1 rotamer of the Phe side chain was termed ‘minus’ for the — 60° rotamer, ‘plus’ for the
+ 60° rotamer and ‘trans’ for the 180° rotamer. The active kinase conformation, the most
abundant found in the Protein Data Bank (PDB), was termed as ‘BLAminus’ using this new
nomenclature. All structures that were deemed catalytically active containing bound ATP and
Mg2*/Mn?* and a phosphorylated activation loop belonged to the BLAminus subclass.
Previously, all inactive DFG-in conformations were categorised together. However, this work
identified the most prominent inactive DFG-in conformations were split into BLBplus and
ABAminus groups. BLBplus was found to be the most abundant inactive conformation of
kinases where the DFG-Phe ring is situated underneath the C-helix and is positioned upwards,
resulting in the C-helix being orientated outwards. This orientation generates an extra region

that could be exploited for design of new inhibitors (8).

Analysis performed by the Levinson group using Time resolved- Forster resonance energy
transfer (TR-FRET) has identified conformational changes of Aurora A based on its
phosphorylation status and ligand/inhibitor binding. Analysis revealed a variety of
conformational preferences based on a DFG-in or DFG-out configuration, with each inhibitor
adopting the configuration to a different extent. The DFG-in inhibitors favoured binding to
Aurora A when it was constrained in the DFG-in configuration by the binding of the activating
TPX2 peptide. DFG-out inhibitors favoured binding to Aurora A when it was phosphorylated
on the activation loop. The addition of TPX2 showed a transition from DFG-out to DFG-in state
for both forms of non-phosphorylated and phosphorylated Aurora A, with phosphorylated
Aurora A being more prominently DFG-in compared to non-phosphorylated. Conformational
changes were also evident upon inhibitor binding, with the largest shift seen with SNS-314,

where an almost full transition to the DFG-in conformation was apparent for non-
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phosphorylated and phosphorylated Aurora A. Transitions were also seen to the DFG-out
state, with AMG-900 causing the largest shift in the phosphorylated + TPX2 form. The data
concluded that three distinct groups of conformational changes were evident, including type
| inhibitors that promote the DFG-in state, type | inhibitors that promote the DFG-out state

and type Il inhibitors (57).

1.3.2 Aurora inhibitors

Recently, many preclinical studies have been carried out on small molecules selectively
targeting Aurora A for anticancer purposes including MK8745 (58), LY3295668 (59),
BPR1KO609S1 (60), AKI603 (61), LDD970 (62) and CYC3 (63).

Alisterib (MLN8237) is a selective Aurora A kinase inhibitor which has been characterised
using in vitro and in vivo pre-clinical models (64) demonstrating an ICso value against Aurora
A of 1.2 and 396.4 nM for Aurora B (65). The development of MLN8237 was due to its
predecessor, MLN8054, showing central nervous system side effects in phase | clinical studies
(66). MLN8237 has been shown to demonstrate antiproliferative activity in a number of
human tumour cell lines, such as ovarian, prostate, lung and lymphoma cells. Additionally,
MLN8237 has been shown to be effective in paediatric type cancers, including
neuroblastoma, acute lymphoblastic leukaemia and Ewing sarcoma cell lines (65). MLN8237
has been assessed in phase | and Il clinical trials for haematological malignancies, patients
with advanced solid tumours and children with refractory/recurrent solid tumours. (67, 68).
MLN8237 is the only Aurora A inhibitor that has been tested in phase lll trials, showing

antitumour responses and tolerance in patients with Peripheral T-Cell Lymphoma (69).

VX-680 has shown to inhibit Aurora kinases as an anti-cancer therapeutic and was the first
Aurora inhibitor to enter clinical trials (70). VX-680 in cells inhibits mitotic Histone H3
phosphorylation, inhibits proliferation and induces polyploidy and apoptosis, whilst other

cells remain unaffected (71, 72).

ENMD-2076, a DFG-in inhibitor (57), is a multitarget inhibitor with an ICso value of 14 nM for
Aurora A (73). It permits growth of a variety of human solid tumour and hematopoietic

cancers, colorectal cancer, triple-negative breast cancer and myeloma (73-76). Many phase |
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and Il clinical trials have taken place with ENMD-2076 in a range of solid tumour and

hematologic malignancies studies (77, 78).

MK8745, a complete DFG-out (57) selective Aurora A inhibitor has over a 100-fold selectivity

for Aurora A (ICso of 0.6 nM) in comparison to Aurora B (ICso of 280 nM) and other kinases

(58).

Table 1.1. Aurora A kinase inhibitors.

Inhibitor Mass (Da) Structure
MLN8237 (Alisertib) 518.92
~o
07 "OH
/ \ -
. —N N—\ N
VX680 (Tozasertib) 464.59 N_/<
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HN -
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ENMD2076 375.47 N)l
XN N/\
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F O HN
MK8745 431.91
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1.4 Non-canonical phosphorylation

In addition to phosphorylation of serine, threonine and tyrosine, many other amino acids are
now thought to play a role in mammalian protein signalling, namely His, Arg, Asp, Cys, Glu
and Lys, which are all termed as non-canonical phosphorylation (79). An estimated total
number of 748 histidine kinases have been predicted from searches of the genomes of 67
eukaryotic species from the phylogenetic tree (80). Phosphohistidine (pHis) was initially
identified in the 1960s as part of an oxidation reaction of an enzyme intermediate (81).
Generic and site-specific antibodies have been identified against pHis and been used to
demonstrate direct and indirect roles in T-cell signalling, cell proliferation, differentiation, and

migration (82).

1.4.1 Two component signalling system

The most studied histidine phosphorylation has been in bacteria, fungi, and plants due to
their involvement in the two-component signalling system (TCS), which were first reported in
1980. To date, there are no known function homologues of TCS in vertebrates. TCS are
understood to play a crucial role in cellular responses to many environmental factors (83). A
TCS is composed of a sensor histidine kinase and a response regulator, with both aspects
associated with connecting a cellular or environmental signal with a suitable response. This is
carried out by communication through a phosphoryl-group transfer from a histidine on the
histidine kinase to an aspartate on the response regulator. In addition, histidine kinases are

able to function as a phosphatase for the response regulator (84).

1.4.2 Histidine phosphorylation

The phosphorus of the phosphoryl group in phosphohistidine binds can bind to either the 1-
or 3- position of the imidazole ring of histidine, forming 1- or 3-phosphohistidine (pHis)
respectively through a phosphoramidate bond (Figure 1.8) (85). The N1 pHis isomer is
thought to be less stable in comparison to N3 pHis due to N1 pHis being more electrophilic
(86). The analysis of pHis is very challenging due to the free energy of hydrolysis of the
phosphoramidate (N-P) bond (87). This results in the subsequent loss of the phosphate group
at low pH and high temperatures (88). Many protein phosphorylation assays require acidic

treatments; therefore, the analysis of pHis requires some method adjustments. Studies have
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carried out the detection of proteins containing the phosphoramidate bond using high
performance liquid chromatography and thin layer electrophoresis (89, 90). Mass
spectrometry has previously been exploited for the detection of synthetic and enzymatic

derived pHis (79, 91, 92).

N1-phosphohistidine (N1-pHis) N3-phosphohistidine (N3-pHis)
OH 0
OQP/ 0

\ = OH

N
< | Sl Ho' \OH \=N NH,

Figure 1.8. Two pHis isomers found in physiological conditions, N1 phosphohistidine (N1-
pHis) and N3 phosphohistidine (N3-pHis). Structures were produced in ChemDraw 3.1.

1.4.3 Nucleoside diphosphate kinases

NME1 and NME2, both known mammalian histidine kinases, belong to the family of
nucleoside diphosphate kinases (NDPKs), which are a group of proteins encoded by the nme
(non-metastatic cells) genes. Metastasis suppressor genes inhibit the growth of biological
processes during the progression of metastases, whilst not affecting the primary tumour
development (93). In addition to their metastasis suppressor functions, NME1 and NME2 have
shown to be associated with proliferation and differentiation. NME proteins use pHis as an
enzyme intermediate to carry out a catalytic reaction (94). There are ten known human NME
proteins, with NME1 the first of the family of proteins to demonstrate the ability to supress
the metastatic phenotype of cancer cells (95). NME1 and NME2 share 88% sequence similarity
and have both been shown to demonstrate histidine kinase activity auto-phosphorylating at
H118 (96). The different isoforms of NME are associated with different subcellular
localisations including being found in the nucleus (NME1/2), mitochondria (NME3/4) and
cytoplasm (NME1/2) (97).

NDPKs play a role in catalysing the transfer of y-phosphate from nucleoside triphosphate to

nucleoside diphosphate, which results in the generation of a high energy phosphohistidine
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intermediate (Figure 1.9) (85). NDPKs play an important role in maintaining the balance
between intracellular NTP and dNTP pools, which are required for essential cellular processes,
such as DNA replication, protein translation and RNA synthesis (97). The nucleotide base has
been reported to position near the protein surface, which is stabilised by the Phe60 residue
on the helix and Val112 on the kpn loop to create a clamp structure. The ribose is located in
the nucleotide binding cleft of the protein, with K12 and N115 forming hydrogen bonds
between the 2’ and 3’ hydroxyl groups and the phosphate moiety orientated towards the
His118 residue. His118 has previously been shown to be stabilised by Glu129, with a hydrogen
bond between N3 of the His118 imidazole group resulting in the position of N1 being available

for phosphate transfer (98).

NDP  NT(P)

NME  NME(P) NME

Figure 1.9. Schematic diagram of the catalytic mechanism of NDPKs. Phosphate transfer is
carried out via a ping-pong mechanism.

1.4.4 NME structure and multimerisation

NME2 was the first structure identified of the human NME proteins and revealed that the
protein adopts a hexameric configuration of a dimer of trimers or a trimer of dimers (Figure
1.10). Each monomeric subunit mass is 17 kDa, folding into an alpha/beta domain around an
anti-parallel R sheet, with a C-terminal extension. The high sequence similarity between the
NME protein family suggests that other NME proteins would be structurally similar to NME2,
with a hexamer formation. NME oligomerisation is thought to be regulated though redox-
dependent mechanisms, with oxidising conditions disrupting the hexameric structure. Upon
oxidising conditions, NME1 has been shown to form an intramolecular disulphide bond

between Cys4 and Cys145. This disulphide bond formation disrupts the protein interface
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leading to a conformational change in the C-terminal region, which destabilises the hexamer.

The resultant dimer exhibits reduced enzymatic activity.

Figure 1.10. Structure of NME1 trimer. Three monomers of NME1 shown in green, magenta
and cyan. Kpn loop shown in orange. Ribbon diagram produced in PyMol from PDB file 2HVD.
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1.5 Mass spectrometry proteomics

Proteomics is defined as the complete characterisation of all the proteins expressed in a cell,
tissue, or organism (99). An important application of proteomics is the study of PTMs, as
protein kinases function by signal transduction and phosphorylation, it is crucial that PTMs
are analysed to provide interpretation of kinase activity within the cell (100). Mass
spectrometry-based proteomics predominately relies on protein enzymatic digestion,
peptide ionisation, separation of ions based on their m/z ratio and then ion detection (101),
an approach termed ‘bottom-up’ proteomics. Peptides can be analysed by mass spectrometry
using a variety of ionisation forms including electrospray ionisation (ESI) and matrix-assisted
laser desorption/ionisation (MALDI), with liquid chromatography MS (LC-MS) commonly used

for peptide separation in-line with (ESI) (102).

1.5.1 Tandem mass spectrometry

MS-based proteomics often uses reverse-phase liquid chromatography (LC) prior to MS to
facilitate separation of peptide analytes from a complex mixture for analysis. Peptides are
commonly bound to a C18 column, which is packed with silica particles that contain alkyl
chains. Elution of peptides occurs with increased concentration of organic solvent and
separation of peptides is based on their hydrophobicity (103). On elution from the LC column,
peptides are introduced into the ion source of the MS instrument, where the generation of
gaseous ions takes place. In a tandem MS experiment, the m/z ratio of all ions entering the
ion source are recorded in the MS1 scan. In a data-dependent acquisition (DDA) mode, a
TOPN method is implemented to analyse the ions with the most intensity from the MS1 scan.
The ion of interest is then isolated and fragmented to produce a MS2 (MS/MS) spectrum of

the product ions (104) which can be used to determine peptide (and thus protein) sequence.

1.5.2 Electrospray ionisation

Electrospray ionisation (ESI) is a soft ionisation technique that transfers ions from solution to
the gas phase prior to mass spectrometry analysis. During ESI, the sample in solution is
sprayed from the capillary, which results in the generation of a charged droplet of the same
polarity as the capillary voltage. The droplets reach higher temperature on entry to the ESI

source, which leads to evaporation of the solvent and the reduction in size of the charged
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droplets (Figure 1.11). The electric field strength of the charged droplets reaches an
equilibrium where it is kinetically and energetically stable for ions positioned at the droplet
surface to be transferred into the gas phase. NanokESI, where ESl is performed at flows rates
between 200 and 1000 nl/min with the use of a smaller diameter emitter in the range of 10
to 100 microm id, enables smaller droplets to be produced, which results in more efficient
ionisation. The reduced droplet size reduces the number of salt ions in each droplet, which
results in less adducts on the protein following solvent evaporation and better spraying
capabilities. The advantages of nanoESI include higher sensitivity, decreased competition for

ionisation and an enhanced dynamic range (105).
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Figure 1.11. Schematic of the electrospray ionisation process. Sample solution exits the
capillary tip with the assistance of an electric field in form of a Taylor cone. Charged droplets
emerge from the tip and travel through the electric field to the mass spectrometer. Two
models described: lon Evaporation Model shows how smaller ions enter the gas phase and
Charge Residue Model shows how larger ions enter the gas phase. Red circles demonstrate
proteins and grey circles demonstrate peptides in the droplet. Figure adapted from (106).

1.5.3 Mass analysers

The mass analyser is the component of the mass spectrometer that enables the main goal of
the analysis to be achieved, which is the mass determination of the analyte in question. A
range of mass analysers are available that can also trap and store ions in addition to resolving
ions of different m/z. Most common analysers include quadrupole, Time-of-Flight (ToF) and

Fourier transform, with many setups employing different combinations or hybrids of these
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analyser types. A quadrupole analyser acts as a mass filter, with four hyperbolic rods that run
in parallel to each other. The rods that are situated opposite one another are electrically
connected, with a radio frequency (RF) potential and direct current (DC) applied the rods. The
combination of both the RF and DC potentials enable the ions to oscillate once they travel
through in the quadrupole in the z-direction. lons of a specific m/z will have stable
trajectories, whereas ions not in the specific m/z range with have instable trajectories
resulting in their collision with the rods and them being filtered out. The variation in the RF
and DC potentials enable ions of different m/z regions to be scanned and filtered through the
quadrupole. A ToF mass analyser consists of a flight tube and an acceleration grid that pushes
a series of ions from the ionisation source to the MS detector. The basic understanding of the
ToF analyser is if two ions of different m/z values are accelerated from the ion source with
the same energy, the arrival times at the detector will be different for each of the ions. lons
with larger mass will travel slower through the flight tube in comparison to smaller mass ions.
Once the ion hits the detector, the mass spectrometer will record the time it took for the ion
to travel through the flight tube, with the drift time through the tube proportional to the m/z
of the ion (107).

1.5.4 Higher-energy collisional dissociation (HCD)

Characterisation of peptide sequence, either manually, or using algorithms that permit
protein database search, requires peptide fragmentation. Higher-energy collisional
dissociation (HCD) in a Q-Exactive mass spectrometer utilises an octopole collision cell, which
can function at higher collisional energies compared to collision induced dissociation (CID)
(108). The high RF voltage of the collision cell enables high resolution mass analysis and no
lower mass cut-off, resulting in increased protein sequence coverage. HCD enables higher
energy dissociations compared to ion trap CID resulting in the analysis of further
fragmentation pathways. One limitation of using HCD in an Orbitrap instrument is the length
of time it takes to acquire spectra due to the increased number of ions that are needed for

Fourier transform detection. (109, 110).

1.5.5 Electron transfer dissociation (ETD)
The application of CID and HCD for the identification of modified peptides with labile PTMs

can lead to issues regarding site localisation of the modification. In 2004, electron transfer
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dissociation (ETD) was reported as a new technique to fragment gaseous ions. ETD
implements the use of reagent anions for ion-ion reactions, which then leads to electron
transfer to the peptide cation. This reaction results in the peptide cleavage at the N-Ca bond
and subsequently a series of c (N-terminal peptide ion fragments) and z (C-terminal peptide
ion fragments) ions (111, 112). ETD requires the generation of reagent anions, which is
commonly carried out with the addition of fluoranthene into the chemical ionisation source.
The source can generate near-thermal electrons which the fluoranthene can capture to
produce a radical anion. ETD fragmentation does not result in energy distribution throughout
the ion, which enables peptides to retain a labile PTM, such as a phospho moiety, and
therefore, leads to the improvement of site localisation of the phosphorylated site. The non-
energetic reaction used for ETD results in the limitation to only multiply charged species (3+),
which is due to the decrease in electron-induced charge and therefore, its ability to fragment
a singly charged ion (113). More recent advances have implemented the use of dual
fragmentation strategies that consist of HCD and ETD, referred to as EThcD. Fragmentation
during EThcD results in a mixture of b, y, c and z ions, which results in additional information
for protein sequence determination, whilst also maintaining the identification of any PTM’s

(114).
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1.5.6 Thermo Orbitrap Fusion

Advances in the field of mass spectrometry have led to the use of tribrid mass spectrometers.
The Thermo Orbitrap Fusion is a tribrid instrument that utilises three mass analysers; a
qguadrupole mass filter, Orbitrap, and lon Trap (Figure 1.12), which enables MS1, MS2 and
MS" analysis in the Orbitrap and lon Trap (115).
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Figure 1.12. Schematic of the Thermo Orbitrap Fusion Tribrid mass spectrometer. The
Orbitrap Fusion Tribrid mass spectrometer consists of a quadruple mass filter and both an lon
Trap and Orbitrap mass analyser. HCD can be applied in the lon-Routing Multipole and ETD in
the linear lon Trap of the instrument.
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1.5.7 Orbitrap

Prior to entry in the Orbitrap, ions accumulate in the C-Trap, which is an RF quadrupole
consisting of four hyperbolical rods situated perpendicular to the Orbitrap. The Orbitrap mass
analyser consists of an outer barrel shaped electrode and an inner spindle-like pole electrode
(Figure 1.13). A linear electric field is applied between the two electrodes that results in ions
being trapped around the inner spindle and m/z values are measured by the frequency of
harmonicion oscillations (116). The oscillation frequencies are detected via the measurement
of an image current from the outer barrel shaped electrodes, which is then followed by
Fourier transform for conversion of the recorded time-domain signal to a m/z spectrum (117).
The Fourier transform breaks down the original time-based waveform into several sinusoidal

forms, which all have an individual magnitude, frequency, and phase. This results in the
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conversion of a waveform in the time domain to a series of sinusoidal equations. The
spectrum produced represents the frequency on one axis and the magnitude on the other
axis (118).

C-Trap

«— lon entry

<— Central electrode

Outer electrode

Figure 1.13. Orbitrap mass analyser. lons are transported from the C-Trap into the Orbitrap.
An electric field is applied between the central and outer electrodes to allow ions to oscillate
with the frequency of oscillations proportional to the m/z output.

1.5.8 lon Trap

lon Trap mass analysers accumulate ions in an oscillating field using two different types: a 3D
(Paul) trap or a 2D (linear) trap, with the latter used in the Orbitrap Fusion instrument (Figure
1.14). The 3D trap consists of a hyperbolic ring electrode and two hyperboloidal end-cap
electrodes, whereas the 2D trap consists of four hyperbolic or cylinder-shaped rod electrodes
(119). lon trap mass analysers use a helium gas environment to fragment peptides by the
application of an auxiliary excitation frequency, which increases the motion of the precursor
ion. The induced motion results in the increase of further energetic collisions within the gas
leading to increased vibrational excitation of the precursor ion. Following the breakage of
bonds, the fragment ions can no longer be excited by the auxiliary frequency. For ions to be
ejected from the trap, the RF voltage at one end of the electrode is altered to force the ions
to be instable and subsequently be ejected from the trap and into the mass detector (120). A
2D trap has a higher capacity for trapping ions and is more efficient at externally injecting ions
due to its larger trapping area in comparison to a 3D trap. lons entering the lon Trap must be
under control to prevent space-charging effects due to ion repulsion when the level of ions
present increase too much, which results in a decrease in resolving power performance and

mass accuracy (119).
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Figure 1.14. 2D lon Trap mass analyser. 2D linear ion trap consisting of four hyperbolic rod
electrodes. Application of varying RF and DC voltages enables the ions to oscillate in the field
and travel towards the mass detector. Figure adapted from (121).

1.5.9 Proteomics data analysis

Following the acquisition of MS/MS data, search engines such as MASCOT can be utilised to
identify peptides and subsequently, proteins for high throughput, rather that manual, data
interrogation. Search engines compare MS1 and MS2 experimental data to theoretical values
of peptide or fragment masses obtained from searching a database containing the proteins
of interests. ldentified proteins are scored to determine the peptides with the highest
matches against the inputted database (122). False positive PSMs (peptide spectral matches)
assignments can occur during the database search algorithm, therefore, the false discovery
rate (FDR) of peptides needs to be determined. A popular way of determining FDR is to search
a decoy database, which can be created by reversing the target database, such that the
composition (in terms of amino acid content and distribution) of the two are identical. The
number of matches to the decoy database allow computation of the number of false positives
within the data set (123). Additional tools can be incorporated into the search parameters of
MASCOT and Proteome Discoverer, such as phosphoRS, which gives a score based on the

prediction of the PTM site localisation by the analysis of specific product ions (124).
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1.6 Native mass spectrometry

Native mass spectrometry (MS) is a form of electrospray ionisation where analytes are
sprayed from a non-denaturing solvent. The term ‘native’ describes the biological state of the
analyte in solution, prior to the ionisation step during MS (125). This technique enables large
biomolecules and complexes to be transferred from a liquid phase to gas phase, whilst
experimental conditions are mild enough to enable the preservation of non-covalent

interactions and the proteins native state (126).

1.6.1 lon-Mobility Mass Spectrometry

lon-Mobility (IM) MS separates ions on the basis of their charge and shape. Therefore,
information such as collision cross-sections (CCS) of proteins in the gas phase can be obtained
and compared to those obtained from other structural biology techniques, including x-ray
crystallography (125). IM-MS has been emerging as a popular technique used to gather
information regarding conformational dynamics, ligand-induced conformational changes,
and folding/unfolding intermediates. IM-MS of smaller charge states would commonly relate
to the more compact protein structure, as a smaller number of exposed protonation sites are
available, which is more favourable to represent the native folded protein (127). Proteins that
are less than 100 kDa with fewer than five charge states are often associated with a tightly
configured structure, whereas more than five charge states are likely representative of an
unfolded protein, which can be due from spraying under denaturing conditions or intrinsic
disorder. The charge states of the protein can be manipulated to produce lower charge states
and reduce the chance of coulombic repulsion or unfolding. This can be achieved by charge

stripping with the addition of a base into the desolvation region (128).

In comparison to other structural techniques, IM-MS only requires a small amount of sample
in the nanogram quantities (129). Native MS coupled with nESI enables the use of nL/min flow
rates, which produces smaller droplets than standard ESI, which allows for lower sprayer
voltage and source temperatures, and therefore, maintains the native protein structure in the
gas phase (130). Other techniques, such as cryo-electron microscopy, require the protein to
be above 50 kDa, whereas IM-MS does not have this limitation with the analysis of smaller
proteins. Cryo-EM also has the challenge of needing higher quantities of material and the

difficulty in embedding small particles into ice correctly. However, the advantage of cryo-EM
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is the ability to gain information regarding the 3D structure, whilst the sample is in solution
and preserving the native state, which can enable the visualisation of how molecules move
and interact when performing different functions (131, 132). Additional structural techniques
including x-ray crystallography and NMR spectroscopy require the protein sample to be in its
purest form, however, native MS can be used to explore the protein heterogeneity of the
sample (125). X-ray crystallography does have the advantage of higher resolution, where
mechanisms of action and complex interactions can be observed. However, the solid
structure is not representative of the native form, which does not enable different
conformations to be identified. The technique can also result in protein precipitation, and it
is a very time-consuming method to carry out (133). NMR has the ability to probe protein
dynamics and observe multiple conformations, including the ratios in how the conformers
can flip from one to another, whilst the protein is in solution and its native state. In addition,
protein interactions can be detected using chemical shift mapping or chemical shift titration.
The main drawback of using NMR is its limit to smaller proteins below the range of 30 kDa

due to the slower tumbling rate of larger proteins (134).

1.6.2 Protein solution to gas phase considerations

Prior to entry into the mass spectrometer vacuum, proteins need to be desolvated and
ionised, which gives rise to the question of whether the ionised species in the gas phase are
a representation to those found in solution (135). Studies have shown that it is possible to
partially retain the structures and topology found in solution and observe these findings when
carrying out gas phase experiments (136, 137). It is of high importance in native MS to control
parameters of pH and ionic strength in order to sustain the folded native state of the protein
or analyte in solution (125). The sample and spraying conditions that are adopted can be
modified with solvents that stabilise structures, such as ammonium acetate, which enables
the retention of protein interactions and non-covalent protein complexes (126). When
transferring a protein to the gas phase from solution, a series of events can occur over a time
period, including the collapse of charged side chains (picosecond time-scale), and a decrease
of hydrophobic interaction and increase in hydrogen bonding (millisecond time-scale) (138).
Proteins can lose their native structural fold over longer time periods, with factors such as
protein charge state playing a role. For example, experiments have shown that cytochrome c

can lose its native folded structure at 400 milliseconds, however, IM-MS is capable of
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detecting these solution-like structural features within 1 -2 milliseconds, prior to the protein
beginning to unfold (139). In order to maintain the native structures of proteins, the
temperature and energy must be carefully observed, to not induce any unwanted changes on

the native protein (140).

1.6.3 IM-MS instrumentation

The aim of IMS instrumentation is to separate a series of analyte ions through a drift tube
filled with buffer gas under the influence of an electric field. The relationship between the
drift velocity of the ions and the electric field is influenced by the mobility (K) of the ion in the
chosen buffer or gas. Smaller ions will travel faster through the electric field in comparison to
larger ions. The instrument parameters, including the gas temperature and pressure can
impact the rate of K. The separation of analyte ions is also influenced by the physicochemical
properties of the ion and gas, such as the ion and gas masses, ion charge state and the CCS

value (141).

There are three primary forms of IM-MS: drift-tube ion mobility spectrometry (DTIMS),
travelling-wave ion mobility spectrometry (TWIMS), and field-asymmetric ion mobility

spectrometry (FAIMS) (142).

In DTIMS, the duration of time an ion takes to pass through the drift tube relates to its mass,
charge, and rotationally averaged CCS, with CCS determination possible from measured
experimental parameters. lons are trapped following ionisation and prior to their entry into
the drift cell via an ion gate. The ions are then introduced into the mobility device, which is
filled with a neutral gas buffer. lons are transported through the device under weak electric
field conditions. The drift time associated with each ion can then be used to calculate Q based

on the Mason-Shamp equation (143):

Q= 3% ( 21 )1/2 1
"~ 16N \pkBT KO
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where KO is the reduced mobility, z is the ion charge state, e is the elementary charge, N is
the number density of the drift gas, u is the reduced mass of the ion-neutral drift gas pair, kB

is the Boltzmann constant and T is the temperature of the gas.

The drift cell aspect of the TWIMS device is similar to the DTIMS, with a stacked ring of
electrodes that apply a voltage to enable the ions to travel through the drift cell at a low
pressure of ca. 2-4 Torr. A difference between the two devices is that DTIMS has a uniform
electric field and the TWIMS has an oscillating electric field, which induces waves that enable
the ions to be propelled through the device to the mass analyser. The application of
alternative sections of positive and zero electric fields enables the creation of the travelling
wave for the ions to propel through to the detector. Before ions enter the ion mobility device,
they are stored in the trap ion guide, which allows the ions to be transferred to the ion
mobility cell at the same time. lons can travel on the top of the waves or travel through the
waves depending on the interactions between the ions and the drift gas, therefore ions with

higher mobility will travel quicker and reach the detector sooner (Figure 1.15). (142).

Drift gas

® ®
@ » lons enter
o I

" Yl

Detector
)

Figure 1.15. Travelling Wave lon Mobility (TWIMS) device. The drift tube is filled with buffer
gas and an electric field is applied to enable ions to travel through the tube in a wave
formation. lons enter the TWIMS device with the duration of time spent in the TWIMS
dependant on the size of each ion. Smaller, compact ions, travel over the wave and have
smaller CCS, whereas larger ions will travel through the wave, taking longer to exit and have
larger CCS.

The use of IM-MS as an analytical technique was commercialised in 2006 with the arrival of
the Waters Synapt HDMS instrument and then followed by the introduction of the Synapt G2
in 2011 and the Synapt G2Si (Figure 1.16) in 2013.
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The instrumentation of the Synapt G2Si includes a transfer ion guide that focuses the
separated ions prior to their analysis in the quadrupole analyser. The quadrupole is used as a
mass filter step prior to separation in the ion mobility device. A quadrupole consists of four
hyperbolic rods, which are charged with direct current (DC) and radio frequency (RF) voltages.
A stable DC is applied to the rods and the rods situated adjacently are applied with voltages
of opposite polarity, whilst the fluctuation of RF voltages enables the transition of polarity of
the rods. The oscillation of DC potentials and RF frequencies creates an electric field for the
ions to be transported through the quadrupole. lons in a selected m/z range have a stable
trajectory enabling them to travel to the detector, whereas ions outside the m/z range will be

unstable and collide with the rods leading to their expulsion from the analyser (144).

In addition to the quadrupole analyser, the Synapt G2Si also consists of a Time-of-Flight (ToF)
analyser. A ToF mass analyser is based on the principle that ions with different masses, but
the same energy, will travel at different velocities. lons are accelerated by an electric field and
the m/z of an ion is determined based on the duration of time it takes to travel from the

electric pusher to the detector, with lighter ions arriving prior to the heavier ions (145).
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Figure 1.16. Schematic of the Waters Synapt G2Si mass spectrometer. The Synapt G2Si
consists of a quadruple mass analyser up to 8000 m/z and a Travelling Wave lon Mobility cell
device. Collisional activation voltage can be applied in the Trap region of the instrument.
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1.6.4 Collision Cross Section (CCS)

A TWIMS device cannot be used to directly determine CCS in contrast to DTIMS due to the
continuous alteration within the electric field and the association between Q and KO no longer
being related. The drift time through the travelling-wave mobility cell requires calibration of
the cell to determine CCS. The TWIMS cell is calibrated for drift time under defined conditions
such as gas type/pressure and travelling wave speed/height using ions similar in nature to the
analyte, of known CCS value. Drift time calibration is carried out with the analysis of analytes

that possess the same chemical or physical properties as the analyte in question (146).

CCS values can provide information on the conformational shape of an ion in the gas phase
during defined conditions, which can then be compared if needed with theoretical CCS values
obtained from other structural techniques, such as x-ray crystallography. The CCS value
represents an average of all the geometric orientations and interaction types within the
measured time of the experiment. The value is influenced by the drift gas due to the
momentum transfer and gas polarisation abilities, and the influencing factors of the IM-MS
experiment including the magnitude of the electric field and the temperature. CCS values
provide an additional physicochemical measurement that can help complement accurate
mass data for protein identification (147). CCS measurements alongside m/z ratio and
retention time can enhance identification purposes when in used in combination with
databases that contain known CCS values and accurate mass measurements. The analysis of
CCS values have additionally been shown to be consistent between instruments with a range
of experimental conditions tested and results have shown CCS to be more reliable than
retention time values. However, one limitation of using CCS values as an identification tool

could be the lack of databases that provide CCS measurements for contaminants (148).

The separation of an ion during an IM-MS experiment is represented by a distribution of
arrival time, as opposed to a single peak of the arrival time. The distribution is a cause of ion
packet diffusion and the presence of multiple interconnecting conformer species. CCS values
are commonly determined from the apex of the main arrival time distribution peak, which
results in a single CCS value for each protein. However, the CCS determination of each

individual conformational state can provide additional information alongside molecular
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modelling at interpreting the structural properties that each conformer is associated with

(149).

Molecular modelling algorithms can be implemented to determine CCS values by inputting
structural information obtained from NMR or x-ray structures (150). CCS values calculated
from high-resolution coordinates and compared to experimentally derived CCS from TWIMS
instruments have shown to have an exceptional correlation with an error of <3% for globular
proteins. However, a significant challenge in carrying out these calculations is the reliability
of determining CCS from atomic coordinates that provide values from >10° models in the
>100 kDa range. This is due to larger proteins and protein complexes often resulting in
complications during the calculation due to difficulty in determining the inter and

intramolecular interactions (151).

There are a range of methods available to calculate CCS that use Monte Carlo integrations
that consist of ‘probes’ to represent the IM gas, which are then ‘fired’ upon a randomly
orientated ‘target’, which is the structure of interest (151). The algorithms vary with the
assumptions and approximations that they make with regards to the collisions between the
probe and the target. There are three commonly used methods to determine CCS values that
use helium as their buffer gas; projection approximation (PA), the trajectory method (TM)

and exact hard-sphere scattering (EHSS) (138).

The PA method is the simplest method, which calculates the CCS based on the average
projected area of the target (protein structure) in relation to the size of the IM gas probes.
The molecule is randomly rotated several times during the calculation to enable the rotational
space to be assessed and the average projected area is then calculated based on the Monte
Carlo integration. As the PA method doesn’t take into account the scattering and long-range
interactions, calculations are quick, however, the speed in which the calculation is completed
can lead to an underestimation of the CCS. This method is predominately used for ions below

2 kDa due to its inability to consider multiple collisions (151).

The EHSS method calculates CCS by averaging the motion of the transfer cross section, which

relates to the scattering angles between the arriving and departing gas atom trajectories.
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EHSS does factor in the scattering and collisions with the drift gas, however, in similarity to

PA, it does not factor in long-range interactions with the buffer gas and molecular ion (138).

The TM, the most complex and reliable, considers both longer interactions and collisions
between the ions and buffer gas atoms, which makes it a more suitable algorithm to analyse
larger biomolecules including proteins. In order to utilise this method, the effective potential
must be determined, which then enables trajectories to be calculated within this specific
potential to gain the scattering angles. The disadvantage of performing TM is the longer time
required due to the analysis of the longer interactions and the requirement of the integration

of forces to calculate the trajectory of the probes makes this model more expensive (138).

IMPACT (lon Mobility Projection Approximation Calculation Tool) is an algorithm that can
analyse models from x-ray crystallography, nuclear magnetic resonance spectroscopy,
electron microscopy and x-ray scattering to calculate CCS values 10° quicker than previous
models without compromising on accuracy. This method has previously been shown to
calculate CCS values of all the proteins in the European PDB in a few hours, providing
information on how similar a structure is to others of a comparable mass. IMPACT enables
the calculation of quick CCSs during molecular dynamic simulations, obtaining information
that corresponds to the gyration radius of the molecule, which makes it a useful tool for

molecular modelling purposes (151).

1.6.5 Collision-Induced Unfolding

Collision activation of the ions can be performed in the trap and transfer domains of the
TWIMS device to gain further structural analysis of protein stability and structure (Figure
1.17). Collision-induced unfolding (CIU) involves the isolation of a precursor ion and
subjecting it to energetic collisions with a background gas. The collisions must be high enough
to increase the internal energy of the analyte in question to induce a conformational change
associated with the protein unfolding in the gas phase. Collision energy too high will induce
too much energy and will cause disruption of the significant covalent bond interactions within
the protein. Arrival time distributions (ATDs) are acquired during each voltage interval, with
changes in ATD corresponding to different structural transitions of the protein. Quantitative

tools can then be carried out to determine binding effects and the related structural changes
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upon ligand binding (152). The development of CIU has enabled the technique to be used as
an analytical fingerprint tool to study protein stabilities and protein-ligand complexes (153).
CIU can assess partially unfolded intermediates in the millisecond time frame, providing

information regarding the structure and stability of isolated protein complexes (154).

Figure 1.17. Collision-induced unfolding in a TWIMS device. Specific ion is isolated in the
guadrupole and then subject to energetic collisions in either the trap or transfer regions of
the TWIMS device.
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Chapter 2. Materials and Methods

2.1 Reagents

General lab consumables were purchased from Sigma-Aldrich unless otherwise stated. Details

of Aurora A inhibitors and TPX2 peptides are shown in Table 2.1.

Table 2.1. Inhibitor and peptide purchasing information.

TPX2 modified peptide
(MSQVKSSASAAAPSDFINFSSLDDEGDTQNIDSWFEEKANLEN)

Inhibitor/Peptide Catalogue Purchased
number from
MLN8237 S1133
VX-680 $1048
ENMD-2076 S$1181 SelleckChem
MK-8745 S7075
Staurosporine 51421
TPX2
(MSQVKSSYSYDAPSDFINFSSLDDEGDTQNIDSWFEEKANLEN) i
N/A Pepceuticals

2.2 Plasmid purification

2.2.1 Escherichia coli competent cells

Glycerol stocks of TOP10 and BL21(DE3) pLysS E. coli were inoculated on Luria-Bertani (LB)

agar plates and incubated for 18 hours at 37°C. A single colony was picked from each plate

and grown in 50 mL of LB media for 18 hours at 37°Cin a shaking incubator (250 RPM). A total

volume of 2 mL was added to 200 mL of new LB media until an ODggonm Of 0.6 was reached.

Cells were centrifuged to attain a pellet for 10 minutes at 4°C (5000 x g). The pellet was lysed

onice in buffer 1 ((100 mM rubidium chloride, 50 mM manganese chloride, 30 mM potassium

acetate, 10 mM calcium chloride and 15% (v/v) glycerol). Cells were incubated for 5 minutes

on ice and then centrifuged for 10 minutes at 4°C (5000 x g) and suspended in buffer 2 (10

mM MOPS, 10 mM rubidium chloride, 75 mM calcium chloride and 15% (v/v) glycerol) for 1

hour on ice. Bacterial cells were aliquoted on ice into sterile 1.5 mL Eppendorf tubes in

volumes of 200 pL prior to flash freezing in liquid nitrogen and stored at -80°C.
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2.2.2 TOP10 transformation

PET30 Aurora A WT and D274N plasmids (50 ng) were transformed into 50 puL TOP10 E. coli
on ice for 30 minutes in a sterile Eppendorf. The Eppendorf was then transferred to a water
bath at 42°C for 30 seconds followed by 2 minutes on ice to induce heat shock. 250 pL SOC
(Super Optimal broth with Catabolite repression) media (2% tryptone, 0.5% yeast extract, 10
mM NaCl, 2.5 mM KCIl, 10 mM MgCl;, 10 mM MgSQs, 20 mM glucose) was added and
incubated for 30 minutes at 37°C in a shaking incubator (250 RPM). Cultures were inoculated
on agar plates containing 50 pg/mL kanamycin and 37 pug/mL chloramphenicol and incubated
for 18 hours at 37°C. Colonies were picked and grown in 5 mL of LB media containing
kanamycin and chloramphenicol and incubated for 18 hours at 37 °C in a shaking incubator
(250 RPM). Cultures were centrifuged to collect pellets for 10 minutes at 5000 x g. Purification
of plasmids was carried out using the QIAGEN QlAprep Spin Miniprep kit. Plasmid DNA

guantity was assessed with Nanodrop 2000c (Thermo Fisher Scientific).

2.3 Protein expression and purification

2.3.1 pLysS E. coli transformation

PET30 Aurora A WT and D274N plasmids were transformed into BL21 (DE3) pLysS E. coli
(Novagen) as described in section 2.2.2. A single colony for each expressed protein was
transferred in to 100 mL of LB media with addition of antibiotics and incubated for 18 hours
at 37 °C in a shaking incubator (250 RPM). Cultures (5 mL per litre of LB media) were
transferred to 8 L of LB media flasks and incubated at 37 °C (250 RPM) until an ODeoonm
between 0.6 — 0.8 was reached. Protein expression was induced with the addition of 0.4 mM
isopropyl-1-thio-p-galactosidase (IPTG) and incubated for 18 hours at 18 °C (250 RPM).
Cultures were centrifuged for 10 minutes at 5000 g, the supernatant discarded, and the

bacterial pellet harvested.

2.3.2 E.coli pellet lysis

E.coli pellets were lysed in 100 mL of ice cold lysis buffer (50 mM Tris pH 7.4, 10% glycerol,
300 mM NaCl, 10 mM imidazole, 1 mM DTT, 100 mM EDTA, 100 mM EGTA, protease inhibitor
tablet (Roche)). The lysed cells were then sonicated on ice using a 3 mm microprobe attached

to a MSE Soniprep 150 plus motor unit at an amplitude of 16 microns in 30 second intervals.

54



Samples were centrifuged for 1 hour at 8°C (43,000 x g) to pellet the cellular debris and then
filtered through a 0.22 um filter. Supernatants were collected and snap frozen if needed prior

to protein purification.

2.3.3 His-tag cleavage

Removal of the His-Tag from the Aurora A proteins was carried out using a Nickel His-Trap HP
column. The column was equilibrated in elution (50 mM Tris - HCI 7.0, 10% glycerol, 300 mM
NaCl, 500 mM imidazole, 1 mM MgCl,, 1 mM DTT) and wash (50 mM Tris - HCI 7.0, 10%
glycerol, 300 mM NaCl, 20 mM imidazole, 1 mM MgCl,) buffers using a syringe and filter
motion prior to the addition of E. coli lysate. The column was then washed with 10 mL of wash
buffer and 10 mL of elution buffer in 0.5 mL fractions and the eluent fractions collected. The
fractions containing the protein as determined by SDS-PAGE and protein Bradford assay were
pooled and incubated with 25 pg TEV for 18 hours at 4°C on a rotating wheel. The sample was
centrifuged for 20 minutes at 4°C (16,000 RCF) prior to loading for size exclusion

chromatography.

2.3.4 Gel Filtration

Following removal of the His-Tag with TEV, proteins were loaded on to a Superdex 200 16 600
column (GE Healthcare) attached to an AKTA FPLC system and a Frac-920 (GE Healthcare),
which was equilibrated in filtered and degassed gel filtration buffer (20 mM Tris pH 7.0, 10%
glycerol, 200 mM NaCl, 40 mM imidazole, 5 mM MgCl;, 1 mM DTT). The system was set up
with a flow rate of 0.5 mL/min and fractions were collected in 1.5 mL volume. 5 pL of collected
fractions containing the protein were analysed by SDS-PAGE to determine the purest
fractions. Fractions were pulled together and passed through the His-Trap column until the

protein contained no additional non-cleaved material.

2.4  SDS-PAGE

SDS-PAGE was carried out using 10% polyacrylamide gels to determine protein purity,
molecular weight and for the initial step prior to western blotting. Gels were made using a
resolving buffer (1.5 M Tris-HCI pH 8.8) and stacking buffer (0.5 M Tris-HCI pH 6.8). Proteins
were loaded through the stacking gel (0.1 M stacking buffer, 4% Bis-Acrylamide (v/v), 0.01%

55



(v/v) SDS, 0.01 % (v/v) APS and 0.1% (v/v) N,N,N’,N’-Tetramethylethylenediamine (TEMED))
and resolved in the resolving gel 0.4 M resolving buffer, 10% or 12% Bis-Acrylamide (v/v),
0.01% (v/v) SDS, 0.01 % (v/v) ammonium persulfate (APS) and 0.1% (v/v) TEMED. Proteins
were denatured by heating in 5x SDS sample buffer (0.25 M Tris-HCI pH 6.8, 0.25%
bromophenol blue, 500 mM DTT, 5% SDS, 50% glycerol) for 5 minutes at 95°C. Samples were
loaded on to the gel and separated by electrophoresis for ~ 50 minutes at 200 V in running
buffer (25 mM Tris-HCI, 190 mM glycine, 0.1% SDS). Proteins were visualised using Coomassie
stain (0.2% Brilliant blue R-250, 7.5% acetic acid, 50% methanol) and then the gel was washed

using destain buffer (50% H,0, 40% methanol, 10% acetic acid).

2.5 Bradford assay
Protein concentration was determined by a Bradford assay with a standard curve of bovine

serum albumin standards ranging from 0 — 1 mg/mL (Figure 2.1). Proteins were diluted as
required in 1X Tris buffer pH 7.4 prior to the assay and 5 pL of protein or buffer for the blank
was added to 200 pL of Coomassie Plus Protein Assay Reagent in a 96-well plate. The
absorbance was recorded using a spectrophotometer at 595 nm and protein concentration

was determined relative to the blank and BSA calibration curve readings.

0.5
0.45
y = 0.8033x + 0.0304
0.35 R? = 0.9554

0.3 _
0.25 .

0.2
0.15

0.1
0.05

Optical Absorbance (595 nm)

0 0.1 0.2 0.3 0.4 0.5 0.6
BSA Concentration (mg/mL)

Figure 2.1. BSA standard curve to determine protein concentration.
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2.6  Western blotting

Samples were separated by SDS-PAGE prior to transfer onto a nitrocellulose membrane (GE
Healthcare) at 100 V for 1 hour in pre-chilled transfer buffer (25 mM Tris, 190 mM glycine,
0.1% SDS, 20% methanol). Membranes were blocked in 5% milk powder (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 on a shaking rocker. Primary antibodies were made up
in 5% milk TBST at 1:5000 dilution and incubated with the membranes for 18 hours at 4°C
prior to washing for 3x 5 minutes in TBST. Washed membranes were incubated in secondary
antibody (diluted 1:5000 in 5% milk in TBST) for 1 hour at room temperature on a rocker prior
to washing for 3x 10 minutes in TBST. Immunoblion Western Chemiluminescent HRP
Substrate (Millipore) developing reagent was applied to the membranes prior to their transfer
into an X-ray film cassette and exposure to film for various time periods. The films were

development using an ECOMAX X-ray film processor (Protec).

2.7 Differential Scanning Fluorimetry (DSF)

Protein solutions were diluted in 50 mM Tris pH 7.4, 100 mM NaCl to a final concentration of
5 uM with the addition of 1 mM ATP, 10 mM MgCl, and 40 uM of inhibitors as required. Tris
(10 mM Tris, pH 7.4, 20 mM NacCl) buffer or 4% DMSO were used as controls for the assay.
SYPRO Orange fluorescent dye (Invitrogen) was diluted 1:1000 in 10 mM Tris, pH 7.4, 20 mM
NaCl buffer and added to the MicroAmp Fast Optical 96-well reaction plate (Applied
Biosystems) prior to the addition of an optical adhesive cover. The plate was vortexed and
centrifuged for 30 seconds at 500 x g prior to analysis using an Applied Biosystems
StepOnePlus Real-Time PCR instrument. The instrument was set to measure fluorescence
with thermal ramping (0.3°C per minute between 25°C and 95°C). Data was collected using
the StepOne Software (version 2.1). Data was processed to generate denaturation profiles,
which was then normalised to include the lowest fluorescent reading at 0% and highest at
100%. Linear regression analysis was carried out using the Boltzmann equation to generate
sigmoidal denaturation curves, and average Tm/ATm values were calculated using GraphPad

Prism software.
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2.8 Enzymatic assays

Enzymatic assays were performed on a PerkinElmer LabChip EZ Reader using a 384-well plate
to assess the mobility shift of a peptide substrate upon WT and D274N variants of Aurora A.
Final volume of 80 pL in the presence of 50 mM Hepes pH 7.4, 0.015% (v/v) Brij-35 and 5 mM
MgCl,, with the addition of 1 mM DTT, 2 uM peptide substrate (5’-FAM-LRRASLG-COn#2) and
10 ng protein. Activity of both Aurora A variants was analysed with the addition of 1 mM ATP
and quantified over the assay time relative to the control assay with no ATP. Data was plotted

as % peptide conversion using GraphPad Prism software.

29 Desalting with Amicon spin filters

Prior to all mass spectrometry experiments, Aurora A was buffer exchanged into 150 mM
ammonium acetate (for IM-MS) or 50 mM ammonium bicarbonate (for phosphopeptide
analysis) using Amicon spin filter 10K 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. Final protein concentration was determined
using a Nanodrop and adjusted accordingly to experiment. Nanodrop was blanked with the
appropriate buffer using the Protein 280 nm setting prior to loading 1 uL of sample to

determine the concentration.

2.10 Native ion mobility-mass spectrometry

2.10.1 Waters Synapt G2Si

Analysis was performed on a Waters Synapt G2Si instrument, which was calibrated with
sodium caesium for a mass range between 500 — 8000 m/z. Following desalting (as in 2.9),
proteins were adjusted to 5 uM in 150 mM ammonium acetate and the sample was subject
to electrospray ionization at ~ 2 kV with a pulled nanospray tip (Section 2.10.3). Pressure in
the travelling wave mobility cell was set to 2.2 mbar (nitrogen), IMS was carried out with a
travelling wave height of 23 V, velocity of 496 m/s and a trap bias of 33. For collision-induced
unfolding (CIU) experiments, the 11+ charge state of bound or unbound protein was
guadrupole isolated and subjected to collisional activation in the trap region of the Triwave.

Step-wise activation voltage was applied between 16 and 34 V in two-volt intervals before
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IMS measurement. CIU was carried out a travelling wave height of 27 V, velocity of 497 m/s

and a trap bias of 35.

2.10.2 Calculation of CCS

Drift time calibration of the Triwave device for determination of rotationally averaged
collision cross section (CCS) was carried out using B-lactoglobulin (Sigma-Aldrich L3908),
cytochrome c (Sigma-Aldrich C2506) and bovine serum albumin (Sigma-Aldrich A2153). CCSs
in nitrogen buffer gas were estimated according to the database provided by Bush et al (150)
and then calibrated against helium cross sections ("WCCS n2she). A logarithmic plot of the
reduced drift time for multiple charge states for each of the protein standards used for CCS
determination versus the charge and reduced CCS value was calculated, prior to the
generation of a straight-line graph to establish the slope and intersection. The experimentally

derived CCS values were then calculated using the formula shown in Figure 2.3.

1.2

y =0.58x - 0.7625

0.8
R*=0.9986

0.6

0.4

Reduced CCS (LN)

0.2

2.4 2.6 2.8 3 3.2
Reduced drift time (LN)

Figure 2.2. CCS calibration plot used for calibration of TriWave. Different charge states for
each protein calibrant shown in red for Avidin, blue for B-lactoglobulin and green for BSA.
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11%((C18-1.5*SQRT(3050)/1000))"0.58*EXP(-0.7625)
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Figure 2.3. Example for calculation of CCS.

2.10.3 Nanospray pulled tips

m/z for protein

of interest

copied from MassLynx

Inputted from y
intercept shown in

Figure 2.2

TW120-4 Thin-Wall Capillaries (4 x 1.2 mm) (World Precision Instruments 1B100-3) were

pulled using a Sutter P-1000 puller using settings displayed in Table 2.2. Pulled capillary tips

were placed in a secure clasp holder and ~ 3 uL of protein was added using a gel loading tip.

The capillary was centrifuged briefly using a clasp holder to ensure all the liquid had reached

the tip of the capillary. A platinum wire was placed in the capillary tip following removal

from the secure clasp. A metal clasp and protective rubber insert were applied to the

outside of the capillary prior to mounting on the G2Si source stage.

Table 2.2. Sutter P-1000 puller settings.

Line Heat Pull Vel. Delay Pressure Ramp
1x1 489 0 20 120 235 491
2x1 489 0 18 120 Delay mode X
3x1 489 0 18 120 Safe heat X
4x1 0 0 Jaw temp 42°C

2.10.4 Inhibitor/nucleotide binding

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
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(inhibitor/nucleotide:protein) was added following protein desalting (2.9) and incubated for

10 minutes at R.T. prior to native (IM-)MS analysis.

2.10.5 Gaussian fitting of CCS distributions

Average CCS profiles from three replicate analyses were used for Gaussian fitting of Aurora A
individual conformational states using Origin (Version 2021b). The Fit Peaks Pro function was
implemented to initially assign the most abundant peak for each data set. Additional peaks
were added for either conformer |, Il, lll, and 1V, where applicable. The CCS, CCSD, and area
parameters for each assigned conformer were manually adjusted using Fit Control and the
iteration feature, in order to obtain the best fit between experimental data (black line) and
sum of Gaussians (red line). Black error bars are representative of the SD, and the error

between the experimental line and sum of Gaussians was reported with R2.

2.10.6 RStudio
Scatter plots of "WCCS n2she (nm?) values versus CCS distribution (CCSD) (nm?) were generated
using ggplot in RStudio (code included in Appendix 2.1). Aurora A MS/MS fragmentation plots

were generated in RStudio (code included in Appendix 2.2)

2.10.7 CIUSuite 2

Raw data files were converted from Waters.raw to a text-based format using the drift time
extraction tool in TWIMExtract. The data from the isolated charge state was summed across
the m/z range and IM drift time was converted to CCS to compile a file of collision-voltage IM
sets. TWIMExtract compiles the data in to a _raw.csv file, which is then used as the input file
for the Python operated ClUSuite 2 software. The ion intensities at each collision voltage
energy were smoothed with a Savitsky-Golay filter using a window length of three and a
polynomial order of two. The ClUSuite_plot function was used to process the CIU data set

within the working directory to create a contour unfolding plot in the form of a .png file.

2.11 Intact mass analysis
The mass of the proteins was determined using a Waters Nano Acquity Ultra Performance

Liquid Chromatography (UPLC) system running a C4 trap column (Waters - MassPREP Micro
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Desalting Column) coupled with a Waters Synapt G2Si. The mass spectrometer was calibrated
with GluFib for a mass accuracy of 1 ppm or below and performance tested with 250 fmol/mL
myoglobin. Chromatography was performed using the gradient Table 2.2, 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). MS data was processed using MassLynx (4.1) and deconvoluted using MaxEnt1.

Table 2.3. LC-MS gradient used for intact mass determination.

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

2.11.1 NME autophosphorylation assay

Catalytic activity of the histidine kinase NME1 was evaluated by intact mass analysis following
protein incubation (1 pg) with 1 mM nucleotide (or without for control) in 50 mM Tris-HCl,
pH 8.0, 100 mM NacCl in a final volume of 100 uL. Reactions were incubated for 5 minutes at
R.T. prior to LC-MS analysis (as in 2.11) and the ratio of non-phosphorylated to
phosphorylated protein quantified. To determine the effect of inhibitors on NME1 auto-
phosphorylation and dimerisation, 200 uM compound (in 50 mM Tris-HCl, pH 8.0, 100 mM
NaCl) was included in the assay (final volume of 50 pL, equating to a 1:10 protein: drug ratio).
Reactions were incubated for 10 minutes at R.T prior to addition of 1 mM ATP. Samples were

centrifuged briefly and analysed immediately.
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2.12 Phosphopeptide mapping

2.12.1 Sample preparation and LC/MS/MS analysis

Following desalting of proteins into 50 mM ammonium bicarbonate, disulphide bonds were
reduced with 3 mM DTT in 50 mM ammonium bicarbonate for 30 minutes at 60°C. After
cooling to R.T., cysteine residues were then alkylated with 14 mM iodoacetamide for 1 hour
in the dark at R.T. Proteins were digested with trypsin ((50:1) Promega) for 18 hours at 37°C,
prior to loading a 3 pmol injection onto the instrument. Samples were made up in loading
buffer (3% (v/v) ACN, 0.1% (v/v) TFA) and loaded onto a trapping column (PepMap100, C18,
300 um x 5 mm) at a flow rate of 9 uL/min for seven minutes. Peptides were subsequently
resolved at a flow rate of 0.3 puL/min on an analytical column (Easy-Spray C18 75 um x 500
mm, 2 um bead diameter column) over a 60-minute gradient with 3% buffer A (0.1% (v/v)
Formic acid in H,0):97% buffer B (80% (v/v) ACN, 0.1% (v/v) Formic acid in H,0) to 20% buffer
A:80% buffer B and a final 5 min 100% B wash. MS1 spectra was acquired on a Thermo
QExactive mass spectrometer over a range of 350-2000 m/z in the Orbitrap (resolution at 200
m/z), AGC target was set at 2E> and a maximum injection time of 50 ms. MS2 data was
acquired in data-dependent acquisition (DDA) mode using a top speed approach with a cycle
time of 3 s. Normalised collision energy was set to 32% HCD. MS2 settings included 15,000
resolution at 200 m/z, maximum injection time of 50 ms, fragmentation intensity threshold
of 5E* for charge states 2+ to 5+. A dynamic exclusion window of 60 s with a mass tolerance

of 10 ppm was implemented.

2.12.2 Data analysis with Proteome Discoverer

LC-MS/MS data was processed using Thermo Proteome Discoverer (2.4) and MASCOT (2.6).
Raw mass spectrometry data files were converted to mzML format to enable processing with
Proteome Discoverer. Data was searched against a human UniProt Aurora A database
modified with the two expressed protein sequence (122-403 residues of the WT and D274N
variant). Processing settings were set as follows:MS1 tolerance — 10 ppm and MS2 mass
tolerance — 0.01 Da; enzyme specificity was defined as trypsin with up to two missed
cleavages allowed; carbamidomethyl Cys was set as a fixed modification; Met oxidation and
Ser/Thr/Tyr phosphorylation were defined as variable modifications. Data were filtered to a

1% false discovery rate (FDR) on peptide spectrum matches (PSMs) using automatic decoy
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searching with MASCOT. ptmRS node with Proteome Discoverer was used to determine

phosphosite localisation confidence.

2.13 Molecular Modelling

Molecular modelling was carried out by Dr Matthew Bachelor, at the University of Leeds.
Missing parts of the Aurora A sequence were modelled into the structure using the PYMOD
plugin in PYMOL (155) (PyMOL, The PyMOL Molecular Graphics System, Version 2.0
Schrodinger, LLC). A homology model of the full 122—-403 sequence was built using MODELLER
(156) based on one of the Aurora A crystal structures. The MODELLER loop modelling function
in PYMOD was then used to build ten new improved, Aurora A models, allowing only the
newly added residues of the N- and C-termini (and any new A-loop residues) to change. The
model with the lowest ‘objective function’ and without obvious new contacts made with the
rest of the protein was chosen as the starting structure for modelling. This procedure was
performed for several Aurora A crystal structures, PDB codes: 10L7, 10L5, 2WTV (chain A and
B), 3E5A, 4C3P, 5G1X, 5L8K, 50DT, 6HJK.

All atom simulations were performed with the CHARMM36m force field (157) using NAMD
(158). Inputs for NAMD simulations were generated using CHARMM-GUI (159) based on the
PYMOD generated models. Where required, phosphorylation of Thr287/Thr288 was
maintained using the doubly-deprotonated Thr patch (THPB). N- and C-termini were
uncapped. The protein was solvated in a rectangular waterbox with a minimum distance of
10 A between the protein and the box edge (~20,000 TIP3P water molecules). CI- ions were
added to neutralise the protein. Solvated structures were first subjected to 10,000 conjugate
gradient energy-minimization steps. Prior to the collection of trajectory data, a heating
protocol that raised the temperature of the system from 0 to 300 K over 60,000 steps and a
short pre-equilibration at 300 K for 125,000 steps, were used. The time step used was 2 fs
throughout. Trajectory frames were recorded every 5000 steps (10 ps) and simulations ran
for >100 ns with temperature controlled at 300 K and pressure at 1 atm using Langevin

dynamics.
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Go-like models and potentials were generated from PYMOD generating initial structures using

the MMTSB web service (https://mmtsb.org/webservices/gomodel.html) (160, 161). MD

simulations of Go-like models were carried out using Langevin dynamics and the CHARMM
package, version 44/45 (162). The timestep was 10 or 15 fs. Simulations across a range of
different temperatures were performed to gauge where the unfolding transition occurs then
production simulations were performed below this temperature. Simulation trajectories were
processed and analysed using Wordom (163). The protein component of the system was
isolated and aligned, and individual trajectory frames extracted for CCS measurements. The
stability/variability of the protein as a function of time through the simulation was monitored
using the root mean square deviation (RMSD) of CA atoms with reference to the initial

structure.

Clustering of Go-like model conformers was performed using a 15-A RMSD cut-off value
between clusters. Native contact fractions in Go-like models were calculated as described by
(164) using a low temperature (250 K) simulation to define native contacts distances at 80%

occupancy.

The software IMPACT (165) was used to estimate CCS values for protein structures. The
default atomic radii and convergence parameters were used for all-atom and united-atom
simulations. For Go-like models, the atomic radii were estimated to be the average distance
between each CA atom (3.8 A). This provided reasonable comparison with the all-atom
simulation results. In all cases the raw IMPACT CCS value based on projection approximation
(rather than the recalibrated TJM value) was used, as this provided much better comparison

with experimental data for AurA models and for a bovine serum albumin model.
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Chapter 3. Evaluating the differences in conformation and dynamics of WT
and D274N Aurora A as a function of activity.

3.1 Introduction

As discussed in Chapter 1, Aurora kinases are involved in many cell cycle events, and belong
to the family of serine/threonine protein kinases. Aurora A controls progression of mitosis via
the phosphorylation of various targets. Autophosphorylation of the Thr288 residue is
required for catalytic activity of Aurora A and with the binding of activating partners, a fully
active conformation is present, which can regulate the assembly of mitotic spindles. Aurora
kinases consist of an N-terminal domain (39-139 aa), a kinase domain (250-300 aa) and a C-
terminal domain (15-20 aa) (Figure 3.1) (166). The kinase domain consists of a B-stranded N-
terminal lobe connected to an a-helical C-terminal lobe by a hinge region that is associated
with the active conformation (167). The C-terminal domain contains the conserved residue
Thr288 for Aurora A, with phosphorylation of this residue resulting in a conformation change

associated with its activity (34).

Activation
1 51 131 loop 383 402
AuroraANT L U Tc
A-box \ Y ) D-box

Kinase domain

Figure 3.1. Aurora A structural domain schematic. The domain structure of full-length Aurora
A, including the A-box at residue 51, kinase domain containing the activation loop with
activated residue T288, and the D-box at residue 383.

The N-terminal and C-terminal lobes are connected via a flexible hinge region, which forms
the ATP-binding site. The activation loop plays an important role in the enzymatic activity of
the protein kinase and is situated within the active site, with the loop commonly between 20-
30 residues in length, beginning with a conserved DFG motif (Asp-Phe-Gly) and extending up
to an APE motif (Ala-Pro-Glu) (Figure 3.2A). In active kinases, the Asp residue within the DFG
motif is positioned and orientated to bind magnesium, which interacts with the oxygen atom
of the B phosphate of ATP. Active kinases position the C-helix in an inward position, which

places a conserved Glu residue into the helix forming a salt bridge with a Lys residue in the 3
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strand. Following formation of the salt bridge, the lysine side chain is able to form hydrogen
bonds with ATP via the oxygen atoms of a and B phosphates. The GxGxxG motif situated in
the N-terminal lobe stabilises the bound ATP phosphates during the catalysis step, which

creates a stable environment for the phospho-transfer reaction (8).
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Figure 3.2. Aurora A protein kinase structures with and without inhibitor. A) Aurora A
structural features including the activation loop (magenta), DFG motif (red), glycine rich loop
(green) and Lys162 (blue). Diagram produced in PyMol from PDB file 1IMQ4. B) Aurora A
(ribbon diagram) in complex with MK-5108 (spacefilling model). Majority of kinase domain
shown in green, with activation loop shown in yellow, aC helix shown in orange, and the
phosphorylated Thr 287 and Thr 288 residues highlighted. Figure adapted from (168).

In this chapter, a truncated version of Aurora A, with only the residues 122-403 will be used
for analysis due to this shorter version being sufficient to bind activating partners. The TPX2
binding partner has previously been shown to bind to this truncated version of Aurora A and
is able to stimulate activity of this kinase in vitro as effectively as binding to full-length Aurora
A (35). In addition, the Aurora A (122-403) protein contains the important conserved Thr288
residue required for catalytic activity. Aurora A (122-304) has been shown to be
phosphorylated when expressed in E. coli, as detected by immunoblotting with a
phosphospecific antibody (33). Crystal structures of phosphorylated Aurora A (122-403)
bound to TPX2 with both Mg2* and ATP have been determined to show that the binding of

TPX2 results in the kinase active conformation (35). Various other phosphorylated crystal
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structures of this truncated version have also been reported including with phosphorylation
on Thr287 and Thr288, and of Aurora A bound to the MK-5108 inhibitor. Binding of MK-5108
has shown to result in Aurora A adopting an inactive conformation, where the activation loop
and C helix are positioned improperly for catalysis. The structure was shown to be
phosphorylated on the Thr287 and Thr288 residues, with the MK-5108 inhibitor able to
interact with the active form of Aurora A and occupy the nucleotide-binding pocket in-

between the two lobes of the kinase (Figure 3.2B) (168).

In addition to a phosphorylated form of Aurora A (122-403), a mutated version of this protein
will also be analysed in this chapter. The aspartic acid residue situated in the DFG motif will
be mutated to an asparagine to result in a D274N mutated variant. This residue in Aurora A is
important to the catalytic activity of the protein. By mutation of the aspartic acid, the protein
is unable to bind ATP/MgCl,, deeming it catalytic inactive. Studies have shown the mutated
D274N Aurora A variant to be catalytically inactive, but still retains TPX2 binding capability
(35). When expressed in E. coli, the D274N variant unlike wild-type (WT) protein, was not
phosphorylated, suggesting that the WT Aurora A autophosphorylates, and the observed

phosphorylation does not arise due to active bacterial kinases (169).

Studies have shown that phosphorylation can induce local and global changes to the protein
structure, altering catalytic activity and binding specificity (170). Changes in binding
capability, including the ability to form oligomeric states (homo- or hetero- oligomers) can
also influence protein activity (171, 172). This chapter will exploit the use of ion-mobility mass
spectrometry (IM-MS), where non-denaturing conditions are used to mimic the proteins
physiological surroundings. The analysis of the two forms of Aurora A, phosphorylated WT
and non-phosphorylated D274N, was carried out by IM-MS to determine whether changes

are evident in protein conformation upon activation.

3.1.1 Aims
The aims of this chapter were to express, purify and characterise the conformational
dynamics and stability of Aurora A (phosphorylated WT and non-phosphorylated D274N),

evaluating differences in conformation and dynamics as a function of activity.
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3.2 Results & Discussion

3.2.1 Purification of WT and D274N Aurora A (122-403)

Two Aurora A (122-403) forms, a WT, active version which autophosphorylates during
bacterial expression, and an inactive, non-phosphorylated D274N mutant, were purified to
evaluate the effects of phosphorylation on protein conformation by IM-MS. 6His-N-terminal-
tagged Aurora A (122-403) WT and D274N plasmids were provided from the Prof Richard
Bayliss lab at the University of Leeds. The truncated version of Aurora A was used as this is
sufficient to bind activating partners, such as TPX2, while removing the N-terminal region,

which is poorly conserved across species.

His-tagged Aurora A was expressed in E. coli and separated from the bacterial cell lysate using
a Nickel His-Trap HP column, with the His-Tag cleaved using TEV protease, as described in
Chapter 2. Following removal of the His-Tag, proteins were loaded onto a Superdex 200 16
600 column attached to an AKTA FPLC system with a Frac-920 and eluted in 1.5 mL fractions,
monitoring absorbance at 595 nm. Peaks were observed between 48 — 63 mL for WT Aurora
A (Figure 3.3A) and between 45 — 65 mL for D274N Aurora A (Figure 3.3B). Analysis of the
eluted fractions by SDS-PAGE revealed a molecular mass of ~32 kDa (Figure 3.3C/D), which
was consistent with the expected molecular mass of Aurora A (122-403). The fractions
containing the highest concentration of protein were pooled and passed through the His-Trap

column again to remove any remaining non-cleaved (His-tagged) protein (Figure 3.4).
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Figure 3.3. Purification of WT and D274N Aurora A (122-403). 6His-N-terminally tagged
human wild-type (WT) Aurora A (122-403) and D274N Aurora A (122-403) were expressed
from a pET30TEV vector in BL21 (DE3) pLysS Escherichia coli. His-tagged Aurora A was
separated from bacterial cell lysate using a Nickel His-Trap HP column and eluted with 500
mM imidazole in 0.5 mL fractions. Protein-containing fractions were pooled, and the His-Tag
cleaved from Aurora A with addition of 25 pg TEV protease for 18 hours at 4°C. Cleaved His-
Tag protein was loaded on to a Superdex 200 16 600 column attached to an AKTA FPLC system
and 1.5 mL fractions collected whilst monitoring protein elution at an absorbance of 280 nm
(A, B). 5 uL of protein-containing fractions were analysed by SDS-PAGE to evaluate purity (C,
D).
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Figure 3.4. Molecular weight determination of WT and D274N Aurora A (122-403). SDS-
PAGE gel of BSA standard and purified WT and D274N Aurora A (122-403) proteins (2 pg). His-
Aurora A proteins were purified using a Nickel HisTrap HP column, prior to His-Tag cleavage
and gel filtration elution. Aurora A (122-403) has a predicted MW of 33 kDa.

3.2.2 Intact mass analysis of Aurora A

Prior to IM-MS analysis, the two Aurora A proteins were analysed by intact MS under
denaturing conditions to determine the molecular weight of the two expressed and purified
proteins (WT and D274N) (Figure 3.5). Raw MS data was deconvoluted in MassLynx 4.1 using
MaxEntl to determine experimental masses for WT and D274N Aurora A (122-403). The
theoretical mass of WT Aurora A (122-403) with the addition of the mass of the TEV cleavage
site (+ serine) is 32,724.49 Da. Therefore, a mass difference of 254.51 Da was determined
between the theoretical and observed (32979 Da) masses. WT Aurora A is known to be
phosphorylated, which could account for a difference of 240 Da with three phosphorylated
sites. The mass shifts to the right of the peak at 32979 Da (81 Da) could also be representative
of an additional three phosphorylated sites, which results in a final number of six
phosphorylated sites. An oxidated methionine could account for the remaining mass
difference between theoretical and observed mass (16 Da) (173). The smaller intensity peaks
(shown in red) in-between the more abundant peaks could be indicative of disodium clusters,

which could have come from glassware and the protein purification steps.
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Figure 3.5. Molecular weight determination shows phosphorylation mass shifts associated
with active Aurora A WT protein. A) Pre-deconvoluted spectra for WT (left) and D274N
(right). B) Deconvoluted mass spectra for WT (left) and D274N (right). Data were analysed
using MassLynx 4.1 and deconvoluted in MaxEnt1. Following deconvolution in MaxEnt1, the
data was then copied into UniDec to produce the figures shown in B. Protein was diluted to 1
pg in 0.1% formic acid prior to analysis.
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3.2.3 Aurora A phosphorylation status

A phosphospecific antibody against pThr288, the residue that sits within the activation loop
and phosphorylation of which is required for catalytic activity of Aurora A (174), was used as
a proxy to determine catalytic activity of these two Aurora A proteins. The immunoblot
showed WT Aurora A to be phosphorylated at Thr288, whereas D274N Aurora A showed a
negligible amount of phosphorylation at this residue (Figure 3.6), confirming lack of (auto)

catalytic activity of the D274N variant.

_
g
_
3 X
¥ & =
< & T
s > 3
% I <
5 5 <
¥ < ¥
o~ ~
ka F s &
80 -
8 -
46 -
32 -
25 -

Figure 3.6. WT but not D274N Aurora A is phosphorylated on Thr288 that is required for
catalytic kinase activity. Immunoblot of full-length Aurora A (CST), and purified WT and
D274N Aurora A (122-403) using an anti-phospho T288 antibody (200 ng of protein).

To confirm these findings, the sites of phosphorylation on these two proteins were
characterised by LC-MS/MS following tryptic digestion, which cleaves at arginine and lysine
residues. A total of six sites of autophosphorylation were identified for WT Aurora A, including
the Thr288 residue required for catalytic activity of this protein kinase (Table 3.1. MS/MS
fragmentation shown in Figure 3.7), in agreement with the immunoblot data.
Phosphorylation of $226, S266, S278, T287 and T288 have all been previously identified in
human recombinant Aurora A following tryptic digestion (175, 176). However,
phosphorylation on the S186 residue of Aurora A has not been reported to date. No sites of

phosphorylation were identified on purified D274N Aurora A under the same conditions.
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DeltaM

lon

M300 (Oxidation)

Peptide sequence Modification | Charge |m/z (Da) (ppm) | score ptmRS
EVEIQsHLR S186 (Phospho) 2 595.78 1.16 22 100
ELQKLsKFDEQR S226 (Phospho) 3 534.26 | 1.89 32 100
DIKPENLLLGSAGELK S266 (Phospho) 2 888.96 0.99 61 129
IADFGWsVHAPSSR S278 (Phospho) 2 805.36 | 1.05 73 100
T287 (Phospho);
RttLAGTLDYLPPEmMIEGR | T288 (Phospho); 2 1155.01| -3.84 43 |99.75; 100

Table 3.1. Phosphosite mapping of WT Aurora A (122-403).
Aurora A was buffer exchanged into 50 mM ammonium bicarbonate, reduced, alkylated, and
digested with trypsin. Tryptic peptides were analysed on a Thermo QExactive with 32% HCD
fragmentation. Data was processed using Thermo Proteome Discoverer 2.4 against a human
UniProt Aurora A database modified with the 122-403 residues and D274N mutation.
Processing settings were as follows: dynamic modifications — Phospho (S/T/Y), maximum
missed cleavages — 2, MS1 tolerance — 10 ppm and MS2 mass tolerance — 0.01 Da. Modified
phosphorylated residues are shown in lower case in peptide sequences. Mass error for each
peptide was calculated using DeltaM (ppm) score. lon score measures how closely the MS/MS
spectrum matches the peptide of interest. ptmRS is an algorithm for PTM assignment, which
uses MS/MS spectra alongside the peptide sequence to calculate site probabilities for all the
potential modified sites (124).
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Figure 3.7. Product ion spectra for phosphorylated sites.

Purified WT Aurora A was digested using trypsin and analysed by LC-MS/MS. MS2 spectra
generated by HCD shows autophosphorylation site at the following residues A) Ser186, B)
Ser226, C) Ser266, D) Ser283 and E) Thr287, Thr288, Met300. MS2 spectra plots were created
using RStudio (Version 1.3.1073).
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3.2.4 Aurora A activity

The enzymatic activity of WT and D274N Aurora A was directly evaluated using a peptide

mobility shift assay on the EZ Reader platform. WT and D274N Aurora A were incubated with

a fluorescent peptide substrate (5’-FAM-LRRASLG-COnw2) and Mg/ATP with the conversion of

substrate to phosphorylated product quantified over time to determine the catalytic activity

of both forms of Aurora A. These data were in agreement with the observations of catalytic

activity (as determined by autophosphorylation) of WT but not D274N Aurora A; WT protein

exhibited a high conversion rate, with ~¥48% of substrate being phosphorylated within 40 min,

while the D274N inactive mutant failed to show any activity against this peptide substrate in

the presence of Mg/ATP (Figure 3.8).
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Figure 3.8. WT Aurora A can phosphorylate a substrate peptide in comparison to non-
phosphorylated D274N mutant. Enzyme activity assay of WT and D274N Aurora A (122-403)

in the presence of 1 mM ATP/ 10 mM MgCl, (10 ng protein, 2 uM substrate peptide).
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3.3.5 Aurora A stability by DSF

The thermal stability of Aurora A was analysed by DSF to determine the effect of
phosphorylation and kinase activation status on protein stability for WT Aurora A versus the
D274N mutant. WT Aurora A was shown to have a lower melting temperature in comparison
to D274N Aurora A, indicating that the inactive variant protein is more stable than the
phosphorylated active form (Figure 3.9A/B). Melting temperature of the WT Aurora A
increased by 8.3°C in the presence of ATP/MgCl,. The increased AT, observed for WT Aurora
A with ATP/MgCl. is indicative of tight ATP binding, whereas the negligible change with D274N
Aurora A is representative of this protein’s inability to co-ordinate ATP/MgCl.. The
stabilisation of WT Aurora A with ATP alone (+ 2.5 °C) demonstrates that Mg?*is required for

high affinity ATP binding to Aurora A.
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Figure 3.9. Catalytically active WT Aurora A can bind ATP/MgCl, in comparison to
catalytically inactive D274N mutant. A) DSF thermal stability assay with 5 uM Aurora A
(black), in the presence of 1 mM ATP (blue), 10 mM MgCl, (green), or 1 mM ATP + 10 mM
MgCl; (red). B) Difference in melting temperature (ATm) compared with buffer control is
presented for both WT and D274N Aurora A (122-403).
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3.2.6 IM-MS suitable buffers

Native IM-MS was implemented in this chapter for the analysis of Aurora A due to this
technique being able to evaluate protein structure under (near) physiological conditions,
which enables the study of conformational flexibility and differences seen associated with
phosphorylated versus non-phosphorylated protein (126). Prior to native IM-MS analysis of
Aurora A, desalting of the protein was required to remove any interfering substances
obtained from the purification steps, such as detergents used in buffers for protein
stabilisation that could lead to signal suppression (177, 178). A suitable buffer must be volatile
to be compatible for MS analysis and is required to maintain the noncovalent interactions of
the native protein structure or complex in a concentration of approximately 1-20 uM (179).
Ammonium acetate at pH 7 is the standard solution used for IM-MS experiments due to its
volatility and thus lack of interference during ESI. While it does not function as a buffer per se
at neutral pH, due to the NH4* and CH3-COO™ not being a conjugate acid/base pair, the
reduction in pH to 4.75 (pKa of acetic acid) at the point of ionisation is not as extensive as
might be observed with other solutions such as pure water (180). High concentrations
(between 50 and 300 mM) can reduce the signal suppression effects of residual purification

buffers, such as Tris (181).

Spin filter molecular weight cut-off columns are commonly used for desalting prior to native
MS experiments, serving to concentrate the sample and removing small molecular weight
non-volatile components of purification buffers that can cause interference (126). Several
alternative solutions for native IM-MS were tested to determine whether they were more
suitable in comparison to ammonium acetate. The use of ammonium acetate as a suitable
solution can result in stability issues associated with the pH, leading to protein deactivation,

unfolding and precipitation, which can reduce protein recovery (180).

To evaluate different solutions for native MS analysis of Aurora A for maximal protein
recovery, while retaining ‘native’ conformation, purified protein was desalted into either
Tris/ammonium acetate, Trehalose, or using a mixture of amino acids (Figure 3.11). The
amino acid mixture (20 mg/mL solution of arginine, lysine, aspartic acid, and glutamic acid
dissolved in 150 mM ammonium acetate) was used as a pre-wash coating step prior to normal

desalting to prevent Aurora A from sticking to the spin column and resulting in a high volume
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of sample loss. In addition to the use of the spin filter columns, 600 pL (4x the amount used
for spin columns) of Aurora A was desalted using a column attached to a AKTA FPLC system
to compare to the spin filter column method. The column was pre-equilibrated with
ammonium acetate and fractions were collected in volumes of 0.3 mL. A Bradford assay was
used to determine the fractions with the highest protein concentration, and these were then
selected for IM-MS analysis. The Tris/ammonium acetate solution was tested to determine if
the addition of Tris would provide more stability to the protein, as it is thought that the
substitution for some ammonium acetate with Tris can stabilise the folded form of the protein
(182). Similar to the addition of Tris, Trehalose was also tested as a solution that could provide

enhanced stability to the folded form of the protein (183).

Analysis of protein recovery for each desalting method used demonstrated that desalting into
ammonium acetate using the Amicon spin-filter columns resulted in the highest recovery at
57% (Figure 3.10). The Tris/ammonium acetate buffer had the next best recovery at 36%.
However, the addition of Tris compromised ESI resulting in poor spectral quality (Figure
3.11C). Desalting into ammonium acetate using the AKTA FPLC system rather than the spin
columns showed the lowest recovery, likely due to a high level of sample dilution and
subsequent sample loss. The use of the amino acid mixture to pre-coat the spin columns prior
to ammonium acetate desalting failed to enhance protein recovery, with only 17% recovered.
Trehalose had a low recovery of 21% and resulted in poor resolution between the 11+ and
10+ charge states (Figure 3.11D). The poor resolution and quality of the charge distribution
data could be due to the protein containing 10% glycerol, in order to keep the protein stable,
however, this would result in the spraying conditions not being optimal. Alternative desalting
methods could have been employed to remove the glycerol, such as dialysis. The amount of
protein recovered for the different methods demonstrated that ammonium acetate resulted
in the highest recovery, with the pre-coat amino acid method having the lowest (Table 3.2).
The different desalting methods suggested that using 150 mM ammonium acetate in the spin
filter columns resulted in the best quality data with the highest resolution between charge

states in contrast to the other methods carried out (Figure 3.11).
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Figure 3.10. Protein recovery of different desalting methods used for IM-MS analysis.
Recovery expressed as a percentage for each desalting method used. Protein concentration
determined using Nanodrop following the desalting step and recovery calculated based on
starting material. All methods (except for AKTA FPLC) used Amicon 10 kDa cut-off spin filter
columns for 3x 10 min spins and an initial 10 min spin to pre-coat the filter with the
appropriate buffer.

Buffer exchange method Protein recovery (ug) Volume (uL)
Ammonium acetate 313 80
AmAc using AKTA FPLC 59 300
Tris/ammonium acetate 194 77
Trehalose 112 75
Pre-coat amino acids 94 75

Table 3.2. Protein recoveries of desalting methods for IM-MS.
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Figure 3.11. Analysis of suitable native MS desalting strategies for WT Aurora A. WT Aurora
A was desalted into A) 150 mM ammonium acetate using Amicon 10 kDa cut-off spin columns.
B) 150 mM ammonium acetate using the AKTA FPLC system. C) 50 mM Tris/150 mM
ammonium acetate using Amicon 10 kDa cut-off spin columns. D) 20 mM Trehalose using
Amicon 10 kDa cut-off spin columns. E) 150 mM ammonium acetate using Amicon 10 kDa cut-
off spin columns that had been pre-equilibrated in 150 mM ammonium acetate containing 20
mg/mL of amino acids (arginine, lysine, aspartic acid, and glutamic acid) prior to application
of Aurora A.
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3.2.7 Aurora A under native IM-MS conditions

Following the desalting step, WT and D274N Aurora A were subject to electrospray under
‘native’ conditions. The charge state distribution for both forms of Aurora A show three and
four charge states for D274N and WT respectively. Native mass spectra with a limited number
of charge states in a Gaussian distribution is indicative of a protein or protein complex with
limited intrinsic disorder in contrast to a denatured protein that will have a high distribution
of charge states (128). The 11+ and 12+ charge states were predominantly observed for WT
protein with the 10+ and 13+ states being observed at much lower levels. Interestingly, for
D274N Aurora A, while the relative ratio of the 10+ and 11+ charge states was as observed
for WT protein, the relative abundance of the 12+ state was much lower, suggesting that the

non-phosphorylated variant exhibited less flexibility than phosphorylated protein (Figure

3.12).
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Figure 3.12. Aurora A native MS spectra. Native ESI mass spectrum of WT Aurora A (left) and
D274N (right). Data analysis carried out using MassLynx 4.1 and figures created using UniDec.
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3.2.8 CCS drift time calibration

In Travelling Wave lon Mobility (TWIM), the calculation of the rotationally averaged collision
cross section ("WCCS n2-He) for protein analytes of interest is determined by calibration of the
drift time using protein calibrants of similar charge state and CCS to the protein being
analysed, as discussed in the introduction (1.5). To generate a drift time/CCS calibration
curve, arrival time distributions (ATD) were acquired for multiple charge states for each of the
three calibrant proteins, avidin, BSA and B-lactoglobulin, at the same travelling wave height
and velocity as the protein of interest (184) (Figure 3.13). The ATD of a protein is the time it
takes for each ion to travel through the mobility region of the mass spectrometer, with the

measurement carried out on multiple ions providing a distribution of arrival times (185).

The reduced drift time was calculated by extracting the drift time at each different charge
state alongside the m/z for the three calibrant proteins. The drift times as measured in the
TWIMS device in the presence of nitrogen for each protein calibrant were converted to helium
CCS using the Matthew Bush CCS database (150). Each protein has a known CCS value
reported in the Bush database, which can be used to determine the reduced CCS value with
the addition of the charge state at each drift time. The reduced drift time and CCS were then
converted to their natural logarithm to gain a y value from the reduced CCS/drift time
calibrant graph to use for determination of the CCS scale. The chromatogram list from the
drift time window in MassLynx, the charge state and m/z of Aurora A were used alongside the
y value from the graph to determine a CCS scale to calculate unknown CCS’s for WT and

D274N Aurora A.
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Figure 3.13. Protein calibrants used to determine CCS calculation for Aurora A. Protein
calibrants were prepared as described in (186) at a concentration of 10 uM prior to calculating

their drift time through the T-wave cell.
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3.2.9 Aurora A CCS determination

Following drift time calibration, the CCS of WT and D274N Aurora A was determined using
TWIMS for the 10+, 11+ and 12+ charge states (Figure 3.14). Each charge state was subject to
guadrupole isolation and resulted in a wide CCS distribution for both WT and D274N Aurora
A.The 12+ charge state yielded the widest CCS distribution from ~13 nm? to ~34 nm? for both
forms of Aurora A. The 10+ and 11+ charge states were similar in their distribution of CCS,
with the 11+ showing more detail in the lower CCS region for WT Aurora A. The 11+ charge
state was chosen to be the charge state for further analysis due to it being the most abundant
state of the three (Figure 3.12) and revealing sufficient detail across the full range of CCS
distribution for both WT and D274N Aurora A. The smallest charge state (10+) would have
been the favoured charge state to choose for further analysis due to the protein being in its
most native state with the lowest number of protonated species on, however, the 10+ charge
state was not sufficiently abundant in the D274N mutated variant, and therefore, analysis

would have been challenging.

A WT Aurora A (122-403) B D274N Aurora A (122-403)
= = 1.0 1
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Figure 3.14. CCS determination for the three most abundant charge states of Aurora A.
™WCCSN2-sHe for the [M+10H] 1%, [M+11H] 1*and the [M+12H] *?* species of WT (A) and D274N
(B) Aurora A (122-403). 10+ (red), 11+ (blue) and 12+ (green). Line plots were generated in
Origin (Version 2021b).

Initial visualisation of the CCS represented in Figure 3.15A suggested some subtle differences
at the lower CCS region (~22 nm?) between WT and D274N Aurora A. To gain a better
understanding into the different conformational states that contribute to the broad CCS
distributions, Gaussian fitting in Origin (Version 2021b) was carried out to reveal a number of
different conformers. The Fit Peaks Pro function was implemented to initially assign the most

abundant conformer (Il) and then further conformers were added for |, Ill and IV, where
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applicable. The CCS, CCSD, and area parameters for each assigned conformer were manually
adjusted using the Fit Control and iteration feature to obtain the best fit between
experimental data (black line) and the sum of Gaussians (red line). To effectively fit the
Gaussian data, an R? value of 0.995 and above was set as a reference point, however, due to
the quality of the spectra, an R?value of above 0.900 was deemed acceptable for fitting. Black
error bars are representative of the SD, and the error between experimental and sum of

Gaussians was reported with R2.
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Figure 3.15. Active WT Aurora A (122-403) is more conformationally compact than inactive
D274N Aurora A. A) "WCCSnz-He for the [M+11H] ** species of WT or D274N Aurora A (122-
403). Line plots were generated in Origin (Version 2021b). B) "CCSn2-1e Gaussian fitting
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of three independent replicates. Black error bars represent the S.D. Gaussian fitting was
performed in Origin (Version 2021b), with R? values listed.
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The weighted average CCS for WT Aurora A (23.9 nm?) was slightly larger than that observed
for D274N (22.3 nm?), which was consistent with the compared CCS calculated theoretical
values (Table 3.3). IMPACT (lon Mobility Projection Approximation Calculation Tool) was used
to calculate an estimated CCS value with the use of structures obtained from the protein data
bank (PDB). PDB code 10L7 was used to estimate the WT Aurora A CCS based on this structure
representing a phosphorylated version of Aurora A, with the activation loop present and only
minor parts of the N-terminus and C-terminus missing. The 10L6 structure was used due to it
being a dephosphorylated structure and a good structural match for D274N Aurora A The
modelling CCS values obtained from IMPACT are within the expected 10% range of the
experimentally derived CCS’s, which has been previously observed with different proteins

(187).

Experimental weighted
IMPACT CCS 2
average CCS (nm?) (nm?)
WT Aurora A 23.9 25.3
D274N Aurora A 22.3 23.7

Table 3.3. Comparison of Aurora A CCS derived from IM-MS experimental values and
IMPACT software. Experimentally derived CCS values were calculated based on the weighted
averages of three independent replicates. UniProt human Aurora A databases 10L7 and 10L6
were used to determine IMPACT CCS values based on the trajectory method.

Although the WT form demonstrated a larger CCS value, the overall CCS half-height width
distribution (CCSD) was narrower compared to D274N (Figure 3.15B). This would suggest that
the D274N Aurora A protein had greater conformational flexibility in comparison to the WT
protein. The CCS Gaussian fitting of this data set showed three conformers (I-11l) that were
observed in both WT and D274N Aurora A, with an additional fourth conformer (IV) present
in the D274N protein (Figure 3.16B). The two prominent conformers (Il and Ill) in both
proteins were within the 3% variance expected for IM-IM experiments (WT - conformer Il
CCS = 22.5 nm?, CCDS = 1.9 nm?; conformer Ill: CCS = 24.8 nm?, CCDS = 3.3 nm?, D274N -
conformer II: CCS = 23.0 nm?, CCDS = 2.3 nm?; conformer I1l: CCS = 25.5 nm?, CCDS = 3.0 nm?,),
with WT showing a larger abundance (54%) compared to D274N (48%) for conformer Il (Figure
3.16A). In contrast, conformer | was higher in relative abundance in D274N (17%) compared
to WT (11%) and there was an additional conformer IV (8%) that was not present for the WT

protein. The lack of conformer IV for WT Aurora A suggests that phosphorylation and/or
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activation status results in a more constrained conformational profile than that observed for

D274N.
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Figure 3.16. Proportional conformational space adopted by the four different conformers
of WT and D274N Aurora A (122-403). Determined by Gaussian fitting in Figure 3.15 for three
individual experiments. A) Percentage (%) area of different conformational states (I (blue), I
(red), Ill (green), IV (yellow)). B) Proportional scatter plots (CCS (nm?) versus CCSD (hm?)) for
the different conformational states. Size of dot representative of area.

3.2.10 Aurora A stability by CIU

To assess the stability of WT and D274N Aurora A, collision induced unfolding (CIU) analysis
was performed, with applied collision energy (CE) sufficient to induce unfolding, but not to
induce fragmentation (153). The CE was applied in two-volt intervals from 16-34 V within the

trap region of the instrument to compare CCS unfolding profiles for both proteins. Data is
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represented as CIU fingerprint plots (Figure 3.17A), and a comparison of WT and D274N
across each CE step is represented in Figure 3.17B. A total of four unfolding transitions were
present for both WT and D274N Aurora A, beginning with the folded state protein, which
unfolds at ~24 V and ~26 V for WT and D274N respectively. The lower CE required to initiate
unfolding for WT compared to D274N suggests that WT Aurora A is less stable in contrast to
the non-phosphorylated form, which correlated with the DSF thermal stability findings
presented earlier (Figure 3.9). Two partial unfolding intermediates were observed over a CCS
range of ~23-29 nm? for both proteins. The final unfolded states were present between ~31-
33 nm?, with the D274N protein showing a larger CCSD at this state, similar to that seen in

the previous CCS data set.
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Figure 3.17. WT Aurora A has less kinetic stability than D274N Aurora A. A, B) Collision-
induced unfolding profiles for the isolated 11+ charge state of WT (top) and D274N (bottom)
Aurora A (122-403) (or overlaid in (B)). Stepped collision energy (CE) was applied between 16
and 34 V in two-volt intervals. Data analysis was carried out in MassLynx 4.1, (A) generating
heat-maps using CIUSuite 2 and (B) mountain plots using Origin (Version 2021b). Presented
are data from an average of 3 independent experiments.
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3.3. Conclusion

This chapter has explored the conformational dynamic differences of an active,
phosphorylated protein in comparison to an inactive non-phosphorylated protein by IM-MS.
WT Aurora A (122-403) and D274N Aurora A (122-403) were successfully purified to produce
catalytically active and inactive Aurora A. Prior to IM-MS experiments, thermal stability and
kinase enzyme assays confirmed the catalytic activity of WT Aurora A, demonstrating that this
protein could bind ATP/Mg and phosphorylate a substrate peptide. WT Aurora A also had
evidence of phosphorylation on the Thr288 residue required for catalytic activity, as well as
five other sites of autophosphorylation, in contrast to no phosphorylation for D274N Aurora

A.

IM-MS experiments revealed four primary conformational states for the two Aurora A
proteins following Gaussian fitting of the CCS distribution. Differences in the ratio of these
conformers and the CCSD values were evident between phosphorylated and non-
phosphorylated Aurora A. Phosphorylated WT Aurora A demonstrated reduced
conformational dynamics and flexibility in comparison to D274N Aurora A suggesting that
phosphorylation partially constrains the protein. Further exploration of the stability of the
two proteins by DSF and CIU revealed that the non-phosphorylated form is more stable than

phosphorylated Aurora A.

This chapter has successfully utilised IM-MS to determine subtle differences associated with

active/phosphorylated proteins. Chapter 4 will investigate the impact of small molecule

inhibitors and peptides on the phosphorylated and non-phosphorylated Aurora A proteins.
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Chapter 4. Effect of small molecule inhibitors on the conformational
dynamics of Aurora A

4.1 Introduction

Chapter 3 discussed the effects of phosphorylation on the conformational landscape and
dynamics of Aurora A, comparing the active WT phosphorylated protein with an inactive
D274N, non-phosphorylated variant, by IM-MS. This chapter explores the effect of different
small molecule Aurora A inhibitors and activating peptides on the structure, stability, and

conformation dynamics of these two proteins using IM-MS.

Protein kinase inhibitors can target a range of active or inactive conformations, with the two
major classes termed DFG-in and DFG-out. The DFG motif is situated within the kinase
activation loop and plays an important role in catalysis. Active conformations enable the Asp
of the DFG motif to orientate to a position where it can bind magnesium and interact with
ATP. Inactive kinase conformations have a collapsed activation loop, which blocks substrates
from binding. A DFG-in configuration can be a variation of active or inactive conformations,
with the Phe residue contacting the C-helix of the N-terminal lobe. The DFG-out configuration
is associated with the inactive conformation, with the Phe residue occupying the ATP pocket,

which results in the exposure of the C-helix pocket (8).

In addition to the DFG-in and DFG-out inhibitor binding mechanism classifications of
inhibitors, different groups have classified further structures based on the positioning of the
DFG motif. Modi et al have classified structures based on the position of the Phe residue and
the backbone dihedral angles of the residues X-D-F (X = residue prior to DFG motif) to
recognise a DFG-inter conformation alongside the DFG-in and DFG-out conformations. This
clustering system recognised eight distinct conformations, including six that could be
classified into different configurations of the DFG-in conformation (8). The Mobitz group
classified all the mammalian kinases present in the Protein Data Bank (PDB) using the dihedral
angles of four Ca atoms from the residues that make up the DFG motif and their distance
from the C-helix, revealing twelve classifications (188). Ung et al identified five groups by

classifying 3,708 kinase structures present in the PDB by assessing the aC helix distance to
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the DFG motif, which provided structural information on the conformational space of the

catalytic domain of the protein kinases (56).

Levinson et al used a Forster resonance energy transfer (FRET) sensor to track structural
movements of the activation loop of Aurora A using a range of inhibitors (57). The analysis
revealed a variety of conformational preferences based on a DFG-in or DFG-out configuration,
with each inhibitor adopting the configuration to a different extent (Figure 4.1). The DFG-in
inhibitors favoured binding to Aurora A when it was constrained in the DFG-in configuration
by the binding of the activating TPX2 peptide. DFG-out inhibitors favoured binding to Aurora

A when it was phosphorylated on the activation loop (57).

DFG-in DFG-out T

1004 .
()]
(o)}
G
5 104 a3
= 2
L $e
z 55
o { = &
d 1" >
3
Bl cooperativity o 28
=
K, fold change § 8
0.1 L) L) L) L L L L) L L L) L) L) L) L L) l l L L) l L l L)
D oD 6D 20 AV AN LD, 2O N D o
S v‘*fﬁ’«'b,\\co“’@"”&@g@@é‘,%qg@ fL u“ﬁ e %'L '\
DV DAY oD oD A s A
K oN DA VWD (@ @ 9 Ok
O WD S AN 2 B N \\\V\ Qe %\L&
§® = IQIb 0\2\?: 5:\ Q’\'O'\' KQ\Q;O R Q\’é\\/ A\ ‘L"\ AR\
< & A X 4’9@

partial DFG-out  complete DFG-out

Figure 4.1. FRET analysis tracks structural movements of the activation loop of Aurora A to
differentiate between the DFG-in and DFG-out inhibitors. Cooperativity a-values
determined by the relative shift towards the DFG-in or DFG-out configuration by global fitting
of fluorescence binding data. Figure reproduced from (189).

Based on the Levinson analysis, the two inhibitors that favoured the most extreme DFG-in
(ENMD-2076) and DFG-out (MK-8745) configurations were initially analysed. In addition, the

two partial DFG-out inhibitors, MLN8237 and VX-680, were also chosen for analysis. These
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four inhibitors are all selective to Aurora A, therefore, a generic protein kinase inhibitor,

staurosporine (190), was also chosen for comparison.

Aurora A can be activated by either phosphorylation or binding of an activating peptide
derived from the microtubule-associated protein TPX2. Crystal structures have previously
been published of Aurora A in its phosphorylated form with a 43-length residue of TPX2,
which enables activation and protection from dephosphorylation. The binding of TPX2 has
been shown to cause no global conformational change, however, the peptide pulls on the
activation segment, which orientates the T288 activating phosphorylation site into a buried

position that locks the kinase into an active conformation (35).

4.1.1 Aims

The aim of this chapter was to analyse the effects of inhibitor compounds and activating
peptides on the structure and dynamics of Aurora A by IM-MS. The conformational landscape
of the two proteins bound either to small molecule inhibitors or activating (or control) peptide
were assessed to determine any differences in conformational flexibility using CCS
determination. The stability of inhibitor-bound complexes by collision-induced unfolding
were also explored. Experimental data were compared with computational modelling
(performed by Dr Matthew Bachelor at The University of Leeds). A key aim was to determine
whether native IM-MS was able to distinguish binding modes of the different classes of

inhibitor.
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4.2 Results & Discussion

4.2.1 Effect of small molecule inhibitors on CCS distribution

To determine the effects of small molecule inhibitors on the conformational landscape of
Aurora A, a series of IM-MS experiments were performed to determine the CCS distribution
of Aurora A in the presence of the five small molecule inhibitors described above (MLN8237,
VX-680, ENMD-2076, MK-8745 and staurosporine). The inhibitors were selected based on
their previously characterised mode of action resulting in either DFG-in or DFG-out
configurations. Staurosporine is a generic type | inhibitor, which favours the DFG-in
conformation (191). With exception to staurosporine, the remaining four inhibitors are
specific Aurora A inhibitors (64). MLN8237 and VX-680 are both understood to favour a partial
DFG-out conformation (57). ENMD-2076 has been shown to favour a complete DFG-in

position, whereas MK-8745, has shown to adopt the complete DFG-out position (57).

Following desalting of the proteins into 150 mM ammonium acetate as previously described
in Chapter 3, 10-fold molar excess of each inhibitor was added to either WT or D274N Aurora
A and incubated for ten minutes at room temperature prior to IM-MS analysis. Each Aurora
A protein with inhibitor complex was then subject to native electrospray ionisation to
determine whether the inhibitor had bound under these conditions. As expected, incubation
of Aurora A induced an increase in mass compared with Aurora A alone, demonstrating
inhibitor binding (Figure 4.2). The TICs of D274N Aurora A + inhibitor bound observed less
resolution between the charge states when compared to WT Aurora A due to the difficulty in
obtaining good spraying stability for this variant protein. The inhibitors ranged from 375 Da
to 519 Da, therefore a small increase in m/z region of the MS profile would be expected to
indicate inhibitor binding. The increase in mass shift suggests that each inhibitor had bound
and the 10-fold excess with a ten-minute incubation was sufficient for this analysis. Upon
inhibitor binding, the charge state distribution altered in comparison to no inhibitor bound,
in particular with VX680 and ENMD-2076, where the 10+ charge state was more prevalent.
This could be due to the addition of the inhibitor causing a change in the pK values of the
ionised groups. Binding of the inhibitor compounds can also cause some burial of parts of the
protein, which would result in some charge states not being available for ionisation as well as

others, and therefore a different charge state distribution profile would be observed (192).
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The most abundant charge state (11+) observed for Aurora A in the absence of inhibitor
remained present in the inhibitor-bound complexes. Therefore, the 11+ charge state for each
inhibitor-bound complex was quadruple isolated to determine a CCS profile following drift
time calibration for comparison with the unbound protein. Average IM-MS profiles from three
replicate analyses were used for Gaussian fitting of Aurora A individual conformational states
using Origin (Version 2021b) (Figure 4.3). The Fit Peaks Pro function was implemented to
initially assign the most abundant peak (conformer Il). Additional peaks were added for
conformers |, Ill, and IV, where applicable. The CCS, CCSD, and area parameters for each
assigned conformer were manually adjusted using Fit Control and the iteration feature, to

enable the best fit between experimental data (black line) and sum of Gaussians (red line).
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Figure 4.2. Inhibitor compounds bind to WT and D274N Aurora A. Mass spectra
chromatograms of A) WT (left) or D274N (right) Aurora A (122-403) in the presence of 10-
molar excess of B) MLN8237, C) VX-680, D) ENMD-2076, E) MK-8745, or F) staurosporine.
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Staurosporine, the generic inhibitor, and MLN8237 (DFG-out) induced the greatest
conformational change of WT Aurora A in the presence of an inhibitor, with only conformers
[ and 11l being observed (Figure 4.3). With exception to MLN8237 and staurosporine, all other
inhibitor-bound complexes observed the smallest conformer (1), with a CCS of 19.8-20.1 nm?,
which was similar when compared to WT Aurora A alone (20.4 nm?). The most abundant
conformer (llI) was observed in all inhibitor-bound complexes in addition to WT Aurora A
alone. The CCS for conformer Il was consistent between inhibitors with CCS values ranging
from 22.7-23.0 nm? compared to 22.5 nm? in the absence of inhibitor. Conformer Ill was also
present in all conditions ranging from 25.1-25.7 nm? for inhibitor complexes and 24.8 nm? for
WT Aurora A alone. Both conformers Il and Ill showed a marginal increase in CCS for inhibitor-
bound complexes compared to WT Aurora A alone. However, overall, the increase was within
the 3% variance expected between CCS values (with exception of conformer Il for VX-680
and MK-8745), and therefore the increase was not sufficient to suggest that the inhibitor-

bound complexes induced a larger size in the conformation of WT Aurora A.

The CCSD for conformer | of WT Aurora A (1.5 nm?) in the absence of inhibitor was smaller
than the equivalent conformational state for all inhibitor-bound complexes, with values
ranging from 2.0-2.7 nm?. These values are all above the 3% variance expected, which
suggests that VX-680, ENMD-2076 and MK-8745 increase the conformational flexibility of the
protein. ENMD-2076, MK-8745 and staurosporine had little effect on the CCSD value for
conformer Ill (3.4-3.5 nm?) compared to WT Aurora A alone (3.3 nm?). However, the two
partial DFG-out inhibitors, MLN8237 and VX-680, observed CCSD values for conformer Il of
2.9 nm? and 2.8 nm2. The smaller CCSD values for these two inhibitors outside of the 3%
variance suggests that these inhibitors constrain the conformational landscape of WT Aurora

A.

Upon addition of the inhibitor compounds to D274N Aurora A, the protein adopts a different
conformational landscape in comparison to D274N Aurora A alone or WT Aurora A with
inhibitors. Binding of inhibitors to D274N Aurora A results in the absence of conformer | in all
cases, in contrast to this conformer being present when WT Aurora A was bound to VX-680,
ENMD-2076 and MK-8745. Conformer Il remained the most abundant conformer observed

for all inhibitors bound to D274N Aurora A (23.2-23.4 nm?), with a similar CCS observed for
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D274N Aurora A alone (23.0 nm?). Little variation was observed for CCS values of conformer
[l between D274N Aurora A alone (25.5 nm?) and inhibitor-bound complexes (25.4-25.6 nm?).
Similar to the CCSD values observed for conformer Il, conformer Il also showed a wide range
in values when inhibitors were bound (2.6-3.5 nm?) compared to 3.0 nm? for D274N Aurora
A alone. Smaller CCS values were observed for conformer IV in all inhibitor-bound complexes
ranging from (29.3-30.2 nm? — staurosporine N/A) compared to D274N Aurora A alone (30.5
nm?). However, with exception to MK-8745, all the values observed for conformer IV were
within the 3% variance and therefore, suggests that binding of inhibitors does not increase
the size of the protein conformation adopted by D274N Aurora A. The 3% variance between
CCS values has become a standard reference point for these types of native IM-MS
experiments (193). CCSD values observed for conformer IV were also within a wide range
between 3.6-5.0 nm? for inhibitor bound complexes compared to 4.2 nm? for D274N Aurora
A alone. Although subtle differences were observed between binding of inhibitors for WT and
D274N Aurora A, no significant observations were apparent between the different modes of
inhibitors that were analysed. Thereby, making it challenging to observe any inhibitor

structural effects by the determination of CCS Gaussian fitting.
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Figure 4.3. CCS distribution of inhibitor bound WT and D274N Aurora A. ™WCCSnz-sHe Of the
[M+11H] *** species of A) WT (left) or D274N (right) Aurora A (122-403) in the presence of 10-
molar excess of B) MLN8237, C) VX-680, D) ENMD-2076, E) MK-8745, or F) staurosporine. Red
line is the average of three independent replicates. Black error bars represent the S.D.
Gaussian fitting was performed using the Fit Peaks Pro function in Origin (Version 2021b),
with R? values listed.

100



To further investigate the differences between the conformational landscape that WT and
D274N Aurora A adopt in the presence of inhibitors, the relative proportion of each
conformer was determined, as shown in Figure 4.4. The dot plots in Figure 4.4A/B provide an
overview of the conformers adopted by WT and D274N Aurora A in the presence of inhibitors,
showing the main difference to be the absence of conformer IV with all WT Aurora A
conditions. The proportional plots of relative abundance for each conformer (Figure 4.4C/D)
provide a further insight into the % of conformer landscape adopted by Aurora A in the
presence of inhibitors. The abundance of conformer | decreases in the presence of VX-680,
ENMD-2076 and MK-8745 for WT Aurora A. Additionally, conformer | is fully absent for WT
Aurora A in the presence of MLN8237 and staurosporine and was not observed for any
inhibitor complexes of D274N. Conformer Il was observed to be the most abundant
conformer in all conditions, ranging from 48-68%. The relative abundance of conformer I
increased in the presence of all inhibitor complexes (exception to WT Aurora A + MK-8745),
with the largest increase observed for WT Aurora A in the presence of VX-680 (68%) and
D274N Aurora A in the presence of staurosporine (63%). The abundance of conformer Il in
the presence of inhibitors showed small changes for both WT and D274N Aurora A. However,
no common trend was observed where all inhibitors induced either an increase or decrease
in the relative abundance of this conformer. Conformer IV abundance increased in the
presence of inhibitors (with the exception of staurosporine) for D274N Aurora A, ranging from
9-26% of the conformational landscape, compared to 8% in the presence of no inhibitor.
Interestingly, both WT and D274N Aurora A had the same relative abundance for conformers
Il 'and Il in the presence of the most generic inhibitor, staurosporine. This could be due to
staurosporine not being selective for Aurora A and therefore having little influence on overall
structure irrespective of activation status. Overall, the subtle changes in conformer relative
abundancies that WT and D274N Aurora A adopt in the presence of inhibitors are not
significant enough to distinguish between the different modes of inhibitors analysed in this

study.
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Figure 4.4. Conformational space adopted by Aurora A alone and in the presence of
different inhibitors suggests inhibitors stabilise WT Aurora A. A, B) Proportional scatter plots
(CCS (nm?) versus CCSD (nm?)) for the different conformational states (as determined by
Gaussian fitting in Figure 4.3) for WT (A) and D274N (B) Aurora A (122-403). Size of dot
representative of area. C, D) % area of four different conformational states (as determined by
Gaussian fitting in Figure 4.3): | (blue), Il (red), lll (green), IV (yellow) for WT (C) and D274N
(D) Aurora A (122-403) alone or in the presence of different inhibitors as indicated. Average
% area presented from 3 individual experiments.
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4.2.2 Molecular modelling of CCS distributions

To gain a further understanding into the meaning and relevance of the different conformers,
mathematical modelling was carried out in collaboration by Dr Matthew Batchelor, a
postdoctoral research associate in the group of my co-supervisor, Prof. Richard Bayliss at the
University of Leeds. IMPACT, a model used to determine CCS values from known crystal
structures, was used to calculate CCS using a combination of Aurora A models. Aurora A
crystal structures obtained from the PDB were modified to add in any missing parts of the

protein structure for Aurora A (122-403).

The PDB crystal structures included codes 10L7, 5L8K and 6HJK, which all represented
structures as DFG-in, DFG-up, and DFG-out, respectively (Table 4.1). CCS values obtained from
these structures were 22.7, 22.9 and 23.3 nm? for DFG-in, DFG-up, and DFG-out, respectively.
These CCS values were a good match to the values obtained from the experimentally derived
conformers Il (WT =22.5 nm?, D274N = 23.0 nm?) and Il (WT = 24.8 nm?, D274N = 25.5 nm?).
PDB code 4C3P was also used, which is a dephosphorylated Aurora A structure in a dimer
form bound to the activating TPX2 peptide, with the A-loop and aEF helix adopting an ‘open’
configuration where it extends out from the kinase domain in a DFG-in conformation. The
4C3P model demonstrated a monomeric CCS value of 24.9 nm?, which was a good match for
conformer Il of the inhibitor-bound complexes. The CCS distributions from IMPACT for the
all-atom simulation model were overall a good fit to the IM-MS experimentally derived values
for conformers Il and Ill, with a difference of 5-10% as has previously been observed between

experimental and calculated values (187).
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PDB 1CCS (nm?) Crystal description

10L5 22.6-23.0 Phosphorylated, TPX2, DFG-in

10L6 22.3-22.8 Dephosphorylated, D274N, DFG-in

10L7 22.2-22.7 Phosphorylated, DFG-in

10L7N 22.1-22.6 Based on 10L7, dephosphorylated, D274N, DFG-in

3E5A 22.5-22.9 Phosphorylated, VX-680, TPX2, DFG-in

4C3P 25.0-25.5 Dephosphorylated, TPX2, dimer, DFG-in, A-loop

open

4C3P 24.3-24.8 Dephosphorylated, TPX2, dimer, DFG-in, A-loop
(alternative) open

4)8M 23.1-23.7 Dephosphorylated, T287D, CD532, DFG-in

4CEG 21.1-21.6 Phosphorylated, C290A, C393A, DFG-in

5G1X 21.8-22.2 Phosphorylated, N-MYC, DFG-in

50DT 23.2-23.7 Dephosphorylated, D274N, TACC3, DFG-in

50DT 23.9-24.3 Dephosphorylated, D274N, TACC3, DFG-in
(alternative)

1MUO 23.2-23.6 Dephosphorylated, adenosine, DFG-up

2WTV 23.4-23.7 Phosphorylated, MLN8054, chain A, DFG-up

2WTV 22.6-23.0 Phosphorylated, MLN8054, chain B, DFG-up

4)BQ 21.9-22.5 Dephosphorylated, VX-680, DFG-up

5EW9 22.8-23.4 Phosphorylated, MK-5108, DFG-up

5L8K 22.3-22.7 Phosphorylated, vNAR, DFG-up

6HIJK 22.9-23.4 Dephosphorylated, L210C, ASDO2, DFG-out

6HIJK 23.0-23.4 Dephosphorylated, L210C, ASDO2, DFG-out
(alternative)

4F5S 39.3-40.1 BSA, calibrant

Table 4.1 Collision cross section estimates made using IMPACT on a single initial structural
model of Aurora A (122-403) for each of the PDB codes. DFG-in models are grouped in blue,
DFG-up (or inter) models are grouped in yellow, and two alternatively built starting structures
for the only available DFG-out Aurora A structure (6HJK) are green. 1 As IMPACT is a stochastic
method, CCS estimates were performed 200 times on each structure to give a range of values.
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A simplified Go model was used alongside the IMPACT all-atom model for comparison of
calculated CCS values. In the Go model, each residue is thought of as a single ‘bead’, with
stabilising interactions made from contacts with the initial structure (164). Simulations using
the Go model were determined on the 10L7 PDB structure, with CCS values showing a close
match to conformers Il and Ill from the IM-MS experiments (Figure 4.5A). The simulations
failed to represent the two smaller conformers (I and IV), which could possibly be due to
conformer | arising from experimentally-induced compaction and conformer IV representing
a low prevalence configuration that is yet to be determined from the static crystal structures

deposited in the PDB.

Further analysis of the CCS values determined from IMPACT using the all-atom sim model
separated the CCS values into eight different distributions (Figure 4.5B). A D1/D2 plot, used
by Modi et al (8), was implemented to distinguish between the different DFG configurations
in the CCS distribution (Figure 4.5C). The DFG-in conformation, which is represented as the
density of the upper left quadrant in the D1/D2 plot, was seen to be present in all eight
regions of the CCS. The DFG-up/inter conformations, represented as the lower left quadrant,
were also present in all eight regions, although less distinct at the highest CCS region shown
in purple. The uncategorised DFG configuration that is not observed in the crystal structures
with the more ‘open structure’, represented by the upper right quadrant, is more prevalent
at the higher CCS regions. These CCS values are a close match to conformer Il of Aurora A,
suggesting this conformer represents the ‘open’ structures. The broadness of conformer Il
would suggest that it is composed of a mixture of ‘open’ configurations that could not be fully
resolved during the IM-MS experiment. In contrast to the ‘open’ conformer lll, conformer Il
is more of a ‘closed’ structure, where the A-loop is inward facing. The increase in the relative
abundance of conformer Il for inhibitor-bound complexes (Figure 4.4), suggests that the
inhibitors constrain the complex into a more ‘closed’ structure for WT Aurora A. These
findings would suggest that the experimentally derived conformers Il and Ill are not
representing different DFG configuration, rather, they are instead larger scale conformational

changes.
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Figure 4.5. Comparison of CCS distribution from experimental IM-MS analysis and
molecular modelling. A) Overlaid " CCSnz-+e for WT (red), D274N (blue) Aurora A (122-403),
and overall distribution from all-atom simulations (black) and Go model (grey). Four
independent GO model simulations show two components that are similar to conformers II
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a more ‘open structure’ contribute to the high CCS range of the profile.
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4.2.3 Aurora A thermal stability

Differential Scanning Fluorimetry (DSF), a thermal stability assay, was used to determine the
effects on stability of phosphorylated WT Aurora A and non-phosphorylated D274N mutant
Aurora Aiin the presence of different inhibitors. Data are represented as thermal denaturation
curves (Figure 4.6A) and the difference in melting temperature relative to a 4% DMSO control
(Figure 4.6B). D274N Aurora A was more stable than the WT Aurora A form (in the absence
of inhibitors), consistent with similar experiments (collision-induced infolding) in Chapter 3
(Figure 3.16). All five inhibitors increased the thermal stability of WT Aurora A, with MLN8237,
VX-680 and MK-8745 all increasing the Tm by >7.5 °C. Further stabilisation was apparent for
ENMD-2076 and staurosporine with an increase in Tm of >9.2 °C. The stabilisation-induced
effects were less marked with D274N Aurora A due to its inherently higher relative stability

than WT protein, with only a small difference in Tm being observed (<2.5 °C).
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Figure 4.6. Inhibitor bound complexes stabilise WT and D274N Aurora A. A) DSF thermal
stability assay with 5 uM Aurora A + 4% DMSO (black), in the presence of 40 uM of each
inhibitor. B) Difference in melting temperature (ATm) relative to 4% DMSO control is
presented for both WT and D274N Aurora A.
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4.2.4 Aurora A stability determined by CIU

Collision-induced unfolding (CIU), which determines relative kinetic stability, was also
performed to evaluate the effect of inhibitor binding, and to compare with the thermal
stability changes observed using DSF. Collision energy (CE) was applied in the trap region of
the Synapt G2Si instrument in two-volt intervals between 16-34 V, and the CCS values
compared under each condition. The application of CE was high enough to induce protein
unfolding, but not to induce protein fragmentation, to gain information on the kinetic stability
of Aurora A, with each CE able to trap the protein in a specific conformational state (153, 189,
194). Applying collision activation to the inhibitor-bound complexes can enable the
observation of many partially unfolded intermediates that are stable within the millisecond
time frame, which can gain information relating to the structure of each isolated inhibitor-
bound complex. This information can then be related to the stability of the inhibitor
complexes and help to understand if any of the inhibitors result in more stabilisation, which

could be due to their DFG mode preference (153).

CIU profiles (processed using ClUSuite 2 (195)), revealed that WT Aurora A was less stable
(unfolding commencing at ~ 24 nm?) in comparison to D274N Aurora A (~ 26 nm?), which was
in agreement with the previous findings of the DSF analysis (Figure 4.6). Binding of inhibitors
revealed that all the inhibitors had some effect on the kinetic stability of both WT and D274N
Aurora A (Figure 4.7). The most prominent difference was the lack (or significant reduction)
of intermediate unfolding transition states between the initial conformation and the final
unfolded forms. All of the inhibitor complexes resulted in a CCS value of ~ 33-35 nm? at the
final unfolded form of 34 V (Figure 4.8). However, there were variations evident between the
different inhibitors in terms of the energy needed to commence unfolding, and the transitions

that were adopted prior to reaching the final unfolded state.
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Figure 4.7. Collision-induced unfolding profiles of inhibitor bound Aurora A. The isolated
11+ charge state of A) WT (left) and D274N (right) Aurora A (122-403) in the presence of 10-
molar excess of B) MLN8237, C) VX680, D) ENMD2076, E) MK8745, or F) staurosporine were
subject to CIU using a stepped collision energy (CE) between 16 and 34 V (two-volt intervals).
Data analysis was carried out in MassLynx 4.1, and ClUSuite 2 used to generate the heat
maps). Presented are data from a single experiment, representative of the data from
independent triplicate analyses.
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To further investigate the differences between each inhibitor for the two forms of Aurora A,
‘mountain plots’ were generated (Figure 4.8). The binding of the MLN8237 inhibitor observed
the smallest change to the unfolding profile of Aurora A alone, with similar CE required to
initiate unfolding of the two forms. The CCS of the final unfolded conformer for Aurora A in
the presence of bound MLN8237 at 34 V was slightly larger than observed for Aurora A alone.
This finding would suggest that the intermediate unfolding transitions that Aurora A adopts
in the presence of this inhibitor caused a degree of destabilisation. The other partial DFG-out
inhibitor, VX-680, showed differences when compared to MLN8237, with the effect of VX-680
resulting in a smaller CCS (<20 nm?) for all CE, and inducing stabilisation for both forms of
Aurora A. ENMD-2076 and MK-8745 revealed the most stabilisation of Aurora A, with the
highest stabilisation of all the conditions tested being D274N Aurora A + ENMD-2076 with
unfolding beginning at ~ 32 V, compared to ~ 26 V in the presence of no inhibitor. The
unfolding profiles of Aurora A in the presence of the complete DFG-in and DFG-out inhibitors,
ENMD-2076 and MK-8745, failed to demonstrate any significant differences to be able to
distinguish between a DFG-in or DFG-out configuration. Aurora A bound to staurosporine, the
generic inhibitor, showed little difference to the effect of the complete DFG-in or DFG-out
inhibitors, with this inhibitor stabilising D274N more than WT Aurora A. Although CIU was
unable to determine any significant differences between the unfolding profiles of the DFG-in
or DFG-out inhibitors, differences were observed between the partial DFG-out inhibitors and
DFG-in/out inhibitors. The partially unfolded transition states observed for the DFG-out
inhibitors MLN8237 and VX-680 were not present for the other inhibitors, which suggests that

these partial DFG-out inhibitors could lock Aurora A into specific configurations.
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Figure 4.8. Collision-induced unfolding profiles of Aurora A in the absence and presence of
inhibitors. The isolated 11+ charge state of WT (left) and D274N (right) Aurora A (122-403) in
the presence (blue) or absence (red) of 10-molar excess of inhibitor were subject to CIU using
a stepped collision energy (CE) between 16 and 34 V (two-volt intervals). Data analysis was
carried out in MassLynx 4.1, generating mountain plots using Origin (Version 2016 64Bit).
Presented are data from an average of three replicates.
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To directly compare the unfolding profiles for each inhibitor, the data were plotted for a single
voltage reading at 26 V, where the highest number of differences were seen across the
conditions (Figure 4.9). At 26 V, little difference was observed between both forms of Aurora
A alone and with MLN8237 bound, confirming the findings previously discussed and as
represented in Figures 4.7 and 4.8. The other four inhibitors for both forms of Aurora A
induced stabilisation at 26 V, evident by a more compact and lower CCS value for inhibitor-
bound complexes. When directly comparing the inhibitor complexes for WT and D274N
Aurora A (Figure 4.8), little difference is observed between the two forms, with exception of
MK-8745, where D274N shows far more compaction and stabilisation in comparison with WT

Aurora A.
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Figure 4.9. Collision-induced unfolding profiles at 26 V of Aurora A in the absence and
presence of inhibitors. The isolated 11+ charge state at 26V collision energy of A) Aurora A
(122-403) with no inhibitor. B) WT Aurora A (122-403) and C) D274N Aurora A (122-403) in
the presence (blue) or absence (red) of 10-molar excess of inhibitor. D) Aurora A (122-403) in
the presence of inhibitor for WT (red) and D274N (blue). Data analysis was carried out in
MassLynx 4.1, and line plots were generated using Origin (Version 2016 64Bit). Presented are
data from an average of three replicates.
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4.2.5 Effect of TPX2 activating peptide on Aurora A conformation and stability

As previously described, TPX2 plays a role in spindle assembly and has been previously shown
to result in activation of Aurora A, whilst inducing a conformational change that enhances
autophosphorylation and prevents dephosphorylation. A TPX2 peptide (residues 1-43) has
been shown to stabilise the active conformation of Aurora A. This minimally activating
peptide was incubated with the two forms of Aurora A at a range of concentrations alongside
a mutated TPX2 (Y8A, Y10A, D11A) variant predicted not to bind to assess their effect on WT
and D274N Aurora A using an in vitro kinase assay (Figure 4.10). Residues 8YSYDAPS!* are the
conserved region of TPX2, with Y8 and Y10 sitting within the hydrophobic groove between
the B sheet, helix aB, and helix aC, when bound to Aurora A. The mutation of these three
residues affects the binding ability of TPX2 to Aurora A (35). Activity of WT Aurora A (5 uM)
increased upon prior incubation with 0.4 uM (and higher) TPX2. The two higher
concentrations of TPX2 peptide (40 and 4 uM) promoted a maximal increase in Aurora A
activity with significant reduction in activating ability below 0.4 uM TPX2. In contrast to the
activation induced with the TPX2 peptide, the mutated TPX2 peptide (Y8A, Y10A and D11A)
failed to increase the activity of WT Aurora A at any of the concentrations tested (Figure
4.10B). The inactivity of D274N Aurora A was unaffected by either the minimally activating,

or mutant TPX2 peptides, as expected (Figure 4.10C).
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Figure 4.10. WT Aurora A is activated by TPX2 peptide. /n vitro peptide-based Aurora A
kinase assays using 5 UM WT Aurora A in the presence of TPX2 peptide (A), or a non-activating
variant TPX2 peptide (Y8A, Y10A, D11A) (B). C) 5 uM D274N Aurora A with 40 uM of either
TPX2 or the variant TPX2 peptide. The amount of phosphorylation was calculated in real-time
using the EZ Reader software by measuring the phosphorylated: non-phosphorylated ratio at
each time point in the assay and this was then converted to a % to obtain the peptide
conversion (%) plot.

IM-MS analysis was subsequently used to evaluate the effect of peptide binding on the
conformational landscape of Aurora A. Following incubation for ten minutes at room
temperature with 10x molar excess of the TPX2 and TPX2 variant peptides, the MS profiles of
WT and D274N Aurora A (Figure 4.11B/C) were shown to induce a change in the m/z
distribution compared to Aurora A alone (Figure 4.11A). Additional charge states were
present with the binding of TPX2 either side of the 10+, 11+ and 12+ that was observed for
Aurora A alone. Binding of TPX2 peptides resulted in an increase in the overall m/z region that
the peaks adopted, which was expected as the TPX2 peptide has a molecular weight of 4.9
kDa (4.7 kDa for mutated TPX2), and therefore, the overall mass and charge state distribution
would increase when bound to Aurora A. The MS profile revealed charge states that were not
evenly distributed between each other, which suggests that there are both Aurora A bound

to TPX2 (red) and Aurora A unbound to TPX2 (blue) within the complex. For the purpose of
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CCS determination, the 11+ charge state of Aurora A + TPX2 or TPX2 variant peptide was

guadrupole isolated.
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Figure 4.11. TPX2 peptides bind to WT and D274N Aurora A. Mass spectra chromatograms
of A) WT (left) or D274N (right) Aurora A (122-403) alone, in the presence of 10-molar excess
of B) TPX2 peptide or C) variant TPX2 peptide. Aurora A unbound with TPX2 charge states
shown in blue and TPX2-bound shown in red. Aurora A + TPX2 11+ charge isolated for CCS

determination.
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As previously mentioned, with the increased size of the protein complex when bound to TPX2,
the CCS conformer descriptions were changed to I*-1V* (from I-IV) to acknowledge the higher
mass of the complex. The addition of TPX2 did not drastically change the conformational
landscape of Aurora A compared to the absence of TPX2 peptides (Figure 4.12/4.13A). The
CCS values for TPX2-bound conformers I* and I1* were similar to WT Aurora A alone (1* = 20.2
nm?, II* = 22.4 nm? compared with | =20.4 nm?, Il = 22.5 nm?). However, the CCSD values for
TPX2-bound conformers I* and I1* increased to 2.0 nm? and 2.8 nm? respectively compared
to 1.5 nm? (1) and 1.9 nm? (Il) for WT Aurora A alone. The increased CCSD values suggest that
the binding of TPX2 increases the conformationally flexibility of Aurora A, although could
potentially be accounted for by flexibility of the TPX2 peptides themselves. The broad CCSD
distribution of conformer I1* suggests that this conformer could be a result of various
configurations, similar to what was described previously for conformers Il and 1l as ‘closed’
and ‘open’ structures. The binding of TPX2 appears to change this conformational equilibrium
and, based on the current understanding of activation mechanism, potentially reduces the
transition between ‘closed’ and ‘open’ configurations. The larger conformer (111*) was notably
distinct from the comparable conformer for WT Aurora A alone, where conformer Ill exhibits
a much wider CCSD (3.3 nm? for conformer Il as opposed to 2.2 nm? for IlI*). In addition, the
CCS for conformer III* was larger compared to that of conformer Il of Aurora A alone (III* =
26.6 nm?, Ill = 24.8 nm?) and comparable to the IMPACT calculated CCS for the TPX2-bound
PDB model (4C3P). The addition of the mutated TPX2 peptide resulted in a similar
conformational landscape of Aurora A when bound to the activated TPX2 peptide, with similar

CCS and CCSD values observed for all conformers.

The activating TPX2 peptide bound to D274N Aurora A revealed three conformers (II*-IV*),
with the absence of conformer I* that was present in the same condition for WT Aurora A
and D274N Aurora A alone. The CCS value for D274N Aurora A in the presence of TPX2 peptide
for conformer 11* (22.3 nm?) was smaller when compared to D274N Aurora A alone (Il = 23.0
nm?2). In contrast, the CCS value of conformer IlI* (26.4 nm?) was larger when compared to
D274N Aurora A alone (25.5 nm?), and conformer IV* (30.0 nm?) had minimal change
compared to IV (30.5 nm?). The addition of TPX2 to WT Aurora A previously showed to result
in a larger CCSD value for conformer 11*, however, upon addition of TPX2 to D274N Aurora A,

this was not the case. The CCSD value for conformer I1* had little change to D274N Aurora A
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in the presence of TPX2 (2.5 nm?2) in comparison to without TPX2 (2.3 nm?). This would suggest
that the TPX2 peptide fails to induce the same increased conformational flexibility that was
observed for WT Aurora A with TPX2 bound. Additionally, no increase in CCSD for conformer
I11* was observed for D274N Aurora A with TPX2 bound (2.9 nm?) when compared to without
TPX2 (3.0 nm?). Conformer IV* for D274N Aurora A in the presence of TPX2 showed a large
decrease in CCSD value (3.2 nm?) compared to without TPX2 (4.2 nm?) suggesting that the
peptide significantly reduces the flexibility of this protein. Similar to the effect of the TPX2
variant on WT Aurora A, the variant effect on D274N Aurora A was consistent with the
activating TPX2 peptide, where little change was observed between CCS and CCSD values

between all conformers.
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Figure 4.12. TPX2 peptide alters the conformational landscape of Aurora A. A) "WCCSn2-sHe
of the [M+11H] * species of WT (left) or D274N (right) Aurora A in the presence of 10-molar
excess of B) TPX2 peptide or C) variant TPX2 peptide. Red line is the average of three
independent replicates. Black error bars represent the S.D. Gaussian fitting was performed
using the Fit Peaks Pro function in Origin (Version 2021b), with R? values listed.
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To further explore the effect of the TPX2 peptides on Aurora A, the relative abundancies of
all conformers were determined to see whether subtle changes between conditions could be
distinguished. The relative proportion of the most abundant conformer (11*) was comparable
to WT Aurora A (conformer Il = 54%) when in the presence of the activating TPX2 peptide
(49%) or variant TPX2 (60%) (Figure 4.13B). Little change in the relative abundance of the
other two conformers (1* and I11*) was also observed between WT Aurora A alone and in the
presence of both activating and variant TPX2 peptides. Larger differences were observed for
conformer II* for D274N Aurora A in presence of activating TPX2 peptide (39%) and variant
TPX2 (33%) when compared to without TPX2 (48%). This is in contrast to the same conditions
for WT Aurora A, where this conformer remained the most abundant form with the binding
of both TPX2 peptides. Upon binding of the TPX2 peptides to D274N Aurora A, the most
abundant conformer switched to IlI*, with 53% abundance for activating TPX2 and 55% for
TPX2 variant, compared to 27% in the absence of TPX2, suggesting the more ‘open’

configuration was adopted.
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Figure 4.13. Conformational space adopted by Aurora A + TPX2 peptide. A) Proportional
scatter plots (CCS (nm?) versus CCSD (nm?)) for the different conformational states (as
determined by Gaussian fitting in Figure 4.12) for WT (left) and D274N (right) Aurora A (122-
403). Size of dot representative of area. B) % area of up to four different conformational states
(as determined by Gaussian fitting in Figure 4.12): I* (blue), II* (red), lII* (green), IV* (yellow)
for WT (left) and D274N (right) Aurora A (122-403) alone or in the presence of TPX2 peptides.
Average % area presented from 3 individual experiments.
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4.3  Conclusion

This chapter describes the use of IM-MS to assess the conformational dynamics of
phosphorylated and non-phosphorylated Aurora A, with the addition of small molecule
inhibitors and TPX2 substrate peptides. Gaussian fitting of the IM-MS data resulted in the
observation of up to four conformers (I-IV), which varied based on Aurora A activation status
and inhibitor binding. The addition of inhibitors revealed a switch in relative abundancies for
the two most prominent conformers of Aurora A, Il and Ill, with the conformational landscape
of WT Aurora A observing a higher abundance for conformer Il (~*23 nm?2) when bound with
the inhibitors. The CCS findings obtained from the range of inhibitors failed to distinguish
between the complete DFG-in (ENMD-2076) and DFG-out (MK-8745) inhibitors. This could be
due to a requirement of needing higher IMS resolution to detect the different modes or the
intrinsic flexibility that the proteins are adopting in the gas phase. Molecular simulations of
Aurora A using different structure configurations obtained from the PDB suggested that
conformer Il was representative of a ‘closed’ structure, with the A-loop facing inwards. In
contrast, conformer Il was more representative of ‘open’ structures, with the A-loop being
in an extended-out orientation. The broad CCSD values obtained from conformer Il could also
be a combination of ‘open’ configurations that might not be completely resolved by IM-MS.
Inhibitor-bound complexes of Aurora A showed an increase in abundance for conformer Il,
which suggests that the inhibitors provide a level of constraint to the protein and lock it more

into the ‘closed’ structure configuration.

CIU and DSF were carried out to assess whether the addition of inhibitor compounds resulted
in enhanced stabilisation for both forms of Aurora A. The DSF thermal shift assay showed
increased stability upon inhibitor binding for all inhibitors bound to WT Aurora A, with a
smaller increase in stabilisation observed for D274N Aurora A inhibitor complexes. CIU
analysis demonstrated that all inhibitors stabilised both forms of Aurora A, with an increased
voltage required to induce unfolding and fewer intermediate unfolding transitions present
for inhibitor complexes. The complete DFG-in inhibitor ENMD-2076 and complete DFG-out
inhibitor MK-8745 induced the most stabilisation for Aurora A, with MLN8237 showing the
least difference to Aurora A alone. The two partial DFG-out inhibitors, MLN8237 and VX-680,
had more intermediate unfolding transitions compared to ENMD-2076 and MK-8745.

Therefore, this suggests that by carrying out CIU, changes in the relative kinetic stability of
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Aurora A bound to a DFG-in/out inhibitor can result in their differentiation from a partial DFG-
out inhibitor. The lack of unfolding transition states observed for Aurora A in the presence of
ENMD-2076, MK-8745 and staurosporine implies that the partial DFG-out inhibitors
(MLN8237 and VX-680) lock Aurora A into specific configurations. This suggest that the effects
observed of binding the two partial DFG-out inhibitors are based on both the position of the

DFG/P-loop and the noncovalent interactions that these inhibitors associate with.

The addition of the TPX2 peptide was shown to activate WT Aurora A, with an increase in
activity by ~4-fold. Minimal changes were observed in the conformational landscape that
Aurora A adopts in the presence of TPX2 when compared to Aurora A alone. However, the
larger CCSD value for II* in the presence of TPX2 suggests that this conformer could be a result
of various configurations that cannot be observed in this type of experiment. Conformer I11*
of TPX2 bound complexes showed a larger relative abundance and CCS, with a smaller CCSD
value, when compared to WT Aurora A alone, which suggests that the activating TPX2 peptide

stabilises the IlI* conformer, termed the ‘open’ configuration.

Overall, this chapter has utilised a combination of IM-MS and molecular simulations to
successfully determine subtle structural differences associated with binding of small molecule
inhibitors and TPX2 peptides to phosphorylated and non-phosphorylated Aurora A. Further
studies carrying out IM-MS and CIU on the >500 protein kinases members could provide a
greater understanding of the conformational landscape adopted by these enzymes, which
could be a beneficial insight for the discovery of future small molecule inhibitors for a range

of diseases.
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Chapter 5. Effect of nucleotide binding and small molecule compounds on the
structural conformation of NME1

5.1  Introduction

Nucleoside diphosphate kinase A (NME1) is a known mammalian histidine kinase belonging
to the family of nucleoside diphosphate kinases (NDPKs) (95). NME1 has previously been
described as a metastasis suppressor, with several pathways shown to associate NDPK activity
with suppression of tumour motility and metastasis (196-198). The NDPK family of proteins
are located in the nucleus, cytosol and mitochondria, and have shown to be involved in T-cell
signalling, cell proliferation, differentiation and migration. The biological functions of NME
make it a good candidate as a potential therapeutic target. However, the mechanisms of NME
function in tumour metastasis have been challenging to unravel and an inhibitor has yet to
be identified. Identifying an inhibitor for NME would help to understand the mechanisms of
how NME carries out its functions and therefore, provide a good basis for the discovery and

design of future therapeutic targets.

NDPKs play a role in catalysing the transfer of y-phosphate from nucleoside triphosphate to
nucleoside diphosphate, which results in the generation of a high energy phosphohistidine

(pHis) intermediate via a ping-pong mechanism (85) at His118.

Analysis of pHis is inherently challenging due to the free energy of the phosphoramidate (N-
P) bond (87) that can cause loss of the phosphate group at low pH and high temperatures
(88). Generic and site-specific antibodies have been identified against the two isomers of

pHis, 1-pHis and 3-pHis (82, 199, 200).

This chapter will analyse a range of nucleotide triphosphates to determine whether different
nucleotides can act as phosphate donors for NME1 auto-phosphorylation. Previous analysis
of H118G NME1, where His118 was mutated to glycine revealed that it was unable to be auto-
phosphorylated, identifying H118 as the site of autophosphorylation (201). An NME1 protein
with this histidine residue mutated to an alanine (H118A) will be analysed alongside the wild-
type form to determine whether the mutation results in the inhibition of phosphorylated

NMEL.
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X-ray structures of human NME1 have revealed that the protein forms a homo-hexameric
structure, where the C-terminal domain enables two dimer subunits to contact resulting in
their trimerisation to form the hexamer (201). Stabilisation of the hexamer is maintained by
a C-terminal 15 residue segment that results in the burial of approximately 30% (300 A?) of
the protein surface. The hexameric form of NME1 is understood to be required for its

functional enzymatic activity and the phosphate transfer to histidine (202).

The kpn loop is situated within the active site of NDPKs and plays a key role in the protein
surface contacts that define the oligomerisation state of the protein. The kpn loop and the
helical hairpin aa-a; form an interaction that enables the stabilisation of any bound
nucleotide by the burial of the phosphate and its orientation with respect of the catalytic
histidine. The nucleotide phosphate group associates with the side chains of the conserved
residues L11, Y51, R87, T93 and R105 of NME1 (203). Consequently, mutation of any of these
five residues decreases the enzymatic activity of the protein due to the reduction in hexamer

formation (204).

The hexameric form of NME1 that is required for full enzymatic activity has previously been
shown to dissociate into a dimer under oxidative conditions (205). Under oxidative
conditions, where purified recombinant NME1 was treated with H,0,, modifications on
redox-active cysteines take place, which recognise a change in the redox environment,
leading to dissociation of the hexamer (206). Specifically, Cys109 in NME1 has shown to be
reversibly oxidised with glutathione and irreversibly to sulfonic acid when treated with H20;
in vitro (207). Residues Cys4 and Cys145 have also been shown to form a disulphide bond
under oxidative conditions stabilising the dimer. Oxidised NMEL1 in its dimer form exhibits
lower enzymatic activity, which then leads to a decrease in its ability to act as a suppressor of

tumour metastasis (208).

5.1.1 Aims

The aim of this chapter was to explore the autophosphorylation activity and multimerization
of NME1 in its wild-type (WT) form and when subject to site-specific mutations that are
reported to influence function to gain a more detailed understanding of structure-function

relationship.
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Activity (as determined by auto-phosphorylation status) was investigated in the presence of
different nucleotides using intact MS to quantify the levels of phosphorylation. NME1 WT was
initially tested to explore whether a mass shift of 80 Da could be observed in the presence of
different nucleotides. A phosphonull variant (H118A) was also analysed as a control. To
evaluate the role of Arg 105 on NME1 catalytic activity, | also analysed autophosphorylation
and multimerisation of NME1 R105A, in addition to the double mutant (H118A/R105A), which

lacks both the site of autophosphorylation and a key catalytic residue.

In addition, to investigate the role of Cys 109 in NME1 complex formation under oxidative
stress conditions, | also analysed NME1 C109A under the same conditions. Furthermore, and
as previously undertaken with Aurora A (Chapters 3 & 4), | used IM-MS to explore whether
the addition of nucleotides influenced protein conformation. In an attempt to identify small
molecule inhibitors of NME1 for future use as chemical tools to investigate the cellular roles
of NME], including in metastasis, | also investigated binding, activity and multimer formation
of NME1 following screening of an FDA-approved drug library. The library screen was used as
a selection process to choose specific compounds to analyse by intact MS and IM-MS to assess
any influence the compounds could have on protein conformation, oligomeric state, and

activity.

5.2  Results & Discussion

5.2.1 Purification of NME1 proteins

Five forms of purified recombinant NME1 (WT, H118A, R105A, H118A/R105A, C109A as
previously described) were provided by Alice Clubbs Coldron, a PhD student with Prof Patrick
Eyers (University of Liverpool) allowing me to assess the impact of different nucleotides on
NME1 auto-phosphorylation (Figure 5.1). Proteins were expressed in BL21 (DE3) pLysS E. coli
from pOPINJ plasmids and purified by virtue of an N-terminal 6His tag. The tag was cleaved

using 3C protease and NME proteins further purified by size exclusion chromatography.
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Figure 5.1. SDS-PAGE analysis of NME1 proteins. 1 ug of purified recombinant NME1 protein
(WT or variants as indicated) was heated to 95 °C with an equal volume of 2x SDS sample
buffer and subjected to electrophoresis on a 12% acrylamide gel, which was stained with
Coomassie blue reagent.

5.2.2 Nucleotide effect on NME1 phosphorylation

To determine the nucleotide specificity of NME1 catalytic activity, WT NME1 was incubated
with each of the 5 nucleotides (ATP, CTP, GTP, TTP and UTP) and analysed by intact LC/MS to
identify a shift in mass associated with auto-phosphorylation. As NME is reported to control
the homeostasis of nucleotide pools, the range of five nucleotides were analysed to confirm
that they all bind, whether NME had specificity to a specific nucleotide, and whether the level
of phosphorylation is consistent between nucleotides. In the absence of nucleotide, the mass
of WT NME1 protein was observed at 17,304 Da (Figure 5.2) closely matching the expected
mass of 17,303 Da. A smaller peak at 17384 Da (17,304 + 80 Da) was also observed under
these conditions, suggesting that a small amount of singly phosphorylated NME1 was also
present following expression and purification in E. coli. In the presence of ATP, TTP and UTP
a single peak was observed at 17,384 Da indicative of stoichiometric phosphorylation of WT
NME1 at a single site. While the most abundant mass observed following incubation with
either CTP or GTP was also 17,384 Da, there was also a smaller peak at 17,304 Da representing
the non-phosphorylated protein, suggesting that CTP and GTP were less efficient substrates
than ATP, TTP or UTP.

127



No nucleotide + ATP
17304 17384
100 1007
% %1
17384
. , , , , : , TSRl S DU VY
17100 17200 17300 17400 17500 17600 17100 17200 17300 17400 17500 17600
Da Da
+ CTP + GTP
17384 17384
100 100
% %
17304
17304
A - ).vk o, 'JAA JAIAAI . J S A‘AJA I'(Il . Abal
17100 17200 17300 17400 17500 17600 17100 17200 17300 17400 17500 17600
Da Da
+TTP + UTP
17384 17384
100 1001
% %]
I N Apa l IAMAA}\'AJ pous J
17100 17200 17300 17400 17500 17600 17100 17200 17300 17400 17500 17600
Da Da

Figure 5.2. NME1 WT uses nucleotides as effective phosphate donors to auto-phosphorylate
on a single site. 1 pug of NME1 WT was incubated with 1 mM nucleotide (or without for
control) in 50 mM Tris-HCI, pH 8.0, 100 mM NaCl for 5 minutes at R.T. Sample acquisition was
performed on a Synapt G2-Si using a C4 column and 580 nmol injection of material. Data was
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; Minimum intensity ratios for left and right at 33%.
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To confirm whether the site of phosphorylation was H118, the H118A variant of NME1 was
analysed as previously described for NME1 WT. Irrespective of the nucleotide used, no
phosphorylated H118A NME1 was observed, with a mass of 17,238 Da (identical to the
theoretical mass of this variant) being recorded under all conditions (Figure 5.3). These data
thus confirm the hypothesis that H118 is indeed the site of NME1 auto-phosphorylation under

these conditions.

No nucleotide + ATP
17238 17238
100 100
% %
L J\“‘A I L A i b
17100 17200 17300 17400 17500 17600 17100 17200 17300 17400 17500 17600
Da Da
+ CTP + GTP
17238 17238
100 100
% %
N A b A n L}l A A
17100 17200 17300 17400 17500 17600 17100 17200 17300 17400 17500 17600
Da Da
+TTP + UTP
100 17238 100 17238
% %
A - A A AN
17100 17200 17300 17400 17500 17600 17100 17200 17300 17400 17500 17600
Da Da

Figure 5.3. Addition of nucleotides to the mutated H118 variant fail to act as an effective
phosphate donor for auto-phosphorylation. 1 pg of NME1 H118A was incubated with 1 mM
nucleotide (or without for control) in 50 mM Tris-HCI, pH 8.0, 100 mM NaCl for 5 minutes at
R.T. Sample acquisition was performed on a Synapt G2-Si using a C4 column and 580 nmol
injection of material. Data was 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; Minimum intensity ratios for left
and right at 33%.
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NME1 R105A was then analysed under the same conditions to investigate the role of this
residue within the active site on its ability to auto-phosphorylate. A mass of 17,219 Da was
observed for NME1 R105A in the absence and presence of all nucleotides (compared with a
theoretical mass of 17,218 Da) (Figure 5.4), suggesting that mutation of this residue within
the active site has an impact on its catalytic function irrespective of the phosphate donor,
given the lack of any observed phosphorylated protein.

No nucleotide + ATP
17219 100 17219

100

.

17100 17200 17300 17400 17500 17600 17100 17200 17300 17400 17500 17600

Da Da
+ CTP + GTP
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100 100
% %
17100 17200 17300 17400 17500 17600 17100 17200 17300 17400 17500 17600
Da Da
+TTP + UTP
17219 17219
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17100 17200 17300 17400 17500 17600 17100 17200 17300 17400 17500 17600
Da Da

Figure 5.4. Addition of nucleotides to the mutated R105 variant fail to act as an effective
phosphate donor for auto-phosphorylation. 1 ug of NME1 R105A was incubated with 1 mM
nucleotide (or without for control) in 50 mM Tris-HCI, pH 8.0, 100 mM NaCl for 5 minutes at
R.T. Sample acquisition was performed on a Synapt G2-Si using a C4 column and 580 nmol
injection of material. Data was 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; Minimum intensity ratios for left
and right at 33%.
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Analysis of the H118A/R105A NME1 incorporating both the active site and the acceptor site
mutations, supported the previous data. The only major peak observed under any of the

conditions was 17,153 Da, compared with the theoretical mass of this protein of 17,152 Da

(Figure 5.5).
No nucleotide + ATP
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L i
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Figure 5.5. Addition of nucleotides to the mutated H108/R105 variant fail to act as an
effective phosphate donor for auto-phosphorylation. 1 pug of NME1 H118A/R105A was
incubated with 1 mM nucleotide (or without for control) in 50 mM Tris-HCI, pH 8.0, 100 mM
NaCl for 5 minutes at R.T. Sample acquisition was performed on a Synapt G2-Si using a C4
column and 580 nmol injection of material. Data was 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; Minimum
intensity ratios for left and right at 33%.
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The final NME1 protein variant analysed incorporated a point mutation at C109 (C109A), the
site reported to be required for redox-regulated control of NME1 hexamer formation (205).
Although this NME1 C109A variant was not expected to have any direct effect on NME1 auto-
phosphorylation under these conditions, investigation of this variant is interesting as it could
help establish the role of the C109 residue in mediating the effects of specific small molecule
(oxidising) inhibitors through regulation of NME1 oligomerisation. Phosphorylation was
observed following incubation with all nucleotides, with a major peak apparent at 17,351 Da,
compared with a mass of 17,272 Da in the absence of nucleotide (theoretical mass = 17271
Da). However, there was a slight reduction in the levels of autophosphorylation seen
compared to NME1 WT (Figure 5.6), with only ATP inducing stoichiometric auto-

phosphorylation during the time-course of this assay.
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Figure 5.6. NME1 C109A uses nucleotides as effective phosphate donors to auto-
phosphorylate on a single site. 1 ug of NME1 C109A was incubated with 1 mM nucleotide (or
without for control) in 50 mM Tris-HCI, pH 8.0, 100 mM NacCl for 5 minutes at R.T. Sample
acquisition was performed on a Synapt G2-Si using a C4 column and 580 nmol injection of
material. Data was 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; Minimum intensity ratios for left and right
at 33%.
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A summary of all masses observed for the five NME1 proteins +/- nucleotides is presented in
Table 5.1, confirming the findings that only the NME1 WT and C109A proteins had masses
associated with the phosphorylated form. As previously stated, mutation of the H118 and
R105 residues inhibited NME1 auto-phosphorylation irrespective of nucleotide phosphate
donor, confirming H118 as the site of auto-phosphorylation and R105 as essential for catalytic

activity, likely as a result of its being required for nucleotide binding.

Observed Mass (Da)
NME1 protein
Theoretical |No nucleotide
mass (Da) (Da) + ATP (Da) | + CTP (Da) | + GTP (Da) | + TTP (Da) | + UTP (Da)
WT 17303 17304 17384 | 95% |17384| 93% | 17384 | 78% (17384| 96% |17384| 97%
H118A 17237 17238 17238 17238 17238 17238 17238
R105A 17217 17218 17219 17219 17219 17219 17219
H118A/R105A 17152 17153 17153 17152 17153 17153 17153
C109A 17271 17272 17351 94% |17351| 84% |17351| 63% |[17351| 71% |17351| 81%

Table 5.1. NME1 WT and C109A use nucleotides as effective phosphate donors to auto-
phosphorylate on a single site. Samples prepared as detailed in Figure 5.2. Stoichiometry of
histidine phosphorylation was determined by comparing the relative heights of the
phosphorylated and non-phosphorylated protein within the sample mixture containing the
phosphate donor (shown in blue as % phosphorylated for each nucleotide for NME1 WT and
C109A).

To assess the stoichiometry of NME1 auto-phosphorylation under the different conditions
(Figures 5.2-6), the relative abundance (intensity) of the phosphorylated and non-
phosphorylated forms of the protein within any given experiment were compared (Table 5.1).
The addition of ATP, CTP, TTP and UTP resulted in a high level of phosphorylation at >93% for
NME1 WT. GTP showed the lowest level of phosphorylation for all nucleotides for both WT
(78%) and C109A (63%). NME1 C109A also showed reduced levels of phosphorylation for all
other nucleotides in comparison to NME1 WT. In addition to the reduced levels of
phosphorylation with the bound nucleotides for CL09A compared to WT, a proportion of WT

was phosphorylated in the absence of nucleotide, whereas this was not observed for C109A.
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The lower % of phosphorylation observed for all nucleotides bound to C109A compared to
WT could be due to the Cys to Ala mutant enforcing a change in conformation that reduces
the efficiency of nucleotide binding, which would result in reduced levels of
autophosphorylation. The mutation of the Cys to Ala residue could result in a reduction of the
hexamer formation that is required for full activity in the WT protein, and therefore, a
reduction in the level of autophosphorylation would occur. Small differences associated with
the abundance of phosphorylation between the different nucleotides could also be due to
the ping-pong mechanism in which the nucleotides bind and differences in the rate of each

reaction.

5.2.3 Impact of nucleotides on the conformational dynamics of NME1 proteins

Native IM-MS was carried out to determine the oligomeric states of all of the different NME1
proteins. Following buffer exchange into 150 mM ammonium acetate, NME1 proteins were
subject to ESI under ‘native’ conditions to retain any higher order complexes. Four charge
states were present in NME1 WT ranging from 23+ to 20+, with the 21+ charge being
predominant (Figure 5.7). The charge distribution data was deconvoluted using UniDec
software, which uses Bayesian deconvolution to produce a zero-charge mass distribution and
determine the oligomeric form of the protein (209). NME1 WT has a monoisotopic mass of
17.3 kDa and following deconvolution, this protein form presented natively as a hexamer,
with a mass of ~ 104 kDa (Figure 5.7). This correlates with previous findings that suggests
NME1 exists as a hexamer and the hexameric form results in multifunctional enzymatic

activity for this protein (210).
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Figure 5.7. NME1 WT natively forms as a hexamer. Native ESI mass spectrum of NME1 WT
(left) and deconvolution to determine oligomeric state, revealing a hexamer (right). Spectrum
list was copied from MassLynx 4.1 and inputted into UniDec to carry out the deconvolution

analysis.

Following determination of the oligomeric state of NME1 WT alone, the oligomeric state of

WT when bound to each nucleotide was also assessed (Figure 5.8). Addition of all nucleotides

to NME1 WT resulted in a hexamer, suggesting that NME1 is able to form the active hexameric

state irrespective of nucleotide phosphate donor. The slight shift in deconvoluted mass

observed for different nucleotides is likely a result of native MS data quality under the

different conditions.
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Figure 5.8. Addition of nucleotides does not alter the oligomeric state of NME1 WT. Native
ESI mass spectrum of NME1 WT + nucleotide (left) and oligomeric determination showing
hexamer form (right) in the presence of each nucleotide. Spectrum lists were copied from
MassLynx 4.1 and inputted into UniDec to carry out the deconvolution analysis. Protein buffer
exchanged into 150 mM ammonium acetate using Amicon 10 kDa cut-off spin columns prior
to MS analysis.
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Following oligomeric determination of NME1 WT, the most abundant charge state (21+) was
subject to quadrupole isolation to determine the rotationally averaged collision cross section
("WCCS n2He) of NME1 WT +/- nucleotides. The drift time of avidin, BSA and B-lactoglobulin
were calibrated using the Travelling Wave lon Mobility (TWIM) device, as described in
Chapter 3. Although the range of calibrants used were the same for the Aurora A experiments
in Chapters 3 and 4 for the smaller sized Aurora A protein, the selection of these calibrants
sufficiently covered the range of mobilities required to account for NME1 forming as the
larger hexamer structure. Gaussian fitting was performed in Origin (Version 2021b) using the
Fit Peaks Pro function to initially assign the most abundant peak (conformer Il). Additional
peaks were added for conformers |, Ill, and IV, where applicable. The CCS, CCSD, and area
parameters for each assigned conformer were manually adjusted using the Fit Control and
the iteration feature, in order to obtain the best fit between experimental data (black line)

and sum of Gaussians (red line).

Gaussian fitting of the CCS distribution for NME1 WT revealed two predominant conformers
(I & 111), which were observed in all of the nucleotide-bound conditions (Figure 5.9). The CCS
values for conformer Il of the nucleotide-bound forms were similar to NME1 WT without
nucleotide, with conformer Il ranging from 51.9 - 52.6 nm? for all nucleotide conditions
compared to 52.0 nm? for WT alone. The CCS values of conformer Ill were similar for
nucleotide conditions (53.8 — 54.4 nm?), and closely matched NME1 WT alone with 53.9 nm?.
This suggests that the nucleotides have little impact on the protein conformation when
compared to NME1 WT alone. Likewise, there was minimal variation in the observed CCSD
values for conformers Il and Ill across all these conditions, suggesting that the addition of
nucleotide does not increase the flexibility of these conformers. However, nucleotide addition
did induce a smaller conformer (conformer 1), which was distinct from the non-
phosphorylated form of NME1 WT in the absence of any nucleotide. Conformer | represented
the smallest CCS value ranging from 50.6 — 51.1 nm? for all nucleotides, suggesting that the
smaller CCS is evidence of a more compact structure that forms when the protein is in its
phosphorylated form. In order to confirm that the complex contained the bound nucleotide,
each conformer could have been extracted to determine the mass of the complexes following

deconvolution.

138



Although the CCS and CCSD values were similar between conditions, the relative abundance
of the conformers altered with addition of nucleotide. Conformer Il, the most abundant in
NME1 WT with DMSO control, decreased from 66% to a range of 18 —51% in the presence of

nucleotide, with UTP having the most prominent effect. Conformer lll also had a wide range
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of relative abundance between nucleotides, with 31% for CTP/GTP and 79% for UTP

compared to 34% for NME1 WT + DMSO (Figure 5.10).
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Figure 5.9. CCS distribution of NME1 WT + nucleotides.”YCCSn2-He Gaussian fitting [M+21H]
21*species of NME1 WT + ATP, CTP, GTP, TTP or UTP. Nucleotide was added in 10-molar excess
to protein and incubated for 10-minutes at R.T. Red line is the average of three independent
replicates. Black error bars represent the S.D. Gaussian fitting was performed using the Fit
Peaks Pro function in Origin (Version 2021b), with R? values listed.
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Figure 5.10. Conformational space adopted by NME1 WT alone and in the presence of
different nucleotides. A) Proportional scatter plots (CCS (nm?) versus CCSD (nm?)) for the
different conformational states (as determined by Gaussian fitting in Figure 5.9) for NME1 WT
+ nucleotides. Size of dot representative of area. B) % area of four different conformational
states (as determined by Gaussian fitting in Figure 5.9): | (blue), Il (red), Il (green), IV (yellow)
for NME1 WT alone or in the presence of different nucleotides as indicated. Average % area
presented from 3 individual experiments.
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The NME1 H118A variant had the same charge state distribution as previously seen with
NME1 WT, with charges states 23+ to 20+ observed and 21+ the most prominent charge state
(Figure 5.11). Following deconvolution of the charge state distribution, a mass was observed
at ~ 101 kDa, suggesting that the mutation of the histidine residue had no impact on the
hexameric form of NME1. The deconvoluted peak presented itself over a wider range in
comparison to NME1 WT, which could be due to a difference in the quality of the charge state
distribution data. Addition of all nucleotides to NME1 H118A resulted in a hexamer formation
of ~ 100 kDa (Figure 5.12). In similarity to the effect of the nucleotides on the oligomeric state
of NME1 WT, no change was observed in oligomeric state when nucleotides were bound to
NME1 H118A. These data confirm that hexamer formation is not dependent on NME1

phosphorylation status.

NME1 H118A (17237 Da)
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Figure 5.11. NME1 H118A natively forms as a hexamer. Native ESI mass spectrum of NME1
H118A (left) and oligomeric determination showing hexamer form (right). Spectrum list was
copied from MassLynx 4.1 and inputted into UniDec to carry out the deconvolution analysis.
Protein buffer exchanged into 150 mM ammonium acetate using Amicon 10 kDa cut-off spin
columns prior to MS analysis.
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Figure 5.12. Addition of nucleotides does not alter the oligomeric state of NME1 H118A.
Native ESI mass spectrum of NME1 H118A + nucleotide (left) and oligomeric determination
showing hexamer form (right) for in the presence of each nucleotide. Spectrum lists were
copied from MassLynx 4.1 and inputted into UniDec to carry out the deconvolution analysis.
Protein buffer exchanged into 150 mM ammonium acetate using Amicon 10 kDa cut-off spin
columns prior to MS analysis.
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In contrast to NME1 WT, native IM-MS of the 21+ charge state of NME1 H118A revealed a
much narrower CCS profile fitting to a single conformer at 50.7 nm? (Figure 5.13), in
comparison with the larger conformers for WT of Il (52.0 nm?) and 11l (53.9 nm?). The smaller
CCS values observed for NME1 H118A suggest that this non-phosphorylatable variant adopts

a slighter smaller, more compact structure compared to NME1 WT.

Addition of nucleotides reduced the relative abundance of conformer Il to between 58-82%
(Figure 5.14), although it remained the most abundant state irrespective of nucleotide. In
contrast to the observations of NME1 H118A alone where conformer | was not observed, this
state was seen upon inclusion of all the nucleotides. Conformer | had a wide range of smaller
CCS values ranging between 47.3 — 49.5 nm? for all nucleotide conditions. The CCS values for
NME1 H118A + nucleotides are overall smaller than the DMSO control, a similar trend to that
previously observed for NME1 WT + nucleotide. This suggests that any change to a smaller
conformation observed between NME1 + nucleotides is not due to the effect of the
nucleotides acting as a phosphate donor to induce auto-phosphorylation, as H118A lacks the
histidine residue required for this to occur, but rather a conformational change induced by

binding of these nucleotides.
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Figure 5.13. CCS distribution of NME1 H118A + nucleotides."VCCSn,He Gaussian fitting
[M+21H] 2'* species of NME1 WT + ATP, CTP, GTP, TTP or UTP. Nucleotide was added in 10-
molar excess to protein and incubated for 10-minutes at R.T. Red line is the average of three
independent replicates. Black error bars represent the S.D. Gaussian fitting was performed
using the Fit Peaks Pro function in Origin (Version 2021b), with R? values listed.
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Figure 5.14. Conformational space adopted by NME1 H118A alone and in the presence of
different nucleotides. A) Proportional scatter plots (CCS (nm?) versus CCSD (nm?)) for the
different conformational states (as determined by Gaussian fitting in Figure 5.13) for NME1
H118A + nucleotides. Size of dot representative of area. B) % area of four different
conformational states (as determined by Gaussian fitting in Figure 5.13): | (blue), Il (red), 1lI
(green), IV (yellow) for NME1 H118A alone or in the presence of different nucleotides as
indicated. Average % area presented from 3 individual experiments.
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NME1 R105A resulted in a charge state distribution between 14+ and 11+, with the 12+
charge being predominant (Figure 5.15). The mass spectrum for NME1 R105A was notably
different from that for WT protein (Figure 5.7), suggesting that R105A might not form as a
hexamer. Deconvolution of this spectrum yielded a mass of ~ 33 kDa, suggesting that this
variant forms natively as a dimer. As the R105 residue sits within the kpn loop of NME1L, it is
thought to play an important role in enzymatic activity and binding of substrates. We
demonstrate here that it is also required for formation of the functional NME1 hexamer.
Nucleotide addition had no effect on the ability of NME1 R105A to form higher order
complexes, with dimer formation occurring in the presence of all nucleotides (Figure 5.16).
The is consistent with the two previous NME1 proteins analysed, WT and H118A, where the

oligomeric state is not altered when nucleotide is bound.
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Figure 5.15. NME1 R105A natively forms as a dimer. Native ESI mass spectrum of NME1
R105A (left) and oligomeric determination showing dimer form (right). Spectrum list was
copied from MassLynx 4.1 and inputted into UniDec to carry out the deconvolution analysis.
Protein buffer exchanged into 150 mM ammonium acetate using Amicon 10 kDa cut-off spin
columns prior to MS analysis.
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Figure 5.16. Addition of nucleotides does not alter the oligomeric state of NME1 R105A.
Native ESI mass spectrum of NME1 R105A + nucleotide (left) and oligomeric determination
showing dimer form (right) in the presence of each nucleotide. Spectrum lists were copied
from MassLynx 4.1 and inputted into UniDec to carry out the deconvolution analysis. Protein
buffer exchanged into 150 mM ammonium acetate using Amicon 10 kDa cut-off spin columns
prior to MS analysis.
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CCS Gaussian fitting of the 12+ charge state for NME1 R105A revealed smaller CCS values
when compared to NME1 WT and H118A, which are termed as I1*-1V* to reflect the change in
oligomeric state. This is expected due to this variant forming as a dimer rather than a
hexamer, therefore, the structure is smaller and will result in a smaller CCS value (Figure 5.17).
Conformers ranged from 26.3 — 28.6 nm? in the absence of nucleotide, whereas the largest

conformers for NME1 WT and H118A were 53.9 nm? and 50.7 nm? respectively.

The CCS values for NME1 R105A in the presence of any nucleotide was not significantly
changed compared to the DMSO control condition. Addition of nucleotides resulted in the
same conformational landscape, with the presence of conformers I* and II*, ranging from
26.7 —29.1 nm? compared to 26.3 — 28.6 nm? for the DMSO control. A slight decrease in CCSD
values for conformer II* was observed upon addition of nucleotide, ranging from 2.1 — 2.6
nm? compared to the DMSO control of 3.3 nm?2. The small decrease in CCSD values in the
presence of nucleotide suggests that these phosphate donors serve to constrain the
conformational landscape of NME1 R105A. Upon addition of nucleotides, the overall
abundance for each conformer had little change, with the majority of conditions observing
conformer Il as the most abundant (Figure 5.18). The little effect that the nucleotides had on
NME1 R105A could be due to this variant being catalytically inactive as a result of the lack of

ability to bind a nucleotide.
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Figure 5.17. CCS distribution of NME1 R105A + nucleotides."VCCSn,-He Gaussian fitting
[M+12 H] '?*species of NME1 WT + ATP, CTP, GTP, TTP or UTP. Nucleotide was added in 10-
molar excess to protein and incubated for 10-minutes at R.T. Red line is the average of three
independent replicates. Black error bars represent the S.D. Gaussian fitting was performed
using the Fit Peaks Pro function in Origin (Version 2021b), with R? values listed.
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Figure 5.18. Conformational space adopted by NME1 R105A alone and in the presence of
different nucleotides. A) Proportional scatter plots (CCS (nm?) versus CCSD (nm?)) for the
different conformational states (as determined by Gaussian fitting in Figure 5.17) for NME1
R105A + nucleotides. Size of dot representative of area. B) % area of four different
conformational states (as determined by Gaussian fitting in Figure 5.17): | (blue), Il (red), 1l
(green), IV (yellow) for NME1 R105A alone or in the presence of different nucleotides as
indicated. Average % area presented from 3 individual experiments.
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NME1 H118A/R105A showed a similar charge state distribution to NME1 R105A, with charge
states 14+ to 11+ observed and 12+ being predominant (Figure 5.19). Following
deconvolution, this variant appeared natively as a dimer, with an observed mass of ~ 33 kDa.
Based on the deconvolution findings for the single residue variants, NME1 H118A and NME1
R105A, where H118A formed as a hexamer and R105A as a dimer, it would suggest that the
mutation of R105 is the cause of this switch from hexamer to dimer. Nucleotide addition had
no effect on the propensity of this NME1 variant to form dimer, with all yielding a complex of

~ 35 kDa (Figure 5.20).

NME1 H118A/R105A (17152 Da)

12+ Dimer
1001 100+
%] 13+ %
11+
14+
2400 2600 2800 3000 3200 3400 3600 3800 20 40 60 80 100 120
m/z kDa

Figure 5.19. NME1 H118A/R105A natively forms as a dimer. Native ESI mass spectrum of
NME1 H118A/R105A (left) and oligomeric determination showing dimer form (right).
Spectrum list was copied from MassLynx 4.1 and inputted into UniDec to carry out the
deconvolution analysis. Protein buffer exchanged into 150 mM ammonium acetate using
Amicon 10 kDa cut-off spin columns prior to MS analysis.
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Figure 5.20. Addition of nucleotides does not alter the oligomeric state of NME1
H118A/R105A. Native ESI mass spectrum of NME1 H118A/R105A + nucleotide (left) and
oligomeric determination showing dimer form (right) in the presence of each nucleotide.
Spectrum lists were copied from MassLynx 4.1 and inputted into UniDec to carry out the
deconvolution analysis. Protein buffer exchanged into 150 mM ammonium acetate using
Amicon 10 kDa cut-off spin columns prior to MS analysis.
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Gaussian fitting of the 12+ charge state for NME1 H118A/R105A revealed the presence of two
conformers (Il1* & IV*), with CCS values of 25.1 nm? and 27.2 nm? (Figure 5.21). These CCS
values were similar to the two smallest conformers observed for the previous dimer form of
NME1 R105A of 26.3 nm? and 28.6 nm?, albeit slightly smaller, suggesting that the double
mutant is more compact than the single R105A mutated variant. Conformer Il1* was the most
abundant for NME1 H118A/R105A without the presence of nucleotide (61%), which was in

contrast to NME1 R105A, where conformer llI* was not observed (Figure 5.22).

Interestingly, the CCS landscape of NME1 H118A/R105A revealed nucleotide-dependent
differences. While conformer I1* and III* (at ~25.1-25.7 nm? and 27.2-29.0 nm? respectively)
were observed in the absence and presence of all nucleotides for NME1 H118A/R105A, ATP,
CTP/GTP/TTP also induced a smaller conformer at 22.4-22.8 nm?. Moreover, CTP and UTP
additionally invoked much smaller (20.7 nm?) and larger (30.1 nm?) conformational states
respectively. This double mutated variant should result in little effect when bound to a
nucleotide due to the absence of the residues responsible for auto-phosphorylation and
catalytic activity. However, this was not observed with this data set, with a large degree of
differences seen between the relative conformer abundancies when each nucleotide was

bound, which could potentially suggest different binding modes between the nucleotides.
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Figure 5.21. CCS distribution of NME1 H118A/R105A + nucleotides."VCCSn2>He Gaussian
fitting [M+12H] 12* species of NME1 WT + ATP, CTP, GTP, TTP or UTP. Nucleotide was added
in 10-molar excess to protein and incubated for 10-minutes at R.T. Red line is the average of
three independent replicates. Black error bars represent the S.D. Gaussian fitting was
performed using the Fit Peaks Pro function in Origin (Version 2021b), with R? values listed.
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Figure 5.22. Conformational space adopted by NME1 H118A/R105A alone and in the
presence of different nucleotides. A) Proportional scatter plots (CCS (hm?) versus CCSD
(nm?)) for the different conformational states (as determined by Gaussian fitting in Figure
5.21) for NME1 H118A/R105A + nucleotides. Size of dot representative of area. Conformers
not represented by different boxes due to level of overlap between conformational states. B)
% area of four different conformational states (as determined by Gaussian fitting in Figure
5.21): 1 (blue), Il (red), lll (green), IV (yellow) for NME1H118A/R105A alone or in the presence
of different nucleotides as indicated. Average % area presented from 3 individual
experiments.
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NME1 C109A had a charge state distribution between 22+ and 20+, with relatively poor signal
quality rendering limited peak resolution between the predominant 21+ and 20+ charge
states (Figure 5.23). The deconvolution of the mass spectra resulted in a broad peak around
~ 105 kDa, representative of hexamer formation. Similar to NME1 WT, the addition of

nucleotides had no effect on the hexameric state of NME1 C109A (Figure 5.24).

NME1 C109A (17271 Da)

21+ Hexamer

1001 100-

% %]

4400 4600 4800 5000 5200 5400 5600 5800 6000 95 100 105 110 115 120
m/z kDa

Figure 5.23. NME1 C109A natively forms as a hexamer. Native ESI mass spectrum of NME1
C109A (left) and oligomeric determination showing hexamer form (right). Spectrum list was
copied from MassLynx 4.1 and inputted into UniDec to carry out the deconvolution analysis.
Protein buffer exchanged into 150 mM ammonium acetate using Amicon 10 kDa cut-off spin
columns prior to MS analysis.
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NME1 C109A + ATP
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Figure 5.24. Addition of nucleotides does not alter the oligomeric state of NME1 C109A.
Native ESI mass spectrum of NME1 C109A + nucleotide (left) and oligomeric determination
showing hexamer form (right) in the presence of each nucleotide. Spectrum lists were copied
from MassLynx 4.1 and inputted into UniDec to carry out the deconvolution analysis. Protein
buffer exchanged into 150 mM ammonium acetate using Amicon 10 kDa cut-off spin columns
prior to MS analysis.
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Gaussian fitting of the CCS for the 21+ charge state of NME1 C109A revealed CCS values that
were similar to the previous hexameric forms of NME1, WT and H118A. The most
predominant conformer observed was conformer Il (53.5 nm?) (Figure 5.25), which was
similar to NME1 WT conformer Ill (53.9 nm?). In contrast to WT and H118A, C109A revealed
the presence of the smaller conformer (1) at 51.8 nm?, however, the CCS for this conformer

closely relates to conformer Il for WT (52.0 nm?) and H118A (50.7 nm?).

Upon addition of each nucleotide to NME1 C109A, a single conformer (Il) distribution was
observed (Figure 5.26) ranging from 52.7 — 53.1 nm? compared to the slightly larger 53.5 nm?
with DMSO control. In addition to little effect in the CCS distribution of conformer Il between
conditions, the CCSD values for this conformer observed minimal variation ranging from 2.2
— 2.6 nm? with nucleotides compared to 2.3 nm? for the DMSO control. The addition of
nucleotides appeared to have less impact on the CCS values for NME1 C109A compared to
WT, where a slight decrease was observed. This chapter previously demonstrated that C109A
+ nucleotide conditions were not as effective as acting as a phosphate donor for auto-
phosphorylation with lower levels of phosphorylation observed. Therefore, this could be a
factor in the little alteration that is present in the protein conformational landscape with the

nucleotide-bound conditions when compared to DMSO control.
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Figure 5.25. CCS distribution of NME1 C109A + nucleotides."VCCSn,1e Gaussian fitting
[M+21H] 2'* species of NME1 WT + ATP, CTP, GTP, TTP or UTP. Nucleotide was added in 10-
molar excess to protein and incubated for 10-minutes at R.T. Red line is the average of three
independent replicates. Black error bars represent the S.D. Gaussian fitting was performed
using the Fit Peaks Pro function in Origin (Version 2021b), with R? values listed.

160



A NME1 C109A
4
I
; -~ NME1 C109A
T 3 ; = NME1 C109A + ATP
£ 0.5..: -+ NME1 C109A + CTP
o | * - NME1 C109A + GTP
g2 | ; NME1 C109A + TTP
] -»- NME1 C109A + UTP
1
0
515 52 525 53 535 54
B TWECCS yoshe (NM?)
100%
90%
80%
70%
60%
50%
40%
30%
20%
10%
0%

Figure 5.26. Conformational space adopted by NME1 C109A alone and in the presence of
different nucleotides. A) Proportional scatter plots (CCS (nm?) versus CCSD (nm?)) for the
different conformational states (as determined by Gaussian fitting in Figure 5.25) for NME1
C109A + nucleotides. Size of dot representative of area. B) % area of four different
conformational states (as determined by Gaussian fitting in Figure 5.25): | (blue), Il (red), 1l
(green), IV (yellow) for NME1 C109A alone or in the presence of different nucleotides as
indicated. Average % area presented from 3 individual experiments.
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5.2.3 Effect of compounds on NME1

To identify small molecule compounds that might have an effect on the activity and/or
stability of NME1, a screen was carried out against a 1000 compound FDA-approved drug
library (SelleckChem (211)) using DSF by Alice Clubbs Coldron. As NME proteins are not
standard protein kinases, the FDA-approved drug library rather than a standard kinase
inhibitor library was screened as it contains a variety of classes of small molecule drugs. The
FDA-approved drug library contains a range of compounds associated with various diseases,
including oncology, immunology, and anti-inflammatory, and therefore was deemed
appropriate to screen for NME1 inhibitors. The binding of the compounds to NME1 was
indicated by a shift in the melting temperature of the protein compared to that of the protein
in the absence of any compound (buffer control). In order to assess how the compounds
affected the stability and conformation of NME1 WT, NME1 C109A was also analysed by DSF
in the presence of FDA library hits (ATm +/- 1.0 °C). NME1 C109A is hypothesised to have
more resistance to hexamer dissociation as a result of its inability to form dimer stabilising
disulphide bonds. Compounds that induced large differences between NME1 WT and NME1
C109A, and that had the potential to oxidise NME1 by virtue of a carbonyl group were thus
selected for further analysis and are represented by a red dot (Figure 5.27A). Compounds
shown as blue dots with large negative shifts for NME1 WT were not selected based on these
compounds demonstrating either no or marginal Tr, differences in NME1 C109A, therefore

suggesting they do not change the stability of CLO9A and not applicable to test the hypothesis.

The ATm of NME1 WT compared to C109A in the presence of the selected compounds are
shown in Figure 5.27B. The addition of several of the compounds to NME1 WT induced a shift
of -1 °C or greater, suggesting that the compounds are having an effect on the stability of
NME1 WT (Figure 5.27B/Table 5.2). Following the DSF analysis, it was recognised that many
of the compounds consisted of functional groups that can accept electrons (Figure 5.28),
therefore enabling them to act as oxidising agents. $1949 (Menadione), the compound shown
to induce one of the largest negative shifts at -5.8 °C, is a known oxidising agent (212). The
screen of the twenty compounds with NME1 C109A overall revealed less of a negative shift
(Figure 5.27C) in comparison to those observed for NME1 WT (with exception to $1082 and
S1457). S1730 showed a similar temperature shift for both NME1 WT and C109A, therefore

this compound was selected to act as a control between the two forms of NME1. As less of a
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negative shift was observed with NME1 C109A + compounds, this confirmed the initial
hypothesis that this mutated protein could be causing some resistance to dissociation and/or
unfolding. To explore this hypothesis further, native MS was carried out to determine the

oligomeric state of NME1 WT and C109A when bound to each compound.
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Figure 5.27. NME1 WT and NME1 C109A screening with the food drug approved (FDA)
library. (A) WT NME1 was incubated with 200 uM of an FDA drug compound and the thermal
stability was determined in the presence of these compounds using differential scanning
fluorimetry (DSF). Difference in melting temperature (ATm) relative to control is presented
for NME1 WT (B) and NME1 C109A (C) in the presence of selected compounds based on their
effect on NME1 WT and C109A, alongside their oxidising potential by assessing their chemical
structures (red dots). Data provided by Alice Clubbs Coldron, a PhD student with Prof Patrick
Eyers (University of Liverpool).
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ATm (°C) for

ATm (°C) for

Compound NME1 WT NME1 C109A
$1082 (Vismodegib) -1.60 -21.33
$1198 (Irinotecan) -1.02 -0.53
S1344 (Glimepiride) -1.27 -0.72
$1457 (Atazanavir sulfate) -1.13 -11.55
S1512 (Tadalafil) -2.05 -0.82
$1606 (Clotrimazole) -2.67 +0.29
$1633 (Zafirlukast) -4.62 -3.19
$1730 (Indapamide) 0.66 +1.27
S$1737 (Prednisolone) -5.26 -1.37
$1808 (Nifedipine) -1.84 +9.03
$1840 (Lomustine) -4.08 -2.55
$1760 (Rifapentine) -3.08 -4.78
$1847 (Clemastine fumarate) -3.87 -0.92
$1859 (Diethylstilbestrol) -2.02 -0.37
$1949 (Menadione) -5.80 -5.74
$2522 (Adrenaline) -5.22 4.77
$4003 (Lithocholic acid) -2.05 -1.76
S4221 (Benzbromarone) -1.30 -2.14
S4073 (Aminosalicylate sodium) 0.62 -1.76
S4075 (Zinc pyrithione) -5.53 -0.55

Table 5.2. Difference in melting temperature (ATm) for NME1 WT and C109A + compounds

in FDA library screen. DSF screen carried out as described in Figure 5.27 legend.
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Figure 5.28. Chemical structures for FDA screened compounds (Part 1). Structures produced
in ChemDraw (Version 19.1).
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Figure 5.28. Chemical structures for FDA screened compounds (Part 2). Structures produced

in ChemDraw (Version 19.1).
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5.2.4 Effect of compounds on NME1 oligomeric state

The DSF screen provided a useful understanding to determine which compounds bound to
NME1. However, the change in melting temperature observed by DSF does not necessarily
relate to structural changes that could be occurring, multimer formation, or activity.
Therefore, native MS was carried out determine whether any of the compounds were
inducing structural changes in NME1 and whether the hexameric state is compromised. To
assess the ratio of compound:protein required to induce any change in oligomeric state,
NME1 WT was incubated with either 5x, 8x or 10x molar excess of S1949 for ten minutes prior
to native MS (Figure 5.29). The addition of $1949 compound at 5x molar concentration to
NME1 revealed a mass of ~ 100 kDa (represented by the number 6) as the most abundant
peak, with a smaller peak at ~ 50 kDa (represented as 3) also present. This suggests that the
$1949 at 5x molar excess was sufficient to initiate hexameric dissociation, but not sufficient
for complete dissociation. More complete dissociation was achieved with 8x molar excess,
yielding ions representative of NME1 complexes between ~ 25-40 kDa (represented by 2) and
higher peaks at ~ 75, 90 and 100 kDa (represented by 4, 5 and 6). The higher concentration
of 8x molar excess induced dissociation to a mass representative of the dimer form. However,
the peaks at the larger masses indicated that there was still some hexamer form remaining
and this concentration was therefore not sufficient to induce complete dissociation to the
dimer. Complete dissociation of the hexamer was achieved with 10x molar excess of $1949

and was thus used to test all the other compounds.
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Figure 5.29. NME1 WT + S1949 compound shows dissociation to dimer at 10x excess
concentration. Oligomeric determination of 5x, 8x and 10x excess of $1949. Number above
peaks representative of multimer state, such as 2 for dimer and 6 for hexamer formation.
Spectrum lists were copied from MassLynx 4.1 and inputted into UniDec to carry out the
deconvolution analysis. Protein buffer exchanged into 150 mM ammonium acetate using
Amicon 10 kDa cut-off spin columns prior to MS analysis.
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Following determination of the appropriate molar excess concentration of compound to use
to induce changes on the oligomeric state, twenty compounds were incubated with NME1 for
ten minutes prior to native MS analysis (refer to Appendix 5.1. for all native MS data). Upon
addition of the compounds S1949 and S1082 to NME1 WT (Figure 5.30), peaks at the lower
m/z region (2000 — 4400 m/z) were observed in comparison to the absence of compound,
where peaks were observed between 4500 — 5500 m/z. In addition to peaks at the smaller
m/z regions being present, peaks were also evident at the higher mass range of 5500 — 7500
m/z. Binding of S4075 to NME1 WT also demonstrated a wider m/z region for the observed
peaks, however, the region was not as low as compared to $1949 and S1082, suggesting that
the S4075 compound did not induce as much dissociation of the higher order NME1 complex.
The change in the observed m/z values of the abundant peaks suggests that the compounds
are binding to NME1 WT and potentially causing a change in the overall oligomeric state of
the protein. Binding of the compounds to NME1 C109A also resulted in a change to the peaks
observed in the native MS spectra, where more peaks are observed in a smaller m/z region

when compared to the absence of compound.
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Figure 5.30. NME1 proteins bind compounds. Native ESI spectrum for NME1 WT (left) and
C109A (right) + S1949, S1082 or S4075. Figures created by copying the spectrum lists into
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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To determine the oligomeric state of NME1 WT and C109A when bound to the compounds,
the native MS spectra (Figure 5.30/Appendix 5.1) were deconvoluted using UniDec software.
A mass range between 0 — 120 kDa was used to identify all multimers present up to the
hexamer mass of native NME1, which was previously identified in the absence of any
compound. Upon addition of the compounds S1949, S1082 and S4075 to NME1 WT, peaks
between 30 —40 kDa were observed (Figure 5.31), which suggests that the compounds induce
dissociation to the dimer (theoretical mass of 34.6 kDa). For NME1 WT + S1949, no peaks in
the larger mass region were observed, which suggests that this compound induces complete

dissociation of NME1 WT.

Upon addition of the compounds to NME1 C109A, it was expected that the hexamer form
would be most abundant, with this mutated variant expected to be resistant to oxidative
stress and therefore, resistant to dissociation to the dimer. However, the binding of the $1949
and S1082 compounds revealed a peak at ~50 kDa, which would be indicative of a trimer form
(theoretical trimer mass of 51.9 kDa). This shows that the NME1 C109A variant is partially
resistant to dissociation induced by these compounds, suggesting a role for C109 in
stabilisation of the higher order complex. Binding of S1949 and S1082 to NME1 C109A
suggests that the kpn loop that is associated with the trimer interaction remains intact in
comparison to when these compounds are bound to NME1 WT, where the kpn loop might be
disordered, which would promote the dimer form. Binding of the S4075 compound to NME1
C109A yielded an abundant peak at ~ 100 kDa, representative of the hexamer form. Although
the most abundant peak in the presence of S4075 was representative of the hexamer, smaller

peaks (particularly around ~52 kDa) were evident suggesting some dissociation to the trimer.
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Figure 5.31. Oligomeric state of NME1 proteins with compounds. Oligomeric determination
for 10x excess compound with NME1 WT or C109A. Spectrum lists were copied from
MassLynx 4.1 and inputted into UniDec to carry out the deconvolution analysis. Protein buffer
exchanged into 150 mM ammonium acetate using Amicon 10 kDa cut-off spin columns prior

to MS analysis.
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From the full set of compounds analysed (twenty), thirteen induced NME1 dissociation from
hexamer to dimer upon addition to NME1 WT (Table 5.3/data shown in Appendix 5.1). Five
of the compounds induced trimer formation, while one (51198) promoted formation of a
tetramer and another (S4073) did not induce hexamer dissociation. The addition of the
compounds to NME1 C109A showed that only two compounds (51198 and S4075) failed to
induce hexameric dissociation. A high proportion of the compounds (nine) resulted in
dissociation to a trimer when bound to NME1 C109A and six of the compounds resulted in
the dimer form. The evidence that the majority of the compounds caused some form of
dissociation of the hexamer form when added to NME1 WT suggests that the oligomeric state
of NME1 could be destabilised under oxidative conditions due to the compounds containing
carbonyl groups that may cause oxidative stress. The mutation of C109 was expected to cause
some resistance to dissociation due to the cysteine no longer being available for dimerisation.
However, full resistance (with exception to S1198 and S4075) was not observed with NME1
C109A, and only partial resistance of dissociation was observed, with many compounds
dissociating to a trimer. Although C109 was mutated, two other cysteine residues, C4 and
C145, were still present in this protein, which form an intramolecular disulphide bond (205).
Therefore, oxidation could occur on these residues and inhibit the full resistance to

dissociation of the hexamer form.
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Compound NME1 WT NME1 C109A

$1082 (Vismodegib) Dimer Trimer

$1198 (Irinotecan) Tetramer Hexamer
S1344 (Glimepiride) Trimer Trimer
S1457 (Atazanavir sulfate) Dimer Dimer
S$1512 (Tadalafil) Dimer Trimer
S$1606 (Clotrimazole) Dimer Trimer
51633 (Zafirlukast) Dimer Trimer
S1730 (Indapamide) Dimer Dimer
S1737 (Prednisolone) Dimer Tri/Hex
S$1760 (Rifapentine) Dimer Dimer
51808 (Nifedipine) Trimer Dimer

$1840 (Lomustine) Trimer Tetramer
51847 (Clemastine fumarate) Dimer Dimer
51859 (Diethylstilbestrol) Dimer Trimer
$1949 (Menadione) Dimer Trimer
S2522 (Adrenaline) Dimer Trimer
S4003 (Lithocholic acid) Trimer Trimer
S4073 (Aminosalicylate sodium) Hexamer Dimer

S4075 (Zinc pyrithione) Dimer Hexamer
S4221 (Benzbromarone) Trimer Trimer

B Some resistance of dissociation by C109A

B No dissociation with C109A

Table 5.3. Oligomeric state of NME1 proteins with compounds. Oligomeric determination
for 10x excess compound with NME1 WT or C109A. Some resistance of dissociation from
hexamer by C109A shown in blue and no dissociation shown in red. 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. Data shown in Appendix 5.1.
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5.2.5 Compound effects on the CCS conformational landscape of NME1

After the initial experiments to determine the oligomeric state of NME1 upon addition of the
compounds, eight compounds were selected to analyse their effect on the CCS landscape of
NME1L. The selection of the eight were chosen based on their dissociation to the dimer form
for NME1 WT and the resistance of dissociation by NME1 C109A. Addition of all the selected
compounds to NME1 WT revealed a decrease in CCS values from 53.8 nm? (conformer lll) to
between 26.1 - 32.7 nm? (largest conformer for each compound) (Figure 5.32/34). This would
be expected as the compounds had previously been shown to dissociate to the dimer form
and would therefore have a smaller CCS as compared to the hexamer protein, as the protein
complex is now adopting a much smaller conformation. NME1 WT + S1737 observed an
additional conformer not seen in any of the other conditions, which was termed as a * symbol
due to it having a much smaller CCS value (22.3 nm?) in comparison to the smallest conformer
| in other conditions. Without molecular modelling data on the structural configurations
adopted by each of the conformational states, it is difficult to speculate what is happening

structurally to NME1 WT when bound to the different compounds.
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Figure 5.32. CCS distribution for NME1 WT with compounds. ™"WCCSnz-he Gaussian fitting for
the [M+21H] ?'*species of NME1 WT. Red line is the average of three independent replicates.
Black error bars represent the S.D. Gaussian fitting was performed using the Fit Peaks Pro
function in Origin (Version 2021b), with R? values listed. Protein buffer exchanged into 150
mM ammonium acetate using Amicon 10 kDa cut-off spin columns prior to MS analysis.
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Addition of all the compounds to NME1 C109A (with exception to S4075) revealed a decrease
in CCS values from 53.5 nm? (conformer Ill) to between 28.0 — 33.9 nm? (largest conformer
for each compound) (Figure 5.33/34). As the compounds had previously been shown to cause
some degree of dissociation from the hexamer form, the smaller CCS would be expected to
match the new oligomeric state of the protein in the presence of each compound. The S4075
compound, which caused full resistance of dissociation to the hexamer form in NME1 C109A
revealed only the presence of conformer Il, with a CCS of 59.2 nm?, which was larger than the

CCS values observed for NME1 C109A alone (I =51.8 nm?, Il = 53.5 nm?).

When comparing the relative abundance between conformers for NME1 WT/C109A +
compounds, the most prominent difference between the two is that the compounds induce
NME1 C109A into one main conformational state (IlI*/IV*), with exception of $1949 and
S2522 (Figure 5.34). NME1 WT when bound to each compound results in the presence of an
additional conformer (I1* or IV*), and also a decrease in the most abundant conformer I1*
(54075 exception) from 70% to 57%. The compounds bound to NME1 WT induced a range of
relative conformer abundance difference between compounds, which could be simply due to
the array of compounds tested and the different mechanisms in which they induce on NME1.
The larger differences associated with the conformational landscape between NME1 WT and
C109A when bound to different compounds suggests that the compounds have a greater
effect on NME1 WT in comparison to NME1 C109A. This is expected as the compounds induce
a further level of dissociation on NME1 WT in contrast to some resistance shown with NME1

C109A.
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Figure 5.33. CCS distribution for NME1 C109A with compounds. "W CCSnz-He Gaussian fitting
for the [M+21H] 2* species of NME1 C109A. Red line is the average of three independent
replicates. Black error bars represent the S.D. Gaussian fitting was performed using the Fit
Peaks Pro function in Origin (Version 2021b), with R? values listed. Protein buffer exchanged
into 150 mM ammonium acetate using Amicon 10 kDa cut-off spin columns prior to MS
analysis.
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Figure 5.34. Proportional conformational space adopted by the NME1 WT/C109A +
compounds. Determined by Gaussian fitting in Figure 5.32/33 for three individual
experiments. A) % area of different conformational states (I (blue), Il (red), lll (green), IV
(yellow)) for NME1 WT (left) and NME1 C109A (right). B) Proportional scatter plots (CCS (nm?)
versus CCSD (nm?)) for the different conformational states for NME1 WT (left) and NME1
C109A (right). Size of dot representative of area.
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5.2.6 Effect of compounds on the phosphorylation of NME1

Following the observation that the compounds induced dissociation for both NME1 WT and
C109A, the next aspect of the analysis was to determine whether the addition of compounds
prior to ATP had any effect on phosphorylation. This was carried out as before, using an intact
LC/MS experiment to assess the abundance of phosphorylation for NME1 WT and C109A
when bound to compounds. Prior to the addition of compounds and ATP, NME1 WT was
desalted using the same method for IM-MS experiments to determine whether desalting
NME1 into ammonium acetate had any impact on phosphorylation. This additional step prior
to the incubation with ATP did not reduce the level of phosphorylation (85%) compared to

75% without the desalting step (Figure 5.35).
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Figure 5.35. Desalting NME1 into ammonium acetate does not reduce level of
phosphorylation. NME1 WT was buffer exchanged into 150 mM ammonium acetate using
Amicon 10 kDa cut-off spin columns prior to setting up phosphorylation reaction. 1 pg of
NME1 WT was incubated with 10 ATP uM in 50 mM Tris-HCI, pH 8.0, 100 mM NacCl for 5
minutes at R.T. Data was processed using MassLynx (4.1) and deconvoluted using MaxEnt1.
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To establish the optimal incubation time for the addition of compounds, S1949 was incubated
at R.T. for 10, 30 and 60 minutes with NME1 WT. The relative abundance of the smaller peaks
(ranging from 17560 to 17850 Da) decreased with the increase in time for the 30 and 60
minute incubations (Figure 5.36). The peak intensity of NME1 WT without compound at
17303 Da reduced with the two longer time points and the mass accounting for NME1 WT +
S$1949 (17474 Da) also had reduced intensity. The 10-minute incubation time was selected for
all future experiments with compounds due to the longer time points not gaining any
additional information and reducing the intensity of the two important masses.
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Figure 5.36. NME1 WT + S$S1949 compound has no major additional effects with longer
incubation. 1 pg of NME1 WT was incubated with 200 uM $1949 compound in 50 mM Tris-
HCI, pH 8.0, 100 mM NacCl for 10, 30 and 60 minutes at R.T. Data was processed using
MassLynx (4.1) and deconvoluted using MaxEnt1.
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The previous experiments associated with determining phosphorylation mass shifts due to
the addition of nucleotides were at a concentration of 1 mM nucleotide. As the compounds
tested had a variety of unique structures, it could not be determined whether they are ATP-
competitive. However, if the compounds were competing with the ATP binding site, the
binding potential of the compounds to NME1 WT would be greater in the presence of minimal
ATP due to NME1 having such a high affinity for the binding of ATP. To overcome this
possibility, the concentration of ATP was tested at decreased amounts in order to reduce the
competition between ATP and compound. The reduced ATP concentrations of 50 uM and 10
UM decreased the level of phosphorylation to 92% and 75% respectively compared to 93%
for 1 mM ATP (Figure 5.37). Although the level of phosphorylation decreased, there was still
a higher proportion of phosphorylated that non-phosphorylated NME1. Therefore, the 10 uM
ATP concentration was chosen for further experiments to provide the least competition to

the binding of the compounds.

182



1 mM ATP
17384

100

% 93% phosphorylated

17304
‘LJ\AA‘AAk A AN

17200 17300 17400 17500 17600

Da

50 uM ATP
17384

100+

%1 92% phosphorylated

17302

‘AAAALﬂA.L » . A
17200 17300 17400 17500 17600

Da

10 uM ATP
17384

1001

%1 75% phosphorylated

17303

SN, U S VN AAJL A)\._,'LA‘

17200 17300 17400 17500 17600

Da

Figure 5.37. NME1 WT is phosphorylated by lower concentrations of ATP. 1 ug of NME1 WT
was incubated with ATP in 50 mM Tris-HCI, pH 8.0, 100 mM NacCl for 5 minutes at R.T. Data
was processed using MassLynx (4.1) and deconvoluted using MaxEnt1.
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Based on the FDA library screen and dissociation of the hexameric state for NME1 WT when
bound with compounds, eight were selected to analyse for the effects on NME1 activity, and
thus auto-phosphorylation. The addition of compounds $1082, S1512, S1606 and S1633 had
little impact on the relative abundance of phosphorylated NME1 WT (Figure 5.38) when
compared to ATP alone (Figure 5.37), with ~75% appearing in its phosphorylated form. The
addition of these four compounds all failed to observe a mass that corresponded with the
theoretical mass of NME1 WT + compound. The compounds ranged from 345 to 576 Da,
therefore, a peak would be expected in the region of 17728 - 17959 Da for the combined mass
of NME1 WT, selected compound, and phosphorylation. The lack of peak observed in this
range for any of these compounds suggests that the compounds do not covalently bind to
NME1 WT. Another potential explanation for the lack of mass observed with bound
compound could be due to the compounds causing dissociation leading to the presence of
smaller fragment peaks, in particular with the addition of S1606. One of the mass shifts
observed for the S1606 compound between the 17413 and 17435 Da peaks, had a mass of 22
Da, which would be commonly associated with a sodium adduct obtained from the sample

preparation methods.
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Figure 5.38. Compounds do not alter phosphorylation of NME1 WT. 1 ug of NME1 WT was
incubated with 200 uM of each compound in 50 mM Tris-HCI, pH 8.0, 100 mM NaCl for 10
minutes at R.T. 10 uM ATP was added to the sample mixture and then immediately analysed
by LC-MS under non-native conditions. The mass corresponding to phosphorylated (unbound)
NME1 is labelled in blue. Data was processed using MassLynx (4.1) and deconvoluted using
MaxEnt1.
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The spectra obtained for NME1 following incubation with either S1737 or S4075 (Figure 5.39)
revealed peaks corresponding to phosphorylated (17382 Da) and non-phosphorylated
unbound NME1 (17303 Da), with S1737 incubation resulting in significant peaks at 17413 Da
and 17429 Da that could be representative of compound mass adducts, such as a methyl
group for the peak at 17429 Da. Interestingly, analysis of NME1 incubated with either $1949
(172 Da) and S2522 (183 Da) revealed masses consistent with phosphorylated compound
bound (17552 Da and 17560 Da respectively) as well as unbound NME1. The difference in
mass (A4 amu) between that observed for these two compounds and as would be expected
for non-covalent binding, suggests that both bind through a covalent mechanism. The mass
of 17474 Da for S1949 compound is likely representative of non-covalently bound compound
that is not phosphorylated. The mass of 17725 Da could account for a non-covalently bound
$1949 molecule in addition to the mass of 17552 Da, therefore, two molecules of compound

bound to phosphorylated NME1, one covalent and one non-covalent.
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Figure 5.39. Compounds do not alter phosphorylation of NME1 WT. 1 ug of NME1 WT was
incubated with 200 uM of each compound in 50 mM Tris-HCl, pH 8.0, 100 mM NacCl for 10
minutes at R.T. 10 uM ATP was added to the sample mixture and then immediately analysed.
Unbound compound phosphorylated mass shown in blue and bound compound
phosphorylated mass shown in red. Data was processed using MassLynx (4.1) and
deconvoluted using MaxEnt1.
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The binding of the compounds S1082, S1512, S1606 and S1633 to NME1 C109A had no
evidence to suggest that any of these compounds covalently bound to the protein, with no
peaks observed at the expected mass for compound complex (Figure 5.40). The addition of
the compounds also had little effect on the mass associated with the phosphorylated form at

~ 17352 Da. The smaller peak observed at 17273 Da is representative of non-phosphorylated

NME1 C109A.
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Figure 5.40. Compounds do not alter phosphorylation of NME1 C109A. 1 ug of NME1 C109A
was incubated with 200 uM of each compound in 50 mM Tris-HCI, pH 8.0, 100 mM NaCl for
10 minutes at R.T. 10 uM ATP was added to the sample mixture and then immediately
analysed. Unbound compound phosphorylated mass shown in blue. Data was processed using
MassLynx (4.1) and deconvoluted using MaxEnt1.
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The addition of the compounds $1737 and S4075 to NME1 C109A had similar spectra profiles
when compared to the same compounds for NME1 WT, with no peaks observed that matched
the masses for NME1 C109A + compound (+/- the phosphorylated form). Similar to the data
for NME1 WT, analysis of NME1 C109A following incubation with S1949 or S2522 (Figure 5.41)
revealed masses associated with non-phosphorylated (17351 Da and 17351 Da respectively)
and phosphorylated NME1 C109A (17522 Da and 17528 Da respectively). The mass of 17546
Da for S2522 compound could represent the mass of an OH adduct from the compound. The
mass of 17705 Da could be representative of a further $2522 molecule in addition to the mass

of phosphorylated NME1 C109A with covalently bound $2522.
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Figure 5.41. Compounds do not alter phosphorylation of NME1 C109A. 1 ug of NME1 C109A
was incubated with 200 uM of each compound in 50 mM Tris-HCI, pH 8.0, 100 mM NaCl for
10 minutes at R.T. 10 uM ATP was added to the sample mixture and then immediately
analysed. Unbound compound phosphorylated mass shown in blue and bound compound
phosphorylated mass shown in red. Data was processed using MassLynx (4.1) and
deconvoluted using MaxEnt1.

As previously mentioned, the binding of the compounds induced an oligomeric switch for
NME1 WT from hexamer to dimer, which could result in changes to the enzymatic activity of
this protein. The dimer form of this protein is expected to not have the same functional
activity as the hexamer form, and therefore, not be as effective in binding ATP. Despite this,
the addition of the compounds prior to the addition of ATP did not have a large impact on the

level of phosphorylation for either NME1 WT or C109A (Figure 5.42). This suggests that the
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dimer form of NME1 when bound to compounds appears to be as active as the hexamer form

in the absence of compounds.
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Figure 5.42. Addition of compound does not impact level of phosphorylation for NME1 WT
and C109A. A total of 1 pg of NME1 WT or C109A was incubated with 200 uM of each
compound in 50 mM Tris-HCI, pH 8.0, 100 mM NacCl for 10 minutes at R.T. 10 uM ATP was
added to the sample mixture and then immediately analysed. Stoichiometry of histidine
phosphorylation was determined by comparing the relative heights of the phosphorylated
and non-phosphorylated protein within the sample mixture containing the phosphate donor.
Data presented as average of three independent replicates with error expressed as standard
deviation.

5.3  Conclusion

The first aim of this chapter was to determine whether the addition of nucleotides to NME1
would induce a mass shift associated with auto-phosphorylation, thereby establishing an
activity assay. Addition of nucleotides to the NME1 WT induced a shift in mass indicating
phosphorylation, which was ablated upon mutation of H118 to Ala. This finding correlated
with previous studies suggesting that H118 in NME1l is phosphorylated (213).
autophosphorylation was observed for NME1 R105A, suggesting that the mutation of this Arg
residue that sits within the kpn loop of NME1 supports previous published data that shows
this residue affects the ability of this protein to bind a nucleotide and act as a phosphate

donor to induce autophosphorylation. The kpn loop within NME1 is situated within the active
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site and the R105 residue forms interactions that neutralise the negatively charged phosphate
group and enables phosphorylation to occur (203). It is clear that the R105A mutation
decreases the enzymatic activity of this protein, which may be a result of reduced nucleotide

binding and/or dissociation of the hexamer to a dimer.

The addition of the nucleotides to NME1 WT caused a large variation in terms of the relative
abundance of conformers that the protein adopted in the presence of each nucleotide. The
variations observed in protein conformation by the addition of the different nucleotides could
be a result of the ping-pong mechanism that occurs when the high-energy phosphohistidine
intermediate is formed (96). Therefore, the reaction could have occurred too quickly prior to
the IM-MS experiment being carried out, which potentially could have resulted in the
acquisition taking place when phosphorylation was not at its most abundant, when the
complex is switching between its intermediate and standard state. In addition to the large
variation observed for each nucleotide, the CCSD values between conditions had little
alteration between nucleotides and DMSO control. This would suggest that upon addition of
nucleotide, the protein doesn’t induce any enhanced conformational flexibility. Therefore,
this IM-MS experiment might not be suitable to distinguish any sufficient differences in
protein conformation upon addition of a range of nucleotides due to the mechanism in which

they bind effectively.

This chapter confirmed by IM-MS that NME1 WT natively forms as a hexamer, which is
required for full enzymatic activity (203). Upon addition of a range of compounds selected
from an FDA-drug approved library screen of small molecules, dissociation of this hexameric
form to a dimer was observed by IM-MS. Menadione (S1949), a known oxidising agent (212),
resulted in the greatest negative shift in Tm when analysed by DSF. This suggested that the
compounds inducing a negative shift could be destabilising the hexamer structure under
oxidative conditions, which has been confirmed in previous studies (205). Under oxidative in
vitro conditions, the cysteines in NME1 are modified due to their high nucleophilic properties,
resulting in the formation of disulphide bonds that can alter the protein complex and
decrease activity. The change in conformation results in dissociation of the natively formed
hexamer into a dimer form. The conformation change has been shown to alter the C-terminal

domain by the disruption of two hydrogen bonds between the kpn loop and C-terminal
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domain (205). The mutated C109A variant was analysed with the selected compounds to
determine whether the mutation of the cysteine would result in resistance to dissociation of
the hexamer to dimer. The findings in this chapter did not suggest that the NME1 C109A
protein resulted in full resistance to dissociation when incubated with the selected
compounds. However, partial resistance to dissociation was observed with the majority of
the compounds causing a dissociation to the trimer form. This could be due to the remaining
cysteines, C4 and C145, forming a disulphide bond that undergoes oxidation and results in
some dissociation being observed. In order to examine this hypothesis, additional Cys to Ala

NME1 mutated variants would need to be analysed alongside the C109A mutated form.

To determine whether the addition of the compounds could alter the activity of either WT or
C109A NME1, auto-phosphorylation of these two proteins was quantified upon incubation
with the compound and ATP. As the compounds induced dissociation from a hexamer to
dimer for NME1 WT, the dimer form was expected to have reduced activity and thus auto-
phosphorylation. NME1 in a dimer form should have reduced enzymatic activity and also not
be able to effectivity bind a nucleotide to induce phosphorylation (203). The results in this
chapter showed that the binding of a compound prior to the addition of ATP resulted in little
change in the level of phosphorylation when compared to ATP only. Previous data shown in
Section 5.2.6 demonstrated that not all the compounds analysed bound covalently, therefore,
an increase in mass was not observed and the binding efficiency could not be fully determined
by IM-MS or intact MS. To gain a further understanding into the effects these compounds
have on NME1, additional experiments such as computational modelling could be done to
support the analysis by DSF. In addition, further MS experiments with other compounds
analysed from the initial FDA library screen could be carried out to confirm whether NME1 is
dissociated under oxidative conditions and whether the dimer form does have reduced

enzymatic activity in the presence of other compounds.
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Chapter 6. Final Conclusions & Future Perspectives

The work carried out in this thesis aimed to explore the use of IM-MS as a technique to
evaluate the effects of inhibitor binding and phosphorylation on the conformational
landscape and stability of two different protein kinases, the serine/threonine protein kinase
Aurora A, and the histidine kinase NME1 (Nucleoside diphosphate kinase A). | also used native
MS to evaluate changes in the oligomerisation state of NME1 induced by the binding of small

molecule compounds.

Chapter 3 described the purification of the two forms of Aurora A (122-403) (that were then
analysed in Chapters 3 and 4), a WT active form, and an inactive D274N variant that lacked
the ability to co-ordinate ATP/MgCl,. The truncated version of this protein with only the
residues 122-403 had previously been shown to be sufficient at binding the Aurora A binding
partner TPX2 (35), confirming its suitability for these structural studies. Results in Chapter 3
showed the WT Aurora A autophosphorylates, with six sites of phosphorylation determined
by LC/MS/MS, including the Thr288 residue, which is situated within the activation loop, and
is required for Aurora A catalytic activity (214). D274N Aurora A showed a negligible amount
of phosphorylation at the Thr288 residue when analysed by a phosphospecific antibody.
Additionally, no phosphorylation sites were observed by LC/MS/MS for D274N Aurora A. The
generation of the D274N Aurora A variant was important for the IM-MS analysis in order to
assess any potential differences between phosphorylated (active) and non-phosphorylated
(inactive) protein either alone or when bound to small molecule inhibitors or the variants of

the activating TPX2 minimal peptide.

Prior to the analysis of Aurora A by IM-MS, Chapter 3 assessed different solutions for desalting
the protein into a volatile buffer suitable for MS analysis. In agreement with many other IM-
MS studies, ammonium acetate (150 mM) was the preferred solution and was used for the
IM-MS work carried out in this thesis (182). IM-MS analysis revealed both WT and D274N
Aurora A to form monomers when sprayed under native conditions, which was consistent
with published structures available for the Aurora A (122-403) proteins (215). Following CCS

determination of WT and D274N Aurora A, a broad CCS distribution was observed, which
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prompted the need to Gaussian fit the CCS landscape to enable determination of the different
overlapping conformers that both proteins were adopting. Gaussian fitting revealed three
and four conformational states for WT and D274N Aurora A respectively, with D274N
demonstrating greater conformational flexibility in comparison to WT Aurora A due to
D274N’s broader CCS landscape and smaller CCS average weighted value. The experimentally
derived average CCS values were within the 10% range expected when compared to
theoretical values calculated using IMPACT software based on comparison of phosphorylated
and non-phosphorylated structures of Aurora A found in the PDB. Finally, Chapter 3 revealed
that D274N Aurora A was more stable than WT when analysed by both DSF and CIU
techniques. The findings in Chapter 3 provided a good understanding of the two Aurora A
proteins and the differences between phosphorylated and non-phosphorylated forms, which

was fundamental prior to the analysis of inhibitor bound complexes in Chapter 4.

Chapter 4 aimed to explore any differences in the conformational landscape adopted by WT
and D274N Aurora A in the presence of Aurora A specific inhibitors with different binding
mechanisms, as well as the generic proteins kinase inhibitor staurosporine. The inhibitors
selected for analysis were chosen based on the different DFG modes that each inhibitor
preferred (as previously reported (57)), such as the DFG-in inhibitor, ENMD-2076, and DFG-
out inhibitor, MK-8745. Previous studies in the literature using a Forster resonance energy
transfer (FRET) sensor had demonstrated structural movements of the activation loop of
Aurora A when bound to a range of different DFG mode inhibitors (57). Therefore, IM-MS was
carried out to explore the utility of this rapid structural technique for differentiation modes
of small molecule inhibition based on enforcing different conformational landscapes on
Aurora A. Chapter 4 demonstrated that all inhibitor compounds bound to both WT and D274N
Aurora A, evident by the increased m/z region that the peaks adopted. Staurosporine, the
most generic inhibitor tested in this chapter (216), induced the largest conformational change
on both forms of Aurora A, constraining to only two conformational states (Il and Ill).
However, the analysis of the extreme DFG-in and DFG-out inhibitors was difficult to
determine the associated differences upon binding of these two inhibitors on the structure

of Aurora A.
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Using IM-MS as a technique to differentiate the types of inhibitors based on their DFG
preference may not have been possible potentially due to the low resolution of the
instrument or the protein flexibility being too high to detect in this manner. An MS instrument
with higher resolution, such as the Waters Cyclic IMS could highlight further differences
between the effects of different inhibitors on the structural landscape of Aurora A that could
not be observed using the Waters Synapt G2Si. In addition to the enhanced resolution of the
Cyclic IMS, additional experiments could be carried out that enable ions to be selected and
reinjected with collision-induced dissociation to gain IMS" analysis, which would provide a

much greater understanding of the Aurora A inhibitor bound complexes (141).

Although, IM-MS was unable to determine the DFG preference of each inhibitor in Chapter 4,
subtle differences were observed for the inhibitor-bound forms of phosphorylated and non-
phosphorylated Aurora A. The overall conformational landscape of Aurora A changed when
bound to an inhibitor, with Aurora A showing a higher relative abundance for conformer Il
when bound to an inhibitor. Molecular modelling was carried out in Chapter 4 to gain a
further understanding of the different conformational states that Aurora A adopted in the
absence and presence of inhibitors. Modelling suggested that conformer Il was
representative of a more ‘closed’ structure, where the A-loop is facing inwards, whereas
conformer Il was representative of an ‘open’ structure, with the A-loop extended out. The
increase in conformer Il observed for the inhibitor bound Aurora A complexes therefore
suggested that the inhibitors constrained the protein and locked it into a more ‘closed’
configuration. Using the differences in the relative ratios of conformer Il, it may be feasible
to further exploit this as an assay to screen for potential small molecule inhibitors, with all

inhibitor complexes observing an increase in conformer Il (except for MK-8745).

The final aspect of Chapter 4 assessed the stability of Aurora A in the presence of inhibitor
complexes by using CIU. All inhibitor complexes of Aurora A exhibited greater stability than
unbound proteins, with the largest effects being observed with the DFG-in inhibitor ENMD-
2076 and partial DFG-out inhibitor VX-680. The CIU analysis was able to determine differences
in Aurora A stability when bound to a partial DFG-out inhibitor in comparison to a complete
DFG-in or DFG-out inhibitor. The two partial DFG-out inhibitors MLN8237 and VX680 showed

partially unfolded intermediates that were not evident for the other inhibitors. The partial
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unfolding intermediate transition states suggested that these inhibitors locked Aurora A into
a specific configuration, which was dependent on the positioning of the DFG/P-loop and the
noncovalent interactions of the inhibitor bound complexes. Overall, Chapter 4 successfully
characterised the changes in the Aurora A conformational landscape and stability induced by
the binding of small molecular inhibitors. The differences observed in stability shown by CIU
for the partial DFG-out inhibitors suggest that it could be possible to utilise this technique to
analyse different binding modes of inhibitors. This could potentially differentiate the
inhibitors into different groups based on the partial unfolding intermediates or lack of that

was observed for the complete DFG-in/out inhibitors.

Following the analysis of the serine/threonine protein kinase Aurora A, Chapter 5 examined
the histidine protein kinase, NMEL. It has previously been demonstrated that NME1 functions
as a pHis-containing nucleotide diphosphate kinase, which controls the levels of nucleotide
and triphosphates in the cell (97). Using a combination of intact LC/MS and native IM-MS,
Chapter 5 aimed to evaluate the effect of nucleotides on a range of NME1 proteins, including
a WT form and several mutated versions (H118A, R105A, H118A/R105A and C109A). The
H118A mutated variant was generated to provide a protein that lacked the suspected
histidine residue that was thought to be phosphorylated and therefore, this protein acted as
a control for the analysis. The R105 residue plays an important role in the catalytic activity of
NME1 and was analysed to determine whether a mutation of this residue would have an
effect on nucleotide binding and the ability to act as an effective phosphate donor for auto-
phosphorylation. The double mutant variant (H118A/R105A) was analysed to determine the
nucleotide effects on a protein that had the removal of the autophosphorylation site and a
key catalytic residue. NME1 C109A was analysed to investigate the role of C109 in NME1
complex formation under oxidative stress and the impact this mutation would have on the
binding of small molecule compounds. Intact MS revealed that NME1 WT and C109A
observed a shift in mass of 80 Da, representative of phosphorylation, in the presence of
different nucleotides (ATP, CTP, GTP, TTP and UTP), which suggested that these two forms of
NME1 were able to use a variety of nucleotides as effective phosphate donors in vitro to auto-
phosphorylate on a single site. Previous studies have reported the H118 site to be

phosphorylated (96), therefore, the NME1 H118A mutated variant was analysed, which
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demonstrated no mass shift associated with phosphorylation, suggesting the H118 residue is

indeed the single site of phosphorylation.

As a confirmatory step, LC/MS/MS peptide mapping could be performed on digests from
purified NME1, or protein immunoprecipitated from cell lines of interest. Traditional
phosphopeptide mapping methods are not suitable for analysis of acid-labile
phosphohistidine, so we would need to employ methods specifically developed in the Eyers
groups for this purpose. Previous studies have detected pHis in human cell lines with the use
of UPAX/MS (79), therefore this technique could be further explored to detect histidine

phosphorylation of NME1.

IM-MS analysis of the conformational landscape of NME1 proteins in the presence of bound
nucleotides showed a level of variation between the conformer relative abundancies for the
different nucleotides when bound to NME1 WT and the H118A/R105A mutated variant. This
made the interpretation of the data challenging to deduce the impact that the nucleotides
had on the conformational dynamics of NME1. To gain a further understanding of the
nucleotide binding effects, molecular modelling similar to the analysis carried out for Aurora
A would be useful to explore the structural configurations associated with the abundance of
different conformers. Nucleotide binding and phosphate transfer from the different
nucleotides could potentially have varied functions, therefore, if differences are observed
between the nucleotides, this could provide a further insight into the structural conformation

that NME1 is adopting in the presence of each nucleotide.

Following the analysis of the effects of nucleotides on NME1 by intact MS, the oligomeric
structure of NME1 was analysed by native MS. It is reported that NME1 forms natively as a
hexamer, with this formation required for full enzymatic activity (203). Under oxidising
conditions, this hexamer dissociates with the cysteines (Cys4, Cys109 and Cys145) in NME1
forming disulphide bonds and stabilising a dimeric structure with reduced activity (205).
Chapter 5 utilised native MS to demonstrate that upon incubation of NME1 with a range of
compounds selected from the FDA-drug approved library of small molecules, the hexameric
form of NME1 WT dissociated to form a dimer. The compounds inducing a negative shift when

analysed by DSF suggested that this could be a result of oxidative stress due to many of the
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compounds possessing functional groups that can accept electrons, and S1949 (Menadione)
being previously reported as an oxidising agent (212). Although we predicted that analysis of
the NME1 C109A variant with the selected compounds would reveal resistance of hexamer
dissociation with an increase in the dimeric form, the majority of the compounds tested
resulted in the formation of trimers, suggesting a different mechanism of engagement. This
C109A mutated version still contained the Cys4 and Cys145 residues, which have been
reported to form a disulphide bond (205). It is possible that the presence of these conserved
Cys residues that remained in the C109A protein were making it prone to oxidative stress due
to the modifications of the highly reactive nucleophilic thiol groups and therefore dissociation
of the hexamer would occur under these oxidating conditions. Interestingly, compound-
induced change in hexamer formation did not noticeably alter the activity of NME1 as

determined by auto-phosphorylation.

Future experiments associated with multimeric status by native MS and disulphide mapping
by LC/MS to analyse an NME1 protein with the additional Cys to Ala residue modifications
would confirm the hypothesis that NME1 does exhibit Cys-redox regulated multimer
formation and the effect of this on activity. Oxidative stress could be induced with the
addition of diamide or hydrogen peroxide or additionally, the protein could be made in the
presence of peroxide, although this could potentially complicate the MS analysis due to
additional adducts seen upon treatment of proteins with hydrogen peroxide. In addition to
the analysis of further NME1 mutated variants, more compounds analysed by native MS from
the 976 that were screened using DSF would be beneficial to gain a further understanding of
the structural changes that these compounds impose on NME1. The FDA-approved drug
library of small molecules was analysed in this thesis due to NME1 not being a standard
protein kinase. However, future experiments associated with screening protein kinase
inhibitor libraries could be of additional importance, such as the protein kinase inhibitor set
1 (PKIS1) library, which has a total of 367 ATP-competitive kinase inhibitors (217). Validating
the effect of the compounds in cells would be useful to gain a further understanding into the
identification of other putative substrates, which could ultimately lead to the generation of

small molecule inhibitors for future investigation of the cellular roles of NME1.
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Overall, the work carried out in this thesis described the use of IM-MS to evaluate the
differences in the conformational landscape of Aurora A and NME1 when bound to small
molecule inhibitor compounds. The use of IM-MS was able to detect differences observed
between phosphorylated and non-phosphorylated Aurora A and Gaussian fitting of the CCS
distribution revealed subtle changes dependent on the activation status or binding of
inhibitor. In addition to the differences observed based on Aurora A inhibitor binding, native
MS revealed the oligomeric changes upon NME1 when bound to compounds, showing
dissociation from the hexamer to the dimer form. The IM-MS work completed in this thesis
could be used to gain a further insight into the conformational space of many other protein

kinases to aid in the discovery of future atypical protein kinase inhibitors.
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Appendix 2.1

Appendix 2.1.1 R code for CCS scatter plots
# Import data

data <-read.csv(file.choose())
install.packages("svglite")
install.packages("Cairo")

library(svglite)

library(ggplot2)
cbbPalette <- c("#999999", "H#E69F00", "#56B4E9", "#009E73", "#FOE442", "#0072B2",
"#D55E00", "#CC79A7")

#make scatterplot - size

ggplot(data=data, aes(x=CCS, y=CCSD)) + geom_point(alpha=1, size=3*(dataSArea),

aes(color=I1D))+
scale_color_manual(values=cbbPalette) + theme_classic() +
geom_errorbar(aes(ymin=LowerCCSD,ymax=UpperCCSD,color=ID),width=0.2,linetype=2) +
geom_errorbarh(aes(xmax=UpperCCS,xmin=LowerCCS,color=ID),width=0.2,linetype=2) +

xlim(40,65) + ylim(0,10)
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Appendix 2.2

Appendix 2.2.1 R code for fragmentation maps
y <- read.csv("y.csv",

b <- read.csv("b.csv",

unmatched <- read.csv("unmatched.csv",

all <- read.csv("all.csv",

y_limits <- ¢(105,25)

p <- ggplot(data = all,
aes(x = mz,
y=i
colour =ion,
label = matches))+
geom_col(data = unmatched,
aes(x =mz,
y=i),
color = "#COCOCOQ",

fill = "#Cococo",
width = 2,
size=1)+

geom_col(data =y,
aes(x =mz,
y=i),
color = "#0000CC",

fill = "#0000CC",
width = 2,
size=1)+

geom_col(data = b,
aes(x =mz,

y=i),
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color = "#FF0000",

fill = "#FFO000Q",
width =2,
size=1)+

geom_text_repel(vjust=-1,
hjust =0,
size =5,
ylim =y _limits,
min.segment.length = 0.5,
direction ="y",
force = 50,
segment.alpha =0.2) +
theme(axis.text.x = element_text(size = 25,
family = "sans",
colour = "black"),
axis.text.y = element_text(size = 25,
family = "sans",
colour = "black"),
axis.title.x = element_text(size = 25,
face = "bold.italic",
colour = "black",
vjust = 0),
axis.title.y = element_text(size = 25,
face ="bold",
colour = "black", hjust = 0.5),
plot.margin = margin(0, 1, 0, 0, "cm"),
legend.position = "none",
axis.line = element_line(colour = 'black’, size = 1),
axis.ticks = element_line(size = 1),
axis.ticks.length = unit(.25, "cm"),
panel.grid.major = element_blank(),

panel.grid.minor = element_blank(),
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panel.background = element_rect(fill = 'NA', colour = "black")) +

scale_x_continuous(limits = ¢(75,705), expand = c(0, O

labels = ¢(100, 200, 300, 400, 500, 600, 700),

breaks = ¢(100, 200, 300, 400, 500, 600, 700)) +
scale_y_continuous(limits = ¢(0,105), expand = ¢(0, 0)) +
scale_color_manual(values=c("#C0CO0OC0","#FF0000", "#0000CC", "#008000"))+
xlab("m/z") +
ylab("Relative abundance") +

geom_segment(aes(x = 80, y =-0.5, xend = 705, yend = -0.5), colour = "black")

aspect_ratio <- 1.67

ggsave("test.svg", height = 6 , width = 6 * aspect_ratio)
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Appendix 5.1

Appendix 5.1.1 Native MS spectra for NME1 WT/C109A + Compounds

+ 51198 (Irinotecan)

100 WT 100 C109A
% %1
35004000 4500 5000 5500 6000 6500 7000 7500 3500 4000 4500 5000 5500 6000 6500 7000 7500
m/z m/z
Tetramer Hexamer
100 100,
%1 %1

O_ ‘l' hmn 0

20 40 60 80 100 120 20 40 60 80 100 120
kDa kDa
Native ESI spectrum for NME1 WT (left) and C109A (right) + compounds. 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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+ S1344 (Glimepiride)

100+ WT 100 C109A
%1 %1
4000 4500 5000 5500 6000 6500 7000 7500 4000 4500 5000 5500 6000 6500 7000 7500
m/z m/z
Trimer Trimer
100 n 100
%1 %1

Glu.qll L, I llh*l!lnll. I otlhu .oy L.l .....J||L. pll ol
20 40 60 80 100 120 20 40 60 80 100 120

kDa kDa

Native ESI spectrum for NME1 WT (left) and C109A (right) + compounds. 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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+ S1457 (Atazanavir sulfate)

100+ WT 100- C109A
% %-
3000 4000 5000 6000 7000 3000 4000 5000 6000 7000
m/z m/z
100- 'J Dimer 100- Dimer
%1 %!
0 IIII.I' Ll 0 l..h.hl . h, poatddy
20 40 60 80 100 120 20 40 60 80 100 120
kDa kDa

Native ESI spectrum for NME1 WT (left) and C109A (right) + compounds. 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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+ 51512 (Tadalafil)

100+ WT 100+ C109A
%- %
3500 40004500 5000 5500 6000 6500 7000 7500 35004000 4500 5000 5500 6000 6500 7000 7500
m/z m/z
100- Dimer 100- Trimer
% %1
0 0 |lll!..1 |||.|le|
20 40 60 80 100 120 20 40 60 80 100 120
kDa kDa

Native ESI spectrum for NME1 WT (left) and C109A (right) + compounds. 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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+ S1606 (Clotrimazole)
WT C109A

100 H 1004

% %
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m/z m/z
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20 40 60 80 100 120 20 40 60 80 100 120
kDa kDa

Native ESI spectrum for NME1 WT (left) and C109A (right) + compounds. 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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+ 51633 (Zafirlukast)

WT C109A
100, 100-
% %
35004000 4500 5000 5500 6000 6500 7000 7500 3500 4000 4500 5000 5500 6000 6500 7000 7500
m/z m/z
100- Dimer 100- Trimer
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Native ESI spectrum for NME1 WT (left) and C109A (right) + compounds. 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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+ 51730 (Indapamide)

WT C109A
100 100
% %
3500 4000 4500 5000 5500 6000 6500 7000 7500 3500 4000 4500 5000 5500 6000 6500 7000 7500
m/z m/z
100- Dimer 100- Dimer
% % 1
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07720 40 6 80 100 120 20 40 60 80 100 120
kDa kDa

Native ESI spectrum for NME1 WT (left) and C109A (right) + compounds. 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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+ S1737 (Prednisolone)

100+ WT 100 C109A

%1 %]

4000 4500 5000 5500 6000 6500 7000 7500 4000 4500 5000 5500 6000 6500 7000 7500

m/z m/z
Dimer Hexamer/Trimer
100 1001
% %]
. Sl el h 1 |
20 40 60 80 100 120 20 40 60 80 100 120

kDa kDa
Native ESI spectrum for NME1 WT (left) and C109A (right) + compounds. 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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+ 51760 (Rifapentine)

100+ WT 100- C109A
%- %
4000 4500 5000 5500 6000 6500 7000 7500 4000 4500 5000 5500 6000 6500 7000 7500
m/z m/z
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Native ESI spectrum for NME1 WT (left) and C109A (right) + compounds. 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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+ S1808 (Nifedipine)
WT C109A

1004 1004 H

%- %1

V
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20 40 60 80 100 120 20 40 60 80 100 120
kDa kDa

Native ESI spectrum for NME1 WT (left) and C109A (right) + compounds. 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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+ S1840 (Lomustine)

100- WT 100+ C109A
%- %
3500 4000 4500 5000 5500 6000 6500 7000 7500 35004000 4500 5000 5500 6000 6500 7000 7500
m/z m/z
Trimer Tetramer
100- q 100+
% %1
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20 40 60 80 100 120 20 40 60 80 100 120
kDa kDa

Native ESI spectrum for NME1 WT (left) and C109A (right) + compounds. 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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+ 51847 (Clemastine fumarate)

WT C109A
100+ 100+
%] %
35004000 4500 5000 5500 6000 6500 7000 7500 35004000 45005000 55006000 6500 7000 7500
m/z m/z
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%- %-
0- 0
20 40 60 80 100 120 20 40 60 80 100 120
kDa kDa

Native ESI spectrum for NME1 WT (left) and C109A (right) + compounds. 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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+ S1859 (Diethylstilbestrol)

WT C109A
100 100
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Native ESI spectrum for NME1 WT (left) and C109A (right) + compounds. 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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+ 52522 (Adrenaline)
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1004

%A

35004000 4500 5000 5500 6000 6500 7000 7500

m/z
100- Dimer
%_
0__‘_4_]]" L hl.ll‘ LLIL o Hlul__,_“_mu
20 40 60 80 100 120
kDa

C109A
100

%

3500 4000 4500 5000 5500 6000 6500 7000 7500
m/z

100- Trimer

%.

1 TP PR | ll " i 1
0 120

20 40 60 80
kDa

100

Native ESI spectrum for NME1 WT (left) and C109A (right) + compounds. 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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+ S4003 (Lithocholic acid)

WT C109A
100 100
% %-
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Native ESI spectrum for NME1 WT (left) and C109A (right) + compounds. 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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+ S4073 (Aminosalicylate sodium)

100 WT 100- C109A
%- %
4000 4500 5000 5500 6000 6500 7000 7500 4000 4500 5000 5500 6000 6500 7000 7500
m/z m/z
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20 40 60 80 100 120 20 40 60 80 100 120
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Native ESI spectrum for NME1 WT (left) and C109A (right) + compounds. 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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+ S4221 (Benzbromarone)

WT C109A
100 100
% %
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Native ESI spectrum for NME1 WT (left) and C109A (right) + compounds. 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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