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Abstract

Reactive oxygen species (ROS) such as hydrogen peroxide (H,O,) and superoxide
(02" ") have been shown to serve as messengers in biological signal transduction, and
many prokaryotic and eukaryotic proteins are now known to have their function
controlled via ROS-mediated oxidation reactions occurring on critical cysteine
residues.

The tumour-suppressor protein p53 is involved in the regulation of a diverse
range of cellular processes including apoptosis, differentiation, senescence, DNA-
repair, cell-cycle arrest, autophagy, glycolysis and oxidative stress. However, little is
understood about the specific molecular mechanisms that allow p53 to discriminate
between these various different functions. p53 is a multiple cysteine-containing
protein and there is mounting evidence to suggest that redox-modification of p53 Cys
residues participate in control of its biological activity. Furthermore, p53 activity has
been linked to intracellular ROS levels.

Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS)
offers superior mass resolving power and mass measurement accuracy, which is
beneficial for the study of intact proteins and the characterisation of their post-
translational modifications (PTMs). The primary goal of the work described in this
thesis was to employ FT-ICR mass spectrometry to investigate the molecular details
of p53 redox-regulation.

The relative reactivity of each of the ten cysteine residues in the DNA-binding
core domain of recombinant human p53 was characterised by treatment with the
Cys-alkylating reagent N-ethylmaleimide (NEM) under various conditions. A
combination of top-down and middle-down FT-ICR MS was used to unambiguously
identify Cys182 and Cys277 as sites of preferential alkylation. These results were
confirmed by site-directed mutagenesis. Interestingly, Cys182 and Cys277 have
previously been implicated in p53 redox-regulation. Alkylation beyond these two
residues was found to trigger rapid alkylation of the remaining Cys residues,

presumably accompanied by protein unfolding. These observations have implications



for the re-activation of mutant p53 with Cys-targeting compounds which result in the
death of cancer-cells.

Furthermore, the molecular interaction between p53 and the ROS hydrogen
peroxide was investigated. p53 was found to form two disulfide bonds upon
treatment with H,O,. An enrichment strategy was developed to purify oxidised p53
and top-down FT-ICR mass spectrometry revealed unambiguously that Cys176, 182,
238 and 242 were the oxidised residues. Interestingly, Cys176, 238 and 242 are Zn**-
binding residues suggesting that p53 contains a zinc-redox switch. The mechanism of
H.O, oxidation was investigated, and revealed that oxidation via an alternative
pathway results in indiscriminate over-oxidation of p53. Moreover, Cys176, 238 or
242 was shown to act as a nucleophile, and the intracellular antioxidant glutathione
(GSH) did not prevent oxidation of the Zn**-binding Cys residues, providing further
evidence for a role in p53 redox-regulation.

This study has revealed hitherto unknown details regarding the chemistry of
cysteine residues within the important tumour-suppressor protein p53. Furthermore,
the analytical power of FT-ICR MS for the study of multiple Cys-containing proteins

has been very clearly demonstrated.
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1.1 Biological Redox Signalling

1.1.1 Reactive Oxygen Species as Signalling Molecules

Reactive oxygen species (ROS) is a collective term used to describe derivatives of
molecular oxygen (O;), excluding water, that are encountered by biological systems.
They include the free radicals superoxide (O, ), hydroxyl (HO") and singlet oxygen
(*O,*), in addition to non-radicals such as hydrogen peroxide (H,O,), hypochlorite
(OCI") and ozone (O3) [1-6]. Aerobic organisms are continuously exposed to ROS as
they are generated as products or by-products from a vast array of cellular processes.
For example, it is estimated that 1-3% of O, reduced in the mitochondrial electron
transport chain forms O, ~, which is further reduced to H,O, by the antioxidant
enzyme superoxide dismutase (SOD) [2]. Hydrogen peroxide can be decomposed to
water and O, by peroxidase enzymes or undergo Fenton chemistry (iron-catalysed
oxygen free radical reactions) to form the hydroxyl radical [2, 7]. Figure 1.1 shows

the ROS that arise along the univalent reduction pathway of O, to water.

1e™ + 2H+ 1e~+ H+ 1e~ + H+

1e-
0, A—» 0, - A—) H,0, A—» HO* + H,0 L—» H,O

Figure 1.1 The univalent reduction pathway of oxygen to water.

ROS are traditionally associated with disease, dysfunction and ageing, owing to
their increased reactivity relative to O, and their propensity to indiscriminately
oxidise biomolecules including lipids, proteins, and nucleic acids. Indeed, hyper-
physiological levels of ROS cause cellular damage and are implicated in numerous
pathological conditions such as Alzheimer’s disease, cancer, coronary artery disease
and diabetes [8-11]. However, it is now clear that the cellular role of ROS is not
exclusively detrimental, and there is a large body of evidence supporting a role for
ROS in biological signal transduction [2, 12-15]. ROS are now known to partake in
well-defined, highly-specific protein oxidation reactions that mediate specific
physiological responses by regulating protein function. The action of ROS as

messengers in biological systems is known as redox-signalling, and relies on the
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distinct preferences of ROS for different cellular targets as a result of their intrinsic
chemical properties.” For example, O," ~ is known to preferentially react with iron-
sulfur ([Fe-S]) clusters due to a high electrostatic attraction, whereas H,O,, which is
uncharged, displays a preference for the sulfur-containing amino acids methionine
and cysteine [4, 5, 16, 17].

1.1.2 The Chemistry of Cysteine

The thiol group (—SH) of cysteine can be deprotonated to form the thiolate anion
(-=S"; see Figure 1.2), which is the most powerful nucleophile among proteinogenic
amino acid side chains [18]. This property qualifies cysteine as an oxidizable target

in ROS-mediated redox-signalling. The pK, of the thiol proton in free cysteine is 8.3.

H.N. _COOH H,N. _COOH

L — U

SH S

Figure 1.2 Depending on the surrounding protein environment, the amino acid cysteine is

deprotonated to form the thiolate anion (S") at physiological pH.

However, this can vary dramatically depending on the surrounding environment
within a protein [19]. For example, the pK, of the catalytic cysteine in disulfide bond
isomerase A (DsbA) is lowered to 3.5 due to stabilisation of the resulting thiolate by
a nearby cationic histidine residue [20]. Variation in cysteine thiol pKa’s is reflected
in the wide range of rate constants measured for their reaction with H,0;
(10-10° Mt s™) [5] and provides the basis for selectivity in cysteine-based redox-
signalling mechanisms [4, 12, 16, 17].

Unlike oxygen, sulfur is able to exist in multiple oxidation states, from —2 to +6,

owing to its position in the second row of the periodic table and the availability of

"Reactive nitrogen species (RNS) such as nitric oxide (NO") and peroxynitrite (ONOQ") are
also involved in redox-signalling. However, they will not be discussed further here.
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Table 1.1 Common redox-modifications of cysteine. The oxidation state of the cysteine sulfur

atom is stated.

Name Structure  Oxidation State
Thiol Cys-S-H -2
Disulfide Cys-S-S-R -1
Thioether Cys-S-R -2
Sulfenic acid Cys-S-OH 0
Sulfinic acid Cys-S(0)-OH +2
Sulfonic acid  Cys-S(0O),-OH +4
Sulfenamide Cys-S-N-R; 0
S-nitrosothiol Cys-S-N=0 -2
Thiosulfinate  Cys-S(0O)-S-R +1
Thiyl radical Cys-S* -1

d orbitals [14, 21]. Hence, a multitude of cysteine redox-modifications have been
confirmed or postulated to exist in vivo, some of which are shown in Table 1.1.

Nucleophilic attack of the O—O bond in hydrogen peroxide by the Cys thiolate
leads to release of H,O and the formation of a sulfenic acid (-SOH). Sulfenic acids
are typically unstable and represent a cross-road in the H,O,-mediated oxidation
mechanism of cysteine; they can condense with a nearby Cys residue to from an intra
or intermolecular disulfide bond, condense with a low molecular weight thiol such as
glutathione (GSH) to form a mixed disulfide, be further oxidised by H,O, to form
sulfinic or sulfonic acids (-SO,H and —SO3H respectively) or react with a proximal
nitrogen to form a sulfenamide (—S—N-) (this list is by no means exhaustive and
other reaction pathways, e.g. with RNS, also occur) [5, 12, 14, 17].

In order to be effective in redox-signalling, cysteine redox-modifications must be
reversible under physiological conditions — allowing specific cysteines residues to
act as molecular switches. Sulfenic acids are reduced to disulfide bonds by cysteine
thiolates (as described above) and disulfide bonds are reduced back to thiol groups
either by thioredoxin (Trx) or glutaredoxin (GRX), which themselves are reduced by
NADPH-dependent Trx- and glutathione reductases [2, 5]. Sulfinic acids were

thought to be an irreversible product of cysteine over-oxidation. However, a class of
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enzymes, sulfiredoxins, was recently discovered which reduce sulfinic acids in vivo,
indicating that they may take part in redox-signalling mechanisms [22].

Methionine also participates in biological redox-chemistry, illustrated by the
existence of enzymes dedicated to the reduction of oxidised forms of the amino acid
such as methionine sulfoxide reductases (Msr). The oxidation of methionine in
proteins to methionine sulfoxide (R,S=0) has known physiological roles [14, 18,
23]. However, the redox-chemistry of the thioether group (R-S-R) of methionine is
far less extensive than for the thiol group of cysteine, and methionine will be not be
elaborated on further here.

The oxidation state of cysteine (or methionine) can regulate protein function in
the same way as any other post-translational modification (PTM) i.e. by promoting
or inhibiting a protein-substrate interaction; for example, by blocking the catalytic

site of an enzyme. Examples of redox-regulated proteins are discussed below.

1.1.3 Redox-Regulated Proteins

A growing number of prokaryotic and eukaryotic proteins are now known to have
their function controlled via specific redox-reactions occurring on critical cysteine
residues. Table 1.2 lists some examples of redox-regulated proteins from different
protein classes and the effect that specific Cys-oxidation states have on their activity.
The importance of ROS-mediated redox-signalling has only become evident over the
past decade. Hence, the field is still in its infancy and the significance of oxidation in
vivo for many of the proteins listed remains to be determined.

In the case of the redox-regulated mammalian protein complex NRF2/KEAP1,
the physiological response to oxidation is well characterised yet the exact oxidative-
modifications that modulate the activity of this complex are not well defined. NRF2
is an important transcription factor that regulates the expression of detoxification
enzymes in response to oxidant and xenobiotic stresses. Under non-stress conditions,
NRF2 is prevented from nuclear localisation by the multiple Cys-containing protein
KEAP1. NRF2 binds to the KEAP1 homodimer via two binding sites with amino
acid (a.a.) sequences DLG and ETGE. This mode of binding facilitates ubiquitination
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Table 1.2 Examples of redox-regulated proteins and complexes. Adapted from Ref. [12].

Protein/Complex  Cys Redox-State’ Effect Ref.
» Cdc25 S-S; SOH Inactivates [24]
$ LMW-PTPs S-S; SOH Inactivates [25]
% PTEN S-S; SOH Inactivates [26]
fo). PTP1B S-S; SOH; S—-N Inactivates [27]
2 PTP2a S-S; SOH; S-N Inactivates [28]
O SHP-1/SHP-2 S-S; SOH Inactivates [29]

ASK1 S-S Initiates oligomerization/activates [30]
$ PKARI S-S Activates [31]
g PKG-1a S-S Enhances affinity for substrates  [32]
¢ Srctyrosine kinase S-S Activates/inactivates [33]

Styl/Tpx1 S-S Activates [34]
» AP-1 (Fos/Jun) S-S Inhibits DNA-binding [35]
g FoxO4/p300/CBP S-S Acetylates/inactivates [36]
& Hsfl S-S Activates [37]
§ Nrf-2/Keap-1 S-S Enhances Nrf-2 stability [38]
@ OhrR S-S; SOH Inhibits DNA-binding [39]
S OxyR S-S; SOH Activates [40]
§ SarZ S-S; SOH Inhibits DNA-binding [41]
= Yapl/Gpx3 S-S; SOH Activates [42]

DJ-1 SO,H Locates to mitochondria [43]
5 GDE2 S-S Inactivates [44]
£ HDACA4/DnalJb5 S-S Inhibits complex formation [45]
O Hsp33 S-S Activates [46]

MMP-7 SOH Activates [47]

TS—S intra or intermolecular disulfide bond; SOH sulfenic acid; S—N sulfenamide; SO,H sulfinic acid.

of NRF2, which targets the protein for proteosomal degradation. In the presence of
H.0,, cysteine residues in KEAPL are oxidised, inducing a conformational change
which results in decreased affinity for NRF2 at the DLG site, thus allowing a third
protein, p21, to bind to this motif. Binding of p21 prevents the ubiquitination and
subsequent degradation of NRF2, therefore allowing accumulation in the nucleus and
transactivation of target genes [5, 12, 38]. KEAP1 is a zinc-binding protein and it has
been suggested that KEAP1 sensing of NRF2 inducers involves zinc-binding
cysteine residues [48]. However, this remains to be tested.
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Contrary to the commonly held view that Zn** protects thiol groups from
oxidation, many protein zinc-binding centres have been recognised to serve in a
redox-activating capacity, by increasing the reactivity of the cysteine thiol towards
ROS. Zn®* is a Lewis acid, therefore it lowers the pK, of the coordinating thiol,
potentially modifying its reactivity. Furthermore, as Zn** is redox-inert, redox
chemistry occurring at the zinc-binding domain will be ligand-centred (i.e. on the
thiol) rather than metal-centred (as observed with [Fe-S] clusters) [5, 49, 50].
Oxidation of zinc-binding Cys residues leads to release of the metal ion, possibly
accompanied by a conformational change. Conversely, reduction of oxidised Cys
residues can facilitate binding of Zn?*, thus forming a basis for the link between
intracellular redox-state and zinc homeostasis [51, 52].

Heat shock protein 33 (Hsp33), protein kinase C (PKC or PKA RI) and the anti-
sigma factor RsrA are among an increasing number of proteins confirmed to contain
a ‘zinc-redox switch’ [49, 50, 53, 54]. Hsp33 is a bacterial molecular chaperone that
contains 6 Cys residues. In its monomeric inactive form, 4 of these cysteines are
involved in the tetrahedral coordination of a Zn®** ion. Upon a combination of heat
and oxidative stress (i.e. elevated levels of ROS), the zinc-binding Cys residues are
oxidised to form two intramolecular disulfide bonds and Zn** is released, resulting in
unfolding of the C-terminal domain and the subsequent formation of active Hsp33
dimers [46]. Disulfide bonds are commonly believed to be stabilising features which
promote protein folding [55]. However, Hsp33 presents a novel facet of disulfide
bond formation whereby they can cause destabilisation of protein structure and
induce protein unfolding.

The recent substantiation that the tumour-suppressor PTEN (phosphatase and
tensin homolog) can be used as a biomarker for predicting the sensitivity of cancer
patients to trastuzumab (trade name Herceptin) treatment has generated increased
interest in this protein [56]. PTEN is a protein tyrosine phosphatase (PTP) that serves
as a tumour-suppressor by inhibiting phosphoinositide 3-kinase (PI3K)-dependent
activation of the anti-apoptotic protein AKT. PTEN contains 10 cysteine residues
and, analogous to other PTPs, its catalytic activity is inhibited via oxidation of the

active site cysteine residue (Cysl24) [26, 57]. The increased levels of ROS
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associated with many pathological conditions, such as chronic inflammation, may
undesirably inactivate PTEN, thereby allowing cells to avoid apoptosis and possibly
result in the onset of tumourigenesis [57]. Glutathione has recently been shown to be
involved in the reduction of Cys124 in vivo [58]. The role of the remaining PTEN
Cys residues is as of yet unknown.

Oxidative-modification of Cys residues is also known to play an important role in

regulating the activity of the tumour-suppressor protein p53.

1.2 Tumour-Suppressor Protein p53

1.2.1 Introduction

p53 is a transcription factor best known for its key role in mediating cell cycle arrest,
apoptosis or senescence in response to numerous different forms of cellular stress
[59, 60]. Since its discovery in 1979, p53 has been the subject of intense research due
to its clear role as a potent tumour-suppressor in humans and mammals [61, 62].
Ref. [63] provides an excellent account of the first 30 years of p53 research.

p53 serves as a tumour-suppressor by protecting the integrity of the genome
thereby preventing the proliferation of potentially cancerous cells. For example,
DNA-damage upon UV radiation results in activation of p53 and cell cycle arrest in
the G; phase followed by induction of DNA-repair mechanisms. If the damage is
repaired, the cell is allowed to re-enter the cell cycle. However, if the damage cannot
be repaired, p53 mediated-apoptosis ensues, thereby eliminating a potentially
cancerous cell and preventing the development of a tumour [64, 65]. The importance
of p53 is illustrated by the fact that loss or mutation of the p53 gene (TP53) is
strongly associated with an increased susceptibility to cancer. Around half of all
human cancers contain a mutated form of this protein [63, 66-68].

In addition to the well established roles mentioned above, p53 has also been
implicated in the regulation of many other cellular processes including glycolysis,
autophagy, angiogenesis, oxidative stress and differentiation [69, 70]. Furthermore,
p53 has recently been shown to exert a pro-apoptotic effect independent of its

transcriptional activity [71]. Despite over three decades of extensive research,
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Figure 1.3 Domain structure of human p53 consisting of an N-terminal transactivation
domain (TAD), a proline-rich region (PRR), a DNA-binding core domain (Core) and a
C-terminal tetramerization (TET) and regulatory (CT) domain. The five regions of the p53
gene that highly conserved across species are shown (I-V). The histogram indicates the
position and relative frequency of tumour-derived mutations. The six ‘hot-spot’ mutations are

annotated. Figure adapted from Refs. [72] and [73].

relatively little is known about the specific molecular mechanisms that allow p53 to
discriminate between its different functions, and there is particular current interest in
determining how p53 differentially activates expression of its target genes [74]. The
major drive for understanding the molecular details of the regulatory-mechanisms
that control p53 activity is the rational design or identification of effective
chemotherapeutics that are able to induce the pro-apoptotic activity of both wild type
(wt) and mutant forms of p53 [70, 75-77].

1.2.2 Domain Structure of p53

p53 is active as a homo-tetramer. Each monomer of human p53 consists of 393
amino acids (UniProt accession no. P04637) that can be divided into five structural
domains, each with their own individual function. p53 also contains five regions,
termed ‘BOXES’, that are highly conserved across species. Figure 1.3 illustrates the
different functional domains of monomeric p53 along with the five highly conserved
regions (I-V). The position and relative frequency of tumour-derived mutations are
also shown, according to the most recent version (R14; November 2009; N=22416)
of the International Agency for Research on Cancer (IARC) TP53 mutation database
(http://www-p53.iarc.fr) [78]. The primary sequence of human p53 is shown in



Chapter 1. Introduction 10

Figure 1.4. BOXES I-V constitute amino acids 13-19, 117-142, 171-181, 234-258
and 270-286 respectively [79].

The N-terminal region of p53 is natively unfolded* and contains an acidic
transactivation domain (TAD; a.a. 1-61) and a proline-rich region (PRR; a.a. 61-94).
The TAD is the binding site for numerous interacting proteins such as p53’s negative
regulator, MDMZ2, or components of the transcription machinery. The exact role for
the proline-rich region is poorly understood, though it may play a role in mediating
protein-protein interactions. The p53 core domain (a.a. 94-312) comprises a compact,
folded structure and is responsible for the specific DNA-binding activity of p53. The
C-terminal region contains a structured tetramerization domain (TET; a.a. 325-356)
that regulates the oligomerization of p53, and a natively unfolded regulatory domain
(CT; a.a. 356-393) that is known to regulate protein function and protein levels via
extensive post-translational modification. The CT also binds to DNA non-
specifically [72, 73].

The structure of individual domains of p53 have been well characterised by both
NMR spectroscopy and X-ray crystallography [73]. However, a solution or crystal
structure of wild type full length p53 remains to be solved due to its size (which is
too large for protein NMR spectroscopy) and its regions of unfolded structure (which

hinder crystallisation).

1.2.3 p53 Core Domain

The p53 core domain is the site of four of the five highly conserved regions and
contains over 95% of the tumour-derived mutations (according to the iarc mutation
database), including the six most frequently mutated residues, known as ‘hot-spots’,
observed in human cancers (R175, G245, R248, R249, R273 and R282) [66, 68, 78].
The primary sequence of the p53 core domain is displayed in Figure 1.4. As
previously mentioned, this central portion of p53 is folded and is responsible for the
specific DNA-binding activity of p53 [81].

iNatively unfolded proteins lack ordered structure under physiological conditions. They
typically undergo transition to a folded form upon binding to their target substrates [80].
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Figure 1.4 The primary sequence of human full-length p53 (UniProt accession no. P04637).
The core domain (a.a. 94-312) is highlighted in black, the 10 cysteine residues (Cys124,
135, 141, 176, 182, 229, 238, 242, 275 and 277) are highlighted in bold and the zinc-binding
residues (Cys176, 238 and 242 and His179) are highlighted in red.

The promoter region of p53 responsive-genes contains two copies of the double-
stranded palindromic sequence 5’-PuPuPuC(A/T)(A/T)GPyPyPy-3' (where Pu is a
purine base, A or G, and Py is a pyrimidine base, C or T) which may be separated by
up to 13 base pairs [60]. p53 binds to consensus DNA as a tetramer structured in the
form of a dimer of dimers (via the oligomerization domain), with each dimer binding
to one copy of the consensus sequence [73, 82, 83]. The X-ray crystal structure of
monomeric p53 core domain specifically bound to a consensus DNA sequence was
first reported in 1994 (PDB ID 1TUP), and revealed that the a.a. residues most
frequently mutated in cancer are at, or near to, the protein-DNA interface [72].
Conversely, residues infrequently mutated are generally located far away from the
DNA. This observation confirmed the importance of the specific DNA-binding
function of p53 for its tumour-suppressor activity. A plethora of crystal structures of



Chapter 1. Introduction 12

Figure 1.5 X-ray crystal structure (PDB ID 1TUP) of p53 core domain in complex with
consensus DNA [72]. The loop-sheet-helix motif (L1-31-3-H2) interacts with the major groove
of DNA whilst the L3 loop (L3) interacts with the minor groove. The Zn** ion is shown in
black. The L1-B1-3-H2 motif and L3 contain some of the most frequently mutated residues in

human cancer.

p53 core domain have since been solved [73]. These include wild-type and mutant
p53 in the absence of DNA [84, 85], p53 from different species [82] and p53 in
complex with different target DNA [86] or bound to domains of target proteins [87].
The X-ray crystal structure of wild-type p53 core domain bound to a consensus
DNA sequence is shown in Figure 1.5. The main structural feature of the p53 core
domain is a B-sandwich which is composed of two anti-parallel B-sheets. The
stabilising B-sandwich acts as a scaffold for the less rigid structures that comprise the
DNA-binding surface. Namely, a loop- B-sheet- a-helix motif and two large loops
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Figure 1.6 Topological diagram of the secondary structural elements of p53 core domain.
The boundaries of the two anti-parallel B-sheets that make up the B-sandwich are highlighted
in grey and the components of the DNA-binding surface (L1-L3, B1-B3 and H2) are labelled.

The locations of the 10 Cys residues are shown in orange. Figure adapted from Ref. [72].

(L2 and L3; a.a. 163-195 and 237-250 respectively) which are held together by a
tetrahedrally coordinated Zn?* ion. A topological diagram of the structural elements
that make up the core domain is shown in Figure 1.6 (along with the positions of p53
cysteine residues, which are addressed below). The loop-sheet-helix motif is
comprised of loop L1 (112-124), the H2 helix (278-286) and a short three-stranded
B-sheet (Bi3; 124-127, 132-135 and 270-274). Residues from this motif, including
the second most frequently mutated residues in human cancer, Arg273, interact with
the major groove of DNA. The most frequently mutated residue, Arg248, is located
in the L3 loop and is responsible for the interaction of p53 with the minor groove of
DNA [72]. Crystal structures of p53 core domain in the absence of DNA have very
similar overall structures to that of DNA-bound protein, suggesting that a significant

conformational change does not occur upon DNA-binding [72, 85].
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Figure 1.7 X-ray crystal structure (PDB ID 1TUP) of p53 core domain [72]. The sulfur atoms

of the ten Cys residues are labelled and shown in orange. The Zn?* ion is shown in black.

Analogous to many other transcription factors, the DNA-binding domain of p53
contains a non-covalently bound Zn®* ion [88]. The co-ordinating ligands are the
thiol groups of three cysteine residues (Cys176, 238 and 242) and a nitrogen of one
histidine residue (His179) [72]. Several studies have shown that Zn?* plays a critical
structural role and is necessary for the specific DNA-binding function of p53 [89-
91]. Removal of the metal ion causes p53 to adopt a ‘mutant-like’ conformation
(recognised by the monoclonal antibody PAb240, specific for unfolded, mutant p53)
which displays decreased ability to bind to consensus DNA [89, 90].

Human p53 contains 10 cysteine residues (Cys124, 135, 141, 176, 182, 229, 238,
242, 275 and 277), all of which are contained within the core domain. Nine of the
Cys residues are highly conserved across mammalian species (all but Cys299) [79]

and three are involved in coordination of a Zn** ion. Figure 1.6 shows their position
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relative to the secondary structural elements of p53 and Figure 1.7 shows the sulfur
atoms of each of the Cys residues in the crystal structure of p53 [85]. Mounting
evidence suggests that p53 cysteine residues play a fundamental role in regulating
the activity of this important tumour-suppressor protein.

1.2.4 Evidence for p53 Redox-Regulation

Redox-modification of p53 thiol groups was first suggested as a potential mechanism
to regulate the transcriptional activity of p53 in 1993, when Hupp et al. found that
treatment of recombinant p53 with thiol-alkylating and oxidising agents inhibited
specific DNA-binding [92]. Over the following years, several investigations
demonstrated the effect of cysteine alkylation, oxidation or mutation on the specific
DNA-binding activity of p53 [93-99]. It was generally found by electromobility shift
assays (EMSA) that modification of p53 Cys residues disrupted the specific
interaction between p53 and consensus DNA. The ability of oxidised p53 to bind to
DNA in a non-specific manner was, however, retained [96]. In the case of p53
treated with oxidising agents, disulfide bond reducing agents were able to restore the
specific DNA-binding activity of p53.

In contrast to previous results, Buzek et al. later discovered that p53 oxidation
does not universally disrupt specific p53-DNA binding [100]. They found that
oxidised p53 differentially binds to DNA depending on the consensus sequence. Site-
directed mutagenesis revealed that the redox-state of Cys277 directly altered the
affinity of p53 for its target genes; oxidation decreased the affinity for the GADD45
response element (involved in DNA-repair) yet had no apparent effect on binding of
p53 to the p21 response element (involved in cell-cycle arrest). These results suggest
that redox-regulation of p53 plays an important role in differential gene recognition
in DNA-damaged cells.

Additional evidence suggesting a regulatory role for p53 cysteine residues is the
occurrence of endogenous oxidised Cys residues in vivo, in both stressed and
unstressed cells [99, 101-103]. However, only one study to date, by Held et al,. has
specifically and unambiguously identified an oxidised p53 Cys residue in vivo
(discussed below) [103].
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Interestingly, intracellular levels of hydrogen peroxide are known to be linked to
p53 activity (see Chapter 5 for further details) [104-106]. Furthermore, proteins that
are responsible for modulating Cys-redox state, such as thioredoxin (Trx) and Redox
factor 1 (Ref-1), are known to participate in the regulation of p53 activity [107-111].
Both Trx and Ref-1 have been shown to activate the transcriptional activity of p53
in vivo [107, 108]. However, the exact mechanisms by which Trx and Ref-1 control
p53 function are not fully understood. Trx and Ref-1 also regulate the DNA-binding
activity of numerous other cysteine-containing transcription factors, including
nuclear factor-«B (NF-«B), and Fos/Jun (AP-1) [112, 113].

Shortly after Buzek et al. described a role for Cys277 in discriminating between
genes involved in DNA-repair and cell cycle arrest, Seo et al. reported that
selenomethionine (SeMet; a major dietary source of selenium with anti-cancer
properties) activated p53-dependent DNA-repair via a DNA damage-independent
pathway [102]. DNA-repair was shown to be activated by a Ref-1-dependent redox-
mechanism involving reduction of p53 cysteine residues. Using a C-terminal peptide
containing only Cys residues 275 and 277, Seo et al. demonstrated that these two
residues are possible substrates for SeMet-mediated reduction. This was achieved by
labelling the free thiol groups (-SH) with biotin and measuring the degree of
biotinylation before and after SeMet treatment by Western blot. However, it is
unknown if the remaining cysteines are a target for SeMet-mediated redox-
modification. It has since been postulated that the redox-state of Cys277 serves as a
switch to activate the DNA-repair machinery [65].

Published studies regarding redox-states of p53 cysteine residues and their role in
regulating p53 activity represent an extremely minor proportion of p53 research
reported over the past three decades. However, the recent discovery of small
electrophilic compounds that covalently bind to thiol groups and reactivate mutant
forms of the protein in vivo, leading to the death of tumour cells, is most notably
responsible for awakening p53 researchers to the importance of cysteine residues in
regulating p53 function [114-117]. Figure 1.8 shows a selection of compounds that

have been shown to restore the specific DNA-binding function of tumour-derived
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Figure 1.8 Mutant p53-reactivating molecules. Electrophilic C=C double bonds which react
with nucleophilic thiol groups are indicated. PRIMA-1 and PRIMA-1MET do not contain a
reactive C=C bond. However, a common decomposition product of these molecules,

methylene quinuclidinone (MQ), contains this functional group.

p53 mutants (and misfolded wild-type p53) in vivo, thereby inducing up-regulation
of pro-apoptotic p53 target genes and subsequent cell death [115-117]. PRIMA-1 and
PRIMA-1MET themselves do not reactivate mutant p53, but a decomposition product
of these compounds, methylene quinuclidinone (MQ), is the active molecule. The
mutant-reactivating compounds share a common feature; an electrophilic double
bond able to react with nucleophilic thiol groups. MQ was recently confirmed to
covalently bind to p53 cysteine residues by mass spectrometry [117]. However, the
specific Cys residues that are targeted by MQ (or indeed any of the Cys-targeting
anti-tumour molecules) and the exact molecular mechanism of mutant p53
reactivation upon thiol modification is unknown. PRIMA-1MET is currently
undergoing clinical trial [77]. Conventional anti-cancer drugs, such as cisplatin,
generally have little effect on tumour cells harbouring wild-type p53. Hence, the
development of novel mutant p53-reactivating drugs should have a major impact on
the treatment of cancer [77, 118].

Three studies explicitly regarding investigation of p53 Cys-modifications have
been published within the past year [103, 119, 120]. Kim et al. used site-directed
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mutagenesis to show that an electrophilic cyclopentenone prostaglandin®, 15-deoxy-
A*-prostaglandin J,, (15d-PGJ,), binds to Cys277 in vivo, leading to an increase in
its stability and reduction of its transcriptional activity [119]. Intriguingly, 15d-PGJ,
has previously been shown to induce p53-mediated apoptosis [122]. Held et al.
described a highly sensitive mass spectrometry based approach used to quantify
oxidised cysteine residues in p53 in vivo [103]. From the eight Cys residues that they
were able to detect, they found Cys182 to be the most susceptible to diamide
oxidation. During the preparation of this thesis, Kaar et al. reported the use of
various techniques, including mass spectrometry (MS) and X-ray crystallography, to
investigate the binding and stabilisation of mutant p53 by cysteine-targeting
electrophilic compounds identified from a chemical library [120]. The electron
density in the crystal structure was insufficient to model unambiguously the Cys-
modifications. Also, the orders of cysteine reactivity, as determined from MS and
crystallography, were found to be inconsistent and are discussed further in

Chapter 4.5.

1.3 Analysis of Multiple Cys-Containing Proteins
It is clear that redox-modification of cysteine residues participates in functional
control of the important tumour-suppressor protein p53. Several investigations have
implicated specific Cys residues in p53 redox-regulation, most notably Cys277.
However, no single study has provided unambiguous site-specific information on
each of the 10 Cys residues in p53. This is partly due to the lack of experimental
tools that allow unambiguous identification and localisation of protein post-
translational modifications. As a result, unravelling the molecular details of p53
redox-regulation - and indeed the regulatory mechanisms of many other multiple
Cys-containing proteins — is generally proving to be a challenging and onerous
process.

The nucleophilic nature of thiol groups can be exploited in the study of cysteine-

containing proteins and a variety of chemical derivatising reagents exist that can be

SProstaglandins are a group of lipid compounds involved in cellular signalling. They have a
diverse range of biological functions including roles in cell growth, proliferation and
differentiation [121].
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used to exclusively label free thiol groups; they are typically based on maleimide,
alkyl halide or disulfide compounds. However, alternative reagents such as
electrophilic selenium and mercury derivatives may also be used [123]. Labelling
free thiol groups can potentially allow the extent and location of redox-modifications
to be determined. If the derivatising agent is functionalised with a radioisotope, a
fluorophore or an epitope/affinity tag, the labelled thiol groups can be detected and
quantified by autoradiography, fluorescence detection or Western blot/enzyme-
linked immunosorbent assay (ELISA) respectively. However, when analysing an
intact protein containing multiple cysteine residues, these techniques do not allow for
localisation of the modified thiol groups. Furthermore, the identity of unknown thiol
oxidation-states cannot be determined. Site-directed mutagenesis and the analysis of
cysteine-mutants can provide site-specific information. Analysis of Cys-mutants
using the aforementioned techniques still does not, however, provide information
regarding the identity of unknown redox-modifications.

X-ray crystallography and mass spectrometry are tools that allow unambiguous
characterisation and localisation of cysteine redox-states [124, 125]. However, the
challenges associated with protein crystallisation and the timescales involved are
notorious. Furthermore, reaction kinetics or real-time changes in protein
conformation cannot be monitored with this technique. Mass spectrometry allows
covalent cysteine modifications to be both identified and located without the need for
numerous and time-consuming crystallisation trials, antibodies, functionalised
reagents (i.e. fluorophores or radioisotopes) or the cloning, expression and
purification of recombinant Cys-mutants. Furthermore, MS requires relatively small
sample amounts (ul of uM concentration and below) and can also be used to probe

protein conformation at low resolution and measure rates of reactions.

The overall aim of the work presented in the following chapters of this thesis
was to use high resolution mass spectrometry to investigate the molecular
details of p53 redox-regulation and, in doing so, demonstrate the power of

FT-ICR MS for the study of multiple Cys-containing proteins.
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1.4 Protein Mass Spectrometry

The development of two ionisation techniques — electrospray ionisation (ESI) and
matrix-assisted laser desorption/ionisaton (MALDI) — in the late 1980s transformed
the field of biological mass spectrometry by enabling the formation of intact
molecular ions of non-volatile polar macromolecules such as proteins [126, 127].
The subsequent drive to improve the performance and versatility of MS
instrumentation has made mass spectrometry now one of the most important and
mainstream analytical techniques for protein research and the study of biomolecules
in general [128].

Mass spectrometry is central to the field of proteomics, which involves
identification of proteins in complex mixtures such as cell lysates, tissue extracts or
clinical fluids [129]. Tandem mass spectrometry (MS/MS) can assist in protein
identification and also allows de novo sequencing of species with unknown primary
structure [130]. Post-translational modifications (PTMs) can be characterised and the
use of stable isotopes enables quantitation of modification states or protein
expression levels [128, 131]. A unique feature of ESI and MALDI is the preservation
of non-covalent interactions [132]. Hence, non-covalent protein complexes can be
studied and the tertiary and quaternary structure of intact proteins can be probed
using MS [133].

A feature of MS pertinent to this study is the ability to localise a PTM to a
specific amino acid residue. This can be achieved using three different approaches:

bottom-up, top-down or middle-down mass spectrometry.

1.4.1 Bottom-Up Mass Spectrometry

Bottom-up protein mass spectrometry is the most traditional and commonly
employed method for the identification and localisation of protein PTMs [128, 129,
131, 134]. The defining step in the bottom-up approach is cleavage of the intact
protein(s) into small peptides (generally < 3 kDa) prior to MS. Figure 1.9 illustrates
the workflow of a typical bottom-up experiment. The intact protein is cleaved into its
constituent peptides by a suitable enzyme, usually trypsin (which cleaves the
C-terminal side of Lys or Arg residues except when followed by Pro). The peptides
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are optionally fractionated followed by MS analysis. In classical proteomic
experiments which aim to identify proteins from a mixture, the masses of individual
peptides are searched against a database and used as a ‘mass fingerprint’ to identify
the parent protein. Furthermore, tandem mass spectrometry can be employed to
fragment the detected peptides, thus providing more detailed sequence information
and greater assurance in protein identification. When mapping PTMs, the accurate
mass of a modified peptide may be sufficient to locate the modification to a specific
residue i.e. if the peptide contains only one possible modification site. If there is
ambiguity regarding the locality of a PTM, MS/MS can be performed.

A major limitation in protein mass spectrometry in general is the large size of the
intact macromolecules. Proteolysis prior to MS therefore makes the bottom-up MS
independent of protein size, and this is one of the major advantages of this strategy.
Furthermore, bottom-up methods are well-established, highly sensitive and amenable
to automated and high-throughput studies. However, proteolysis and the lack of an
intact protein mass results in the bottom-up approach having distinct disadvantages
for protein and PTM characterisation. Namely, incomplete sequence coverage and no
knowledge of the relationship between peptides and the modification state or isoform
of the parent protein. 100% sequence coverage is rarely achieved in bottom-up MS,
meaning that important information, e.g. the presence of a PTM, is often lost.
Furthermore, when analysing differentially modified proteins, the combination that
PTMs occur in or their hierarchy (i.e. which PTM occurs 1%, 2", 3" etc.) cannot be
determined because the mass of the peptides cannot be directly related back to mass
of the parent protein. These limitations can be overcome using the top-down
approach for protein and PTM characterisation.

1.4.2 Top-Down Mass Spectrometry

Figure 1.10 illustrates the workflow of a typical top-down MS experiment. In
contrast to bottom-up approach to protein and PTM characterisation, proteolysis is
not performed prior to MS analysis [131, 135-138]. Rather, the accurate mass of an
intact protein is measured and the whole protein is directly fragmented inside the

mass spectrometer. The masses of the resulting fragment ions are searched against
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Figure 1.9 The bottom-up approach to PTM identification and localisation by MS. Intact
proteins are cleaved into their constituent peptides, usually by enzymatic digestion using
trypsin, and the peptides are optionally fractionated prior to MS analysis. Peptide accurate
masses can be used to determine protein or PTM identity. Peptides can be fragmented to
yield detailed sequence information and locate a PTM to one specific amino acid residue. A

problem common to peptide-based protein MS studies is incomplete sequence coverage.
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Figure 1.10 The top-down approach to PTM identification and localisation by MS. The
accurate mass of the intact protein is measured followed by direct fragmentation which
results in a complex MS/MS spectrum. The masses of the fragment ions are searched
against a database or the primary sequence of a known protein and N- and C-terminal
fragments are assigned. The identity and combination of PTMs present may be known from
the mass of the intact protein. However, top-down MS of large proteins (> ~30 kDa) typically
results in poor sequence coverage over the internal region of the protein which may preclude

the unambiguous assignment of a PTM location.
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Figure 1.11 The middle-down approach to PTM identification and localisation by MS. The
intact protein is cleaved into large peptides using enzymatic digestion or a chemical cleaving
reagent. The large peptides may contain multiple PTM sites yet be small enough to allow
extensive fragmentation, thus allowing unambiguous assignment of PTMs. Middle-down MS
is particularly useful for providing comprehensive sequence coverage over the internal

region of a large protein.
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the primary sequence of a known protein, or against a database in the case of an
unknown protein. To simplify the data analysis, only the N- and C-terminal
fragments are assigned (see Section 1.7 for further details regarding fragmentation of
protein ions).

The accurate mass of an intact protein or protein complex can provide important
information such as the identity of PTMs and their respective stoichiometries.
Knowledge of the molecular mass, together with the ability to isolate individual
modification states or isoforms inside the mass spectrometer, e.g. with a mass
resolving quadrupole, means that the relationship between the parent protein and
fragment ions is known. Top-down MS therefore allows the unambiguous
assignment of protein PTM states and their hierarchy to be determined.

Furthermore, top-down MS typically results in far greater cleavage of inter-
residue bonds compared to bottom-up MS, because the entire protein sequence is
available for interrogation rather than only a few peptides. However, the number of
cleaved inter-residue bonds typically reduces with increasing protein mass due to the
decreased dissociation efficiency and fragmentation over the internal region of larger
proteins (> ~30 kDa) is often not sufficient to unambiguously locate the site of a
PTM (knowledge of the intact mass does, however, indicate their existence). Above a
molecular mass of ~50 kDa, fragmentation of an intact protein becomes substantially
problematic due to the increased complexity of the molecular ions’ gas-phase tertiary
structure [139]. These limitations of protein size can be overcome using the middle-
down approach described below.

MS/MS is an inherent part of the top-down approach, whereas it is an optional
step in the bottom-up approach, when analysing the constituent proteolytic peptides
of a protein. Fragmentation of an intact protein generates a complex MS/MS
spectrum with many overlapping, multiply-charged fragment ions. As a result, high-
performance mass spectrometers which offer superior resolving power and mass
accuracy, such as FT-ICR instruments (see section 1.6), are preferred for top-down
analysis of proteins. In addition to protein size, the requirement and cost of such

instruments is a limiting factor in top-down MS protein studies.
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1.4.3 Middle-Down Mass Spectrometry

The advantages of bottom-up and top-down MS are combined in the middle-down
approach to protein and PTM characterisation, namely, proteolysis to form peptides
more amenable to MS, yet large enough (typically > 3 kDa) to contain multiple PTM
sites and provide substantial sequence information [136, 138]. Figure 1.11 highlights
the main steps in a typical middle-down experiment. The intact protein is cleaved
into large peptides using an enzyme or chemical cleaving reagent that targets less
abundant amino acids than trypsin. For example, polypeptides can be cleaved at the
relatively rare amino acid tryptophan using BNPS-skatole, at methionine residues
using cyanogen bromide (CNBFr), or at Asp or Glu residues using the proteases AspN
and GIuC respectively [136, 140]. The resulting large peptides can be optionally
separated followed by accurate mass measurement of the precursor ion and
fragmentated to yield a relatively complex MS/MS spectrum similar to top-down
MS. The masses of the fragment ions are searched against the known primary
sequence or a database and the N- and C-terminal fragments are assigned.
Fragmentation of these intermediate sized peptides results in increased dissociation
efficiency compared to the intact protein therefore sequence coverage is improved.
Middle-down is particularly useful for providing extensive sequence coverage  over

the internal regions of larger proteins which top-down MS typically fails to achieve.

1.5 Electrospray Ionisation Mass Spectrometry

Two principal methods are used to ionise peptides/proteins and introduce them into
the gas-phase; matrix-assisted laser desorption/ionisation (MALDI) and electrospray
ionisation (ESI). Both techniques are ‘soft’ ionisation methods meaning that gas-
phase ions are generated without fragmentation. The development and application of
MALDI and ESI to large polar macromolecules such as proteins and

oligonucleotides revolutionised the field of biological mass spectrometry. This was

“When discussing top-down or middle-down MS, ‘sequence-coverage’ typically refers to the
number of inter-residue bonds cleaved. E.g. 100% sequence coverage in top-down protein
MS would mean that each inter-residue bond was cleaved, and the corresponding fragment
ions detected, across the entire primary sequence.
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Figure 1.12 Schematic of electrospray ionisation. A capillary is held at high voltage with
respect to the inlet of the mass spectrometer resulting in a fine mist of charged droplets
(‘electrospray’) containing the analyte. The droplets reduce in size via solvent evaporation
and ‘Coulombic explosions’ (see text) during their transition down a pressure and potential
gradient towards the entrance to the MS. Gas-phase ions are formed during desolvation

however the exact mechanism for this is unknown.

recognised by the award of the 2002 Nobel Prize in Chemistry to Koichi Tanaka and
John Fenn for the development of MALDI and ESI for mass spectrometric analyses
of biological macromolecules respectively'' [142, 143].

MALDI involves co-crystallisation of analyte molecules with a large excess of a
light-absorbing matrix compound, followed by laser irradiation of the resulting solid
layer. The energy uptake upon irradiation results in desorption and ionisation of the
analyte which can then be detected by a suitable mass analyser. MALDI typically
results in predominately singly charged ions. Therefore, analysis of large intact
proteins by MALDI-MS is limited to mass analysers with an extended mass range,
such as time-of-flight (TOF) instruments [144].

A schematic of the ESI process is provided in Figure 1.12. During ESI, a solution
containing the analyte, e.g. intact protein, is passed through a capillary held at a high

potential. The effect of a large electric field at the tip of the capillary causes the

However, controversy exists regarding the award to Koichi Tanaka, due to a publication by
Karas et al in 1985, where “matrix-assisted” laser desorption ionisation was first reported
[141].
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solution to emerge as a fine mist of charged droplets (‘electrospray’) which are
drawn towards the entrance of the mass spectrometer by a potential and pressure
gradient. During this transition, the droplets reduce in size by evaporation of solvent
(aided by a heated drying gas) until the surface tension can no longer sustain the
increasing charge density (Rayleigh limit) and they fragment due to ‘Coulomb
explosion’. This process continues until all of the solvent is evaporated. Gas-phase
ions are formed during the electrospray process. However, the exact mechanism for
this is still being debated [144-146]. Further information regarding the development
of ESI and the proposed mechanisms of ion formation can be found in Refs. [143,
144, 147].

Conventional ESI is typically operated at flow rates of 1-20 pl/min. Miniaturising
the electrospray and reducing flow rates to 20-50 nl/min — known as nanoESI (nESI)
— generates smaller charged droplets and increases the efficiency of desolvation.
Furthermore, sample consumption is substantially reduced with nESI [144-146, 148].

In contrast to MALDI, ESI characteristically results in the formation of multiply
charged ions. This is advantageous for the study of intact proteins because the mass
to charge ratios (m/z) can be reduced to within the detectable m/z range of the
majority of mass analysers, including quadrupoles and ion traps [144, 145, 149].
Furthermore, higher charge states provide more scope for fragmentation and
detection of product ions. For example, dissociation of a singly charged polypeptide
will result in one singly charged product ion and one neutral molecule, which cannot
be detected by MS.

Separation of complex samples, or desalting, is often required prior to mass
spectrometry of biological molecules. ESI involves the direct sampling of analytes
from solution at atmospheric pressure. This allows high performance liquid
chromatography (HPLC) to be interfaced to an ESI source, and sample
separation/desalting steps can, therefore, be directly coupled to MS analysis (known
as ‘on-line” LC-MS). In addition to increasing sensitivity, directly coupling
chromatographic separations to MS is useful in high-throughput proteomics

experiments whereby retention time can be used in combination with accurate mass
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Figure 1.13 Charge state distributions that may be observed in a protein ESI mass spectrum

depending on the conformations present in solution.

measurements (AMT; accurate mass and time tag) to identify peptides from complex
samples [150].

ESI-MS can also be used to probe the higher-order structure of intact proteins.
Figure 1.13 shows the charge state distributions typically observed in a protein ESI
mass spectrum, depending on the conformations present in solution [151-153].
Proteins can become multiply protonated due to the presence of many basic amino
acid side chains (Arg, Lys and His). Protein conformation dictates the solvent
exposure of these residues. For example, a protein in its native conformation will
typically be folded with a compact tertiary structure. Many of the basic side chains
will be buried, inaccessible to bulk solvent and therefore protected from protonation.
This is reflected in the mass spectrum of a native protein by a relatively narrow
charge state distribution at high m/z. Conversely, the basic side chains in an unfolded
protein will be exposed to the solvent, resulting in higher charge states which span a
broader m/z range. Many proteins may adopt intermediate conformations between
their folded and unfolded states, which are typically observed as relatively low-

abundance ions of intermediate charge in an ESI mass spectrum.



Chapter 1. Introduction 30

\Y; q XB q v

Figure 1.14 Cyclotron motion of a positive and negative ion. Charged particles (with a
charge @), with a velocity v, in a static magnetic field B (directed perpendicular to the paper),
will undergo cyclic motion due to the Lorentz force, F. The direction of orbit is dependent on

the polarity of the ion. Figure adapted from Ref. [154].

The observed charge state distributions may be affected by the solvent
conditions. Denaturing conditions (typically 50% organic solvent and 0.1% volatile
organic acid) promote protein unfolding by disrupting non-covalent interactions
which hold the protein in its native, folded conformation. Denaturing conditions,
therefore, generally result in the broad charge state distribution observed for
unfolded proteins. Native conditions (neutral pH and typically 10% organic solvent
to aid the desolvation process) preserve non-covalent interactions therefore the native
tertiary structure is maintained during ESI-MS, resulting in the characteristic narrow
charge state distribution observed for folded proteins. Native conditions also
facilitate the study of non-covalent interactions of proteins with metal ions or ligands

such as peptide aptamers, drug molecules or DNA [133, 155, 156].

1.6 FT-ICRMS

The accurate mass measurement of an intact protein can be used to confidently
assign many features, including the oxidation state of metal centres (x1 Da or more),
the presence of a disulfide bond (-2 Da), or the deamidation of asparagine and
glutamine residues (+1 Da) [131, 157-159]. Isotopic resolution is required in order to
achieve high mass measurement accuracy, which is defined as + 10 parts per million
(ppm) in MS-based protein identification studies [160, 161]. When dealing with

intact proteins, the resolving power required to separate the isotopic variants
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(differing in the number of *3C or other heavy isotopes of constituent atoms) [162] is
typically in the order of 10°-10°. Fourier transform ion cyclotron resonance mass
spectrometry (FT-ICR MS) offers the highest mass measurement accuracy and mass
resolving power of any mass spectrometer, and resolving powers > 1,000,000 and
sub-ppm mass accuracies can be routinely obtained [154, 163].

The superior resolving power and mass accuracy that FT-ICR MS offers is of
major benefit when analysing the many multiply charged fragments that arise from
fragmentation of an intact protein. Furthermore, FT-ICR mass spectrometers are
versatile instruments which are compatible with a wide range of fragmentation
techniques (discussed below). As a result, FT-ICR MS is the method of choice for
top-down protein mass spectrometry [131, 164, 165].

FT-ICR MS is based on the principle that an ion with velocity v moving in a
homogenous magnetic field will undergo cyclic motion in the plane perpendicular to
the direction of the magnetic field [146, 163, 166, 167]. This cyclotron motion is due
to the Lorentz force (F), which is a vector cross product of the magnetic field
strength (B) and the velocity (v), multiplied by the charge (q) (in S.I. units):

F=qvxB 1.1

Figure 1.14 shows the Lorentz force acting on a positively and negatively charged
particle. Providing no collisions occur, the magnetic field will bend the ion path into
a complete circle. The direction of orbit is dependent on the polarity of the ion. The
frequency with which an ion repeats its orbit is known as the cyclotron frequency, v,
and is dependent on the magnetic field, the mass of the ion, m, and its charge

according to the following equation (in S.I. units):

_9B
27m

1% 1.2
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Figure 1.15 A schematic of a cylindrical ICR cell. A static electric field is applied to the end
trapping plates to trap ions in the z direction. An oscillating electric field is applied to the
excitation plates to increase the cyclotron radius of the ions and the resulting induced current
is detected by the detection plates. Figure courtesy of Chris Whyte (PhD Thesis, University
of Edinburgh, 2004)

A derivation of Equation 1.2 is provided in Ref. [166]. This equation can be
expressed in terms of the more familiar mass to charge ratio, m/z, which is used in
mass spectrometry, where m is in Daltons (Da), z is equal to g/e where e is the

elementary charge (in S.1. units) and u is the atomic mass unit (in S.1I. units):

e B 15x10'B
vV, = = 1.3
2720 )m/z m/z
Rearranging Equation 1.3 gives:
mize2 1.4

which illustrates the fundamental relationship exploited in FT-ICR mass
spectrometry; m/z is directly proportional to magnetic field and inversely

proportional to cyclotron frequency. For example, an ion with 1000 m/z will have a
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cyclotron frequency of 141 kHz in a uniform 9.4 Tesla (T) magnetic field, increasing
to 180 kHz in a uniform 12 T magnetic field.

The high mass measurement accuracy associated with FT-ICR MS stems from
inherently accurate frequency measurements. Furthermore, the cyclotron frequency
of an ion is independent of its kinetic energy (K.E.). Resolution is therefore not
limited by the spread in the K.E. distribution of the ions, as is seen with TOF and
sector mass analysers. The insensitivity of cyclotron frequency to K.E. is one of the
principle reasons why FT-ICR MS is able to achieve ultra-high resolution. Increasing
the magnetic field strength increases resolving power by increasing the cyclotron
frequency of an ion, i.e. many more measurements can be taken in a certain time.
The difference between two cyclotron frequencies is also increased, corresponding to
greater resolving power and peak capacity [154, 163]. A historical account of the
development of FT-ICR MS is given in Ref. [168].

During FT-ICR MS, ions are trapped in an ICR cell which is located within a
uniform magnetic field. The ICR cell typically consists of a pair of end trapping
plates, a pair of excitation plates and a pair of detection plates as shown in
Figure 1.15. A static electric field is applied to the end trapping plates to prevent ions
from leaving the cell. A coherent radiofrequency pulse is applied to the excitation
plates in order to form a coherent ion packet and increase the cyclotron radius of the
ions out towards the detection plates. This radiofrequency sweep sequentially excites
all ions at resonance within the m/z range of interest. The resulting induced current is
detected by the detection plates and amplified to give a transient ion image current.
Fourier transform is applied to this image current resulting in the frequency
spectrum, which is then converted to the corresponding m/z spectrum. These steps
are illustrated in Figure 1.16.

It is important to note that electric fields are present within the ICR cell, arising
from either the ions themselves (known as space-charge effects) or trapping
potentials, which affect the motion of ions within the cell. Equations 1.2 and 1.3 are
based on an ideal case which does not take into account these effects, and therefore
deal with the “unperturbed” cyclotron frequency. The observed cyclotron frequency,

vobs, 1S dependent on numerous other parameters including ion charge density,
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Figure 1.16 An FT-ICR MS experiment. lons are trapped in an ICR cell (the excitation and
detection plates are shown) and undergo cyclotron motion at a frequency dependent on their
m/z and the magnetic field. lons are then excited out to the detection radius by a
radiofrequency (RF) sweep and the resulting transient image current is recorded. Fourier

transform is applied to the time domain signal which is calibrated to yield a mass spectrum.
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Figure 1.17 Simplified overview of the Bruker Daltonics apex-Qe FT-ICR mass
spectrometer. Regions highlighted in yellow indicate where MS/MS may be performed. lons
of a specific m/z can be selected and isolated in the mass resolving quadrupole prior to CID
in the adjacent hexapole, or ECD in the ICR cell. A more detailed overview of this instrument

including the vacuum stages and ion optics is given in Appendix A.

geometry of the ICR cell and trapping potentials, in addition to the magnetic field
and mass-to-charge ratio. Shifts in m/z arising from the presence of electric fields
within the ICR cell are corrected by calibration (see Ref. [169] for an in depth
discussion of the calibration equations used in FT-ICR MS) and do not normally
pose a problem. Further discussion of the theory of FT-ICR MS is out with the scope
of this introduction and the reader is directed to the following Refs. for more in-depth
reviews: [166, 170].

The spatial confinement of ions within an ICR cell allows for a wide variety of
ion manipulation and fragmentation techniques to be employed. Excitation
waveforms can be tailored to excite ions at one frequency or eject unwanted ions
from the cell [146, 171-173]. Techniques for fragmentation of ions within the ICR
cell include sustained off-resonance irradiation collision-induced dissociation
(SORI-CID), infrared multiphoton dissociation (IRMPD), blackbody infrared
dissociation (BIRD), surface-induced dissociation (SID) and electron capture
dissociation (ECD) [154, 163, 167, 171, 174-178]. Hybrid FT-ICR instruments allow

ions to be fragmented before they reach the ICR cell, therefore expanding the range
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of dissociation techniques which may be utilised and also increasing the scope for
MS" experiments.

A hybrid instrument, the Bruker Daltonics apex-Qe FT-ICR mass spectrometer,
was used extensively to record the MS and MS/MS spectra presented in this thesis.
Figure 1.17 shows a simplified overview of the main components on this instrument.
A more detailed overview, showing the various vacuum regions, ion optics and
source configuration is given in Appendix A. lons are generated by ESI and guided
along the flight tube to the ICR cell by various sets of ion optics, including ion
funnels and steering plates. The ICR cell resides in a 12 T superconducting magnet.
A mass resolving quadruple and collision cell hexapole are located between the
source optics and the transfer optics. For MS/MS, ions of a specified m/z can be
isolated in the quadrupole followed by CID in the hexapole or ECD in the ICR cell.
As mentioned above, the ability to accurately measure the m/z of large multiply
charged precursor ions in addition to the fragment ions makes FT-ICR MS a

powerful tool for structural characterisation of proteins.

1.7 Fragmentation of lons

As previously discussed, fragmentation of the polypeptide backbone can provide
primary sequence information, and unambiguously locate a post-translational
modification to within one residue. Collision-induced dissociation (CID) is
traditionally used to fragment peptides or intact proteins. However, many
fragmentation techniques exist (a selection of techniques compatible with FT-ICR
MS is discussed in Section 1.6), each with associated advantages and disadvantages,
and new or improved methods to generate fragment ions are in a continual state of
development. A recent example is electron transfer dissociation (ETD) [179]. This
technique involves the transfer of an electron from a radical anion with low electron
affinity (such as anthracene) to a multiply protonated peptide/protein. The energy
released upon recombination of an electron and a multiply protonated polypeptide
induces fragmentation of the peptide backbone in a manner analogous to that

observed in electron capture dissociation (ECD; see 1.7.3). In addition to the
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Figure 1.18 Fragment ions that may arise upon fragmentation of a polypeptide backbone. a,
b and c ions are N-terminal fragments and x, y and z ions are C-terminal fragments. The
subscript denotes the number of residues in the fragment, counting from the N-terminal for a,

b and c ions or the C-terminal for x, y and z ions.

advantages described for ECD (below), ETD is compatible with a wider range of MS
instrumentation and can be used to dissociate both anionic and cationic precursor
ions [180].

The fragmentation techniques utilised for MS/MS experiments presented in this

thesis were collision-induced dissociation and electron capture dissociation.

1.7.1 Nomenclature

Figure 1.18 shows the types of fragment ions that may be observed in the MS/MS
spectrum of a polypeptide. The polypeptide backbone can be cleaved in one of three
positions; the C,—C bond, the C—N bond (amide or peptide bond) or the N—C,
bond [130, 181, 182]. These cleavages result in a and x, b and y, or ¢ and z ions
respectively. The backbone is preferentially cleaved at a certain position depending
on the fragmentation technique used. a, b and c ions are N-terminal fragments and x,
y and z ions are C-terminal fragments. A subscript is used to denote the number of
amino acids in the fragment, counting from the N-terminus in the case of a, b and ¢
ions, and the C-terminus in the case of x, y and z ions. Internal fragments (i.e. where
cleavage occurs at more than one place along the backbone resulting in a fragment
that contains neither the original N nor C-terminus) and cleavage of the amino acid

side chains may also occur during fragmentation. However, these fragments were not
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considered during data-analysis of any MS/MS spectra included in this thesis and
their associated nomenclature will not be discussed here. The presence of side-chain
and internal fragments increases the complexity of MS/MS spectrum. However, they
can be minimised by utilisation of fragmentation methods that are highly-specific for

a particular backbone bond-type, such as ECD (see below).

1.7.2 Collision-Induced Dissociation

Collision-induced dissociation (CID), also known as collisional-activated
dissociation (CAD), is the most commonly used method for tandem mass
spectrometry of peptides and proteins. In CID, the internal energy of the precursor
ion is increased by energetic collisions with a neutral target gas (typically argon,
helium or nitrogen) leading to fragmentation and the formation of product ions [183-
186]. Depending on the type of instrumentation, high-energy CID (typically time of
flight and sector instruments) or low-energy CID (typically multipole e.g. quadrupole
and ion trap instruments) is performed. The CID experiments conducted here were
carried out in a hexapole collision cell (indicated in Figure 1.17) and ions were
fragmented using low-energy CID (eV rather than keV precursor ion kinetic
energies).

Low-energy CID falls into the category of so called ‘slow-heating’ techniques,
along with numerous other MS/MS technologies including infrared multi-photon
dissociation (IRMPD), sustained off-resonance irradiation CID (SORI-CID) and
blackbody infrared radiative dissociation (BIRD) [175-177, 186, 187]. In these
methods, dissociation is mainly a result of internal (e.g. vibrational and rotational)
excitation of the precursor ion [129, 184, 185]. In the case of CID, each collision
with the inert gas increases the internal energy until enough internal energy is
accumulated to overcome the bond energy, thus resulting in dissociation.
Fragmentation of polypeptides using slow-heating methods results primarily in
dissociation of the backbone amide bond, giving b and y fragment ions. Slow-heating
techniques result in fragmentation via the lowest energy pathway. Hence, cleavage of
the peptide backbone is generally not random and specific product ions e.g. those

resulting from cleavage of the facile amide bond on the N-terminal side of proline,
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may predominate the MS/MS spectrum [171]. The loss of side chains and small
neutral molecules (such as H,O and NH3) are also typically observed.

Collision-induced dissociation is the most robust and readily applied method for
fragmentation of peptide and protein ions in tandem mass spectrometry, owing to its
relative simplicity (in terms of its application), efficiency and reproducibility [183].
However, a limitation of CID that is particularly relevant to top-down MS (involving
the analysis of intact proteins) is the inverse relationship between molecular mass
and dissociation efficiency. As the size of a molecule increases, the number of
degrees of freedom increases (3N — 6 vibrational modes in a nonlinear ion with
N atoms) meaning that many more energy channels exist whereby the internal energy
of an excited ion may be dissipated [183-185]. The net result is a decrease in the
yield of fragment ions thus less extensive sequence coverage is generally achieved as
protein size increases. Furthermore, the tendency for CID to result in side-chain
losses (particularly with high-energy CID) is not ideal for the study of protein PTMs
[188].

Further information regarding dissociation mechanisms and the history of CID
and associated methods can be found in Refs. [184-186].

1.7.3 Electron Capture Dissociation
Electron capture dissociation (ECD) is a relatively new fragmentation technique for
tandem mass spectrometry of peptides and proteins [174]. Multiply protonated
peptides or proteins are irradiated with low-energy electrons (< 1 eV) resulting in
dissociation processes entirely distinct from those observed in CID and the
conventional slow-heating techniques. The exact mechanism of ECD is a subject of
much debate and is beyond the scope of the general introduction provided here. The
reader is directed towards Refs. [189-198] for further information regarding ECD
mechanism.

During ECD, a multiply charged polypeptide, [M + nH]™, captures an electron
resulting in charge neutralisation and the formation of an excited radical species,
[M + nH]™Y*. The excited radical ions may undergo very rapid dissociation of the

N—C, bond leading to predominately ¢ and z° ions. However, the majority of
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electron capture events do not result in fragmentation and lead only to charge-
reduction. Hence, ECD is a relatively inefficient MS/MS technology and a high
abundance of precursor ion is ideally required for extensive fragmentation of the
polypeptide backbone [171, 185, 199, 200].

Capture of an electron by a singly protonated precursor ion results in a neutral
species. Thus, the precursor ion must be at least doubly charged in order for the
resulting fragment ions to be observable by MS. ECD is therefore only suited to
ionisation methods that generate multiply protonated polypeptides, such as ESI.
Furthermore, ECD is generally limited to the ICR cell of FT-ICR instruments (see
Figure 1.17) due to the long residence times of ions (at least several ms) necessary to
ensure capture of electrons by a notable proportion of precursor ions, and the ability
to accommodate low-energy electrons (which cannot be trapped in instruments that
use a radio frequency electrostatic field to trap ions i.e. quadrupole ion traps) [179,
200]. ECD has been implemented in less expensive quadrupole ion-trap instruments
with limited success [201, 202]. However, a recently developed alternative to ECD,
electron transfer dissociation (ETD; see Section 1.5), uses ion-ion reactions to
transfer an electron to the analyte, rather than direct ion-electron reactions [179,
180]. ETD provides polypeptide backbone cleavage in a manner characteristic to that
observed for ECD, with the advantage of being amenable to quadrupole ion trap
mass spectrometers.

ECD is a ‘non-ergodic’ process, meaning that bond dissociation occurs before the
additional energy can be redistributed away from the capture site [174, 199]. This
fast dissociation is advantageous for tandem MS of polypeptides because the lowest
energy fragmentation pathways are not favoured (as with CID), resulting in extensive
cleavage across the backbone. Furthermore, internal fragments usually occur with
much lower abundance than typically observed for conventional MS/MS techniques.
In addition to reducing the complexity of MS/MS spectra, ECD is therefore a
valuable tool for the study of labile PTMs such as phosphorylation, sulfation and y-
carboxylation, which are found to be retained in ECD fragments [203, 204].

The non-ergodic nature of ECD also allows non-covalent interactions to be

preserved during fragmentation and can, therefore, be employed to investigate
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protein-ligand binding sites [205]. However, the preservation of non-covalent
bonding can be disadvantageous when fragmenting relatively large intact proteins,
due to extensive intramolecular non-covalent interactions. The peptide backbone
may undergo fragmentation but the resulting fragments are essentially held together
as a large non-covalent complex, thus appearing as a charged-reduced species in the
MS/MS spectrum [206]. To overcome this problem, precursor ions can be
vibrationally excited using slow-heating methods such as CID or IRMPD prior to or
during electron capture. This technique is known as activated ion (Al) ECD and
serves to disrupt higher-order structure of larger ions therefore increasing sequence
coverage [206].

A feature of ECD which contributes to the gas-phase disruption of protein
tertiary structure is the preferential reduction of disulfide bonds [207-209]. Cleavage
of disulfide bonds during ECD precludes the requirement of a reduction step prior to
MS for many proteins and can potentially be utilised in the study of redox-regulated

proteins.
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2.1 Materials

All materials, solvents and reagents were purchased from Sigma-Aldrich or Fisher

Scientific unless stated otherwise.

2.2 Molecular Biology
2.2.1 Bacterial Growth Media

LB broth base and powdered 2-YT medium were purchased from Invitrogen and
made up according to the manufacturer’s instructions. Recipes for growth media can
be found in Ref. [210]. All media was sterilised in an autoclave at 121°C and 15 psi

for 15 min prior to use.

2.2.2 Amplification and Purification of Plasmid DNA

A pRSET(A) vector (Invitrogen) containing a segment of the wild-type human p53
gene encoding the core domain (a.a. residues 94-312) was kindly donated by Penka
Nikolova (King’s College London). Competent E. coli DH5a cells (Invitrogen) were
transformed as described below in Section 2.2.6. LB medium (10 ml) supplemented
with ampicillin (100 pg/ml) was inoculated with a single colony of transformed cells
and grown overnight at 37°C and 250 rpm. Plasmid DNA was purified from the
bacteria using a QIAprep Spin Miniprep Kit (Qiagen) according to the

manufacturer’s instructions. Plasmids were stored at -20°C.

2.2.3 Restriction Digest and Agarose Gel Electrophoresis

In order to determine the size of the gene insert in the pRSET(A) vector, a restriction
digest was performed and the resulting fragments were analysed by agarose gel
electrophoresis. Purified plasmid DNA (8 ul) was incubated with the restriction
enzymes Ndel and Hindlll (New England BioLabs; 0.5 pl of each) in NEBuffer 2
(New England BioLabs; 1 ul) at 37°C for 2 h. DNA loading buffer [210] was added
to each sample followed by separation on a 1% Tris-acetate-EDTA (TAE) agarose
gel [210] containing ethidium bromide (EtBr) at a final concentration of 0.5 pg/ml, at
100 V for ~1 h. The gel was visualised under UV light.
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Table 2.1 Primers used in site-directed mutagenesis of human p53 core domain.

Mutation Primers
Forward 5"-CCACCATGAGCGCTCCTCAGATAGCGATGGTCTGG-3’
Reverse 5'-CCAGACCATCGCTATCTGAGGAGCGCTCATGGTGG -3
Forward 5"-GTGCGTGTTTGTGCCTCTCCTGGGAGAGACCGGCGCACA-3’
Reverse 5'-TGTGCGCCGGTCTCTCCCAGGAGAGGCACAAACACGCAC-3
R175H Forward 5"-GGAGGTTGTGAGGCACTGCCCCCACCATGAGC -3’

Reverse 5'-GCTCATGGTGGGGGCAGTGCCTCACAACCTCC -3

C182S

C277S

2.2.4 Site-Directed Mutagenesis
Site-directed mutagenesis was performed using the QuikChange Site-Directed
Mutagenesis Kit (Stratagene) according to the manufacturer’s instructions. The

primers used for each mutation are listed in Table 2.1.

2.2.5 DNA Sequencing

The p53 encoding region of plasmid DNA was sequenced using the T7 promoter and
T7 reverse primers (Invitrogen) by the University of Edinburgh School of Biological
Sciences Sequencing Service. Sequencing data was analysed using Vector NTI

Advance software (Invitrogen).

2.2.6 Expression of Wild-Type and Mutant p53 Core Domain

Competent E. coli C41(DE3) cells (Cambridge Bioscience) were transformed as
follows: cells (50 ul) were incubated on ice with plasmid DNA (1 pl) for 30 min,
heat-shocked at 42°C for 45 s and placed back on ice for 2 min. SOC medium
(100 pl) was added and the suspension was shaken at 37°C for 1 h. Cells (50 ul) were
spread onto selective agar plates (100 ug/ml ampicillin) supplemented with 1%
glucose and incubated at 37°C overnight. Sub-cultures were prepared by inoculating
2-YT medium (12x5 ml; pH 7.2) supplemented with ampicillin (100 pl/mg) with a
single colony of transformed cells followed by incubation at 37°C and 250 rpm
overnight. These sub-cultures were used to inoculate 3 L of 2-YT medium

(12x250 ml; pH 7.2) supplemented with ampicillin (100 pl/mg) and the cells were
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grown to an ODggonm ~ 0.6-0.8 at 37°C and 225 rpm. The temperature was reduced to
22°C and overnight expression was induced with 1 mM isopropyl p-D-
thiogalactoside (IPTG). Cells were harvested by centrifugation at 3000 rpm and 4°C
for 20-30 min. The resulting cell pellet (typically ~36 g) was frozen in liquid

nitrogen and stored at -80°C.

2.2.7 Protein Purification

Cells overexpressing p53 core domain were defrosted and lysed using BugBuster
Protein Extraction Reagent (Novagen; 5 ml per gram of cells) supplemented with
4 mM dithiothreitol (DTT), EDTA-free protease inhibitor tablet (Roche; 1 tablet per
50 ml) and benzonase nuclease (Novagen; 25 units per ml) on ice for 20-40 min.
Insoluble protein and cell debris were removed by centrifugation at 16,000 rpm and
4°C for 25 min and the supernatant was filtered (0.45 pum). p53 core domain was
purified from the soluble protein fraction by fast protein liquid chromatography
(FPLC) using an AKTA FPLC system (GE Healthcare) at 4°C.

2.2.7.1 Ion Exchange Chromatography

The soluble protein fraction was loaded onto a Resource S (Amersham Biosciences)
cation exchange column (prepared in-house; 10 ml) or a HiTrap SP XL column (GE
Healthcare; 5 ml) equilibrated with 25 mM sodium phosphate (pH 7.2) and 4 mM
DTT. Protein was eluted with a linear salt gradient of 0-1 M NaCl, 25 mM sodium
phosphate buffer (pH 7.2) and 4 mM DTT over 15 column volumes. Protein gel
electrophoresis was performed to confirm p53 expression and check purity. Fractions
containing p53 were pooled and concentrated using a spin filtration device
(Vivaspin 20; 10,000 MWCO). Protein concentration was determined as described in
2.3.2. Purified protein was frozen in liquid nitrogen and stored at -80°C in the

presence of 10% glycerol (v/v).

2.2.7.2 Gel Filtration Chromatography##
Protein purity can be increased by performing gel filtration chromatography

This ‘polishing’ purification step can be omitted in order to reduce protein loss.
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following the ion exchange step. Fractions containing p53 were pooled, concentrated
to ~10 ml and loaded onto a HiLoad 16/60 Superdex 75 pg column (GE Healthcare;
120 ml) equilibrated with 25 mM sodium phosphate buffer (pH 7.2), 4 mM DTT and
200 mM NacCl. Protein was eluted under isocratic conditions and fractions containing

p53 were treated as described in Section 2.2.7.1.

2.2.8 Protein Gel Electrophoresis

Proteins were analysed on the basis of their molecular weight by protein gel
electrophoresis. Denaturing protein loading buffer [210] was added to each sample
prior to heating in a boiling water bath for 5 min. Samples were separated on pre-cast
NUPAGE 12% Bis-Tris gels (Invitrogen) in MES buffer (Invitrogen) at 200 V for
~1 h. Gels were visualised with Coomassie Brilliant Blue [210] or GelCode Blue

Stain Reagent (Pierce).

2.2.9 DNA-Binding Assay

Specific DNA-binding activity of recombinant human p53 core domain was assessed
by electrophoretic mobility shift assay (EMSA). 0, 200, 400 or 600 ng of purified
p53 core domain was incubated with 60 ng of 3P end-labeled double-stranded
p21 promoter [211] (5"-TGGCCATCAGGAACATGTCCCAACATGTTGAGCTCT
GGCA-3" and 5-TGCCAGAGCTCAACATGTTGGGACATGTTCCTGATGGCC
A-37), 1 ug of poly(deoxyinosinic-deoxycytidylic) acid (Poly[dI-dC]-Poly[dI-dC])
and 0.5 pg of salmon sperm DNA (Invitrogen) in 30 mM HEPES (pH 7.5), 50 mM
KCI, 5% glycerol (v/v), 4 mM DTT, 0.6 mg/ml bovine serum albumin (BSA) and
0.5% triton-X-100 (v/v) in a total volume of 12 ul on ice for 30 min. Specific p53-
DNA binding was verified using a competition assay. A sample containing 400 ng of
p53 core domain was prepared as described above, with the addition of 600 ng of
unlabeled (“cold”) p21 promoter. DNA loading buffer [210] was added to each
sample followed by separation on a 5% nondenaturing polyacrylamide Tris borate
gel [210] at 35 mA and 4°C for ~3 h. The gel was dried onto filter paper and

visualised by phosphorimaging.
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2.3 Protein Chemistry
2.3.1 Reaction Buffer

Unless stated otherwise, all protein alkylation and oxidation experiments were
performed in 25 mM sodium phosphate (pH 7.2), 100 mM KCI, 0.2 mM EDTA and
20% glycerol (v/v). Buffer exchange from storage to reaction buffer was performed
using PD MiniTrap G-25 columns (GE Healthcare).

2.3.2 Protein Concentration

Protein concentration was determined using the BCA Protein Assay Kit (Pierce) or
from Asgonm Using the extinction coefficient € = 17,130 M™* cm™ [212]. Azgonm Was
measured using a NanoDrop Spectrophotometer ND-1000 (Thermo Scientific).

2.3.3 Cysteine Akylation

2.3.3.1 Confirmation of Free Cysteine Residues

p53 core domain (30 uM) in 6 M guanidine-HCI and 25 mM sodium phosphate
(pH 7.2) was incubated with 20 mM N-ethylmaleimide (NEM) for at least 10 min
followed by desalting with off-line reverse phase LC (see Section 2.4) and analysis
by MS.

2.3.3.2 Concentration-Dependent Alkylation
Wild-type or mutant p53 (35 uM) was incubated with 0 mM, 0.05 mM, 0.1 mM,
0.2 mM, 0.5 mM, 1 mM, 2 mM or 5 mM NEM for 15 min at 22°C or 37°C. At 22°C,
cysteine alkylation was quenched by the addition of dithiothreitol (DTT) to a final
concentration of 25 mM. At 37°C, alkylation was quenched by TCA precipitation
(see 2.3.5) and precipitated protein was re-suspended in 6 M guanidine-HCI, 25 mM
sodium phosphate (pH 7.2) and 25 mM DTT. Quenched samples were analysed by
on-line LC-MS.

For top-down MS, p53 incubated with 0.1 mM NEM for 15 min was quenched
by DTT and desalted by off-line reverse-phase LC. The fraction containing intact
NEM-labelled p53 was manually collected and directly infused into the mass

spectrometer.
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2.3.3.3 Time-Dependent Alkylation

Wild-type or mutant p53 (35 uM) was incubated with 1 mM (22°C ) or 0.5 mM
(37°C) NEM and aliquots were removed at various time points. Alkylation was
quenched with DTT or TCA precipitation as described above, followed by on-line
LC-MS.

2.3.4 p53 Oxidation
2.3.4.1 H20: Titration
p53 core domain (15 uM) in 100 mM ammonium acetate was incubated with 0 mM,
1 mM, 2 mM or 10 mM hydrogen peroxide (H,O;) for 1 min at room temperature.
The reaction was quenched by a 5 fold dilution with denaturing MS solution (50%
methanol and 0.1% formic acid), followed by direct infusion into the mass

spectrometer.

2.3.4.2 H202 Oxidation Over Time

Wild type or mutant p53 core domain (concentrations ranged from 100 — 150 uM and
are quoted in the text) was incubated with 4 mM H,0, on ice. Aliquots were
removed at various time points and oxidation was quenched by TCA precipitation.
The resulting protein pellet was re-suspended in 6 M guanidine hydrochloride and
25 mM sodium phosphate (pH 7.2) supplemented with 10 mM NEM. The reaction

was allowed to proceed for at least 10 min prior to on-line LC-MS.

2.3.4.3 Oxidation in the Presence of Excess Dimedone, Zn2+ or GSH

p53 was incubated with 4 mM H,0O, on ice for 1 h with the addition of either 5 mM
dimedone, 2 mM zinc sulfate or 2 mM glutathione (GSH). Oxidation was quenched
and free thiol groups were alkylated as described above. Protein was analysed by
on-line LC-MS.

2.3.5 TCA Precipitation
p53 was precipitated using trichloroacetic acid (TCA). Ice cold 20% TCA (w/v) was

added to protein samples in a 1:1 volume ratio followed by refrigeration on ice for
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20-30 min. Precipitated protein was collected by centrifugation at 13,000 rpm for

5 min and protein pellets were washed with 1% TCA (w/v).

2.3.6 Affinity Purification of Oxidised p53

2.3.6.1 Biotinylation

Oxidised, NEM-labelled p53 core domain was buffer exchanged into reaction buffer
containing 50 mM DTT followed by TCA precipitation. Precipitated protein was re-
suspended in 6 M guanidine-HCI and 25 mM sodium phosphate (pH 7.2)
supplemented with 0.4 mM EZ-Link Biotin-HPDP (Pierce). The reaction was

allowed to proceed for at least 1 h at room temperature prior to avidin capture.

2.3.6.2 Capture & Elution

Biotinylated p53 was buffer exchanged into 4 M guanidine-HCI, 25 mM sodium
phosphate (pH 7.2) and 200 mM KCI. Protein was mixed with monomeric avidin
agarose slurry (Pierce) in a 1:2 ratio (v/v). The immobilised avidin was collected by
centrifugation at 5,000 rpm and repeatedly washed with 25 mM sodium phosphate
and 200 mM KCI buffer. p53 was eluted from the immobilised avidin by re-
suspension in 4 M guanidine-HCI, sodium phosphate and KCI supplemented with
50 mM DTT. The p53-containing supernatant was removed and analysed by on-line
LC-MS. For top-down MS, off-line LC was performed and the fraction containing
intact NEM-labelled p53 was manually collected and directly infused into the mass

spectrometer.

2.3.7 Proteolytic Digestion

2.3.7.1 Trypsin or Lys-C Digestion of ZNEM-p53

Quenched samples of p53 treated with 0.1 mM NEM for 15 min at 22°C were
incubated with trypsin (Promega) or Lys-C (Roche) for 4 h at 37°C at an enzyme to
protein ratio of ~1:20 by weight. Following Lys-C digestion, precipitated protein was
collected by centrifugation at 13,000 rpm for 5 min and re-suspended in 6 M
guanidine-HCI, 25 mM sodium phosphate (pH 7.2) and 10 mM DTT.
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2.3.7.2 Trypsin Digestion of Oxidised p53

Precipitated p53 (~0.05mg) treated with H,O, for 1 h was re-suspended in 10 ul 6 M
guanidine and 25 mM sodium phosphate (pH 7.2) supplemented with 5 MM NEM.
The reaction was allowed to proceed for at least 5 min prior to reduction of the
guanidine concentration to 0.5 M by a 12 fold dilution with reaction buffer. Trypsin
was added to give an enzyme to protein ratio of ~1:40 by weight and the solution
was incubated at 37°C for 4 h.

2.3.7.3 Desalting
All digested samples were desalted and buffer exchanged into 50% acetonitrile and
0.6% formic acid using Cig ZipTip pipette tips (Millipore) prior to direct infusion

into the mass spectrometer.

2.4 Liquid Chromatography

Reverse-phase high performance liquid chromatography (HPLC) was performed
using an Ultimate 3000 HPLC system (Dionex) equipped with a monolithic PS-DVB
(500 um x 50 mm) reverse-phase analytical column (Dionex). Buffer A consisted of
2% acetonitrile and 0.1% formic acid, and Buffer B consisted of 80% acetonitrile and
0.1% formic acid. Protein (typically ~5 pmoles) was loaded directly onto the column
(maintained at 60°C) followed by a 5 min washing step (diverted to waste) with 4%
Buffer B. Protein was eluted from the column during a 10 min linear gradient from
4% - 100% Buffer B (20 pl/min flow rate).

On-line LC-MS was achieved by coupling the reverse-phase column to a
Triversa NanoMate (Advion BioSciences) for nano-electrospray ionisation
(nanoESI). Acquisition of LC-MS data was controlled by HyStar software (Bruker
Daltonics).

2.5 Mass Spectrometry
2.5.1 Sample Preparation

For direct MS analysis of purified recombinant wt and mutant p53 core domain,

protein was buffer exchanged into 50 mM ammonium acetate (~ pH 7) using
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PD MiniTrap G-25 columns (GE Healthcare) followed by dilution with the

appropriate MS solvent.

2.5.1.1 Denaturing Conditions
For denatured protein mass spectra, p53 was typically diluted to a concentration of
~10 uM with 50% methanol (MeOH) and 0.1% formic acid.

2.5.1.2 Native Conditions
For native protein mass spectra, p53 was typically diluted to a concentration of ~15
uM with 50 mM ammonium acetate (~pH 7) and 10% MeOH was added to aid

desolvation.

2.5.2 Ionisation Source

2.5.2.1 ESI

Electrospray ionisation was achieved using an electrospray nebulizer (Bruker
Daltonics). The capillary voltage and end plate offset were typically 4500 V and
-500 V respectively.

2.5.2.2 Nano-ESI

Nano-electrospray ionisation (nESI) was achieved using the TriVersa NanoMate
(Advion BioSciences). The NanoMate was operated in ‘infusion’ mode for direct
infusion of protein/peptide samples into the mass spectrometer or ‘LC chip coupling’
mode for on-line LC-MS. Gas pressure was typically ~0.4 psi and spray voltage
~1.5kV.

2.5.3 FT-ICR Mass Spectrometry

All mass spectra, with the exception of those displayed in Figures 3.8, 4.3, 4.14, 4.15
and 4.16, were recorded on an apex-Qe FT-ICR mass spectrometer equipped with a
12 Tesla superconducting magnet (Bruker Daltonics). The remaining spectra were
recorded on a solariX FT-ICR mass spectrometer equipped with a 12 T magnet

(Bruker Daltonics). Source pressure was typically ~4x10® mbar. lon and source
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accumulation times were typically 0.7 s on the apex-Qe and 0.1 s on the solariX
instrument. lons were trapped using a 6 cm x 10 cm Infinity cell Penning trap
(Bruker Daltonics), and the front and back plate trapping potentials were typically
1.4V on the apex-Qe, and 0.4 V and 0.6 V respectively on the solariX. Trapped ions
were excited by a frequency chirp and detected over an m/z range of 500-3800 for
denaturing conditions, and an m/z range of 800-4000 for native conditions. Direct
infusion spectra were typically the sum of 100 acquisitions. Each individual LC-MS
spectrum was the sum of 2 acquisitions. Transient data size was 512 kword for each
acquisition and sine-bell multiplication apodization was applied to each transient

during FT-MS post-processing.

2.5.4 Tandem FT-ICR Mass Spectrometry

MS/MS was performed on an apex-Qe FT-ICR mass spectrometer. Specific ion
species were isolated using the mass resolving quadrupole and MS/MS was
performed using either collision-induced dissociation (CID) or electron capture
dissociation (ECD). lon accumulation time was often increased to at least 1 s in order
to maximise ion abundance. Fragmentation spectra were the sum of 100-500

acquisitions over a typical m/z range of 500-3800.

2.5.4.1 CID

Typical collision energy values for fragmentation of intact p53 or the p53 peptide
GIn165 - Lys291 were between -10 and -22 eV. The collision energy used to
fragment the p53 tryptic peptide VCACPGR was -29 eV.

2.5.4.2 ECD

For ECD fragmentation of intact p53 or the p53 peptide GIn165 - Lys291, 1.8 A was
applied to the hollow dispenser cathode (HeatWave Technologies) and pulse lengths
were between 8 -18 ms. The ECD lens and bias voltages were typically 20.0 V and
1.2 V respectively.
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2.5.5 Calibration

All mass spectra were calibrated externally using ESI tuning mix (1 in 20 dilution

with acetonitrile) or ESI-L low concentration tuning mix (Agilent Technologies).

2.5.6 Data Analysis

All mass spectra were analysed using DataAnalysis software (Bruker Daltonics).

2.5.6.1 Isotope Modelling and Mass Error

Isotope distributions of specific charge states were predicted from theoretical
empirical formulae (determined using Bruker Daltonics IsotopePattern software).
These were overlaid upon recorded experimental distributions as scatter plots, with
the theoretical apex of each isotope peak designated by a circle. Mass measurement
error (MME) was calculated in parts per million (ppm) from the most abundant
isotope peak of a specific charge state using the following equation, where mey is the

experimental m/z (or mass in Da) and mcy is the calculated m/z (or mass in Da) [213]:

MME (ppm) = Mex = Meay. x10°
m

cal

2.5.6.2 Neutral Spectra
Neutral spectra were created using Maximum Entropy deconvolution and relative

ratios of alkylated forms of p53 were calculated from peak heights [214].

2.5.6.3 Fragmentation Data

The SNAP algorithm was used for automated monoisotopic peak peaking of
fragmentation spectra. The resulting mass lists were searched for b and y or ¢ and z
ions corresponding to each permutation of the relevant amino acid sequence
modified with the relevant number of NEM groups using BioTools software (Bruker
Daltonics). Each permutation was then ranked by the associated number of assigned

non-redundant fragments ions and the highest-ranked results were further
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interrogated using Prosight PTM software [215]. Mass error tolerances were

exclusively 10 ppm.

2.5.6.4 Trypsin Digest Spectra

Monoisotopic peak lists were generated as described above and searched for tryptic
peptides corresponding to the relevant form of alkylated p53 using BioTools
software (Bruker Daltonics). Three missed cleavages were allowed and the error
tolerance was 10 ppm. Mass spectra of digested oxidised p53 were also manually

searched for crosslinked peptides.

2.6 X-ray Crystal Structures
X-ray crystal structures were obtained from the RCSB Protein Data Bank (PDB).
Figures were generated using PyMol software (DelLano Scientific) and PDB IDs are

stated in the figure captions and in the text.



Chapter 3: Recombinant p53 Core Domain

55



Chapter 3. Recombinant p53 Core Domain 56

3.1 Introduction

All experiments detailed in this thesis were performed using recombinant human p53
core domain (a.a. residues 94-312). As described in Section 1.2.3, the core domain
contains each of the ten cysteine residues in human p53 and comprises an
independently folded, compact structural region of the full length protein. This
domain is responsible for the specific DNA-binding function of p53 and contains the
majority of mutation sites that are identified in human cancers [66, 68, 72, 81]. There
are several major advantages associated with studying the p53 core domain rather
than the full length protein, which is very sensitive towards thermal denaturation and
spontaneously unfolds and aggregates at physiological temperature in vitro [216,
217].

Recombinant expression of full length p53 in E. coli results in the accumulation
of insoluble inclusion bodies and several denaturing and renaturation steps are
required for purification of the folded active protein, often resulting in low yields
[218, 219]. Soluble, folded full length p53 can successfully be expressed in insect
cells using a baculovirus expression system. However, the protein will be post-
translationally modified resulting in a heterogeneous protein mixture [220]. The p53
core domain is known to be more stable in solution than full length p53 [217], and
recombinant expression in E. coli provides soluble, unmodified protein which
requires a simple one- or two-step purification procedure, resulting in a moderate
protein yield (~5 mg/L of cell culture). Moreover, because dissociation efficiency
decreases as protein size increases [131], top-down fragmentation of the p53 core
domain is likely to yield higher sequence coverage and to provide more
unambiguous information about the location of Cys-modifications when compared to
a similar analysis of full length p53. At 46 kDa, full length p53 is near to the ~50
kDa dissociation limit using post-source fragmentation techniques, whereas at
25 kDa, the core domain is well within this limit [165]. Clearly, the disadvantage of
only studying the core domain is that the affect of the N-terminal transactivation

domain and C-terminal regulatory domain on cysteine reactivity will be unknown.



Chapter 3. Recombinant p53 Core Domain 57

Table 3.1 Average molecular masses of p53 variants studied for this thesis.

Average Molecular Mass / Da

Variant apo holo

wt p53 24,550.64 24,616.04
C182S and C277S 24,534.57 24,599.97
C182/277S 24,518.51 24,583.90

In this chapter a brief account of the expression and purification of wild type (wt)
and several mutant forms of the p53 core domain is provided (see Section 2.2 for a
detailed description of the expression and purification methods), together with a
description of the initial characterisation of the recombinant p53 variants by FT-ICR
mass spectrometry. The specific DNA-binding activity of wt p53 core domain was
also assessed. For reference, the average molecular masses of the apo (no zinc) and
holo (zinc bound) forms of the p53 variants described in this thesis are listed in
Table 3.1.

3.2 Expression and Purification

Untagged human p53 core domain was overexpressed from the pRSET(A) vector in
E. coli C41(DE3). E. coli C41(DE3) is a mutant strain of BL21(DE3), which is often
used for over-production of toxic or insoluble recombinant proteins [221, 222]. p53
core domain was initially purified on the basis of its charge using ion exchange
chromatography [223]. A typical cation exchange chromatogram for wt p53 (purified
on a 10 ml Resource S column) is shown in Figure 3.1A. At pH 7.2, p53 core domain
elutes at a NaCl concentration of approximately 200 mM.

The level of p53 purity obtained from ion exchange chromatography was
sufficient for the experiments described throughout this thesis. However, protein
purity can be increased by performing gel filtration chromatography (purification of
the basis of molecular weight) [223] following the ion exchange step. A typical gel
filtration chromatogram for wt p53 core domain is shown in Figure 3.1B. A single
symmetrical peak was obtained, indicating protein homogeneity, and the volume at

which the protein eluted corresponded to the monomeric form of p53 core domain
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Figure 3.1 Purification of wt p53 core domain. (A) lon exchange chromatogram. Purification
on the basis of protein charge using a Resource S cation exchange column over a NaCl
gradient from 0-1 M. (B) Gel filtration chromatogram. Purification on the basis of molecular

weight using a Superdex 75 column under isocratic conditions.
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Figure 3.2 Purification of wt p53 core domain. Protein gel electrophoresis of supernatant
containing soluble protein from lysed E. coli (S/N), combined protein-containing fractions
from ion exchange chromatography (I/E) and combined protein-containing fractions from gel
filtration chromatography (G/F). The molecular weight (M,) of the purified protein is
consistent with the M,, of p53 core domain (25 kDa).

(based on the calibration curve for the column used). p53 overexpression and
purification by ion exchange and gel filtration chromatography was checked by
protein gel electrophoresis (see Figure 3.2). Protein bands are consistent with the
molecular weight of p53 core domain and the gel indicated < 95% purity.

A typical yield of wt p53 core domain was found to be ~4 mg/L of cell culture.
Interestingly, the yield of each of the cysteine to serine mutants was ~6 mg/L of cell

culture.

3.3 Characterisation by FT-ICR Mass Spectrometry

3.3.1 Denaturing Conditions
Recombinantly produced wt p53 core domain was analysed by nESI FT-ICR mass
spectrometry under protein denaturing conditions (50% methanol, 50% water and

0.1% formic acid). A typical mass spectrum is shown in Figure 3.3. The charge state
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Figure 3.3 nESI FT-ICR MS of recombinant p53 core domain recorded under denaturing
conditions. (A) Charge state distribution. (B) 19+ charge state. The simulated isotope
distribution is consistent with the experimental isotope distribution for unmodified p53 core

domain (empirical formula [C10ssH1692N3210324S16] " *; 5 ppm MME).
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Figure 3.4 nESI FT-ICR MS of recombinant p53 core domain recorded under native
conditions. (A) Charge state distribution. (B) 9+ charge state. The simulated isotope
distribution is consistent with the experimental isotope distribution for p53 core domain non-

covalently bound to one zinc ion (empirical formula [01055H1680N32103248162n]9+; ;. MME

<1 ppm).
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distribution is relatively broad, from [M + 11H]** to [M + 29H]***, consistent with
the protein being denatured and losing its native fold. The simulated isotope
distribution for the 19+ charge state of apo wt p53 core domain is consistent with the
experimental isotope distribution, confirming that recombinant p53 core domain is
unmodified and that each Cys residue is in the reduced form. As expected, the non-
covalent interaction between p53 and zinc was not retained under these denaturing
conditions. The deconvoluted mass of apo-p53 calculated from the most abundant
measured isotope was 24,550.2743 Da. This varied from the theoretical deconvoluted

mass by 0.1178 Da, corresponding to an MME of 5 ppm.

3.3.2 Native Conditions

Recombinant wt p53 core domain was analysed by nESI FT-ICR MS under native
conditions (50 mM ammonium acetate ~pH 7 and 10% methanol). A resulting mass
spectrum is shown in Figure 3.4. The most abundant molecular ion has a charge of
9+, compared to 19+ for p53 in denaturing conditions, and the predominate charge
states form a much narrower distribution than the distribution that is observed in the
spectrum for denatured p53. The theoretical isotope distribution for the 9+ charge
state of holo-p53 core domain is consistent with the experimental isotope
distribution, illustrating that the non-covalent interaction between p53 and one Zn?*
ion was retained. No apo-p53 was detected in the spectrum. However, adducts of
98 Da were observed, corresponding with the non-covalent interaction between p53
and either an inorganic phosphate ([H.PO,]) or sulfate ([HSO,]) ion. The
deconvoluted mass of holo-p53 calculated from the most abundant measured isotope
was 24,615.0065 Da. This varied from the theoretical deconvoluted mass by 0.0117
Da, corresponding to an MME of less than 1 ppm.

Zinc is known to induce p53 to fold into its active wt conformation [90].
Therefore, the data shown here indicate that recombinant wt p53 core domain is
correctly folded into its native, active conformation. The p53 DNA-binding domain
has been shown to cycle through various folded, unfolded and partially folded states

in vitro [91, 224, 225]. A distribution of low abundance charge states, from 11+ to
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Figure 3.5 Confirmation of free cysteine residues in recombinant p53 core domain. p53 was
incubated with the thiol alkylating reagent N-ethylmaleimide (NEM; 125 Da) followed by FT-
ICR MS analysis. The observed mass shift from untreated p53 was consistent with the
addition of 10 NEM groups.

14+, was observed in the native mass spectrum of p53 core domain. These low
abundance species of intermediate charge may represent a partially unfolded form of
holo-p53. Unfolding of the p53 DNA-binding domain could be further interrogated
by recording ESI mass spectra over a range of pH values [151, 152].

3.3.3 Confirmation of Free Cysteine Residues

In order to test for the presence of ten free thiol groups in the recombinant p53 core
domain, purified wt p53 (~30 uM) was incubated with an excess of the thiol
alkylating reagent N-ethylmaleimide (NEM; 125 kDa; 20 mM) followed by off-line
reverse phase liquid chromatography (LC) and analysis by nESI-FT-ICR MS. In
Figure 3.5, the resulting mass spectrum is overlaid upon a mass spectrum of

untreated p53 core domain to illustrate the mass increase upon reaction with NEM.
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The 1250 Da mass increase is consistent with the addition of 10 NEM groups,
confirming the presence of 10 Cys residues in the reduced form. Interestingly, a
small degree of p53 core domain modified with 8 NEM groups was also observed,
suggesting that one disulfide bond was present. This observation is discussed further
in Chapter 5.2.

3.4 DNA-Binding Assay

In order to verify correct protein folding, purified wt p53 core domain was assessed
for its specific DNA-binding activity by electromobility shift assay (EMSA). p53
(0 ng, 200 ng, 400 ng and 600 ng) was incubated with a *P-labelled consensus DNA
sequence followed by separation on a non-denaturing polyacrylamide gel, as shown
in Figure 3.6. It can be seen that as p53 concentration increased, the formation of a
protein-DNA complex increased, and the amount of free consensus DNA (free
probe) decreased. The addition of an excess of unlabeled consensus DNA (cold
probe) resulted in a decrease in p53-DNA signal, indicating that the unlabeled DNA
was competing with the labelled DNA for the same binding site, and that the
p53-DNA interaction was specific. These results suggest that recombinantly

produced p53 core domain was in its native folded form.

3.5 p53 Cysteine Mutants
Several experiments described in this thesis involved the analysis of p53 core domain
in which the cysteine residues had been mutated to serine residues. Serine is
structurally similar to cysteine, the only difference being the substitution of the thiol
group (-SH) for a hydroxyl (-OH) group. Oxygen is far more electronegative than
sulfur. Therefore, thiols are generally better nucleophiles than analogous oxygen
compounds, and unlike cysteine, serine is not susceptible to oxidation. Cys-Ser
mutations can, therefore, be used to investigate sites of Cys-modification whilst
limiting the effect on protein conformation.

The p53 core domain Cys-Ser mutants studied for this thesis were C182S, C277S
and the double mutant C182/277S. Site-directed mutagenesis was performed in order
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Figure 3.6 Specific DNA-binding of recombinant p53 core domain. Wt p53 (0 ng, 200 ng,
400 ng or 600 ng) was incubated with ¥p_labeled p21 promoter and analysed by
electromobility shift assay (EMSA). Specific DNA-binding was verified by the addition of an

excess of unlabeled p21 promoter (cold probe).

to create the necessary single point mutations in the p53 gene insert of plasmid DNA
and each Cys mutant was expressed and purified following the methods described
above. Each mutant was analysed by reverse phase LC FT-ICR MS and the resulting
isotope distributions are displayed in Figure 3.7. The theoretical isotope distribution
is consistent with the experimental isotope distribution for each mutant,
corresponding to the correct replacement of a Cys residue with a Ser residue in each

case.
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Figure 3.7 Isotope distributions of recombinant p53 core domain cysteine to serine mutants.
Theoretical isotope distributions are consistent with the experimental isotope distributions of
(A) p53C182S (20+ charge state; empirical formula [CiossH1603N3210525S1s]°"; *) (B)
p53C277S (29+ charge state; empirical formula [01055H1702N321O325815]29+; ) and (C)
p53C182/277S (32+ charge state; empirical formula [C1gssH1705N3210326S14]>>"; *). The MME

for each species is 3 ppm.
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Figure 3.8 ESI FT-ICR mass spectra of recombinant wt and mutant p53 core domain
recorded under native MS conditions. (A) wt p53 (B) p53C182S (C) p53C277S and (D)
p53C182/277S. The native charge state distributions of the Cys mutants are consistent with

the charge state distribution of native wt p53, indicating correct folding of the p53 core

domain mutants.
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Each Cys mutant was also analysed by ESI®-FT-ICR MS under native
conditions in order to evaluate the affect of the mutations on zinc-binding and protein
folding. The mass spectra of the mutant proteins display similar charge state
distributions to the wt protein (see Figure 3.8) and the deconvoluted masses were
consistent with the theoretical relative molecular masses for holo C182S, C277S and
C182/277S. Taken together, these observations show that recombinant p53 core
domain Cys-Ser mutants retain the ability to bind to Zn?* and suggest that each
mutant was correctly folded in solution.

3.6 p53 Cancer Mutant R175H
Arginine 175 is one of the six most frequently mutated residues in p53 found in
human cancers (along with G245, R248, R249, R273 and R282), with mutation to a
histidine residue being the most predominate substitution [226]. Of the most
commonly occurring p53 cancer hotspot mutants, R175H has the lowest
thermodynamic stability [212, 227] and displays a substantially enhanced rate of
Zn** loss compared to wt p53 [91]. Recombinant expression and purification of p53
core domain mutant R175H was attempted in order to interrogate the zinc-binding
and cysteine redox properties of this important, predominately unfolded, cancer
mutant using high resolution FT-ICR mass spectrometry. It has been proposed that
the R175H mutant is prone to cysteine oxidation, due to perturbation of the
tetrahedral geometry of the zinc-binding domain [118]. FT-ICR MS of p53 core
domain R175H has the ability to unambiguously determine the oxidation state of
each of the 10 Cys residues in this protein, as demonstrated in Chapters 4 and 5.
Site-directed mutagenesis was performed in order to create the single point
mutation in the plasmid DNA necessary to code for His instead of Arg at codon 175.
The correct sequence over the p53 encoding region of the plasmid was confirmed by
DNA-sequencing. However, the protein expression protocol described in Chapter 2.2
repeatedly failed to result in overexpression of the R175H mutant. Low-level

expression of R175H did occur, as confirmed by FT-ICR MS, following ion

$Standard ESI was found to be more effective than nano-ESI for FT-ICR MS of p53 under
native conditions.
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exchange chromatography and extensive concentration of the FPLC fraction at the
expected time of protein elution (data not shown). The protocol for recombinant
expression of R175H p53 core domain described in Ref. [212] was also followed,
and the Invitrogen Cell-Free Expression System was used. However, neither of these
methods resulted in overexpression of R175H p53. Steps that can be taken in the
future to try and induce the recombinant overexpression of p53 R175H mutant
include lowering the expression temperature to 18°C [91] and supplementing the
growth medium with Zn*" in an attempt to prevent aggregation [91]. Additionally,
alternative strains of E. coli could be tested, such as the BL21 Star (DE3) strains

(available from Invitrogen), which have increased mRNA stability [228].



Chapter 4: Identification of Reactive
Cysteine Residues

70



Chapter 4. Identification of Reactive Cysteine Residues 71

4.1 Introduction

As described in Chapterl.1.2, the reactivity of cysteine residues varies depending on
the pK, of the thiol proton. For example, the two reduced Cys residues present in the
active site of E. coli thioredoxin, Cys32 and Cys35, display markedly different
reactivity towards the thiol alkylating reagent iodoacetic acid at pH 8.0, due to their
respective pK, values of 6.2 and 9.0 [229].

The relative reactivity of each cysteine residue within p53 is yet to be clearly
defined. This is due, in part, to an inability of the methods used previously to
determine the modification/oxidation state of each of the 10 Cys residues within p53.
Here, the reactivity of p53 Cys residues towards alkylation with the thiol-derivatizing
reagent N-ethylmaleimide (NEM; Figure 4.1) has been investigated [230]. NEM is a
a,pB-unsaturated carbonyl compound and nucleophilic thiols undergo conjugate
addition to the electrophilic C=C double bond (isolated C=C double bonds are
nucleophilic but C=C double bonds conjugated with carbonyl groups are
electrophilic) [231]. The addition of one NEM group to a Cys residue corresponds

with a monoisotopic mass increase of 125.0477 Da.

0
0
CysS-H + || NJ — Cys—S—q
~N~
0 0

Figure 4.1 Alkylation of cysteine by N-ethylmaleimide (NEM).

Interestingly, NEM has been shown to have a concentration-dependent affect on
specific DNA-binding of p53. Relatively low concentrations of NEM have
previously been shown to increase binding of p53 to a consensus oligonucleotide
[232], whereas an excess of NEM has been shown to result in decreased DNA-
binding [95]. A similar trend has also been observed for alkylation of wt and mutant

p53 by the anti-tumour maleimide compound MIRA-1 and its analogues [115].
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FT-ICR mass spectrometry of intact p53 core domain alkylated under various
conditions has revealed that alkylation of p53 proceeds in distinct steps. Furthermore,
the use of top-down and middle-down MS allowed the oxidation/modification state
of each of the 10 Cys residues to be defined, thus revealing the most reactive
cysteine residues present in the p53 tumour-suppressor protein and providing

evidence for their role in p53 redox-regulation.

4.2 Alkylation of p53 Cysteine Residues

4.2.1 Concentration Dependence

p53 core domain (35 puM) was incubated with increasing concentrations of NEM for
15 min at 22°C. Cysteine alkylation was quenched by the addition of an excess of the
thiol-containing reducing agent dithiothreitol (DTT) and the degree of p53 alkylation
was monitored by reverse-phase on-line liquid chromatography FT-ICR MS. Neutral
mass spectra were created using maximum entropy deconvolution and the relative
ratio of alkylated/non-alkylated forms of p53 were calculated from MS peak heights.
This method for measuring the relative amounts of differentially modified proteins is
based on the principle that the ionisation efficiency of an intact protein (> ~10 kDa)
is not significantly affected by its PTM state [233, 234].

The neutral mass spectra are shown in Figure 4.2A and clearly show that, at low
concentrations of alkylating reagent (NEM <1 mM), p53 was predominantly
modified with two NEM groups (2NEM-p53), and at higher concentrations of
alkylating reagent (NEM > 1 mM), p53 was predominately modified with 10 NEM
groups, i.e. all Cys residues had been alkylated. At 0.1 mM NEM, 80% of p53 was
dialkylated and at 2mM NEM, 67% of the protein was fully alkylated.
Approximately 100% of p53 had been converted to 10NEM-p53 with 5 mM NEM.
Interestingly, the formation of tri-alkylated p53 correlated with the formation of fully
alkylated p53, and only relatively small amounts of species with intermediate stages
of alkylation (ANEM-p53 — 9NEM-p53) were detected. At 1 mM NEM, 34% of p53
was dialkylated, 29% of p53 was fully alkylated, 5% of p53 was modified with four
NEM groups, 5% of p53 was modified with five NEM groups and 3% of p53 was
modified with six NEM groups.
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Figure 4.2 Reaction of p53 core domain with N-ethylmaleimide. (A) NEM titration. p53 was
incubated with varying concentrations of NEM for 15 min. Deconvoluted mass spectra are
shown. (B) Cysteine alkylation over time. p53 was incubated with 1 mM NEM and

deconvoluted mass spectra are shown for various time points.
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Figure 4.3 Isotope distributions of p53 core domain recorded before and after alkylation with

NEM. Theoretical isotope distributions are consistent with the experimental isotope
distributions for (A) fully reduced unmodified p53 core domain (24+ charge state; empirical
formula [C1055H1697N3210324516]24+; *; 2 ppm MME) (B) 2NEM-p53 (22+ charge state;
empirical formula [Cios7H1709N3230328S16]>7; =i 3 ppm MME) (C) 3NEM-p53 (22+ charge
state; empirical formula [C1o73H1716N3240330S16]°> " *; 3 ppm MME) and (D) 10NEM-p53 (22+

charge state; empirical formula [C1115H176sN3310344S16]7; *; 1 ppm MME).
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The identity of each p53 species was confirmed by comparison of the theoretical
isotope distributions with the experimental isotope distributions observed in the

undeconvoluted spectra (see Figure 4.3). The MME for each species was < 4 ppm.

4.2.2 Time Dependence

To monitor the time dependence of alkylation, p53 (35 pM) was incubated with
1 mM NEM at 22°C, and the reaction was quenched with an excess of DTT at
various time points followed by on-line LC FT-ICR MS. The neutral mass spectra
(see Figure 4.2B) clearly show that two Cys residues in p53 react rapidly to form a
dialkylated species. After 5 s, 32% of p53 was monoalkylated and 63% of p53
dialkylated. By 15 s, the proportion of 2NEM-p53 had increased to 85% and by the 1
min time point 100% of p53 had been dialkylated. Alkylation of a third Cys residue
was not apparent until 5 min, at which point the formation of 10NEM-p53 was also
observed.

Taken together, the concentration and time-dependence results show that
alkylation of p53 cysteine residues proceeds in distinct steps. Initially, two Cys
residues are alkylated to form a stable dialkylated species. An increase in NEM
concentration or time results in alkylation of a third Cys residue, which appears to
trigger rapid alkylation of the remaining seven Cys residues, illustrated by the
relative low abundance of intermediate stages of alkylated p53 in the mass spectra.

4.2.3 Alkylation at Physiological Temperature

The p53 core domain is known to have a low thermodynamic stability [235] and to
unfold at body temperature [236]. Therefore, concentration and time dependence of
p53 alkylation was investigated at 37°C. p53 (35 uM) was incubated with increasing
concentrations of NEM for 15 min, or 0.5 mM NEM was incubated with p53 for
increasing amounts of time. Protein precipitation was observed at 37°C. Hence,
cysteine alkylation was quenched by TCA precipitation followed by re-suspension of
protein in 6 M guanidine and 25 mM DTT. This ensured that all protein was in
solution prior to LC FT-ICR MS analysis.
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Figure 4.4 Reaction of p53 core domain with N-ethylmaleimide at physiological temperature.
(A) NEM titration. p53 was incubated with varying concentrations of NEM for 15 min at 37°C.
Deconvoluted mass spectra are shown. (B) Cysteine alkylation over time. p53 was incubated

with 0.5 mM NEM at 37 °C. Deconvoluted mass spectra are shown for various time points.
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It is evident from the neutral mass spectra shown in Figure 4.4 that a similar
pattern of p53 alkylation occurs at 37°C; namely initial reaction of two Cys residues
to form a stable dialkylated species, followed by direct conversion of 3SNEM-p53 to
10NEM-p53 upon increasing NEM concentration or time. At a NEM concentration
of 0.1 mM, 46% of p53 was dialkylated and 20% of p53 was fully alkylated. At the
1 min time point, 68% of p53 was dialkylated and 14% of p53 was fully alkylated.
By 5 min these values had decreased and increased to 17% and 69% respectively. As
observed at 22°C, minimal intermediate stages of alkylated p53 were detected,
providing further evidence that alkylation of a third Cys triggers cooperative
alkylation of the remaining seven Cys residues.

As expected, alkylation of p53 occurs at a faster rate at 37°C than at ambient
temperature. At 37°C, 0.2 mM NEM resulted in 68% of p53 becoming fully
alkylated, compared to 3% at 22°C. 69% of p53 was fully alkylated by the 5 min
time point with 0.5 mM NEM at 37°C, whereas only 15% of p53 was converted to
10NEM-p53 by this time with 1 mM NEM at 22°C.

Intriguingly, increased formation of p53 salt adducts was observed at body
temperature compared to ambient temperature, most prominent being [M + K*] and
[M + K" + Na'].

4.3 Identification of Reactive Cysteine Residues

4.3.1 Top-Down FT-ICR Mass Spectrometry

Top-down FT-ICR mass spectrometry was employed in order to identify the two
cysteine residues in p53 that are initially alkylated by NEM. p53 core domain was
incubated with 0.1 mM NEM for 15 min, quenched with DTT followed by off-line
reverse phase HPLC, and the p53 containing fraction was manually collected and
directly infused into the mass spectrometer. Individual charge states of the
2NEM-p53 species (26+, 29+, 31+ and 32+) were sequentially isolated and
fragmented using collision-induced dissociation (CID) or electron capture
dissociation (ECD). A typical CID and ECD spectrum of 2NEM-p53 is shown in
Figure 4.5 and Figure 4.6, respectively.
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Figure 4.5 Top-down FT-ICR MS of 2NEM-p53. (A) CID mass spectrum of the 32+ charge
state (776 m/z) of 2NEM-p53. (B) Expansion of the region 900-1000 m/z. Assigned b and y

ions are annotated.



Chapter 4. Identification of Reactive Cysteine Residues 79

uij ol |
| | |
1200 1400 1600

| I
800 1000

m/z

| | | | | |
900 920 940 960 980 1000
m/z
Figure 4.6 Top-down FT-ICR MS of 2NEM-p53 (A) ECD mass spectrum of the 32+ charge
state (776 m/z) of 2NEM-p53. (B) Expansion of the region 900-1000 m/z. Assigned c and z

ions are annotated.
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Table 4.1 Permutations of 2NEM-p53 that corresponded to the highest number of assigned
fragment ions resulting from top-down FT-ICR MS. The red circles indicate the positions of
the NEM adducts.

Number of

Rank Permutation Fragment lons'

1 199
1 199
2 197
2 197
3 181
3 181
4 179
4 179
5 176
5 176

"The number of non-redundant b, y, ¢ and z ions that corresponded with different
permutations of the p53 core domain primary sequence modified with two NEM
groups.
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Figure 4.7 The fragment map displays fragment ions resulting from CID and ECD
fragmentation of intact p53 core domain (Ser94 - Thr312) modified with two NEM groups.
Top-down FT ICR MS of 2NEM-p53 suggested that Cys182 was alkylated and that the
second NEM group was located on either Cys275 or Cys277.

The monoisotopic masses of the resulting fragment ions for 2NEM-p53 were
searched against theoretical fragment mass lists for each of the 45 permutations of
the p53 primary sequence modified with two NEM groups. Permutations of 2NEM-
p53 were ranked according to the number of corresponding non-redundant b, y, ¢ and
z ions. The ten combinations of NEM positions that were associated with the largest
numbers of assigned fragment ions are listed in Table 4.1. The highest number of
assigned fragment ions (199) corresponded with the two NEM groups located on
Cysl182 and either Cys275 or Cys277.”" Fragment ions associated with this
permutation of dialkylated p53 are shown in Figure 4.7. A fragment ion within
10 ppm MME was not observed between Cys275 and Cys277. Therefore, the
modification state of these two residues could not be unambiguously determined
from top-down MS alone. Taken together, fragments resulting from CID and ECD of

"Mass assignments for fragment ions corresponding to this permutation of 2NEM-p53 are
listed in Appendix B.1 (b and y ions) and B.2 (c and z ions).
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2NEM-p53 resulted in a total protein sequence coverage of 64%, and allowed the
modification/oxidation state of eight of the ten Cys residues in p53 to be
unambiguously determined.

Of the 340 ions identified in the CID spectrum of the 32+ charge state of
2NEM-p53 (see Figure 4.5), 96 (27%) were assigned as b and y ions (corresponding
with alkylation of Cys182 and Cys275 or Cys277), and of the 219 ions identified in
the ECD spectrum of the 32+ charge state (see Figure 4.6), 110 (50%) were assigned
as ¢ and z ions. This observation highlights the increase in side chain losses and
internal fragmentation that is typically observed for CID fragmentation of
polypeptides when compared to ECD fragmentation (see Chapter 1.5).

As is usual in top-down MS, the majority of fragment ions were observed at the
N- and C-termini of the intact protein (Figure 4.7) [135]. In order to increase the
number of inter-residue bonds cleaved over the internal region of the p53 core
domain and, therefore, to increase confidence in the assignments of Cys alkylation,

middle-down MS was performed.

4.3.2 Middle-Down FT-ICR Mass Spectrometry

Lys-C endoproteinase cleaves peptide bonds on the C-terminal side of lysine
residues. Cleavage of p53 with Lys-C results in a 127 amino acid peptide from
GIn165 to Lys291, containing the seven cysteine residues from Cys176 to Cys277.
Dialkylated p53 was incubated with Lys-C for 4 h, after which time a protein
precipitate was observed. The precipitated protein was collected by centrifugation,
re-suspended in 6 M guanidine supplemented with DTT, desalted and analysed by
nESI FT-ICR mass spectrometry. The resulting mass spectrum is shown in
Figure 4.8. Comparison of the theoretical isotope distribution for the p53 Lys-C
fragment GIn165 — Lys291 modified with two NEM groups (2NEM-p53,ys.c) with
the experimental isotope distribution confirmed the presence of ZNEM-p53, ys.c.

The solubility of a protein in an aqueous medium depends on a range of factors,
including the concentration of dissolved salts, polarity of the solvent, temperature

and pH [237]. A protein is least soluble when its isoelectric point (pl) is equivalent to
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Figure 4.8 Middle-down FT-ICR MS of 2NEM-p53. (A) nESI FT-ICR mass spectrum of
2NEM-p53 Lys-C digest precipitate following re-suspension in 6 M guanidine HCI and buffer
exchange. (B) 14+ charge state. The observed isotope distribution is consistent with the
simulated isotope distribution for the p53 Lys-C peptide GIn165-Lys291 modified with two
NEM groups (empirical formula [CGZ3H1006N1980200811]14+; *; 5 ppm MME).
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Figure 4.9 Middle-down FT-ICR MS of 2NEM-p53. (A) CID mass spectrum of the 21+
charge state (741 m/z) of 2NEM-p53,c. (B) Expansion of the region 800-900 m/z.

Assigned b and y ions are annotated.
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Figure 4.10 Middle-down FT-ICR MS of 2NEM-p53. (A) ECD mass spectrum of the 14+
charge state (1058 m/z) of 2NEM-p53,c. (B) Expansion of the region 700-900 m/z.

Assigned c and z ions are annotated.
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Table 4.2 Permutations of 2NEM-p53,,..c that corresponded to the highest number of
assigned fragment ions resulting from middle-down FT-ICR MS. The red circles indicate the

positions of the NEM adducts.

Number of

Rank Permutation Fragment lons'

1 132
2 131
3 125
4 124
S 115
6 112
7 108
7 108
8 105
9 101

The number of non-redundant b, y, ¢ and z ions that corresponded with different
permutations of the p53 Lys-C peptide GIn165 — Lys291 modified with two NEM
groups.
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Figure 4.11 Middle-down FT-ICR MS of 2NEM-p53. The fragment ion y162+ (empirical
formula [CszH141N3102981]2+; *; 2 ppm MME) supports alkylation of Cys277 by NEM.

the pH, i.e. when the net charge on the protein is zero. The estimated pl of the p53
core domain is 8.8, and the estimated pl of the p53 peptide GIn165 — Lys291 is 6.3
(calculated using ExPASy Compute pl/Mw tool). Lys-C digestion of p53 was
performed at pH 7.2, which would have resulted in a reduced net charge of
2NEM-p53, s.c compared to the intact protein. The proximity of the pl of GIn165 —
Lys291 to the pH of the buffer was most likely responsible for the observed
precipitation of 2ZNEM-p53 ys.c.

Individual charge states of the dialkylated GIn165 — Lys291 peptide (13+, 14+,
18+, 19+, 20+ and 21+) were isolated and fragmented by either CID or ECD. A
typical CID and ECD spectrum of 2NEM-p53 ys.c is shown in Figure 4.9 and
Figure 4.10, respectively.

The monoisotopic masses of the resulting fragment ions were searched against
theoretical fragment mass lists for each of the 21 permutations of the p53 peptide
GIn165 — Lys291 primary sequence, modified with two NEM groups. Table 4.2
shows the ten permutations of 2NEM-p53,ys.c ranked highest, according to the
number of assigned fragment ions. As with top-down MS, the highest number of

assigned ions (132) corresponded with a NEM group located on Cys182. The number
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Figure 4.12 Fragment map displaying ions resulting from CID and ECD fragmentation of p53
Lys-C peptide GIn165 - Lys291 modified with two NEM groups. Middle-down FT-ICR MS
suggested that Cys277 is alkylated and confirmed the alkylation of Cys182.

of assigned fragments between Cysl76 and Cys182 was increased from two
(observed in top-down MS) to seven, thus providing confirmation of Cys182 as an
alkylated residue. No fragment ions were observed that supported placement of a
NEM group on Cys176.

Middle-down FT-ICR MS of 2NEM-p53 resulted in one fragment ion between
Cys275 and Cys277, yi6°* (see Figure 4.11), which supported placement of the
second NEM group on Cys277. Alkylation of Cys182 and Cys277 was the
permutation of 2NEM-p53,ys.c with the highest number of assigned b, y, ¢ and z
ions.”™ The assigned ions associated with this permutation are displayed in Figure
4.12. In addition to a diagnostic fragment between Cys275 and Cys277, middle-
down FT-ICR MS resulted in an increase in sequence coverage from 53% (achieved
for the region GIn165 to Lys291 in intact 2NEM-p53) to 69%, and allowed the
oxidation/modification state of each of the seven Cys residues to be unambiguously
determined.

In order to verify alkylation of Cys277 by NEM, bottom-up FT-ICR MS was also

performed.

Mass assignments for fragment ions corresponding to this permutation of 2NEM-p53,s.c
are listed in Appendix B.3 (b and y ions) and B.4 (c and z ions).
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Figure 4.13 Bottom-up FT-ICR MS of 2NEM-p53. (A) nESI FT-ICR mass spectrum of
2NEM-p53 following trypsin digest and buffer exchange. Peaks corresponding to p53 tryptic
peptides are highlighted by ¢. Cys-containing peptides detected with the highest intensity are
annotated. (B) Sequence coverage obtained from FT-ICR MS of a tryptic digest of
2NEM-p53 (74%). Identified peptides are shown in bold.
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Figure 4.14 Bottom-up FT-ICR MS of 2NEM-p53. (A) Isotopic peaks corresponding to tryptic
peptide VCACPGR modified with one NEM group. The experimental isotope distribution is
consistent with the theoretical isotope distribution for the singly charged modified peptide
(empirical formula [Cs3HseN11010S,]"; *; MME 6 ppm). (B) CID mass spectrum of tryptic
peptide VCACPGR modified with one NEM group. Four y ions and a complementary b ion
confirmed alkylation of Cys277.
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4.3.3 Bottom-Up FT-ICR Mass Spectrometry

Cleavage of p53 with trypsin results in the peptide V274 — R280 (VCACPGR),
which contains the cysteine residues 275 and 277. Dialkylated p53 core domain was
incubated with trypsin and the resulting peptide mixture was desalted and analysed
by nESI FT-ICR MS without prior separation. The resulting mass spectrum is shown
in Figure 4.13A. A sequence coverage of 74% was achieved (Figure 4.13B) and five
out of the seven cysteine-containing tryptic peptides were detected. The absence of
Cys-containing peptides in the spectrum illustrates that use of the bottom-up FT-ICR
MS approach alone does not allow the oxidation state of each of the 10 Cys residues
to be determined. The peptide VCACPGR was detected here, and its mass-to-charge
ratio corresponded with the addition of one NEM group (830.370 m/z; see
Figure 4.14A). This peptide was isolated and fragmentated using CID. Four b ions
and one complementary y ion was observed that supported placement of the NEM
group on Cys277, displayed in Figure 4.14B.** No fragment ions were observed that
supported alkylation of Cys275. Bottom-up FT-ICR MS of 2NEM-p53 confirmed the
previous assignment of alkylation of Cys277.

4.4 Alkylation of p53 Cysteine Mutants
In order to verify the preferential cysteine reactivity of Cys182 and Cys277
determined by FT-ICR mass spectrometry on wt p53, alkylation of p53 cysteine to
serine mutants C182S, C277S, and the double mutant C182/277S, was performed.
Native MS indicated that each of the Cys mutants was correctly folded (see
Chapter 3.5). The p53 mutants (35 uM) were alkylated and analysed following the
protocol described for alkylation of wt p53 at 22°C. The resulting neutral mass
spectra are shown in Figure 4.15, 4.16 and 4.17.

As expected, only one cysteine residue was preferentially alkylated in C182S and
C277S, and no preferential alkylation was observed in C182/277S. In a similar
manner to wt p53, at low concentrations of NEM (< 1 mM), one Cys residue was

predominately alkylated in the single Cys mutants, and at higher concentrations of

**Mass assignments for fragment ions corresponding to mono-alkylated peptide VCACPGR
are listed in Appendix B.5.
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Figure 4.15 Reaction of NEM with the p53 core domain Cys mutant C182S. Reaction
conditions used were the same as described for wild type p53. Deconvoluted neutral FT-ICR
mass spectra are shown. (A) NEM Titration. (B) Alkylation over time.
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Figure 4.16 Reaction of NEM with the p53 core domain Cys mutant C277S. Reaction
conditions used were the same as described for wild type p53. Deconvoluted neutral FT-ICR
mass spectra are shown. (A) NEM Titration. (B) Alkylation over time.
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Figure 4.17 Reaction of NEM with the p53 core domain Cys mutant C182/277S. Reaction
conditions used were the same as described for wild type p53. Deconvoluted neutral FT-ICR
mass spectra are shown. (A) NEM Titration. (B) Alkylation over time.



Chapter 4. Identification of Reactive Cysteine Residues 95

NEM (> 1 mM) nine Cys residues were predominately alkylated. C182/277S was
predominately unmodified below 1 mM NEM, and fully alkylated, i.e. modified with
eight NEM groups, above 1 mM NEM. For both single Cys mutants, approximately
100% of protein was monoalkylated within 5 s with 1 mM NEM, and
alkylationbeyond one Cys residue was not observed until the 5 min time point. 100%
of the double mutant remained unmodified until 5 min, at which point 7% of the
protein was monoalkylated. For each p53 mutant, formation of a fully alkylated
species became notable with 1 mM NEM for 15 min, similar to wt p53. Relatively
small amounts of intermediate stages of alkylation were observed, between
dialkylated and fully alkylated C182S and C277S p53, or between monoalkylated
and fully alkylated C182/277S p53, providing further evidence that modification of a
particular Cys residue in p53 triggers the rapid alkylation of the remaining seven Cys
residues. The direct conversion of monoalkylated C182/277S p53 to the fully
alkylated form shows that prior alkylation of Cys182 or Cys277 is not required in
order to induce the alkylation of a third residue, and the subsequent cascade of Cys

alkylation.

4.5 Preferential Alkylation of Cys182 and Cys277
Top-down and middle-down FT-ICR MS identified Cys182 and Cys277 as the sites

of preferential alkylation in p53, and these assignments were confirmed by FT-ICR
MS analysis of p53 Cys-Ser mutants. Solvent accessibility values for each of the 10
thiol groups in p53 are listed in Table 4.3. These were determined from the X-ray
crystal structure of the p53 core domain unbound to DNA (PDB ID 20CJ) [85] using
Accelrys Discovery Studio 2.5 software. Cys182 and Cys277 are the most accessible
residues, accounting for their preferential reactivity with alkylating reagent. The
sulfur atoms in Cys182 and Cys277 are approximately three times more accessible
than the next most exposed sulfur atom, that of Cys229. It can clearly be seen in the
surface contour representation of the crystal structure of p53 shown, in Figure 4.18A,
that Cys182 and Cys277 are the most accessible cysteine residues on the protein

surface.
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Table 4.3 Solvent accessibility of thiol groups in p53 core domain unbound to DNA.

Cysteine Solvent Accessibility"

124 6.27
135 0

141 0

176 2.85
182 39.34
229 14.82
238 1.14
242 11.97
275 0

277 43.34

TCalculated using Accelrys Discovery Studio
2.5 software.

X-ray crystallography data very recently reported by Karr et al. is in agreement
with the p53 FT-ICR mass spectrometry results presented here [120]. Stabilised p53
core domain®*® (T-p53C) containing the cancer-derived mutation Y220C was treated
with an electrophilic compound, 3-benzoylacrylic acid, identified from a chemical
library. This compound was found to increase the thermal stability of
T-p53C-Y220C. The resulting crystal structure revealed pronounced electron density
surrounding cysteine residues 182, 229 and 277. However, the density was not
sufficient to model the modifications unambiguously. Karr et al. went on to use a
bottom-up MS approach to investigate the order of cysteine reactivity with
3-benzoylacrylic acid. Curiously, they found Cys124 and Cys141 to be the most
reactive cysteine residues. This is in direct conflict with their X-ray crystallography
data and the MS results described in this thesis. Intriguingly, Veluet al. also
concluded that Cys141 is the most reactive Cys residue on the p53 surface, after
using a bottom-up MS approach to investigate cysteine alkylation [99]. Cys141 has a
solvent accessibility value of zero, and the X-ray crystal structure of the p53 core

$8Fersht and co-workers have designed a quadruple mutant of p53 core domain
(M133L/V203A/ N239Y/N268D) which displays increased thermostability compared to the wt
protein [238].
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Figure 4.18 X-ray crystal structure of human p53 core domain (PDB ID 20CJ). (A, right)
Ribbon diagram highlighting p53 cysteine residues. Sulfur atoms are shown (orange).
Cys176, 238 and 242 are involved in the coordination of a zinc ion. (A, left) Surface contour
of the p53 core domain. The thiol groups of Cys176, 182, 229, 242 and 277 are surface-
exposed. (B) Alternative orientation of p53 core domain, highlighting the anti-parallel B-sheet
sandwich and position of Cys229, 124, 135 and 141.
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domain shows that it is buried within two sides of the B-sheet sandwich (see
Figure 4.18B).

A major draw-back of bottom-up MS is that, when analysing peptides originating
from more than one protein isoform, the ‘parent’ isoform that a peptide originated
from is unknown. Investigating the order of Cys reactivity using a bottom-up
approach requires that the modified protein is completely pure prior to proteolytic
digestion. It is proposed here that tryptic peptides originating from p53, which was
alkylated beyond Cys182, 229 and 277, were present in the peptide samples analysed
by Karr et al. and Velu et al., and resulted in the misassignment of Cys reactivity.

Both Cys182 and Cys277 have previously been implicated in redox-regulation of
p53. Cys277 is a DNA-binding residue [72], and oxidation of this residue has been
implicated in differential gene recognition [100]. Cys277 has also been identified as
a possible substrate for SeMet-dependent redox-regulation of p53 [102], and it has
been postulated that the redox-state of Cys277 serves as a switch to activate DNA

repair machinery [65]. Furthermore, the prostaglandin 15-deoxy-A'%**

-prostaglandin
J> (15d-PGJy), which is known to covalently modify and regulate the function of the
redox-regulated transcription factor NF-xB, has recently been shown to bind to
Cys277 and inhibit specific DNA-binding in vivo [119, 121].

p53 contains five highly conserved regions termed ‘BOXES’ (see Chapter 1.2.2).
Cys277 is located in the conserved p53 motif BOX-V (amino acid residues 270 —
286). BOX-V is known to control the specific activity of p53 by binding to enzymes
such as the E3 ubiquitin ligase MDM2 which mediates ubiquitination of p53, or the
serine/threonine kinase CHKZ2, that mediates phosphorylation of p53 [239].
Interestingly, redox-regulation of a conserved cysteine in the NF-«xB related protein
c-Rel regulates phosphorylation of the protein, which, in turn, regulates its
transcriptional activity [240]. It is entirely plausible that redox-regulation of Cys277
modulates binding of p53 to regulatory enzymes, such as MDM2 and CHKZ2, thereby
dictating protein function.

Cys182 has recently been shown to be the most susceptible to diamide oxidation
in vivo. Held et al. used a differential alkylation approach, along with trypsin

proteolysis and multiple reaction monitoring (MRM) peptide mass spectrometry, to
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identify redox sensitive cysteines in endogenous p53 [103]. Incomplete sequence
coverage meant that the oxidation state of each of the 10 Cys residues could not be
determined, as the tryptic peptide containing Cys229, 238 and 242 was not detected.
Furthermore, top-down FT-ICR MS has been used here to show that Cys182 is
susceptible to oxidation in response to hydrogen peroxide treatment (see Chapter 5).
Cysteine alkylation has been identified as a biologically relevant post-
translational modification. S-methylated cysteine residues are known to occur in
human lens proteins, to protect them from detrimental oxidative modifications and to
prevent protein aggregation [241, 242]. Endogenous cysteine methylation has also
been observed in haemoglobin. However, the reason for its occurrence is unknown
[243]. Furthermore, cysteine methylation occurs as part of a methyltransferase DNA
repair ~ mechanism, involving the enzyme  O(6)-methylguanine-DNA
methyltransferase (MGMT), which p53 is known to regulate [244]. Alkylation of p53
Cys residues invivo is yet to be investigated. However, the results described here

suggest that Cys182 and Cys277 would be the most likely targets for modification.

4.6 Identification of the Third Site of Alkylation

Since alkylation beyond Cys182 and Cys277 triggers co-operative alkylation of the
remaining cysteine residues, top-down FT-ICR MS was used to identify the third site
of alkylation in wt p53. p53 core domain was incubated with 1 mM NEM for 15 min,
quenched with DTT followed by off-line reverse phase LC, and the p53 containing
fraction was manually collected and directly infused into the FT-ICR mass
spectrometer. The 23+ and 24+ charge states of trialkylated p53 were sequentially
isolated and fragmented using CID. The CID spectrum of the 24+ charge state of
3NEM-p53 is shown in Figure 4.19. Relatively low charge states were selected for
fragmentation, compared to top-down and middle down FT-ICR MS of the
dialkylated species, due to overlapping charge states of 3SNEM-p53 and 10NEM-p53
at higher m/z values. The monoisotopic masses of the resulting fragment ions were
searched against theoretical fragment mass lists for each permutation of p53 core

domain, modified with a NEM group at Cys182 and Cys277, and one NEM group
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Figure 4.19 Top-down FT-ICR MS of 3NEM-p53. (A) CID mass spectrum of the 24+ charge
state (1040 m/z) of 3NEM-p53. (B) Expansion of the region 1000-1100 m/z. Assigned b and

y ions are annotated.
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Table 4.4 Permutations of 3NEM-p53, ranked according to the highest number of assigned
fragment ions resulting from top-down FT-ICR MS. The red circles indicate the positions of
the NEM adducts.

Number of
Rank Permutation Fragment lons'

1 42
1 42
1 42
2 41
3 38
4 33
5 29
6 24

"The number of non-redundant b and y ions that corresponded with the possible
locations of the third NEM group.
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Figure 4.20 Fragment map displaying b and y ions resulting from CID fragmentation of intact
p53 core domain modified with three NEM groups. Top-down FT-ICR MS of 3NEM-p53
suggested that Cys229, Cys238 or Cys242 was alkylated.

located on one of the remaining 8 Cys residues. Table 4.4 shows the 8 possible
locations of the third NEM group, ranked according to the number of corresponding
non-redundant b and y ions. The highest number of assigned fragment ions (42)
corresponded with the third Cys residue on Cys229, Cys238 or Cys242.” The
assigned b and y ions are shown in the fragment map in Figure 4.20. One b ion
(b1eo™*; see Figure 4.21A) was observed that supported placement of the third NEM
group on Cys229, 238 or 242. However, one y ion (ya°*; Figure 4.21B) was also
observed that supported placement of the third NEM group on Cys275. No ions were
observed that supported placement of a NEM group on the remaining Cys residues
Cysl124, 135, 141 or 182.

According to the X-ray crystal structure of p53 (see Figure 4.18), Cys229 is the
third most accessible thiol group in p53, and the thiol group of Cys275 is completely
buried (see Table 4.3). In addition, Cys238 and Cys242 are zinc-binding residues.

Hence, it seems unlikely that either of these residues is the third site of alkylation.

""Mass assignments for fragment ions corresponding to these permutations of 3NEM-p53
are listed in Appendix B.6.
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Figure 4.21 Top-down MS of 3NEM-p53. (A) The fragment ion biee™®" (empirical formula
[Ca20H1310N2400255S14]*®"; *; 3 ppm MME) supported placement of the third NEM group on
Cys229, Cys238 or Cys242. (B) The fragment ion y415+ (empirical formula
[C205H342N71065SZ]5+; . 5 ppm MME) supported placement of the third NEM group on
Cys275.

Cys229 is the most likely candidate for alkylation. However, alkylation of Cys275,
238 and 242 cannot be ruled out. In order to increase the number of fragments
between Cys229, 238, 242 and 275 and, therefore, unambiguously determine the
third site(s) of alkylation, higher charge states could be selected for fragmentation or
middle-down FT-ICR MS could be performed. However, different forms of alkylated
p53 would require separation prior to top-down FT-ICR MS or proteolytic digestion.

4.7 Disruption of Secondary Structure and Protein Unfolding
Alkylation of a third Cys residue in wt p53 core domain (or a second Cys in the
mutants C182S and C277S, or the first Cys in C182/277S) triggers rapid
modification of the remaining thiol groups. Based on the results from top-down
FT-ICR MS of trialkylated p53, and the solvent accessibility of p53 thiol groups (see
Table 4.3), the most likely candidate for the third site of alkylation is Cys229.
However, alkylation of Cys238, 242 and 275 cannot be ruled out at this stage.
According to crystallography data, Cys229 is surface exposed, and is located
adjacent to the N-terminal end of a strand of f—sheet from the anti-parallel B-sheet

sandwich, and Cys275 is located adjacent to the C-terminal end of a strand of p—
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sheet (see Figure 1.6). The B-sheet sandwich is the main structural feature of the p53
core domain, and acts as a scaffold for the loop-sheet-helix motif, and for the two
large loops (L2 and L3) which make up the DNA-binding surface of the protein (see
Chapter 1.2.3) [72]. It is predicted that alkylation of Cys229 disrupts this stabilising
structural feature, therefore, allowing access of NEM to the cluster of cysteines 124,
135 and 141, which are located in between the two sides of the B-sandwich (see
Figure 4.18B). An appreciable energy barrier would be associated with disruption of
the B-sheet sandwich (due to disruption of H-bonding and possibly hydrophobic
interactions [245]), thus providing an explanation for the observed delay in
alkylation of the third Cys residue, compared with alkylation of Cys182 and Cys277.
Furthermore, Cys124, 135 and 141 are all located at the beginning or end of
B-strands. Alkylation of any one of these cysteines may result in severe disruption of
p53 secondary structure, and is likely to be responsible for the observed rapid
alkylation of the remaining Cys residues.

Prior alkylation of Cys182 or Cys277 is not required in order to induce alkylation
of Cys229 (or Cys 238, 242 or 275), illustrated by the rapid conversion of
monoalkylated C182/277S p53 to the fully alkylated form. The removal of Cys182
and Cys277 had no detectable affects on alkylation of the remaining thiol groups,
suggesting that modification of these two residues by NEM does not significantly
affect p53 core domain tertiary structure. Significant conformational changes do not
need to accompany Cys oxidation/reduction, in order for a protein to take part in
redox-signalling. For example, high resolution NMR structures of human and E. coli
thioredoxin have shown that there is very little difference between the reduced
(Trx-(SH),) and oxidised (Trx-S;) forms of the protein. Yet, Trx-(SH), and Trx-S,
display radically different binding affinities for the same target protein [246]. Subtle
changes to p53 surface chemistry, via modification of Cys182 or Cys277, may be
enough to radically alter binding specificity of p53 to its target proteins.

Zn** is required for the correct folding and specific DNA-binding activity of p53
[90, 91, 247]. Notably, the rapid alkylation of p53 Cys residues observed here
includes alkylation of all three zinc-binding Cys residues, indicating that hyper-

alkylation of p53 causes detrimental structural distortion of the core domain. This has
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implications for the re-activation of mutant p53, with anti-tumour compounds that
covalently bind to Cys residues such as MIRA-1, PRIMA-1 and STIMA-1 [115-
117]. Indeed, MIRA-1 is known to increase DNA-binding of certain p53 mutants at
low concentrations, and to decrease DNA-binding at higher concentrations. A similar
effect has also been observed for alkylation of wt p53 with NEM [115]. Based on the
results described here, it is hypothesised that dialkylated p53 is responsible for the
observed increase in DNA-binding. Above a certain concentration of MIRA-1 or
NEM, hyper-alkylation of p53 probably occurs, causing unfolding of the protein thus
resulting in decreased DNA-binding. X-ray crystallography could be employed to
determine the specific affect that alkylation of Cys182 and Cys277 has on p53-DNA

interactions.

4.8 Conclusion

FT-ICR mass spectrometry of p53 core domain, incubated with the alkylating
reagent NEM under various conditions, has revealed that alkylation of p53 cysteine
residues proceeds in distinct steps. Initially, two Cys residues are rapidly alkylated to
form a stable dialkylated species. An increase in NEM concentration or time leads to
alkylation of a third Cys residue, which initiates rapid alkylation of the remaining
seven Cys residues. Alkylation of wt p53 was repeated at 37°C and the same trend
was observed, albeit it at a faster rate.

Top-down FT-ICR MS allowed the oxidation/modification state of eight out of
the ten Cys residues to be determined unambiguously, and identified Cys182 and
either Cys275 or Cys277 as the sites of preferential alkylation. Middle-down FT-ICR
MS allowed the oxidation/modification state of each of the seven Cys residues, from
Cysl76 to Cys277, to be determined unambiguously, and identified Cys277 as the
second site of preferential alkylation. This result was confirmed by bottom-up
FT-ICR MS. FT-ICR mass spectrometry of the p53 cysteine to serine mutants
C182S, C277S and C182/277S, incubated with NEM under various conditions,
verified that Cys182 and Cys277 are the fast-reacting Cys residues on the p53

surface.
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Alkylation of a third Cys residue in p53 appears to result in unfolding of the
protein, suggesting that this cysteine is crucial for the structural integrity of p53 core
domain. Top-down FT-ICR MS of trialkylated p53, together with what is known
about solvent accessibility of p53 thiol groups and the zinc-binding properties of p53,
suggested that Cys229 is the most likely candidate for the third site of alkylation.
However, further experiments are required in order to verify this.

Selective modification of cysteine residues is a fundamental requirement in
cellular redox-signalling. Here, it has clearly and unambiguously been shown that
Cys182 and Cys277 are selectively alkylated in p53, and that modification beyond
these two residues has a detrimental effect on p53 tertiary structure. Cys182 and
Cys277 have previously been implicated in redox-regulation of p53, and the results
described here provide striking evidence supporting this notion. Furthermore, these
findings will allow a more targeted and focused approach for investigating cysteine

modulated control of p53 function.

4.9 Future Work

To further this study on the reactivity of Cys residues in p53, the pK; values of
Cys182 and Cys277, and possibly the remaining Cys residues, could be determined.
This would involve treating p53 with NEM (or an alternative cysteine derivatising
reagent) at different pH values, and measuring the degree of alkylation (which could
be done using MS, as described here) [248, 249] The pH at which 50% of a Cys
residue is modified would equate to the pK; of that Cys residue. Determining pK,
values of Cys182 and Cys277 would be a useful way of standardising their reactivity,
and for comparing them to reactive Cys residues in other proteins.

The FT-ICR MS techniques used here could also be employed to investigate
alkylation of p53 cancer hot spot mutants that frequently occur in tumours (see
Chapter 1.2.3; Figure 1.3). p53 hot spot mutations are classified as either contact or
structural mutants. Contact mutants are those where an essential DNA-contact
residue is removed, such as R273H and R248W, and structural mutants containing a
mutation which affects the overall structure of the DNA-binding surface, such as
R175H and R249S [73]. It is expected that alkylation of contact mutants would occur
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in a similar manner to alkylation of wt p53. These mutations do not generally affect
protein stability and alkylation of structural mutants would result in an increased rate
of Cys-modification because these mutations typically cause thermodynamic
destabilisation of p53, and increased protein unfolding [212].

Alkylation of cysteine residues in p53 hot spot mutants results in the death of
tumour cells [118]. However, the specific binding sites and mechanism of action of
these anti-cancer compounds are unknown. The FT-ICR MS methods that have been
described here can be utilised to determine which Cys residues are modified by anti-
tumour alkylating compounds, therefore shedding light on their role in apoptosis of
cancerous cells.

In order to test whether dialkylated forms of wt or mutant p53 are responsible for
the increase in DNA-binding that is observed upon treatment with NEM or MIRA-1,
DNA-binding assays could be performed by electromobility shift assays following
the same protocol described in Chapter 2.2.9, using unmodified, dialkylated and fully
alkylated p53. Alternatively, fluorescence anisotropy or mass spectrometry could be
used to measure DNA-binding. Fluorescence anisotropy and mass spectrometry have
both previously been used to measure dissociation constants (Kp) for p53 core
domain, as well as the tetramerization domain (p53CT) bound to consensus DNA
[250, 251]. Understanding how and why alkylation of p53 Cys residues increases
p53 DNA-binding, and promotes the death of tumour cells, will accelerate the

development of effective chemotherapeutics.
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5.1 Introduction

The effects of common post-translational modifications (PTMs) such as
phosphorylation, acetylation, ubiquitination and methylation on p53 activity and
stability have been well documented [252-255]. In contrast, little attention has been
paid to the role of redox-modifications of highly conserved cysteine residues in p53.
However, the recent discovery of p53 thiol-targeting anti-tumour compounds [118],
and increasing evidence linking reactive oxygen species (ROS) with p53 function
[104-106], has emphasised the importance of p53 cysteines and is leading to wider
recognition of their fundamental role in regulation of p53 activity.

Basal physiological levels of the ROS hydrogen peroxide (H,0O,) are known to
correlate with p53-mediated transcription of antioxidant genes such as glutathione
peroxidase-1 (GPX1) and mammalian sestrin homologue (SESN1), whereas
hyperphysiological levels of H,O, induce p53-mediated transcription of pro-oxidant
genes, such as quinone oxidoreductase (NQO1) and proline oxidase (POX) [104,
106]. However, the direct result of the interaction between H,O, and p53 on protein
redox-state, structure and function is unknown.

In this Chapter, the in vitro oxidation of the p53 core domain by the ROS
signalling molecule hydrogen peroxide is described. An affinity purification strategy
was developed in order to purify oxidised p53, and the analytical power of FT-ICR
mass spectrometry was utilised to unambiguously identify the oxidation state of each
Cys residue. It was found that oxidation of p53 by H,0O, proceeds via an ordered
oxidation pathway, and that oxidation via an alternative route results in
indiscriminate over oxidation of the protein. Furthermore, oxidation in the presence
of intracellular redox factors Zn®* and glutathione (GSH) was investigated. The
results discussed here provide insights into the signalling mechanisms between
cellular ROS and p53.

5.2 Air Oxidation
Prior to investigating H,O,-mediated oxidation of p53, it was noticed that low levels
of p53 oxidation occur when the protein is stored in the absence of reducing agent.

The mass spectrum of p53 core domain displayed in Figure 3.3 (see Chapter 3.3)
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suggested that each cysteine residue was in its reduced form. This spectrum was
recorded immediately after buffer exchange from storage buffer (containing reducing
agent) into ammonium acetate followed by the addition of acid for denaturing
electrospray ionisation (ESI) conditions (low pH prevents cysteine oxidation due to
protonation of the thiol groups). The spectrum shown in Figure 5.1A was recorded
from p53 core domain stored in ammonium acetate in the absence of reducing agent
for >1 h. The experimental isotope distribution of p53 stored in the absence of
reducing agent lies between the theoretical isotope distributions for fully reduced p53
core domain and for p53 with one disulfide bond (i.e. with a 2 Da mass decrease
corresponding to the loss of two hydrogen atoms). This suggests that a mixture of
reduced and oxidised species were present in solution. Correspondingly, the mass
spectrum of p53 treated with an excess of alkylating reagent (see Figure 3.5)
revealed the presence of p53 modified with only 8 NEM groups, suggesting that a
proportion of the protein had formed one intramolecular disulfide bond. The thiol
groups were presumably oxidised by soluble oxygen. Interestingly, when the p53
Cys-Ser mutant C277S was treated with an excess of alkylating reagent (see
Chapter 4.4), this low level oxidation of p53 was not observed (see Figure 4.16),
suggesting that Cys277 is susceptible to air oxidation in the absence of reducing
agent.

Delphin et al. analysed **C-iodoacetamide labelled p53, which had been stored in
the absence of DTT by SDS-PAGE, followed by autoradiography [94]. They
estimated that p53 lost an average of three or four free thiol groups after three weeks
in the absence of reducing agent. Momand et al. analysed p53 using Ellman’s reagent
(which absorbs at 412 nm upon binding to thiol groups) and found that p53 loses one
free thiol group when stored in the absence of reducing agent for 1 h [97]. Both
studies showed that the presence of oxidised p53 correlated with inhibition of
specific DNA-binding. However, neither Delphin et al. nor Momand et al. were able
to identify which Cys residues were responsible for regulating p53 DNA-binding

activity in vitro.
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Figure 5.1 Air oxidation of p53. (A) The experimental isotope distribution of the 23+ charge
state of p53 core domain stored in the absence of reducing agent lies in between the
simulated isotope distributions for reduced p53 and p53 with one disulfide bond (empirical
formulae [ClOSSH1696N3210324816]23+; *; and [C1055H1694N321O324816]23+; *; respectively). (B)
Simulated individual isotope peaks for reduced p53 and p53 with one disulfide bond. The
resolving power required to distinguish the reduced and oxidised form of p53 from each

other is > 2,000,000 at m/z 1068.
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5.3 Mixtures of Oxidised and Reduced p53

At 25 kDa, the p53 core domain has a relatively broad isotope distribution. Hence,
when a species is present that only differs in mass by 2 Da (i.e. p53 with a disulfide
bond), the isotope peaks from the different species overlap and contribute to an
observed isotope distribution which is the sum of the distributions for the different
species, as shown in Figure 5.1A. The overlapping isotope peaks do in fact differ in
mass due to the mass of hydrogen not being exactly 1 Da. However, the resolving
power needed to distinguish the peaks from each other is exceptionally high.
Figure 5.1B shows two simulated isotope peaks for the 23+ charge state of reduced
p53, and for p53 with one disulfide bond. The resolution in terms of FWHM (Amsgg,)
required to resolve these two peaks is 0.0005 Da, corresponding to a resolving power
(R) in excess of 2,000,000 at 1068 m/z. The resolving power achieved in the mass
spectrum of p53 shown in Figure 5.1A is 100,000 at m/z 1068. Heterodyne detection
(narrow band mode) and tuning of instrument parameters can be performed in order
to maximise resolving power, which is limited by many factors including magnetic
field strength and vacuum pressure [163, 166]. However, achieving the high
resolving power required for separation of reduced and oxidised forms of p53 during
routine analysis is difficult, and labelling of free thiol groups provides a simple
means of identifying the oxidation states present in the mixture. For example, for
each disulfide bond that is present, labelling of free thiol groups with NEM (125 Da)
will result in a mass decrease of 250 Da. Providing that the mass range is sufficient,
determining the number of oxidised and reduced cysteine residues in an intact
protein can, therefore, be achieved using relatively inexpensive low resolution mass

spectrometers, such as linear quadrupole or TOF instruments [144, 149].

5.4 H:0: Oxidation
5.4.1 Disulfide Bond Formation

p53 core domain (15 puM) in ammonium acetate buffer was treated with increasing
concentrations of H,O, for 1 min at room temperature. Oxidation was quenched by
lowering the pH with the addition of denaturing ESI-MS solution (50% MeOH and



Chapter 5. Oxidation of p53 by Hydrogen Peroxide 113

0 mM & ® [M + 21 H]21+

® L

1 mM
2 mM
® d
L ]
i
10 mM

Il

|
1169.8

|
1169.3

L )

I 1
1170.3 1170.8

m/z

Figure 5.2 Isotope distributions of p53 core domain treated with increasing concentrations of
H,O, for 1 min. The 21+ charge states are shown. Experimental distributions that lie in
between simulated isotope distributions for reduced p53, p53 with one disulfide bond or p53
with  two disulfide bonds (empirical formulae  [CiossH160aN3210324S16]°" "
[C1ossH1602N3210324S16]°™"; *; @and [CiossH1600N3210324S16]; *; respectively) suggest a mixture

of reduced and oxidised species was present.
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Figure 5.3 Charge state distributions of p53 core domain treated with increasing
concentrations of H,O, for 1 min. FT-ICR mass spectra were recorded under denaturing
conditions. The addition of H,O, results in an increase in the relative abundance of lower
charge states such as [M + 10H]'* and [M + 9H]".
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0.1% formic acid). nESI FT-ICR mass spectra were recorded and the resulting
isotope distributions for the 21+ charge states are shown in Figure 5.2.

As H,0, concentration increases, the isotope distributions shift to lower m/z
values indicating disulfide bond formation. However, the experimental isotope
distributions for p53 at 2 mM and 10 mM H,O; lie in between theoretical
distributions for p53 core domain with one or two disulfide bonds. As described
above, this indicates that a mixture of species was present and labelling of the free
thiol groups was carried out in order to identify the oxidised forms present.

5.4.2 Effect on Protein Structure

The charge state distributions of p53 treated with increasing concentrations of H,O,
for 1 min are shown in Figure 5.3. The charge state distribution of p53 prior to the
addition of oxidising agent is typical of denatured p53, with the predominate
distribution ranging over relatively high charge states, predominately from 14+ to
30+. Interestingly, upon addition of H,0,, the relative abundance of the lower 9+ and
10+ charge states dramatically increased, suggesting that some degree of p53 was
present in a folded conformation.

Lower charge states are associated with folded, more compact forms of a
protein’s tertiary structure. The predominate charge states in the mass spectrum of
folded, Zn**-bound p53 core domain recorded under native conditions (see
Chapter 3; Figure 3.4) were 9+ and 10+. Despite the denaturing conditions used here,
FT-ICR mass spectra of p53 treated with H,O, suggest that some degree of p53 was
present in a more compact conformation, which has many of its protonation sites
protected. This observation is consistent with the formation of disulfide bonds.
Reduction of disulfide bonds in the proteins lysozyme and bovine serum albumin is
known to result in higher charge states, due to the exposure of the buried basic
residues Arg, Lys and His [256]. A disulfide bond formed between two Cys residues
in p53 could have effectively ‘locked’” the protein in a particular folded
conformation, therefore, preventing the protein from unfolding and exposing the side

chains of buried basic amino acids.
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5.4.3 Labelling of Free Thiol Groups

p53 core domain (130 puM) was incubated with 4 mM H,0, on ice and the reaction
was quenched at various time points by TCA precipitation. The protein was re-
suspended in 6 M guanidine supplemented with 10 mM NEM and the alkylated
protein was analysed by on-line reverse phase LC FT-ICR MS. The resulting
deconvoluted neutral mass spectra are shown in Figure 5.4.

The spectrum recorded for the O min time point (i.e. prior to addition of H,0,)
shows that a small fraction (5%) of p53 was modified with 8 NEM groups, indicating
that a small degree of air oxidation occurred prior to oxidation with hydrogen
peroxide.

At the 15 min time point, the presence of p53 modified with 6 NEM groups was
apparent, indicating the formation of 2 disulfide bonds. By 30 min, the relative
abundance of the 6 NEM, 2-disulfide species had increased from to 34%, and the
appearance of p53 modified with 4 NEM groups was observed, indicating formation
of 3 disulfide bonds. By 60 min, 40% of p53 present had 2 disulfide bonds and 21%
of p53 had 3 disulfide bonds. After 4 h, 59% of p53 contained 3 disulfide bonds,
21% of p53 contained 2 disulfide bonds and the appearance of p53 with 4 disulfide
bonds was observed. Comparison of theoretical isotope distributions with
experimental isotope distributions observed in the undeconvoluted spectra of p53
treated with H,O, (see Figure 5.5) confirmed the presence of fully alkylated p53, the
6 NEM, 2-disulfide species and the 4 NEM, 3-disulfide species. The MME for each
species was < 10 ppm.

The relative abundance of the 8 NEM, 1-disulfide species was ~15% at the 15, 30
and 60 min time points. At this stage it is unknown if oxidation of p53, resulting in
the 2-disulfide species, occurred in a sequential or concerted manner. The 1-disulfide
species may be an intermediate oxidised form of the protein, which occurred prior to
oxidation of the second disulfide bond. Alternatively, this species may represent p53
oxidised via an alternative pathway.

Adducts of 16 Da were observed after H,O, treatment, corresponding to the

addition of one oxygen atom. It is likely that the thioether group in a methionine
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Figure 5.4 Oxidation of the p53 core domain over time. p53 was incubated with 4 mM H,O,
on ice for increasing times followed by alkylation of free thiols with NEM and analysis by LC
FT-ICR MS. Deconvoluted neutral mass spectra are shown. The number of disulfide bonds

present in p53, as determined from the number of NEM adducts, are indicated.
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Figure 5.5 Isotope distributions of p53 core domain treated with H,O, and alkylated with
NEM. Theoretical isotope distributions are consistent with the experimental isotope
distributions for (A) p53 modified with 10 NEM groups (22+ charge state; empirical formula
[C1115H1765sN3310344S16]°>"; =; 4 ppm MME) (B) p53 with 2 disulfide bonds and 6 alkylated Cys
residues (23+ charge state; empirical formula [Clong1734N3270336816]23+; *; 3 ppm MME) and
(C) p53 with 3 disulfide bonds and 4 alkylated Cys residues (21+ charge state; empirical
formula [Cio79H1716N325033:S16]>; *; 9 ppm MME).
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residue was oxidised to a sulfoxide (R,S=0). Surprisingly, the level of oxygen
incorporation did not increase, even after 4 h of incubation with an excess of
peroxide.

As with alkylation of p53 Cys residues, oxidation of p53 by the reactive oxygen
species hydrogen peroxide seems to proceed in distinct steps. Initially, the majority
of p53 forms two disulfide bonds, resulting in a stable oxidised species. It is
unknown if these disulfide linkages are formed sequentially or in a concerted
manner. Further oxidation results in the formation of a third disulfide bond, again
resulting in a stable oxidised species. Oxidation of a p53 cysteine residue to sulfinic
or sulfonic acid was not detected. It is expected that continued incubation with H,O,
would have resulted in the formation of 5 disulfide bonds. However, it seems
unlikely that p53 is oxidised to this extent in vivo.

Top-down mass spectrometry can be performed to identify which Cys residues
were oxidised by H,O,. However, separation of the reduced and oxidised forms of
p53 is desirable in order to maximise the potential for extensive fragmentation of the
protein.

5.5 Affinity Purification of Oxidised p53
5.5.1 Methodology

As described above, oxidation of p53 core domain by H,O, does not result in a single
species. As the heterogeneity of a sample increases, the signal to noise ratio in the
resulting mass spectrum decreases. In order to achieve extensive fragmentation over
the entire length of an intact protein, a relatively high abundance of the parent ion is
required, especially when fragmentation techniques such as ECD are employed. In
addition to improving the potential for high sequence coverage, purification of
oxidised forms of p53 would also be beneficial for investigating functional properties
such as specific DNA-binding activity, or testing recognition by p53 conformation-
specific antibodies [93].

Neither reverse phase nor ion exchange liquid chromatography performed under
a range of conditions resulted in separation of the NEM-Ilabelled reduced and
oxidised forms of p53 core domain. Hence, a purification method was developed
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based on the presence of free thiol groups and the ultra-strong non-covalent
interaction (Kp = 10> M) between biotin and avidin [257]. Free thiol groups can be
reversibly biotinylated via a thiol-disulfide exchange mechanism using
the reagent EZ-Link Biotin-HPDP (N-[6-(Biotinamido)hexyl]-3"-(2"-pyridyldithio)
propionamide; Pierce) shown in Figure 5.6. The addition of one Biotin-HPDP group
corresponds with a monoisotopic mass increase of 428.1916 Da. Furthermore, the
pyridine-2-thione by-product absorbs at 343 nm, hence, incorporation of the
Biotin-HPDP group can also be monitored by UV-Vis spectroscopy in addition to
MS [258].
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Figure 5.6 Biotinylation of cysteine using the free thiol-labelling reagent EZ-Link
Biotin-HPDP (Pierce).

A schematic diagram illustrating separation of oxidised p53 from reduced p53 is
shown in Figure 5.7. Following oxidation and irreversible alkylation of free thiol
groups with NEM, the mixture of species is treated with reducing agent leading to
reduction of the disulfide bonds in oxidised p53. The resulting free thiol groups are
biotinylated using the Biotin-HPDP reagent and biotinylated-p53 is captured by
immobilised avidin. Fully NEM-labelled p53 (corresponding to reduced p53) is then
removed by washing steps. Partially NEM-labelled p53 (corresponding to oxidised
p53) is eluted from immobilised avidin by reduction of the disulfide bond between
p53 and Biotin-HDPD.



Chapter 5. Oxidation of p53 by Hydrogen Peroxide 121

NEM-S- S 4+ NEMS- -S-NEM
SJ S-NEM

NEM-S- -SH
reduce o
NEM-S- -S-NEM
S-NEM
MS
NEM-S- SH 4+  NEM-S- -S-NEM |‘| ‘ ‘
SH S-NEM A | |
miz
biotinylate free thiols
NEM-S- SS—@ + NEMS- -S-NEM
SS9 SNEM NEM-S- -SH
.. . SH
capture biotinylated protein
and wash
" 1 |
A
& miz
& e
RO
N\ AN MS
S ‘T. reduce
T —_— NEM-S- -SH

SH

Figure 5.7 Affinity enrichment of oxidised p53. Schematic diagram illustrating the separation

of oxidised protein from reduced protein using the free thiol labelling reagent Biotin-HPDP.
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Figure 5.8 Affinity enrichment of oxidised p53. (A) FT-ICR mass spectrum of p53 following
H,O, and NEM treatment. Two main charge state distributions are apparent, corresponding
to p53 with 10 alkylated Cys residues (reduced) (indicated with an asterisk) and p53 with 2
disulfide bonds and 6 alkylated Cys residues (oxidised). (B) FT-ICR mass spectrum of p53
following H,O,, NEM and Biotin-HPDP treatment. The low abundance charge-state
distribution corresponds to p53 modified with 6 NEM groups and 4 Biotin-HPDP groups

(indicated with an asterisk).
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Figure 5.9 Determination of the tolerance of the monomeric avidin—biotin complex to
guanidine. Biotin-HPDP was incubated with immobilised monomeric avidin in increasing
concentrations of guanidine.HCL and the supernatant was analysed by LC FT-ICR MS.
Biotin-HPDP ions (m/z 540.21; A) were observed at a concentration of 4 M guanidine and

higher concentrations.
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5.5.2 Biotinylation

p53 core domain (130 puM) was oxidised for 15 min and alkylated as described
previously. Figure 5.8A shows the resulting mass spectrum. Two charge states are
apparent; one corresponding to p53 with 10 alkylated Cys residues (indicated with an
asterisk) and the other corresponding to p53 with 6 alkylated Cys residues, indicating
the formation of 2 disulfide bonds. The alkylated p53 mixture was incubated with an
excess of DTT (25 mM) followed by TCA precipitation, re-suspension in 6 M
guanidine supplemented with 0.4 mM Biotin-HPDP and analysis by FT-ICR MS.
Two charge state distributions are again observed in the resulting mass spectrum (see
Figure 5.8B); one corresponding to p53 with 10 NEM adducts and one corresponding
to p53 modified with 6 NEM adducts and 4 Biotin-HPDP adducts (indicated with an
asterisk).

5.5.3 Capture

The biotinylated p53 species was found to be prone to precipitation. Hence, the
biotinylation reaction was performed in 6 M guanidine solution. However, in order
for the non-covalent interaction between biotin and avidin to be retained, such harsh
denaturing conditions cannot be used for the capture of biotinylated p53. A titration
was performed in order to determine the maximum concentration of guanidine that
the biotin-avidin complex could withstand. Biotin-HPDP was incubated with
monomeric avidin agarose in increasing concentrations of guanidine-HCI, and the
supernatants were analysed by LC FT-ICR MS (see Figure 5.9). Biotin-HPDP ions
(m/z 540.21) were detected at a concentration of 4 M guanidine and at higher
concentrations, indicating denaturation of avidin at these higher concentrations.
However, only a relatively small degree of avidin-biotin dissociation was observed at
a concentration of 4 M guanidine. Hence, capture of biotinylated p53 was performed

at this concentration in order to maximise the solubility of p53.
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Figure 5.10 Affinity enrichment of oxidised p53. FT-ICR mass spectrum of p53 following
affinity enrichment steps illustrated in Figure 5.7. The predominating charge state distribution
corresponds to oxidised p53 (6NEM-p53).

5.5.4 Elution

Following capture of biotinylated-p53 with immobilised monomeric avidin, the
beads were washed and supernatant containing 10NEM-p53 was removed. Elution of
partially alkylated p53 was achieved by incubation of the captured protein with an
excess of DTT (50 mM). The FT-ICR mass spectrum of the eluent is shown in
Figure 5.10. One charge state distribution is present which corresponds to 6NEM-
p53, demonstrating the successful purification of p53 which had been oxidised by
H,0..

5.6 Identification of Oxidised Cysteine Residues

Top-down FT-ICR MS was used to identify the NEM-labelled and reduced Cys
residues in 6NEM-p53, in order to identify the four Cys residues that were initially
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Figure 5.11 Top-down FT-ICR MS of 6NEM-p53. (A) CID mass spectrum of the 30+ charge
state (844 m/z) of 6NEM-p53. (B) Expansion of the region 800-900 m/z. Assigned b and y

ions are annotated.
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Table 5.1 Permutations of 6NEM-p53 that corresponded with the highest number of
assigned fragment ions resulting from top-down FT-ICR MS. The red circles indicate the
positions of the NEM adducts.

Number of

Rank Permutation Fragment lons'

5 59

The number of non-redundant b and y ions that corresponded with
different permutations of the p53 core domain primary sequence modified
with six NEM groups.
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Figure 5.12 The fragment map displays ions resulting from CID fragmentation of intact p53
core domain (Ser94 - Thr312) modified with six NEM groups. Top-down FT ICR MS of
6NEM-p53 suggested that Cysl124, 135, 141, 229, 275 and 277 were alkylated therefore
Cysl176, 182, 238 and 242 were the oxidised residues.

oxidised by H,0,. The purified 6NEM-p53 species was desalted by off-line reverse-
phase liquid chromatography and the p53-containing fraction was manually collected
and directly infused into the FT-ICR mass spectrometer. Individual charge states
(24+, 16+ and 30+) were sequentially isolated and fragmented using collision-
induced dissociation (CID). A typical CID spectrum of 6NEM-p53 is shown in
Figure 5.11.

The monoisotopic masses of the resulting fragment ions were searched against
theoretical fragment mass lists for each of the 210 permutations of the p53 core
domain primary sequence, modified with six NEM groups. Permutations of
6NEM-p53 were ranked according to the number of corresponding non-redundant b
and y ions. The ten combinations of NEM positions that were associated with the

number of assigned fragment ions (69) corresponded with the six NEM groups
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Figure 5.13 The fragment ion y;5'°" (empirical formula [CassHsosN11s0116S6]™"; *; 3 ppm

MME) supports the assignment of oxidation of Cys238.

located on Cys124, 135, 141, 229, 275 and 277."""" The fragment ions associated
with this permutation of 6NEM-p53 are shown in Figure 5.12. Cys176, 182, 238 and
242 were not found to be alkylated. Therefore, revealing that they were the residues
involved in disulfide bond formation. Interestingly, Cys176, 238 and 242 are zinc
binding residues.

Taken together, the fragments resulting from CID of 6NEM-p53 resulted in 25%
protein sequence coverage. Fragment ions were not observed between each Cys
residue yet, due to the positions of the NEM groups, the oxidation/modification state
of each of the 10 Cys residues in p53 core domain was unambiguously determined.
For example, both Cys275 and Cys277 were alkylated therefore a diagnostic b or y
ion located in between these two Cys residues was not required in order to determine
their oxidation states.

One fragment ion which is shown in Figure 5.13, y75'°*, was observed between
Cys229 and Cys238 which supported placement of the NEM group on Cys238. In
order to increase the number of inter-residue bonds cleaved over the internal region

of the protein, therefore increasing confidence in the assignment of Cys oxidation

Mass assignments for fragment ions corresponding to this permutation of 6NEM-p53 are
listed in Appendix B.7.
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Table 5.2 Possible combinations of cross-linked tryptic peptides from 6NEM-p53 with two
intramolecular disulfide bonds involving Cys176, 182, 238 and 242 and their associated

monoisotopic masses. The red dots indicate the position of NEM adducts.

Peptides Connectivity Mass / Da
C176 - R181

C182 - R196 3051.45
H214 — R196 ! 1660.65
@ {23 '

C176 — R181 @
C182 — R196 2 (182 7051.10
H214 — R248 (229) 238 @

C176 — R181 )
C182 — R196 2 D 7051.10
H214 — R248 (@23 —— @960

states, middle-down MS could be performed on the purified 6NEM-p53 species, as
described in Chapter 4.3.2.

5.7 Cysteine Connectivity
Bottom-up FT-ICR mass spectrometry of oxidised p53 was performed in order to
determine the connectivity of the disulfide bonds involving Cys176, 182, 238 and
242. p53 treated with H,0O, and alkylated with NEM was incubated with trypsin and
the resulting peptide mixture was desalted and analysed by nESI FT-ICR MS,
without prior separation. Table 5.2 shows the possible combinations of crosslinked
peptides that could arise from tryptic digestion of 6NEM-p53 with 2 disulfide bonds
involving Cys176, 182, 238 and 242, and their associated monoisotopic masses.
Cysteines 238 and 242 are located in the same tryptic peptide. Hence, if either of
these residues were linked to Cys176 or Cys182, fragmentation would be required in
order to determine their connectivity.

Unfortunately, no tryptic peptides containing cross-linked Cys residues were

detected in the bottom up FT-ICR mass spectrum of H,O,-treated p53 (data not
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shown). Peptides were detected that showed NEM alkylation of each of the 10 Cys
residues in p53, presumably originating from the L0NEM-p53 species corresponding
to reduced p53. Bottom-up FT-ICR MS should be performed on the purified 6NEM-
p53, 2-disulfide species in order to increase the probability of detecting the
crosslinked peptides. In addition, peptides of interest could be purified by high
performance liquid chromatography (HPLC), as described by Campopiano et al.
[259]. As previously discussed, incomplete sequence coverage is a problem common
to peptide based proteomic strategies for mapping PTMs.

5.8 Oxidation of Zinc-Binding Cysteines

Oxidation of p53 by hydrogen peroxide results in the initial formation of two
disulfide bonds involving Cys176, 182, 238 and 242. Interestingly, Cys176, 238 and
242 are the three Zn?* binding cysteine residues in p53. The zinc ion is presumably
displaced upon oxidation of these residues. This could be verified by FT-ICR MS of
oxidised p53 under native conditions, or by using the Zn*" chelating dye 4-(2-
pyridylazo) resorcinol (PAR), which absorbs strongly at 500 nm upon formation of
the Zn(PAR), complex (66,000 M™) [260].

Formation of disulfide linkages between zinc-binding Cys residues correlates
well with the charge state distributions observed in mass spectra of p53 treated with
H.O, for 1 min (see Section 5.4.2; Figure 5.3). The appearance of lower charge
states, which normally predominate in native spectra of p53, suggested that p53
adopts a native-like conformation when oxidised by H,O,. Formation of a disulfide
bond between Cys176 or Cys182 and Cys 238 or Cys242 would indeed ‘lock’ p53 in
a native-like fold, therefore, preventing unfolding despite the denaturing conditions
used for FT-ICR MS. In agreement with these FT-ICR MS measurements, the
solution and crystal structures of the zinc-free p53 core domain show that the overall
fold of apo-p53 (i.e. the anti-parallel B-sandwich and the secondary structural
elements) is the same as that in zinc-bound p53 [91, 261]. However, the NMR and
X-ray structures show that the L3 loop is displaced in apo-p53 with respect to holo-
p53. Interestingly, the L3 loop is responsible for p53 binding to the minor groove of
DNA and contains Cys238 and Cys242 (see Chapter 1.2; Figure 1.6) [72]. Moreover,
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the highly conserved p53 sequence Cys242X4sNRRX,LTX,TLXgL is homologous to
the sequence Cys154XiNRRX,LTX;TLXsL in the redox-regulated transcription
factor c-Fos [95]. Transcriptional activity of c-Fos is controlled via redox-
modification of the critical cysteine residue Cys154 [35, 262, 263], suggesting that
Cys242 plays a similar regulatory role in p53.

p53 positively and negatively regulates the transcription of a large and disparate
group of genes [69]. Oxidation of the zinc-binding cysteines in p53 may serve as a
redox-switch which regulates the transcriptional activity of p53 by directly
influencing p53-DNA binding via the L3 loop-minor groove interaction.
Furthermore, ROS are known to induce translocation of p53 to the mitochondria
resulting in transcription-independent p53-induced apoptosis [264, 265]. Oxidation
of the zinc-binding domain may represent the ROS-induced redox-signalling event
that activates the transcriptional-independent apoptotic activity of p53. As discussed
in Chapter 1.1.3, a growing number of proteins including Hsp33, RsrA, protein
kinase C and numerous zinc-containing transcription factors are known to have their
function controlled via zinc-redox switches [49, 50, 53].

Rainwater et al. have postulated that p53 is under different levels of redox-
control due to their observation that separate clusters of Cys-Ser mutations resulted
in the presence of two distinct phenotypes [95]. Cys277 has previously been
implicated in redox-regulation of p53 [100, 102] and the results presented in Chapter
4 also suggest a role for this residue in modulation of p53 activity. Oxidation of
Cys277 and the zinc-binding Cys residues, along with Cys182, probably occurs via
separate signalling pathways under different cellular conditions, and represents two
discrete redox-mechanisms by which p53 function may be regulated.

The correlation between intracellular H,O, levels and p53-mediated transcription
of antioxidant or pro-oxidant genes is of current interest [105, 106]. It has been
demonstrated here that the interaction between H,O, and p53 in vitro is well defined,
resulting in oxidation of the zinc-binding Cys residues, most probably accompanied
by displacement of the Zn** ion. It is exciting to speculate that, at low basal levels of

intracellular ROS in vivo, p53 is in its reduced holo form, in a conformation specific
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Figure 5.14 X-ray crystal structure of human p53 core domain (PDB ID 20CJ), highlighting
Cys182 and the zinc-binding Cys residues. It is proposed that formation of a sulfenic acid on
Cys182 is the first step in the mechanism of H,0O, oxidation of p53, followed by oxidation of
the zinc-binding Cys.

for activating transcription of antioxidant genes such as GPX1 and SESN1, and at
elevated levels of ROS, e.g. during oxidative stress, p53 interacts with H,O, to form
zinc-free apo-p53 in a conformation specific for transactivation of ROS producing
enzymes such as NQO1 and POX. The pro-oxidant function of p53 is associated with
induction of p53-mediated apoptosis [266]. p53 cancer-associated mutants with low
thermodynamic stability such as R175H and R249S are known to unfold in vitro and
in vivo [212, 227, 267]. This may result in preferential oxidation of the ‘wrong’ Cys
residues, therefore, resulting in inhibition of ROS-induced p53-mediated apoptosis
and the onset of tumourigenesis. Alkylation of the Cys residues which are not

involved in this response, i.e. by the anti-tumour compounds PRIMA-1 and MIRA-1
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(see Chapter 1.2.4), would exclude them as ROS-targets, therefore, promoting
preferential oxidation of the zinc-binding Cys residues, induction of p53-mediated
apoptosis and the subsequent death of tumour cells. Based on the results presented in
Chapter 4, Cys182 is one of the highly reactive cysteine residues located on the p53
surface (along with Cys277). Figure 5.14 highlights the position of Cys182 and the
zinc-binding Cys residues in the X-ray crystal structure of p53core domain (PDB ID
20C)). It is proposed here that the initial step in the mechanism of oxidation of p53
by H,O, is the formation of a sulfenic acid (-SOH) on Cys182, which is rapidly
condensed by the thiol group of either Cys238 or Cys242.

5.9 Trapping of Sulfenic Acid

In order to test the hypothesis of the formation of a sulfenic acid on Cys182 as the
initial step in H,O,-mediated oxidation of p53, oxidation was performed in the
presence of the sulfenic trapping reagent dimedone (5,5-dimethyl-1,3-
cyclohexanedione). Nucleophilic dimedone reacts with the electrophilic sulfur atom
of sulfenic acid to form a covalent thioether bond as shown in Figure 5.15 [268,
269]. The addition of a dimedone group results in a monoisotopic mass increase of
139.0760 Da.

Cys-SOH + — (Cys-S + Hy0

Figure 5.15 The reaction of cysteine sulfenic acid with dimedone.

p53 core domain was oxidised under conditions previously described with the
addition of dimedone (5 mM) for 1 h, followed by alkylation of free thiol groups and
LC FT-ICR MS. No dimedone adducts were detected, and oxidation of p53
proceeded to form 2 disulfide bonds in the manner observed previously. The rate
constant for the reaction between human serum albumin sulfenic acid (HSA-SOH)
and dimedone is lower than the rate constant for the reaction between HSA-SOH and
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free cysteine (0.027 + 0.009 M™* st at 37°C and 21.6 + 0.2 M* s at 25°C
respectively) [269]. The absence of p53-dimedone adducts was probably due to a
sulfenic acid on Cys182 reacting faster with an adjacent zinc-binding Cys residue
than with dimedone.

An alternative sulfenic trapping agent is thionitrobenzoate (TNB; the reduced
form of Ellman’s reagent). TNB reacts faster with HAS-SOH than cysteine
(105 + 11 M s™ at 25°C). Therefore, this reagent should be used in future attempts
to trap p53 sulfenic acids. However, several TNB synthesis and purification steps are
required prior to sulfenic trapping [269, 270].

5.10 Oxidation of p53 Cysteine Mutant C182S

Hydrogen peroxide oxidation of the p53 cysteine-to-serine mutant C182S was
performed in order to investigate the mechanism of p53 oxidation. Wild type and
mutant p53 core domain (115 puM) were incubated with 4 mM H,0,, in parallel, on
ice and the reactions were quenched by TCA precipitation at various time points.
Free thiol groups were alkylated by NEM as described previously. The resulting
deconvoluted neutral mass spectra are shown in Figure 5.16.

H,0, treatment of wt p53 resulted in a similar pattern of oxidation as observed
previously, i.e. the predominate formation of 2 disulfide bonds at 60 min and 3
disulfide bonds at 4 h. In contrast, oxidation of p53C182S did not occur in such a
well defined fashion. At 60 min, a particular oxidised form of mutant p53 did not
predominate, and each alkylated form of the protein from 1NEM-p53C182S to
8NEM-p53C182S was detected, indicating that up to 8 of the 9 Cys residues had
been oxidised. The observation of even numbers of NEM adducts suggests that
H.O,-mediated oxidation of the C182S mutant does not proceed solely via
intramolecular disulfide bond formation. Oxidative-modifications to individual Cys
residues such as sulfinic and sulfonic acid may have occurred as well as
intermolecular disulfide linkages. The wide range of oxidation states present and the
absence of a predominating oxidised species suggests that oxidation of the p53
mutant C182S is non-specific. Moreover, oxidation in the absence of Cys182 leads to
extensive over-oxidation of p53. After 4 h, the FT-ICR mass spectra show that
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Figure 5.16 Oxidation of p53 cysteine to serine mutant C182S over time. Wild type and
mutant p53 core domain was incubated with 4 mM H,0, at 0°C for increasing times followed
by alkylation of free thiols with NEM and analysis by LC FT-ICR MS. Deconvoluted neutral

FT-ICR mass spectra are shown.
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Figure 5.17 Extensive oxidation of p53 mutant C182S. The smoothed neutral FT-ICR mass
spectra of (A) wt and (B) mutant p53 incubated with H,O, for 4 h show the increased level of

oxygen incorporation into p53C182S compared to wt p53.
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between 7 and 9 Cys residues had been oxidised in the majority of mutant p53
present, compared to 6 Cys residues in wt p53, and an increase in the incorporation
of oxygen atoms was observed for p53C182S compared to wt p53 (see Figure 5.17).

The stark contrast observed in the oxidation patterns of wt and C182S p53
confirms the involvement of Cys182 in the mechanism of p53 oxidation by H,O..
Furthermore, the non-specific over-oxidation of p53C182S suggests that oxidation
via an alternative pathway, which does not involve Cys182, is not a viable option in
p53 redox-signalling.

5.11 Effect of Zn2* on Oxidation of p53

Zinc is known to rapidly dissociate from p53 at physiological temperature [91]. This
observation is in agreement with the zinc-sulfur centre in p53 serving as a regulatory
zinc-redox switch. Despite the high thermodynamic stability of eukaryotic protein
zinc-complexes (pKp’s generally in the region of 10-12), zinc-exchange rates can
vary dramatically (from seconds to years). Fast Zn**-exchange rates at zinc-sulfur
centres are often associated with ligand-centred redox-chemistry [49, 53, 271].

p53 core domain was oxidised in the presence of excess Zn?* in order to further
investigate the mechanism of oxidation by H,0O,. It was hypothesised that, if
formation of a sulfenic acid on Cys182 is indeed the first step in the mechanism, then
according to Le Chatelier’s principle, oxidation in the presence of excess Zn** should
slow the subsequent oxidation of either Cys176, 238 or 242, therefore, stabilising the
sulfenic acid and increasing the chances of its detection [272].

Zinc salts are known to cause protein precipitation. Therefore, oxidation of p53
(100 uM), in the presence and absence of Zn?* (2 mM), was performed in parallel for
1 h followed by determination of soluble protein concentration [273]. Both samples
lost 25% of soluble protein, indicating that Zn®* did not result in p53 precipitation
during this time. Free thiol groups were alkylated as described previously and the
resulting deconvoluted neutral mass spectra are shown in Figure 5.18.

It is clear that H,O, oxidation in the presence of excess Zn®" significantly slowed

the rate of disulfide bond formation. After 1 h, the majority of p53 incubated with
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Figure 5.18 Effect of zinc on oxidation of wt p53 core domain. p53 was incubated with 4 mM
H,O, at 0°C for 1 h in the presence or absence of 2 mM Zn** followed by alkylation of free
thiols with NEM and analysis by LC FT-ICR MS. Deconvoluted neutral mass spectra are

shown.

H,0 in the absence of excess Zn®* had formed 2 disulfide bonds. The formation of
2 disulfide bonds was apparent for p53 incubated in the presence of Zn?*. However,
the majority of protein still contained 10 free thiol groups, even after 1 h. A p53
species with 9 alkylated Cys residues was detected in the mass spectrum of p53
oxidised in the presence of Zn®*. This species may have corresponded to p53 with a
stabilised sulfenic acid. However, its ion abundance was too low to confirm this by
top-down FT-ICR MS.

These results do not allow the confirmation of formation of a sulfenic acid on
Cys182. However, they do suggest that the dissociated thiolate (-S°) of either
Cys176, 238 or 242 acts as a nucleophile in the mechanism of p53 oxidation by

H,O.. If oxidation proceeded via an associative mechanism (i.e. a Zn®*-bound
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thiolate acts as the nucleophile), then the presence of excess Zn®** ions would not

have affected the rate of disulfide bond formation.

5.12 Effect of GSH on Oxidation of p53

The tripeptide glutathione (L-y-glutamyl-L-cysteinylglycine; GSH) is the most
abundant low-molecular-weight thiol present in eukaryotic cells, and has an essential
role in maintaining the intracellular redox-potential [15, 274, 275]. The formation of
an intermolecular disulfide bond between a protein cysteine residue and GSH, known
as S-glutathionylation, is a post-translational modification involved in redox-
signalling (Figure 5.19). The concentration of GSH in mammalian cells ranges from
1-10 mM, depending on cell type and localisation. Interestingly, p53
S-glutathionylation has previously been observed in vivo and the level of
modification was found to increase upon addition of oxidising agents [99]. Here,
H.O, oxidation of p53 in the presence of an excess of the intracellular antioxidant
GSH was investigated in vitro [124].

Cys—?
HS S
0 H 0 H
Cys-SH + HOOC\(\)‘\N N._-COOH —— HOOC\l/\)LN N._-COOH
H H
NH» [e] NH» o}

Figure 5.19 Formation of a disulfide bond between cysteine and glutathione.

p53 core domain (150 puM) was incubated with 0 mM or 4 mM H,0O; in the
presence of 2 mM GSH for 1 h on ice. The reactions were quenched and free thiol
groups alkylated as previously described. The resulting deconvoluted neutral mass
spectra are shown in Figure 5.20.

After 1 h incubation in the presence of GSH alone, a small proportion of p53
(4%) had formed 1 disulfide bond with GSH. Oxidation presumably occurred via
thiol/disulfide exchange, or with dissolved oxygen acting as the oxidising agent.

Afterl h incubation in the presence of both GSH and H,0,, an increase in the level of
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Figure 5.20 Effect of glutathione on oxidation of wt p53 core domain. p53 was incubated
with 0 mM or 4 mM H,0, and 2 mM GSH at 0°C for 1 h followed by alkylation of free thiols
with NEM and analysis by LC FT-ICR MS. Deconvoluted neutral mass spectra are shown.

GSH,y refers to S-glutathionylation.

S-glutathionylation was observed. 32% of p53 had formed 1 intermolecular disulfide
bond with GSH, and 25% of S-glutathionylated protein also contained
2 intramolecular disulfide bonds. The identities of the S-glutathionylated p53 species
were confirmed by comparison of the theoretical isotope distributions with the
experimental isotope distributions (see Figure 5.21). Despite the presence of an
excess of free GSH, 19% of p53 formed 2 disulfide bonds without
S-glutathionylation.

The presence of 2 disulfide bonds in addition to a GSH adduct (GSHo) suggests
that Cys176, 182, 238 or 242 were not S-glutathionylated, due to the previous
assignment of their involvement in intramolecular disulfide bond formation. Based

on the results presented in Chapter 4, Cys277 may be the residue susceptible to
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Figure 5.21 Isotope distributions of p53 core domain treated with H,O, in the presence of
GSH and alkylated with NEM. Theoretical isotope distributions are consistent with the
experimental isotope distributions for (A) p53 with an intermolecular disulfide bond to GSH
and 9 alkylated Cys residues (27+ charge state; empirical formula
[ClllgngN3330348817]2“; *; MME < 1 ppm) and (B) p53 with 2 intramolecular disulfide bonds
and 1 intermolecular disulfide bond to GSH and 5 alkylated Cys residues (24+ charge state;

empirical formula [C1095H1742N3290340S17]°*"; *; MME < 1 ppm)
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S-glutathionylation. Top-down FT-ICR MS could be performed in order to
investigate the sites of S-glutathionylation.

Importantly, these results suggest that an excess of GSH does not protect the
zinc-binding Cys residues from oxidation, thus providing further evidence for their
role in redox-regulation of p53. However, a more comprehensive investigation into
H.0O, oxidation of p53 in the presence of GSH is required in order to check this. A
wider range of GSH concentrations should be used, and the reaction should also be
monitored over time. In addition, cellular redox-potentials could be mimicked by the
addition of glutathione disulfide (GSSG) to give the appropriate ratio of GSH:GSSG.
Measuring the degree of oxidation over a range of ambient redox-potentials allows

the equilibrium midpoint potential of disulfide bonds to be determined [276, 277].

5.13 Conclusion
Hydrogen peroxide oxidation of p53 has been investigated in vitro using FT-ICR
mass spectrometry. H,O, treatment resulted in overlapping p53 isotope distributions
suggesting that a mixture of species was present. Alkylation of free thiol groups
allowed identification of cysteine oxidation states and showed that H,O, oxidation of
p53 proceeds via a distinct pathway, involving the initial formation of a stable
2-disulfide species. Further oxidation results in the formation of additional disulfide
bonds.

p53 containing two disulfide bonds was purified using an affinity purification
strategy based on the presence of free thiol groups. Top-down FT-ICR mass
spectrometry identified unambiguously the oxidation state of each of the 10 Cys
residues in p53, revealing that Cys176, 182, 238 and 242 are selectively oxidised in
response to H,0,. Interestingly, Cys176, 238 and 242 are the Zn**-binding residues.
Cysteine connectivity could not be determined from bottom-up FT-ICR mass
spectrometry. However, charge-state distributions of oxidised p53 were consistent
with disulfide linkages between either Cys176 or Cys182 and Cys238 or Cys242.

The mechanism of H,0,-mediated oxidation of p53 was investigated by
oxidation the p53 Cys-Ser mutant C182S. H,0; treatment in the absence of Cys182
resulted in non-specific over-oxidation of p53, providing further evidence for its role
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in p53 redox-signalling mechanisms Furthermore, the rate of wt p53 oxidation in the
presence of excess Zn>* was substantially decreased, suggesting that the thiolate of a
zinc-binding Cys residue serves as a nucleophile in p53. Additional evidence
supporting a role for zinc-ligand redox-chemistry in p53 regulation is provided by
the observation that excess glutathione does not protect the zinc-binding Cys residues
from oxidation.

This investigation has revealed hitherto unknown molecular details regarding the
interaction between the biological ROS signalling molecule H,O, and the redox-
regulated tumour-suppressor p53. It is proposed that selective H,O, oxidation of
Cys182 followed by specific disulfide bond formation between the zinc-binding
cysteine residues represents a biologically relevant redox-signalling event that

contributes to regulation of p53 activity in vivo.

5.14 Future Work

The ultimate goal of this research is to identify the redox-states of p53 cysteine
residues in vivo. A major challenge associated with this endeavour is the acquisition
of sufficient amounts of protein in order to carry out an extensive FT-ICR MS study.
Other more sensitive MS techniques, such as multiple reaction monitoring (MRM),
could be utilised [103]. However, these techniques would require cleavage of p53
into peptides. The limitations of the bottom-up MS approach, such as incomplete
sequence coverage, have been demonstrated in this thesis.

An in vivo study of intact p53 would involve the analysis of the full length
46 kDa protein purified from a tissue culture. Sensitivity in FT-ICR MS decreases as
protein size increases. Therefore, to increase the potential for detection, the 14.5 kDa
peptide GIn165-Lys291 could be excised from full length p53 using the protease
Lys-C (as described in Chapter 4.3.2). This peptide contains seven of the ten cysteine
residues in p53, including each of the Cys residues shown in this thesis to be of
significance (i.e. Cys176, 182, 238 242 and 277). This middle-down approach is

recommended for the unambiguous assignment of p53 cysteine redox-states in vivo.
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Appendix B: Mass Assignments for Fragment
Ions
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B.1 CID of 2NEM-p53

Assigned b and y fragment ions corresponding to p53 core domain alkylated at

residues Cys182 and Cys275 or Cys277.

184

Fragment Observed Monoisotopic Theoretical Monoisotopic MME
lon Mass (Da) Mass (Da) (ppm)
b10 1064.520 1064.514 5.50
b1l 1192.581 1192.572 7.19
b19 2029.979 2029.986 -3.57
b26 2743.348 2743.335 4.74
b27 2871.447 2871.430 5.66
b28 2958.490 2958.462 9.37
b33 3525.708 3525.699 2.50
b34 3612.741 3612.731 2.82
b36 3780.828 3780.821 1.99
b37 3893.919 3893.905 3.76
b38 4007.961 4007.948 3.25
b39 4136.057 4136.043 3.38
b40 4267.084 4267.083 0.21
b4l 4414.150 4414.151 -0.39
b42 4517.154 4517.161 -1.58
b43 4645.229 4645.219 2.05
b44 4758.312 4758.303 1.77
b45 4829.350 4829.340 2.04
ba7 5058.490 5058.483 1.36
b48 5161.500 5161.492 1.45
b49 5258.552 5258.545 1.36
b50 5357.610 5357.613 -0.67
b51 5485.679 5485.672 1.25
b52 5598.758 5598.756 0.43
b53 5784.840 5784.835 0.83
b54 5883.904 5883.904 0.01
b55 5998.948 5998.931 2.96
b56 6085.966 6085.963 0.56
b57 6187.007 6187.010 -0.53
b65 7047.534 7047.508 3.59
b76 8336.159 8336.114 5.41
b82 9076.532 9076.543 -1.23
b87 9679.736 9679.766 -3.07
b93 10468.093 10468.041 4.97
b96 10709.244 10709.184 5.68

b114 12838.333 12838.322 0.86
b124 14050.008 14049.938 5.03
b125 14149.020 14149.006 0.96
b126 14246.140 14246.059 5.69
b128 14538.170 14538.165 0.32
b129 14635.232 14635.218 1.01
b131 14861.322 14861.313 0.63



b160
b161
b162
b165
b169
b175
b199
b201
b216
b217
y13
y15
y16
y18
y20
y29
y31
y41
y46
ya7
y48
y49
y50
y51
y52
y53
y54
y55
y56
y57
y70
y71
y72
y74
y75
y84
y85
y87
y88
y89
y90
y91
y97
y105
y123
yl24
y128
y129
y145
y147
y162

18066.817
18179.802
18292.674
18636.102
18982.222
19649.395
22633.882
22820.146
24437.960
24552.065
1351.730
1593.855
1730.913
1965.025
2151.070
3278.681
3590.887
4772.427
5405.697
5462.743
5575.827
5688.890
5802.957
5859.960
5947.002
6034.034
6149.062
6278.098
6391.187
6492.236
7945.055
8048.043
8135.080
8336.159
8439.168
9565.630
9680.733
9824.704
9923.773
10052.830
10149.857
10246.914
10933.314
11946.782
14075.922
14146.795
14519.197
14634.184
16717.104
16932.116
18598.075

18066.682
18179.766
18292.850
18636.025
18982.137
19649.514
22633.995
22820.059
24437.933
24551.976
1351.723
1593.849
1730.908
1965.020
2151.084
3278.678
3590.880
4772.422
5405.710
5462.731
5575.815
5688.899
5802.942
5859.963
5946.996
6034.028
6149.054
6278.097
6391.181
6492.229
7945.035
8048.044
8135.076
8336.151
8439.160
9565.618
9680.644
9824.698
9923.766
10052.809
10149.862
10246.914
10933.278
11946.757
14075.896
14146.933
14519.097
14634.124
16717.065
16932.155
18598.069

185

7.46
1.97
-9.64
412
4.47
-6.06
-5.02
3.79
1.09
3.63
5.08
3.65
2.49
2.36
-6.56
1.01
2.14
1.01
-2.30
2.14
2.12
-1.55
2.64
-0.62
1.15
1.11
1.23
0.09
0.93
1.12
2.56
-0.06
0.58
1.02
0.94
1.34
9.16
0.66
0.70
2.11
-0.47
-0.02
3.25
2.06
1.89
-9.70
6.85
4.07
2.36
-2.32
0.34



y164
y165
y166
y167
y168
y215
y217
y218

18786.227
18901.181
19000.255
19186.341
19299.431
24424.985
24611.058
24698.051

18786.149
18901.176
19000.244
19186.323
19299.407
24424.915
24611.015
24698.047

186

4.19
0.31
0.60
0.93
1.23
2.89
1.74
0.16
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B.2 ECD of 2NEM-p53
Assigned ¢ and z fragment ions corresponding to p53 core domain alkylated at
residues Cys182 and Cys275 or Cys277.

Fragment Observed Monoisotopic Theoretical Monoisotopic MME
lon Mass (Da) Mass (Da) (ppm)
c6 561.281 561.276 8.84
c7 689.338 689.334 5.63
c8 817.432 817.429 3.33
c9 918.478 918.477 1.02
c10 1081.539 1081.540 -1.01
cll 1209.604 1209.599 4.66
cl2 1266.626 1266.620 4.16
cl3 1353.659 1353.652 5.13
cl4 1516.722 1516.716 4.16
cl5 1573.742 1573.737 3.21
cl6 1720.810 1720.806 2.52
cl8 1989.997 1989.991 3.35
cl9 2047.019 2047.012 3.13
c20 2194.088 2194.081 3.51
c21 2307.171 2307.165 2.75
c22 2444.231 2444.224 3.24
c23 2531.258 2531.256 0.95
c24 2588.282 2588.277 1.79
c25 2689.329 2689.325 1.70
c26 2760.366 2760.362 1.58
c27 2888.461 2888.457 1.45
c28 2975.493 2975.489 1.43
c29 3074.563 3074.557 1.94
c30 3175.608 3175.605 0.97
c31 3278.626 3278.614 3.68
c33 3542.728 3542.725 0.81
c35 3726.813 3726.810 0.85
c36 3797.851 3797.847 1.05
c37 3910.934 3910.931 0.87
c38 4024.977 4024.974 0.64
c39 4153.075 4153.069 1.38
c40 4284.116 4284.109 1.43
c4l 4431.182 4431.178 0.84
c42 4534.188 4534.187 0.16
c43 4662.250 4662.246 0.98
c44 4775.329 4775.330 -0.04
c45 4846.368 4846.367 0.22
c47 5075.510 5075.509 0.15
c49 5275.581 5275.571 1.89
c50 5374.639 5374.640 -0.21
c51 5502.700 5502.698 0.33

c52 5615.782 5615.782 -0.12



c53
c54
c55
c56
c62
c64
c65
c66
c67
c68
c69
c70
c71
c72
c73
c74
c76
c77
c78
c80
c88
c92
c103
c104
c110
c217
c218
z7
z14
z15
z16
z20
z21
222
z23
224
z25
226
227
228
228
z29
z31
z43
z45
z49
z53
z54
z56
z57
264

5801.878
5900.930
6015.955
6102.989
6653.234
6908.439
7064.537
7135.589
7266.613
7337.653
7450.736
7613.798
7741.891
7869.951
7956.984
8085.041
8353.123
8454.188
8583.231
8781.369
9852.872
10369.976
11567.687
11666.773
12335.164
24569.021
24683.079
768.403
1448.786
1577.827
1714.884
2135.070
2263.153
2391.263
2547.360
2660.445
2774.488
2903.531
3032.573
3161.590
3161.617
3262.663
3574.864
5032.515
5233.584
5672.880
6018.020
6133.036
6375.163
6476.183
7282.751

5801.862
5900.930
6015.957
6102.989
6653.264
6908.434
7064.535
7135.572
7266.612
7337.650
7450.734
7613.797
7741.892
7869.950
7956.982
8085.041
8353.140
8454.188
8583.231
8781.368
9852.893
10370.040
11567.702
11666.771
12335.131
24569.002
24683.045
768.400
1448.786
1577.829
1714.888
2135.063
2263.158
2391.253
2547.354
2660.438
2774.481
2903.524
3032.567
3161.609
3161.609
3262.657
3574.859
5032.513
5233.588
5672.878
6018.007
6133.034
6375.160
6476.208
7282.746

188

2.85
0.02
-0.37
-0.09
-4.50
0.76
0.26
2.33
0.02
0.44
0.38
0.19
-0.12
0.02
0.23
-0.04
-2.13
0.02
0.08
0.19
-2.20
-6.25
-1.34
0.20
2.62
0.76
1.35
3.49
-0.44
-1.41
-2.06
3.02
-2.52
4.03
2.36
2.32
2.25
2.29
2.03
-6.12
2.33
1.77
1.50
0.49
-0.67
0.32
2.16
0.28
0.42
-3.84
0.66



266
268
z75
284
z88
z117
z128
z155
z164
z167
2168
2169
z179
2217
2218

7552.893
7740.960
8423.200
9549.615
9907.774
13374.397
14503.175
17877.670
18770.075
19170.329
19283.390
19411.499
20502.075
24594.994
24682.009

7552.890
7740.952
8423.139
9549.597
9907.746
13374.484
14503.077
17877.651
18770.128
19170.303
19283.387
19411.445
20501.976
24594.995
24682.027

189

0.46
1.07
7.16
1.85
2.87
-6.52
6.78
1.07
-2.79
1.37
0.15
2.77
4.85
-0.03
-0.72




B.3 CID of 2NEM-p53yys-c
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Assigned b and y fragment ions corresponding to the p53 peptide GIn165 - Lys291

alkylated at residues Cys182 and Cys277.

Fragment Observed Monoisotopic Theoretical Monoisotopic MME
lon Mass (Da) Mass (Da) (ppm)
b6 712.301 712.296 6.36
b9 1039.480 1039.476 4.25
b1l 1351.685 1351.678 5.25
b12 1454.697 1454.687 6.74
b16 1954.895 1954.900 -2.90
b17 2111.017 2111.001 7.50
b19 2426.085 2426.090 -1.81
b20 2541.113 2541.117 -1.59
b21 2628.137 2628.149 -4.51
b22 2743.180 2743.176 1.68
b23 2800.209 2800.197 4.44
b25 2984.324 2984.318 1.80
b34 4053.905 4053.921 -4.09
b36 4224.964 4224.986 -5.25
b40 4722.283 4722.282 0.27
b43 5113.457 5113.456 0.18
ba4 5228.476 5228.483 -1.43
b52 6226.035 6226.004 5.00
b53 6325.082 6325.072 1.53
b54 6424.141 6424.141 0.01
b55 6521.213 6521.193 2.93
b56 6684.259 6684.257 0.31
b57 6813.297 6813.299 -0.34
b58 6910.351 6910.352 -0.22
b60 7136.451 7136.447 0.48
b61 7235.517 7235.516 0.16
b62 7292.559 7292.537 2.99
b64 7494.553 7494.596 -5.72
b68 7912.748 7912.785 -4.61
b69 8049.795 8049.844 -6.07
b91 10567.987 10567.985 0.21
b92 10668.959 10669.033 -6.93
b95 11026.120 11026.186 -6.05
b107 12287.704 12287.791 -7.09
y5 658.381 658.378 4.03
y6 787.422 787.421 1.98
y8 1017.512 1017.511 0.48
y9 1173.619 1173.612 5.78
y10 1329.713 1329.713 -0.32
yll 1444.748 1444.740 5.21
y16 2054.013 2054.009 1.95
y20 2511.261 2511.256 1.82
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y22 2787.381 2787.367 4.94
y26 3201.577 3201.564 3.98
y27 3314.661 3314.649 3.80
y28 3427.747 3427.733 4.27
y29 3541.783 3541.776 2.15
y30 3598.787 3598.797 -2.82
y31 3685.841 3685.829 3.34
y32 3772.878 3772.861 4.39
y33 3887.901 3887.888 3.33
y34 4016.939 4016.931 2.10
y35 4130.024 4130.015 2.25
y36 4231.073 4231.062 2.53
y38 4457.186 4457.230 -9.94
y40 4671.378 4671.362 3.31
y49 5683.861 5683.868 -1.16
y50 5786.895 5786.877 2.99
y51 5873.924 5873.909 2.50
y54 6178.008 6177.993 2.38
y55 6309.060 6309.034 4.16
y59 6886.255 6886.262 -1.09
y61 7100.366 7100.394 -3.93
y63 7304.449 7304.451 -0.34
y64 7419.485 7419.478 0.90
y65 7506.512 7506.510 0.22
y66 7563.525 7563.531 -0.88
y67 7662.616 7662.600 2.07
y68 7791.586 7791.642 -7.28
y69 7888.683 7888.695 -1.49
y70 7985.744 7985.748 -0.52
y78 8896.210 8896.203 0.79
y83 9570.502 9570.564 -6.45
y84 9685.576 9685.591 -1.52
y105 12055.792 12055.872 -6.59

y107 12257.853 12257.931 -6.38
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B.4 ECD of 2NEM-p53yysc
Assigned ¢ and z fragment ions corresponding to the p53 peptide GIn165 - Lys291
alkylated at residues Cys182 and Cys277.

Fragment Observed Monoisotopic Theoretical Monoisotopic MME
lon Mass (Da) Mass (Da) (ppm)
c5 628.281 628.275 8.85
c6 729.328 729.323 6.97
c7 858.369 858.365 4.88
c9 1056.506 1056.502 3.76
cl10 1212.603 1212.603 -0.03
cll 1368.706 1368.704 0.99
cl3 1568.768 1568.766 1.15
cl4 1705.825 1705.825 0.05
cl6 1971.926 1971.927 -0.26
cl7 2128.036 2128.028 4.08
cl8 2356.091 2356.084 2.97
cl9 2443.109 2443.116 -2.72
c20 2558.140 2558.143 -1.28
c21 2645.170 2645.175 -1.86
c24 2930.292 2930.307 -5.24
c28 3323.500 3323.509 -2.55
c29 3460.559 3460.568 -2.57
c31 3686.744 3686.736 2.30
c33 3941.908 3941.905 0.60
c34 4070.940 4070.948 -1.97
c35 4127.952 4127.969 -4.11
c36 4242.012 4242.012 0.02
c37 4355.061 4355.096 -8.10
c40 4739.287 4739.308 -4.57
c42 5015.435 5015.456 -4.08
c43 5130.469 5130.483 -2.75
c44 5245.488 5245.510 -4.11
c45 5401.595 5401.611 -2.95
c46 5515.622 5515.654 -5.73
c48 5763.745 5763.770 -4.37
c49 5919.847 5919.871 -4.07
c56 6701.252 6701.283 -4.66
z5 642.363 642.358 8.58
z6 771.404 771.400 4.95
z7 900.448 900.443 6.03
z8 1001.493 1001.490 2.45
z9 1157.597 1157.592 5.13
z10 1313.697 1313.693 3.45
z11 1428.720 1428.720 0.55
z12 1584.823 1584.821 1.31
z13 1641.838 1641.842 -2.36

z24 2972.404 2972.421 -5.66
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z36 4215.017 4215.042 -5.89
z39 4542.240 4542.257 -3.93
z40 4655.303 4655.342 -8.29
z47 5479.766 5479.785 -3.60
z54 6161.994 6161.973 3.47
z55 6293.062 6293.013 7.67
z56 6456.109 6456.077 5.03
z61 7084.339 7084.374 -4.93
z67 7646.592 7646.579 1.68
z68 7775.638 7775.622 2.09
z103 11869.687 11869.746 -4.92

z119 13842.671 13842.619 3.71
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B.5 CID of Mono-alkylated p53 Peptide V274-R280
Assigned b and y fragment ions corresponding to the p53 peptide V274 — R280
(VCACPGR) alkylated at residue Cys277.

Fragment Observed Monoisotopic Theoretical Monoisotopic MME
lon Mass (Da) Mass (Da) (ppm)
b4 501.170 501.171 -2.59
y3 328.185 328.188 -9.84
y4 556.240 556.244 -6.51
y5 627.279 627.281 -3.71

y6 730.287 730.290 -4.82




B.6 CID of 3SNEM-p53
Assigned b and y fragment ions corresponding to p53 core domain alkylated at
residues Cys182, Cys277 and Cys229, Cys238 or Cys242.
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Fragment Observed Monoisotopic Theoretical Monoisotopic MME
lon Mass (Da) Mass (Da) (ppm)
b21 2290.124 2290.138 -6.20
b22 2427.189 2427.197 -3.26
b23 2514.224 2514.229 -2.01
b26 2743.316 2743.335 -6.93
b27 2871.421 2871.430 -3.29
b29 3057.518 3057.531 -4.19
b30 3158.567 3158.579 -3.54
b33 3525.677 3525.699 -6.23
b34 3612.710 3612.731 -5.82
b36 3780.794 3780.821 -7.03
b37 3893.879 3893.905 -6.61
b38 4007.918 4007.948 -7.45
b43 4645.187 4645.219 -7.00
ba4 4758.272 4758.303 -6.55
b45 4829.309 4829.340 -6.56
b46 4957.407 4957.435 -5.78
b48 5161.452 5161.492 -7.83
b51 5485.640 5485.672 -5.90
b52 5598.724 5598.756 -5.75
b53 5784.805 5784.835 -5.21

bl114 12838.228 12838.322 -7.31
b128 14538.059 14538.165 -7.31
b129 14635.120 14635.218 -6.64
b131 14861.204 14861.313 -7.32
b169 19107.133 19107.184 -2.70
yll 1157.613 1157.617 -3.46
y1l2 1254.664 1254.670 -4.52
y13 1351.719 1351.723 -2.69
yl4 1464.803 1464.807 -2.86
y15 1593.847 1593.849 -1.56
y16 1730.905 1730.908 -1.84
y18 1965.017 1965.020 -1.46
y25 2790.491 2790.502 -3.99
y26 2919.532 2919.545 -4.32
y31 3590.867 3590.880 -3.68
y4l 4772.400 4772.422 -4.65
y85 9805.604 9805.691 -8.93
y87 9949.672 9949.745 -7.29
y90 10274.832 10274.909 -7.51
y91 10371.893 10371.961 -6.57
y105 12071.718 12071.804 -7.14
y162 18722.979 18723.116 -7.31




B.7 CID of 6NEM-p53

Assigned b and y fragment ions corresponding to p53 core domain alkylated at

residues Cys124, 135, 141, 229, 275 and 277.
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Fragment Observed Monoisotopic Theoretical Monoisotopic MME
lon Mass (Da) Mass (Da) (ppm)
b19 2029.994 2029.986 4.02
b22 2427.211 2427.197 5.88
b26 2743.354 2743.335 6.63
b27 2871.447 2871.430 5.90
b29 3057.560 3057.531 9.62
b32 3487.714 3487.682 9.10
b33 3650.766 3650.746 5.51
b34 3737.782 3737.778 1.25
b37 4018.977 4018.952 6.29
b38 4133.016 4132.995 5.21
b39 4261.116 4261.090 6.28
b41 4539.222 4539.198 5.21
b43 4895.338 4895.313 5.07
b43 4895.362 4895.313 9.89
b44 5008.419 5008.397 4.30
b45 5079.457 5079.434 4.46
b46 5207.531 5207.529 0.26
b48 5536.657 5536.633 4.21
b50 5732.750 5732.754 -0.74
b51 5860.806 5860.813 -1.17
b52 5973.891 5973.897 -1.06
b53 6159.971 6159.976 -0.88
b54 6259.038 6259.045 -1.03
b55 6374.107 6374.072 5.59
b90 10400.975 10401.049 -7.17

b114 13088.452 13088.416 2.78
b125 14399.075 14399.100 -1.74
b127 14659.253 14659.216 2.52
b128 14788.305 14788.259 3.10
b129 14885.347 14885.312 2.40
b131 15111.403 15111.407 -0.27
yll 1157.617 1157.617 -0.27
y13 1351.734 1351.723 7.97
yl4 1464.818 1464.807 7.52
y15 1593.859 1593.849 6.04
y16 1730.919 1730.908 6.25
y18 1965.024 1965.020 1.85
y26 2919.570 2919.545 8.73
y31 3590.897 3590.880 4.87
y4l 4897.491 4897.469 4.33
ya7 5587.806 5587.778 5.06
y48 5700.860 5700.862 -0.33



y51
y52
y54
y55
y56
y57
y71
y73
y74
y75
y85
y87
y88
y89
y90
yo91l
y105
y165
y166
y167
y168

5985.036
6072.072
6274.128
6403.171
6516.249
6617.306
8173.126
8347.158
8461.225
8564.237
9930.803
10074.819
10173.882
10302.973
10399.991
10497.041
12196.896
19026.260
19125.348
19311.428
19424.494

5985.010
6072.043
6274.101
6403.144
6516.228
6617.276
8173.091
8347.155
8461.198
8564.207
9930.738
10074.792
10173.860
10302.903
10399.956
10497.008
12196.851
19026.223
19125.291
19311.370
19424.454

4.29
4.80
4.28
4.28
3.18
4.57
4.37
0.39
3.27
3.53
6.53
2.70
2.15
6.84
3.36
3.06
3.67
1.98
2.98
2.99
2.05
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C.1 Publications
Vincent I, Scotcher J and Burchmore R (2010) Sixth Exploratory Measurement

Science Group symposium. Expert Rev Proteomics 7: 19-20

Scotcher J, Clarke DJ, Weidt SK, Mackay CL, Hupp TR, Sadler PJ and Langridge-
Smith PRR (2010) Top-Down Mass Spectrometry of p53 Identifies Two Reactive
Cysteine Residues Implicated in Redox-Regulation Submitted to J Am Soc Mass

Spectrom

C.2 Course Attendance

Research, Researchers and the Media: A Hands On Approach to Communicating
Your Science. (Oct 2009) BBC Glasgow & Barony Castle, UK.

3rd Summer Course on Mass Spectrometry in Biotechnology and Medicine. (July
2009) Centre for Advanced Academic Studies, Dubrovnik, Croatia.

Mass Spectrometry: Principles and Practice in the 21st Century. (Apr 2008)
University of Edinburgh, UK.

Joint DTC Training Course UK-GRAD Programme. (Jan 2008) Barony Castle, UK.

C.3 Conference Attendance

2" Annual RASOR Conference. (September 2007) Polmont, UK.

Poster: Investigating p53-DNA Complexes Using ESI-FTICR-MS.

Talk: A CRP Immunoassay Using SERRS Active Microspheres Within a Lab-on-a-
Chip.

3 Annual RASOR Conference. (November 2008) Drymen, UK.
Poster: Redox-Regulation of p53: Identifying Redox-Maodifications by FT-ICR Mass

Spectrometry.
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4™ Annual RASOR Conference. (December 2009) Stirling, UK.
Talk: Using FT-ICR Mass Spectrometry to Investigate the Role of Cysteine Residues
in p53.

RASOR Lab-on-a-Chip Symposium. (March 2010) Glasgow, UK.
Poster: Investigating the Redox-Regulation of p53 Using FT-ICR Mass

Spectrometry.

CBC & RASOR Technology Showcase (July 2010) Imperial College London, UK.
Delegate.

4™ EMSG Symposium. (October 2007) Ardgour, UK.
Talk: p53 (& my PhD).

5" EMSG Symposium. (November 2008) Ardgour, UK.
Talk: Characterising the Redox Properties of p53.

6" EMSG Symposium. (September 2009) Ardgour, UK.
Talk: Using FT-ICR Mass Spectrometry to Investigate the Role of Cysteine Residues
in p53.

7" EMSG Symposium. (September 2010) Ardgour, UK.
Talk: Using FT-ICR Mass Spectrometry to Investigate the Role of Cysteine Residues
in p53

57" ASMS Conference on Mass Spectrometry and Allied Topics. (May 2009)
Philadelphia, USA.

Poster: Redox-Regulation of p53: Identifying Redox Modifications by Top-Down
FT-ICR Mass Spectrometry.

Edinburgh Chemical Biology PhD Meeting. (April 2008) Firbush, UK.
Delegate.
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Edinburgh Chemical Biology PhD Meeting. (April 2009) Firbush, UK.
Poster: Redox-Regulation of p53: Identifying Redox-Maodifications by FT-ICR Mass
Spectrometry

Edinburgh Chemical Biology PhD Meeting. (March 2010) Edinburgh, UK.
Talk: Using FT-ICR Mass Spectrometry to Investigate the Role of Cysteine Residues
in p53.

Mass Spectrometry for the Medical & Life Sciences: The Role of High-Field FT-ICR
Mass Spectrometry. (September 2010) Edinburgh, UK.
Delegate.



Appendix D: Publication Reprints

202



For reprint orders, please contact reprints@expert-reviews.com

EXPERT |
| REVIEWS

Isabel Vincent,

Jenna Scotcher and
Richard Burchmoret
"Author for correspondence
Sir Henry Wellcome Functional
Genomics Facility, Institute of
Biomedlical and Life Sciences,
Joseph Black Building, Room
B2-25, University of Glasgow,
Glasgow G12 8QQ, UK

Tel.: +44 141 330 8612

Fax: +44 141 330 4600
r.burchmore@bio.gla.ac.uk

Sixth Exploratory
Measurement Science
Group symposium

Expert Rev. Proteomics 7(1), 19-20 (2010)

Sixth Exploratory Measurement Science Group symposium
Ardgour House, Scotland, UK, 14-18 September 2009

The beautiful scenery around Ardgour in the North West of Scotland was the setting for the
sixth annual Exploratory Measurement Science Group symposium. The meeting was organized
as a study retreat for scientists with an interest in applications of mass spectrometry and
associated technologies to discuss ideas in a relaxed, informal setting. Speakers were invited
from a wide range of subject areas in the general field of mass spectrometry technology

development and application.

Keyworps: detection e Exploratory Measurement Science Group ® mass spectrometry ® measurement e Radical

Solutions for Researching the Proteome

The Exploratory Measurement Science Group
(EMSG) was developed by the University of
Edinburgh’s chemistry department under
the leadership of Pat Langridge-Smith. The
group, based in the Scottish Instrumentation
and Resource Centre for Advanced Mass
Spectrometry (SIRCAMSY), is comprised of a
growing network of scientists, researchers and
industry partners from around the world, who
are interested in the development and application
of advanced analytical instrumentation.

Nested at the foot of a hill, surrounded by
woodland on the Ardnamurchan Peninsula in
West Scotland (UK), Ardgour House has pro-
vided a congenial location for successive EMSG
symposia. The meeting provides an opportunity
for all guests to present their work and ideas
through formal oral presentations, providing
fuel for discussions and networking over din-
ner, the snooker table or around the fireplace
late at night.

The Ardgour Symposium is also supported by
the UK Research Council-sponsored Radical
Solutions for Researching the Proteome
(RASOR) Consortium, through which the
Universities of Glasgow, Strathclyde, Edinburgh
and Dundee collaborate to develop novel pro-
teomic workflows and to provide a training
conduit for the next generation of scientists.

The meeting advances the aims of the EMSG
and RASOR by bringing together users and
developers of analytical instrumentation from
a wide variety of fields, enabling the cross-
disciplinary interaction between scientists who
may not otherwise meet. Every year representa-
tives from academia, industry and the Ministry
of Defence are invited to present an overview of
their research, and are encouraged to illustrate
how their expertise could benefit others within
a multidisciplinary framework. This year, a
wide range of disciplines were discussed includ-
ing nanotechnology, software engineering and
molecular biology, with particular focus on the
field of proteomics.

The main ethos of the EMSG symposium is
to initiate new collaborative interactions and this
aim is recognized in the annual EMSG prize.

Proteomic & beyond

Developments in proteomic technologies were
at the forefront of discussions at Ardgour.
Presentation topics ranged from the develop-
ment of novel ion-source technologies to the
software solutions for analysis of large-scale
MS/MS analyses. Scott Heron, a RASOR-
sponsored graduate student working at the
University of Glasgow (UK) and the University
of Washington (WA, USA), presented his thesis
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work on the development of surface acoustic wave technology as
a mechanism for the efficient ionization of peptides from very
small sample volumes.

Another RASOR student, Jenna Scotcher from the University of
Edinburgh (UK), described how the redox state of tumor-suppress-
ing protein p53 has significant effects on its activity. Using Fourier
transform ion cyclotron resonance (FTICR) MS, she identified the
oxidative modifications to p53 upon hydrogen peroxide treatment.
Using top-down FTICR MS she also mapped these modifications
to several cysteine residues in the protein.

Melinda McFarland (National Institute of Mental Health, MD,
USA) focused on how the function of the neural protein a-synuclein
changes upon phosphorylation in familial Parkinson’s disease. She
described how quantitative and qualitative differences in the inter-
actions of a-synuclein with other proteins could be assessed with
MassSieve, a novel software platform for parsimony analysis of
large-scale MS/MS experiments. MassSieve allows the comparison
of multiple datasets using multiple search engines and has general
application where large datasets are generated from complex samples.

David Clarke (University of Edinburgh) described the use of
rapid quench FTICR MS to investigate enzyme kinetics. A model
system of the chymotrypsin hydrolysis of para-nitrophenyl acetate,
which has an intermediate stage where the enzyme is acetylated, was
used to validate the methodology with published kinetic data. This
technology allows enzyme kinetics to be measured in real time at
extremely early time points. Electron-capture dissociation was also
exploited to locate the position of the acetylation to a five amino acid
portion of the enzyme. Logan Mckay (University of Edinburgh)
also exploited FTICR MS for top-down proteomic characterization
of histone modifications with a role in regulation of gene expression.

Two parasitologists from the University of Glasgow presented
work on drug resistance in protozoa. Richard Burchmore described
a proteomic approach to analyzing pentamidine resistance in
Leishmania, which identified a number of changes in proteins asso-
ciated with the flagellum of the parasite. Isabel Vincent used molecu-
lar biology and MS-based metabolomic approaches to identify the
mechanism behind eflornithine resistance in Trypanosoma brucei,
the etiological agent of sleeping sickness in Africa. Dave Goodlet
(University of Washington) presented work on the application of
MS for lipid structure analysis and the role of lipid A structure in
microbial virulence. Richard Goodwin (University of Glasgow) gave
an overview of the current state-of-the-art MS imaging, highlighting
recent progress and challenges to this approach.

Aside from the biological emphasis, there was a strong represen-
tation from the Ministry of Defence. Simon Ellis-Steinborner and
David Kilgour from the Defence Science and Technology Laboratory

Jenna Scotcher
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EH9 3]], UK
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Edinburgh, West Mains Road, Edinburgh
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spoke of their research of detection and analysis of explosives and
described how Raman spectroscopy has proved to be of limited use
for these applications. Lieutenant Commander Jason White QGM,
Commanding Officer of the Royal Navy’s Northern Diving Group,
gave a fascinating overview of explosive ordnance disposal, both
at sea and on land. White illustrated the difficulties in conduct-
ing underwater searches for modern naval mines, with particular
emphasis on the importance of continued scientific development in
the field of explosive detection and disposal. This was followed by
a practical demonstration of bomb disposal!

Between and after formal presentations, there was ample oppor-
tunity for networking and relaxation. The scientific discussions
were taken ‘on-deck’ for an afternoon when delegates partici-
pated in sea fishing around Oban, and the plentiful catch was
subsequently served for dinner. Fergus Stokes, a former Baptist
Minister and now practicing psychotherapist, gave a stimulating
after-dinner talk exploring the interfaces between science, reli-
gion, philosophy and psychology. Unsurprisingly, Fergus’ speech
induced a lively debate!

At the close of the meeting, Ian Sanders (Bruker Daltonics,
Coventry, UK) was awarded the annual prize for embracing the
spirit of the EMSG. A regular delegate at EMSG symposia, Sanders
has consistently made invaluable contributions to both the academic
and social fabric of the meeting. Over recent years, Sanders’ enthu-
siasm and curiosity in a breadth of scientific topics has stimulated
fruitful partnerships throughout the EMSG community.

Conclusion

Opver the years, several international collaborations have resulted
from EMSG symposia. These include ongoing research partner-
ships between the Goodlett and Langridge-Smith laboratories at
the Universities of Washington and Edinburgh, and the Defence
Science and Technology Laboratory and the Laboratoire de Physique
de la Matiere Condensée et Nanostructures at the University Claude
Bernard Lyon 1 (Lyon, France). These and many other ongoing
collaborations typify the cross-fertilization between diverse research
areas, which are engendered by the Ardgour Symposium.
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