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Who has seen the wind?

Neither I nor you:

But when the leaves hang trembling,
The wind is passing through.

Who has seen the wind?

Neither you nor I:

But when the trees bow down their heads,
The wind is passing by.

- Christina Rossetti
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Abstract

p53 is a critical tumour suppressor protein that is inactivated in around 50 % of cancers.
Following DNA damage, p53 directs the cell to repair the damage, stop growing, or self
destruct. p53 is decorated by a range of post-translational modifications that modulate
its ability to induce distinct responses to stress. This represents a ”decision making
process” that can be the difference between life and death, where survival of the cell and
survival of the patient are potentially mutually exclusive. Despite decades of research,
the mechanisms that determine specific cell fates induced by p53 remain elusive.

Site-specifically modified p53 variants are incredibly useful tools for elucidating the
roles of PTMs in p53 regulation, being applicable to a range of in wvitro assays. Our lab
has unique access to p53 phosphorylated on the N-terminus. This thesis describes the
generation of pH3 acetylated at K120 using genetic code expansion. Though complete
purification was not achieved, this variant was used as a positive control in subsequent
assays. This thesis also describes the development of an in wvitro transcription assay
and an assay to interrogate PTM crosstalk interactions. Though in wvitro transcription
was not achieved, the latter assay successfully reconstituted two well-described crosstalk
interactions in p53: the promotion of T18 phosphorylation by S15 phosphorylation and
the promotion of K373 acetylation by phosphorylation of S15 and S20. This assay allows
for PTM crosstalk to be interrogated in a complex, biologically relevant environment
with site-specifically modified p53 as a predefined input. The assay has the potential to
be modified to interrogate p53 crosstalk under different stress conditions, making it a
powerful tool in our quest to understand how p53 is regulated by PTMs.

Overall, this thesis represents an important step towards understanding how p53 is
regulated by PTMs, particularly how PTMs promote the addition of other PTMs, the

cascades that determine cell fate.
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Introduction

4.1 pb3: the guardian of the genome

Around half of cancers possess mutations in one gene: TP53.! TP53 encodes a protein,
"ph3”, that plays a key role in suppressing the development of cancer, such that people
who inherit a non-functional p53 gene (Li-Fraumeni syndrome) have an approximately
75 % or 100 % chance of developing cancer if they are male or female respectively.? p53
was discovered in 1979, almost simultaneously, by multiple research groups in the USA,
France and the UK as a protein that associated with simian virus 40 large T-antigen.? It
has since been the subject of intense research, with a PubMed search for "p53” yielding
over 100,000 results as of March 2024.

Under normal cellular conditions, p53 is expressed but its levels are kept low by the
E3 ligase MDM2, which ubiquitinylates lysine residues on the C-terminus of p53, leading
to its degradation by the proteosome.*3 Under conditions of cellular stress, such as DNA
damage, p53 rapidly undergoes post-translational modification, leading to accumulation
in the nucleus where it acts as a transcription factor (Fig. 4.1).° In the case of DNA
damage, pb3 may activate genes involved in DNA repair (e.g., DDB2), cell cycle arrest
(e.g., p21), or apoptosis (e.g., BAX) depending on the type and severity of the damage.
This allows for the repair or removal of damaged cells that are, or may soon become,
cancerous. Because p53 is capable of inducing a range of different cell fates, its activity
is fine-tuned through post-translational modification.”® Other types of stress, such as
hypoxia,” serum starvation,!® or loss of cell matrix adhesion'! may also activate p53, and
p53 is capable of inducing apoptosis through transcription-independent mechanisms.'?
A more detailed description of p53 function and regulation is presented in the following

sections, with a focus on p53’s role as a transcription factor in response to DNA damage.

12



CHAPTER 4. INTRODUCTION

Healthy cell Damaged cell

Outcome:
DNA repair?

Senescence?
Apoptosis?

MDM2 —— p53 | MDM2 —¢—ip531

Figure 4.1: Schematic comparing p53 activity in a healthy versus damaged cell. In a
healthy cell, p53 is suppressed by MDM2-mediated ubiquitinylation. Following DNA-damage,
p53 accumulates, activates, and translocates to the nucleus where it acts as a transcription

factor (TF), inducing the expression of genes that can lead to a range of cell fates.

4.2 pb3 structure and function

4.2.1 Overview

pH3 is 393 amino acids in length, with a mass of 43.7 kDa. It comprises two ordered do-
mains: the DNA-binding domain and, connected via a short C-terminal linker, a tetramer-
ization domain. Flanking these regions are the intrinsically disordered C-terminal reg-
ulatory domain and N-terminal domain (Fig. 4.2).!3 The N-terminal domain contains
a transactivation domain subdivided into two subdomains, TAD1 and TAD2. Intrinsic
disorder is a common feature of transcription factors and proteins situated at the center

of protein interaction networks as it allows interactions to be made with a diverse range

of other proteins.?1415
p53
I[TAD'IITADZ]I—I[ DBD !_.[ TDI CTD ].
1 40 61 94 292 325 356 393

Figure 4.2: p53 scheme. Overall scheme of p53, showing the two transactivation domains
(TAD1, TAD2), DNA-binding domain (DBD), tetramerization domain (TD) and C-terminal
domain (CTD).

13



CHAPTER 4. INTRODUCTION

4.2.2 N-terminal domain

The N terminal domain (residues 1-94) is divided into a transactivation domain (TAD)
and a proline-rich region. The TAD is subdivided into two subdomains, TAD1 (residues
1-40) and TAD2 (residues 40-61), and is the site of many key protein-protein interac-
tions.!® Under normal cellular conditions, TAD1 acts as the binding site for MDM?2. This
interaction takes place within a hydrophobic cleft on MDM2 and involves residues 15-29
of p53, which adopt an a-helical conformation upon binding to MDM2 (Fig. 4.3).16:17
Following DNA damage, the N-terminal domain of p53 is rapidly phosphorylated, mod-
ulating the affinity of the TAD for different proteins. For example, T18 phosphorylation
of p53 reduces the affinity of the TAD to MDM2 by about 20-fold,!”*® allowing p53 to
accumulate by preventing its degradation by MDM?2. Phosphorylation of the TAD also
promotes the interaction with p300/CBP,¥?° a histone acetyltransferase that stabilizes
and activates p53 through acetylation of key residues on the C-terminus.?! With a sup-
pressor (MDM2) and activator (p300) both competing for the same binding site on p53,
the concentrations of both binding partners, as well as the phosphorylation status of
the p53 N-terminus, are key factors in the stabilisation, accumulation and activation of

p53 following cell stress.!3?2 The TAD also mediates interactions with components of the

23,24,25

transcription machinery.

Figure 4.3: The p53-MDMZ2 interface. Crystal structure of a peptide corresponding to
residues 17-29 of p53 bound to MDM2. Shown are residues of p53 that form key interactions
with MDM2, as well as Thr18 and Asp21, which interact via hydrogen bonds. PDB 1YCR.!6

14



CHAPTER 4. INTRODUCTION

4.2.3 Tetramerization domain

The tetramerization domain (residues 325-356) is a short, well-folded domain responsi-
ble for the formation of p5H3 tetramers. Tetramers of p53 are best described as dimers
of primary dimers, with dimerisation occurring co-translationally and tetramers form-
ing post-translationally.'®?% Each monomer is made up of a -sheet and a-helix linked
by a sharp turn at G334.2" Dimers form through formation of antiparallel interactions
between the S-sheets of each monomer and antiparallel helix packing,?® and tetramers
form through hydrophobic interactions via the helix interfaces of each dimer (Fig. 4.4).%
tetramerization promotes p53 binding to its consensus sequence®® and may also promote
nuclear retention of p53 by masking part of the C-terminal nuclear export signal.3! There
is evidence that regulation of the oligomeric state of p53 is a mechanism for regulating
p53 activity: when pb53 mutants that can only form dimers are expressed in H1299 cells,
p53 remains in the cytosol and induces growth arrest. In contrast, expression of p53 capa-
ble of forming tetramers induces apoptosis.®? Oligomerisation state can also be regulated
by other proteins, for example 14-3-3 protein binding to the p53 C-terminus promotes
tetramer formation. This interaction is strengthened by C-terminal phosphorylation of

p53 at residues S366, S378 and T387.33

Figure 4.4: The tetramerization domain. A: Crystal structure showing the interface
between p53 dimers with key residues highlighted. B: A different orientation highlighting the
primary dimer, including the angle of rotation relative to A. Figure adapted from [13]. PDB:
SUQR.
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CHAPTER 4. INTRODUCTION

4.2.4 C-terminal regulatory domain

The C-terminal regulatory domain (residues 356-393), like the N-terminal domain, is
intrinsically disordered, but adopts secondary structure upon binding to protein part-
ners.?*3® This domain contains numerous positively-charged residues that bind DNA in
a sequence-independent manner through electrostatic interactions with the phosphate
backbone.?® This enables p53 to ”slide” across DNA, with the DNA-binding domain
(covered in the next section) binding specifically to p53 response elements when they
are encountered.?”3® The C-terminal regulatory domain contains six lysine residues (370,
372, 373, 381, 382, and 386) that are subject to post-translational modifications that
modulate its interactions with proteins and DNA, as well as p53 degradation.?® These

will be discussed in detail in section 4.4.4.

4.2.5 DNA-binding domain

The DNA-binding domain (residues 94-292) consists of an immunoglobulin-like S-sandwich
and a DNA-binding surface that contains three loops (L1, L2 and L3). L1 forms part
of a loop-sheet-helix motif that docks into the major groove of DNA, while L2 and L3,
stabilised by a zinc ion that is coordinated by a histidine and three cysteine residues
(C176, H179, C238, and (C242).%04 The DNA-binding domain is relatively unstable,
with a melting temperature of 44-45 °C.*2

As p5h3 diffuses along the DNA strand in a non-specific manner (mediated by the
C-terminal regulatory domain), the DNA-binding domain scans the DNA for its binding
motif by frequent association and disassociation.?” The p53 response element reads as two
palindromic repeats of 5~-RRRCWWGYYY-3’, where R represents a purine base (A/G),
W represents A/T and Y represents a pyrimidine base (T/C), separated by up to 13
bases.* The most common central (CWWG) motif is CATG, and the strongest-binding
sites have short (0-1bp) linkers.*4

A crystal structure of the p53 DNA-binding domain bound to target DNA shows that
two monomeric DNA-binding domains form dimers at each half site, forming tetramers
even in the absence of a tetramerization domain. R248 on the L3 loop forms a key
interaction with the minor groove. R273 interacts with the phosphate backbone and

forms a salt bridge with D281, which also interacts with DNA via water. R280 forms a

16



CHAPTER 4. INTRODUCTION

key interaction with the conserved guanine in the half site, while K120, A276 and C277
interact with DNA in a sequence-specific manner, allowing modulation of target gene

recognition (Fig. 4.5).45:13
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,,,,,,

ASP281g |0

ARG 273

SER 242
4

ARG 248
'y

Figure 4.5: p53 bound to DNA. A: p53 binding to DNA as a tetramer. B: p53 binding to
DNA as a monomer with key amino acids and interacions highlighted. PDB: 2AHI.

p53 and chromatin

p53 binds to DNA within the context of chromatin, and changes to chromatin influence
the ability of p53 to bind to its response elements. In turn, p53 is capable of recruiting
proteins that modify chromatin.*® The fundamental unit of chromatin is the nucleosome:
1.65 turns (147bp) of DNA wrapped around an octomeric histone core. Two copies each
of four core histones (H2A, H2B, H3 and H4) assemble into an octomer. A fifth his-
tone, H1, coordinates the DNA at the point at which it links neighbouring nucleosomes
(Fig. 4.6).47*® The packing of the nucleosomes in chromatin provides an additional layer
of gene regulation, and this packing is controlled by post-translational modification of
the histones. For example, PTMs that cause a net reduction in positive charge, such
as phosporyl or acetyl groups, can weaken the interactions between the nucleosome and
DNA, leading to decompaction of chromatin. Chromatin decompaction is largely asso-
ciated with increased gene expression as the DNA becomes more accessible to the cell’s
transcription machinery.*® Histone methylation is associated with both activation and
repression of transcription. For example, trimethylation at lysine 4 of H3 (H3K4me3)
promotes the recruitment of nucleosome remodelling factor (NURF), which binds to hi-
stones and mediates nucleosome sliding. This process is associated with an increase
in transcriptional activity, especially in genes involved with development.’® In contrast,

trimethylation at lysine 9 of H3 (H3K9me3) can lead to recruitment of heterochromatin

18



CHAPTER 4. INTRODUCTION

protein 1 (HP1), which oligomerizes and non-covalently links nucleosomes, leading to a
tightly packed chromatin structure that is inaccessible to the transcription machinery.!
The list of histone PTMs is extensive,’? and they work through a variety of mechanisms,
exerting their effects directly via the interaction of histones with DNA and indirectly via
the recruitment of proteins to nucleosomes. The tightly packed, transcriptionally repres-
sive form of chromatin is called “heterochromatin”; the loosely packed, transcriptionally
permissive form of chromatin is called “euchromatin”.

Core histones

DNA
b

8
N

Nucleosome

H1
Beads on a string L:i
=
‘13

Chromatin

Figure 4.6: Shown are the different levels of DNA packaging: nucleosome, where DNA wraps
around a core histone octomer, co ordinated by histone H1; “beads on a string”, where multiple
nucleosomes are connected via linker regions of DNA; and chromatin, where nucleosomes come

together in a tightly packed structure.
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CHAPTER 4. INTRODUCTION

p53 is capable of acting as a pioneer factor, binding to structurally inaccessible regions
of chromatin.®® Though p53 can bind DNA that is rendered accessible by chromatin, it
has been shown to bind more favourably to DNA with high nucleosome occupancy, with
p53 binding leading to nucleosome displacement.’*®> Upon binding to chromatin, p53
can recruit histone acetyltransferases (HATs) such as CBP and adapter proteins such as
TRAPP, which forms complexes with many different HATSs and is associated with DNA
repair.’® This recruitment is dependant on prior C-terminal acetylation of p53.57%% A
2010 study investigated the ability of p53 to bind to its promoter sequence rotated in
six different positions around the nucleosome and found that p53 binds most favourably
when DNA is bent into the major groove in the CATG fragment, exposing the minor
groove to solvent and protein binding.?® A similar "bent” DNA conformation had been

previously observed in crystal structures of p53 bound to DNA.5Y

4.3 Mutations in cancer

The majority of p53 mutations are missense substitutions (63 %), with nonsense substi-
tutions (11 %) and frameshift deletions (5 %) being the next most common.%"6 Most
mutations occur in the DBD around several “hotspot” residues that together comprise
25-30 % of p53 mutations (Fig. 4.7).9%6* The effect of these mutations on p53 vary, but
can be broadly defined as either “contact” mutations, meaning they prevent the binding
of pH3 to target genes, or “structural” mutations, meaning they cause a conformational
change in p53 that inactivates it another way, such as by destabilization.®® Most p53
mutations are loss of function, though some mutations are gain of function and confer

oncogenic properties onto p53.%

4.4 Post-translational modifications of p53

pH3 function is regulated, in part, through a diverse range of post-translational modifica-
tions that decorate its surface, a few of which have been briefly described in the previous
section. Phosphorylation, acetylation, and ubiquitinylation represent the most abundant
PTMs in p53, however other modifications such as methylation, SUMOylation, neddyla-
tion, and ISGylation are present on p53. Additionally, p53 undergoes modification to its

20
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Figure 4.7: p53 residue mutation frequencies. Most oncogenic mutations in p53 occur
in the DNA-binding domain (residues 94-292). The top five most frequently mutated residues
in cancer are labelled. Data obtained from COSMIC. Also shown is a scheme of the domain
structure of p53 aligned with the mutation data.61:62

protein backbone through the formation of isoaspartate on the N-terminus.%” This section

will describe the modifications that occur on each domain of p53 and how they influence

p53 function (Fig. 4.8).
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Figure 4.8: A summary of PTM events described on p53. Figure adapted from [39].

4.4.1 Modifications of the N-terminal domain and proline-rich
region

Phosphorylation is the predominant PTM present on the N-terminus, with one residue

(K24) a target for ubiquitinylation (Fig. 4.9A).3%% The N-terminal domain contains

10 residues where phosphorylation has been observed: S6, S9, S15, T18, S20, S33, S37,
S46, T55, and T81.3? Phosphorylation at many of these residues has been seen to occur
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rapidly (0-5 hours) in cells after exposure to calpain inhibitors, adriamycin, IR or UV
and, for the most part, promote the accumulation and activation of p53.6%70:187L72 Ope
exception is TH5, which is constitutively phosphorylated in unstressed cells by TATA box

73,747 and can be

binding protein-associated factor 1 (TAF1), promotes p53 degradation,
dephosphorylated by PP2A.7™ Of these 10 phosphorylations, S15 and T18 are some of the
more well-understood. Phosphorylation of S15 by is a key step in the activation of p53,
with S1I5A mutant pb3 showing a significantly reduced ability to induce expression of
Bax, MDM2 or p21.7® S15 has been shown to be phosphorylated by DNA-PK, ATM and
ATR kinases””"™™ and is dephosphorylated by Wip1, a p53-target gene, and PP1C.80:8
S15 phosphorylation is a prerequisite for T18 phosphorylation by CK1, which promotes

p53 accumulation by inhibiting the interaction with MDM2,82:20:83

The individual roles of S6, S9, S20, S33, and S37 are less well-understood. These
residues have been shown to be phosphorylated by multiple kinases, including CHK2
(S20), CK1 (S9), HIPK4 (S9), GSK3 (S33), CDK9 (S33), and DNA-PK (S37).84:8572,86,87.88.89
Dephosphorylation has been observed at S20 by DUSP26 and at S37 by DUSP26, PP1A,
and PP2A 998189 Phosphorylation at these resides, along with S15 and T18, has been
shown to promote the interaction of p53 with p300/CBP, leading to p53 acetylation.?
S33, S46, and T81 are followed by a proline, and their phosphorylation has been shown
to promote the binding of the peptidyl-prolyl isomerase Pinl, an enzyme that specifically
isomerizes pSer/pThr-Pro motifs.?19%% Pinl knockout has been shown to lead to a re-
duction in p21, MDM2 and Bax transcription following DNA damage in a p53-dependant
manner.?92%4 C-Jun N-terminal kinase (JNK) phosphorylation of T81 may promote com-
plex formation between p53 and p73 promote the induction of p53 target genes.”™% S46
phosphorylation has been shown to increase the affinity of p53 for pro-apoptotic promot-
ers such as p5>3AIP1 and BAX.%9 Though S46 phosphorylation has been reported to
occur 4 hours after exposure of cells to UV or adriamycin, along with other N-terminal
phosphorylations,® it has also been reported to only occur after long-term (24 hours)
exposure to genotoxic stress, following translocation of DYRK2 to the nucleus.”® As well
as DYRK2, S46 can be phosphorylated by ATM, HIPK2, PKC§, and p38 MAPK, and
dephosphorylated by Wip1.3%:99:100,101,102

These PTMs all affect the side chains of amino acids, however backbone modifications

have also been observed on the N-terminus of p53. Residues N29 and N30 are capable
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of spontaneous deamidation to succinimide, though this occurs in N29 much faster than
in N30.°” Succinimide hydrolyzes to isoaspartate or aspartate at an approximate 2:1
ratio. Protein l-isoaspartyl methyltransferase (PIMT) is capable of methylating the side-
chain carboxyl of isoaspartate, forming a methyl-ester that rapidly decomposes back to
succinimide, allowing a proportion of isoaspartate to be converted to aspartate as part of
a repair process (Fig. 4.9B).6719 Interestingly, PIMT-mediated methylation of IsoAsp29
and IsoAsp30 may promote p53 degradation via MDM2, as the methylated intermediate

has a greater affinity for MDM?2 than isoaspartate and asparagine.5”
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Figure 4.9: Isaspartate formation and summary of N-terminal PTMs. A: Summary of
PTMs present on the N-terminus, including corresponding writers (top) and erasers (bottom).
B: Mechanism of isoaspartate formation in proteins. Spontaneous deamidation of asparagine
leads to formation of isoaspartate or aspartate, with the former able to undergo methylation by

PIMT, allowing for decomposition back to succinamide.
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4.4.2 Modifications of the DNA-binding domain

In contrast to the N-terminus, phosphorylation of the DNA-binding domain often has
a repressive effect on p53 activity. S149, T150, and T155 phosphorylation by CSN has

104,105 while phosphorylation of S215 by Aurora-A

been shown to lead to p53 degradation,
has been shown to abrogate DNA binding and transcription of p53 target genes.!%® S269
phosphorylation may inhibit p53 activity by reducing its thermo-stability.'°"1%® Phospho-
rylation of Y126 and Y220 by Src may lead to p53 degradation by promoting its interac-
tion with Herch, an E3 ligase that conjugates the ubiquitin-like modifier ISG15.19%110 Not
all phosphorylations on the DNA-binding domain are repressive: S106 phosphorylation

by Aurora-A has been shown to inhibit the interaction of p53 with MDM2 (Fig. 4.10).11*

There are three described acetylation sites on the DNA-binding domain: K101, K120,
and K164 (Fig. 4.10). Of these, K120 is by far the most well-described. K120 can be
acetylated by Tip60, MOF and MOZ and its acetylation has been shown to promote
the induction of apoptotic genes such as PUMA and BAX.!12113 Mechanistic insights
into how K120 acetylation promotes apoptosis were provided by the purification of p53
DNA-binding domains site-specifically acetylated at K120, produced using genetic code

expansion. 1115116 Thig will be described in detail in section 4.5.3.

The effect of acetylation at K101 and K164 are less well-understood, but both are
acetylated by p300/CBP (Fig. 4.10).17118119 Based on work carried out in mice, K164

acetylation may promote cell-cycle arrest and senescence,!'® and K101 acetylation may

9
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Figure 4.10: A summary of PTMs present on the DNA-binding domain, including

corresponding writers.
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4.4.3 Modifications of the linker and tetramerization domain

The predominant PTMs present on the linker domain and tetramerization domain are
ubiquitinylation and ubiquitin-like modifiers, with the linker region also containing phos-
phorylation sites and the tetramerization domain containing methylation sites (Fig. 4.11).39
In the linker, T304 phosphorylation by Leucine-Rich Repeat Kinase 2 (LRRK2) has
been demonstrated in vitro, and may promote p53 translocation to the nucleus.'?® S315
phosphorylation by CDK9 has been shown to lead to degradation.!?%® Ubiquitinylation
of the linker at K319, K320, and K321 by E4F1 has been observed in U20S cells. In-
terestingly, p53 ubiquitinylated at these residues seems to localise on chromatin, with
E4F1 expression promoting the induction of genes involved in growth arrest, such as
p21.122 K320 and K321 are also targets of neddylation, the conjugation of the ubiquitin-
like modifier Nedd8, by FBXO11. FBXO11 knockout has been observed to increase the
expression levels of p21 without affecting p53 levels, suggesting that neddylation at these
residues may suppress pb3 activity without promoting degradation.'?® Acetylation has
been observed at K305 by p300/CBP following DNA damage in MCF-7 cells and may
influence the ability of p53 to induce transcription, though precisely how is unclear as
substitution of K305 with alanine or glutamine (acetyllysine mimetic) appears to reduce
p53 transcriptional activity, while K305R appears to promote it.!?* K320 acetylation via

70125 and may promote cell survival.!?%1%7 Re-

PCAF occurs in response to DNA damage,
cently, K320 acetylation was found to suppress the expression of BNIP3, a protein that
promotes mitophagy.!?® Deacetylation of K320 by SIRT3 has been observed.!?
Relatively few modifications have been observed on the tetramerization domain, with
most PTMs that affect tetramerization occurring on the C-terminal regulatory domain.3°
p53 methylation by PRMT5 has been observed at R333, R335, and R337 and may pro-
mote nuclear import and binding to the p21 promoter.!3! p53 ubiquitinylation at K351

and K357 by MLS2 has been shown to promote nuclear export instead of degradation.!3?

4.4.4 Modifications of the C-terminal regulatory domain

The C-terminal regulatory domain is notable for its two clusters of three lysines (K370,
K372, K373; and K381, K382, K386), all of which undergo acetylation, ubiquitinylation,
and methylation. Between these two clusters are three residues (S376, T377 and S378)
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Figure 4.11: A summary of PTMs present on the linker and tetramerization do-

main, including corresponding writers (top) and erasers (bottom).

that undergo phosphorylation. In addition, the penultimate residue of p53 (S392) can
also be phosphorylated (Fig. 4.12).3

Acetylation of p53 at K370, K372, K373, K381, K382, and K386 was first reported
in 1997.133 Despite being discovered over 26 years ago, there is still much uncertainty
around the precise role of these acetylation sites.!3* Acetylation at these six residues is
carried out by p300/CBP, and may increase p53s stability by preventing MDM2-mediated
ubiquitinylation at the same sites and inhibiting the interaction with MDM2,3%135,136,125
Interestingly, mutation of all C-terminal lysines to arginine in mouse embryonic stem
cells has been shown to have a limited impact on p53 degradation, however transcription

137

induction was suppressed.'>’ p21 expression was found to be unaffected by simultane-

ous mutation of C-terminal lysines and K120 to arginine in transfected H1299 cells.*!”
Though these results may suggest that acetylation is dispensable for p53 activity, dele-
tion of the C-terminal regulatory domain in mouse models leads to dramatic and lethal
phenotypes, with an increase in p53 activity.'?%13% In 2016, Wang et al. reported that,
in its unacetylated form, the C-terminus acts as a docking site for the acidic domain of
SET while bound to DNA, with SET preventing the recruitment of p300/CBP and subse-
quent acetylation of H3K18 and H3K27 on p53 target promoters. Mutation of C-terminal

lysines to glutamine (p53%@/%%) in mouse embryonic fibroblasts prevented the interaction

with SET, leading to an increase in the expression of p53 target genes.'*® p535%/~ mice
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display increased expression of pb3-target genes without elevated pb3 levels compared
to pp3"W 7T/~ mice, suggesting that acetylation of the C-terminus predominantly regulates
p53 activity rather than its stability.!4!

C-terminal acetylation has been shown to promote interactions of p53 with bromodomain-
containing proteins. Bromodomains are evolutionary-conserved domains that selectively
bind to acetylated lysines.!*? Following DNA binding, p300/CBP has been shown to
bind to K382-acetylated ph3 via its bromodomain, leading to acetylation of histones in
the p21 promoter.?®°7143 K373 and K382 acetylation has been shown to recruit TAF1,
the largest subunit of TFIID, to the p21 promoter, leading to transcription in vitro.'4*
K382-acetylated p53 has also been shown to recruit PBRM1, a subunit of a chromatin
remodelling complex (SWI/SNF), to the p21 promoter.'*>

C-terminal lysines are also targets for other PTMs, including methylation and SUMOy-
lation. Methylation has been observed at K370, K372, and K382 by Smyd2, Set7/9, and
Set8 respectively.!4® K370 and K382 methylation may repress p53 activity, as depletion
of the relevant methyltransferases enhances transcription of p53-target genes and apopto-
sis. 147148 K372 methylation may promote p53 activity by suppressing the methylation of
K370 and promoting the acetylation of K373 and K382,14%149.150 though Set7/9 deletion
in mouse models has been observed to not affect the induction of apoptosis or cell-cycle
arrest following DNA damage.!5%1%? K370 demethylation has been observed by LSD1.153
SUMOylation of K389 by PIASy may suppress p53 activity by blocking C-terminal acety-
lation and promoting nuclear export.!?41%

Constitutive S376 phosphorylation by GSK34 has been observed in unstressed cells,
and dephosphorylation may promote the interaction of p53 with 14-3-3, a family of pro-
teins that promotes p53 tetramer formation.'%1” Phosphorylation of T377 (by LRKK2)2
and S378 (by PKC, dephosphorylated by PP1 and PP2A),331% and S392 (by IKKS3) in

contrast, may promote this interaction.!®?:169

4.4.5 PTM crosstalk

"PTM crosstalk” covers a range of interactions between post-translational modifica-

61 some of which have been alluded to already. For this thesis, ”crosstalk” will

tions,*
refer to the ability of one or more PTMs to influence the addition, function or removal

of one or more other PTMs, with a focus on intra-protein PTM crosstalk in p53.
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Figure 4.12: A summary of PTMs present on the C-terminus, including corre-

sponding writers (top) and erasers (bottom).

The simplest form of PTM crosstalk occurs when writer enzymes for different mod-
ifications compete for the same residue. For example, many lysine residues on the C-
terminal regulatory domain of p53 are targets for both acetylation and ubiquitinylation,
with each modification precluding the addition of the other. Similar competition can also
take place when modifications occur on different residues if the writer enzymes compete
for the same binding site on the substrate. In p53, p300 and MDM2 compete for binding
to the TAD1 domain, with phosphorylation of T18 inhibiting the interaction with MDM2

while promoting the interaction with p300.1%:!8

The p53 N-terminus is the site of many phosphorylations that display crosstalk. (Fig.
4.13) Some of these crosstalk interactions, such as the dependence of T18 phosphory-
lation by CK1 on prior S15 phosphorylation, are well-described. This dependence oc-
curs due to CK1’s consensus sequence, pSer/Thr-X-X-(X)-Ser/Thr, which requires a pre-
phosphorylated serine or threonine 3 residues upstream of the substrate residue.!¢2:6%:82
For other crosstalk interactions, the literature paints a less clear picture. A similar dy-
namic has been observed with CK1 phosphorylation of S9, which may be dependant on
prior S6 phosphorylation.”% In 2003, Saito et al. used an alanine scanning approach to
probe the crosstalk relationships between phosphorylation events on the N-terminus of

p53. They observed that S9 phosphorylation was abrogated in S6A p53. Interestingly, S6
phosphorylation was also abrogated in S9A p53. An S15A mutant of p53 showed abro-
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gated S9, T18, and S20 phosphorylation, while S20A mutant p53 showed abrogated T18
phosphorylation. S33A mutant p53 showed abrogated S37 phosphorylation. S15, S33
and S46 phosphorylation were not abrogated by any mutations other than their own.%
A 2005 study observed abrogation of S15 phosphorylation in S37A p53,'%3 however this
was not observed in prior or later studies.®®!%* In 2008, it was observed that mutage-
nesis of S37 to either alanine or aspartic acid led to abrogation of phosphorylation at
S33, with S33 phosphorylation still observed in WT p53.1%4 This is in contrast to prior
studies which suggest S37 phosphorylation is dependant on prior S33 phosphorylation,
and not wice versa.%'% The 2008 results suggest that both the phospho-null mimetic
(S33A) and the phospho-mimetic (S33D) lead to abrogation of S37 phosphorylation,'®* a
result that is difficult to interpret. There is in vitro evidence that S33 phosphorylation by
GSK30, which requires a phosphorylated serine four residues upstream of the substrate
residue (Ser-X-X-X-pSer),'% is dependant on prior phosphorylation of S37.%° Altogether,

there remains much uncertainty around the crosstalk relationships on the N-terminus and

precisely how the phosphorylation cascades occur.
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Figure 4.13: Summary of observed crosstalk interactions on the N-terminus, with
proposed relevant enzymes. Arrows show where one modification promotes the addition of
another. The endpoint modification is indicated by the colour of the arrow. The modification
at the start of the interaction is indicated by the colour of the horizontal line at the base of the

arrow.

On the C-terminus, phosphorylation may regulate C-terminal acetylation. Com-
bined T377A/S378A mutants have been observed to show enhanced acetylation at K373
and K382, with combined T377D/S378D mutants showing reduced levels of K373 and
K382 acetylation. Combined S366D/T387D mutants showed enhanced K373 and K382

acetylation, with no reduction in K373 and K382 acetylation observed for combined
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S366A /T387A mutants.'5” However, like with N-terminal crosstalk relationships, the ev-
idence is mixed: S378A mutation has been shown to promote K373 acetylation, along
with mutation of S315 to either alanine or aspartic acid.'%® Evidence from mouse embry-
onic fibroblasts (MEFs) suggests that SET7/9 methylation at K369 (equivalent to K372
in human p53) may promote acetylation at K117, K317, K370 and K379 (equivalent to
K120, K320, K373 and K382 in human p53, respectively) by promoting interactions with
Tip60.1°° SUMOylation of K386 may preclude acetylation of nearby residues due to steric
hindrance (Fig. 4.14).15%
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Figure 4.14: Summary of observed crosstalk interactions on the C-terminus, with
proposed relevant enzymes. "SH” indicates steric hindrance. Arrows show where one mod-
ification promotes the addition of another, blunt arrows show where one modification inhibits
the addition of another. The endpoint modification is indicated by the colour of the arrow. The
modification at the start of the interaction is indicated by the colour of the horizontal line at
the base of the arrow. Where starter modifications are connected by straight lines, crosstalk

has only been demonstrated by mutagenesis of those residues in combination.

PTM crosstalk interactions spanning multiple domains

Some crosstalk interactions span multiple domains of p53 (Fig. 4.15). One example is the
interaction between N-terminal phosphorylation and C-terminal acetylation, mediated
by CBP/p300. N-terminal phosphorylation promotes p53’s interaction with CBP /p300,
which acetylates p53 on its C-terminus.?%168

p300 consists of several domains: the nuclear receptor interaction domain (RID),
kinase-inducible domain (KIX), cisteine-histidine-rich region 1 (CH1)/Tazl, CH3/Taz2,
and the interferon-response binding domain (IBiD). Between Kix and CH3/Taz2 is the

catalytic core of p300, which comprises the bromodomain, CH2 and histone acetylatrans-
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ferase (HAT) domain.’6%170 Kix, Chl/Tazl, CH3/Taz2 and IBiD have been shown to
interact with the N-terminal domain of p53.!? Of the p300 domains that interact with
p53 TAD1, CH3/Taz2 binds the tightest, followed by Taz1.20:17!

Teufel et al. systematically assessed the binding affinities of Kix, CH1/Tazl, CH3/Taz2
and iBid for differentially phosphorylated N-terminal p53 peptides. They found that
CH3/Taz2 and Tazl binding is also affected the greatest extent by p53 N-terminal phos-
phorylation. In particular, phosphorylation at T18, which they found increased the affin-
ity of CH3/Taz2 and Tazl for p53 by 4.9- and 7-fold respectively.?’ Though one 2009
study suggests that pT18 p53 peptides show reduced affinity for CH3/Taz2 compared
to unphosphorylated peptides,!™ the weight of evidence leans in the opposite direction.
A similar (5-fold) increase in affinity between CH3/Taz2 and pT18 p53 TAD peptides,
compared to unphosphorylated TAD, was observed in another study by Jenkins et al.'™
CH3/Taz2 of p300 has been shown to interact directly with T'18 of p53 via hydrophobic
interactions with the methyl group of T18. The increase in binding following T18 phos-
phorylation may be caused by interactions with two nearby arginine residues on p300
(R1731 and R1832). R1731A and R1732A mutants have been shown to bind the un-
phosphorylated TAD domain of p53 with similar affinity to that of wild-type CH3/Taz2.
However, both mutants show twofold weaker affinity to the T18-phosphorylated TAD do-
main compared to the wild-type CH3/Taz2 sequence.'™ Phosphorylation of p53 at S15
has also been shown to increase the affinity of CH3/Taz2 by a factor of 6.3, while the
affinity of CH1/Tazl was increased by a factor of 3. Phosphorylation at S20 of p53 has
been shown to increase the binding affinity of CH3/Taz2 and CH1/Tazl by a factor of
4.3 and 6.0 respectively. Phosphorylation at S33 and S37 of p53 increases the affinity for
CH1/Tazl and CH3/Taz2 by 3.4- and 3.9-fold.°

It should be noted that many of the studies comparing the affinity of p53 for p300
domains made use of N-terminal p53 peptides that varied in length, with length of the
p53 peptide drastically affecting its affinity for p300 domains. Initial work by Polley et
al. calculated a Kp of 2.8 & 1.4 x 107° M for p53 (1-39) binding to Tazl.'™ This is
drastically lower than what Teufel et al. later calculated for p53 (1-57), 770 + 50 nM.?°
Jenkins et al. directly compared the affinity of p53 (1-39) and p53 (1-57) for Taz2 and
found that the 1-57 peptide had around 10x greater affinity for Taz2, compared to the
1-39 peptide.!™ A 13-61 peptide, as used by Lee et al, binds Taz2 and Tazl with similar
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affinity to the 1-57 peptide.'™

Though individual N-terminal phosphorylation events can influence binding of p53
to p300 domains, the effect becomes more dramatic when multiple sites are phospho-

20,172 For example, in a study comparing the binding affinities of various mono-

rylated.
and di-phosphorylated p53 (1-39) peptides with the Taz2 domain of p300,'7 p53 (1-
39) phosphorylated at T18 and S20 was shown to have significantly greater affinity for
CH3/Taz2 than either mono-phosphorylated peptide, likewise with p53 (1-39) phospho-
rylated at both S15 and S37. However, p53 phosphorylated at both S15 and S20 showed
a similar affinity for CH3/Taz2 as p53 mono-phosphorylated at S15, and triple phospho-
rylation at S15, T18 and S20 showed a similar affinity to the di-phosphorylated pep-
tides.'™ A 2010 paper by Lee et al. suggested a "rheostat” model, whereby the affinity
of ph3 for p300 is increased by increasing the number of phosphorylated residues on the
N-terminus.!'™ They observed that double-phosphorylation of p53 (13-57) at S15/T18,
S15/S20, T18/S20 and S33/S37, and p53 (13-61) double-phosphorylated at S33/S46 and
S37/546 led to between 8.0- and 16.7-fold increase in affinity for CH3/Taz2 and between
4.6- and 11.8-fold increase in affinity for CH1/Tazl compared to unphosphorylated p53
peptide. Fold changes in affinity for monophosphorylated p53 peptides for CH3/Taz2
and Tazl compared to unphosphorylated peptides ranged from 0.9 (pT55 to CH3/Taz2)
to 4.4 (pS46 to CH1/Taz1).'™ In agreement with prior work,'™ double phosphorylation
increased the affinity of p53 for p300 more than the monophosphorylated peptides.!”™ In
contrast to previous work,'™ triple phosphorylation increased the affinity of p53 for p300
more than the constituent double-phosphorylated peptides. For p53 (13-57) phosphory-
lated at S15, T18, and S20, Lee et al. reported a fold-increase in affinity of of 22.2 and
11.4 for CH3/Taz2 and CH1/Tazl respectively. The constituent double-phosphorylated
peptides that showed the greatest fold-increase in affinity for CH2/Taz2 was pS15/pT18,
with a fold-increase of 8.4 compared to unphosphorylated p53 (13-57). For CH1/Tazl,
pS15/pS20 showed the greatest fold-increase in affinity compared to unmodified p53 (13-
57), 16.7. A similar result was observed for p53 peptides triple-phosphorylated at S33,
S37 and S46.17 The "rheostat” model is bolstered by the earlier observation that hepta-
phosphorylation of the pb3 N-terminal peptides increases its affinity by 40- and 80-fold for
CH3/Taz2 and CH1/Tazl respectively, compared to unphosphorylated p53 peptides.?’

These experiments carried out with peptides suggest that N-terminal phosphorylation
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increases the affinity of p53 to p300. However, direct observation of subsequent acetyla-
tion is not possible on the peptide level when the crosstalk interactions span the length
of a protein as large as pb3. Recently, this crosstalk was directly observed in wvitro us-
ing full-length p53 site specifically phosphorylated at S15 and S20 and purified p300.%68
These site-specifically modified p53 variants are powerful tools for the study of crosstalk
interactions, especially when the interactions span distances longer than those accessible
with peptides.

The crosstalk relationships that regulate modifications on the DNA-binding domain
are poorly understood. As well as the observation that K369 methylation may induce
K120 acetylation by promoting the interaction with Tip60,'%%1¥ mutation of S15 and S20
to aspartic acid has been shown to enhance the interaction of p53 with monocytic leukemia

zinc protein (MOZ), an acetylatransferase that also acetylates p53 at K120. Mutation of

S46 to aspartic acid, in contrast, reduced the interaction of p53 with MOZ.17
[20], [168]
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Figure 4.15: Summary of observed crosstalk interactions that span p53 domains,
with proposed relevant enzymes. Arrows show where one modification promotes the ad-
dition of another. The endpoint modification is indicated by the colour of the arrow. The
modification at the start of the interaction is indicated by the colour of the horizontal line at

the base of the arrow.

4.5 Accessing site-specifically modified p53

Much of what we understand about the role of p53 PTMs relies on mutagenesis studies
that either remove the capacity of a residue to be modified (typically through alanine
mutation) or mimic the charge and length of a modified residue’s side chain.?® While sig-

nificant advances have been made using mimetics, without case-by-case validation that
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the mimetic sufficiently resembles the modified amino acid, this could lead to uncertainty
when interpreting results. For example, a 2022 study that compared site-specifically
phosphorylated 14-3-3 to 14-3-3 with aspartic acid at the same residue (S58) found dif-
ferences in their oligomeric states at physiological 14-3-3 concentrations.!”” Mimetics are
also irremovable, making it challenging to characterise the role of erasers in modulating
protein function.

Site-specific modification overcomes many of these challenges. PTMs can be installed
using writer enzymes, if the enzymes are known to install PTMs at only one or a few
sites on a protein. This can be achieved via co-expression or in vitro using recombinant
enzymes. Alternatively, PTMs can be installed using protein semi-synethsis or genetic
code expansion, which do not require the writer enzyme for installation.

For p53, writer enzymes, protein semi-synthesis and genetic code expansion have been

used to probe the effect of site-specific modification.!!5:116:168

4.5.1 Writer enzymes

One strategy for generating pb3 bearing specific PTMs is to use the writer enzymes
themselves, either in vitro or in vivo using co-expression. For example, Barlev et al. used
purified CBP to acetylate recombinant p53, expressed in F. coli. They found that acety-
lated p53 bound TRAPP to a higher degree when it was acetylated compared to p53 that
had been incubated with CBP, without acetyl-CoA.>” Many writer enzymes can modify
more than one residue on the same protein, limiting the choice of variants that can be
produced using this method. If the modified residues are known in advance, site-directed
mutagenesis can be used to generate more specific p53 variants. For example, Dumaz et
al. observed that DNA-PK phosphorylates recombinant p53 in vitro at S15 and S37. By
mutating S15 or S37 to alanine, the authors were able to generate monophosphorylated
pH3 at the residue that was not mutated. With this approach, they demonstrated that
S15 phosphorylation promoted T18 phosphorylation by CK1 in wvitro.*> PTMs can be
accessed in vivo by co-expressing the relevant writer enzyme with pb3. For example,
Bulavin et al. generated p53 phosphorylated at S33 and S46 by transfecting p53-negative
cells with vectors expressing p53 and p38.1%° While these approaches have generated use-
ful insights, the diversity of variants that can be produced with these methods is limited,

as writer enzymes often modify more than one residue. Co-expression strategies will
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also not generate homogeneously modified p53, as the endogenous writer enzymes are
still present. Methods that enable the production of pure, homogeneous, site-specifically
modified p53 would facilitate a deeper, more granular understanding of the role of PTMs

in pb3.

4.5.2 Protein semi-synthesis

Broadly speaking, protein semi-synthesis is carried out in three steps: Firstly, solid-phase
peptide synthesis (SPPS) of a peptide containing a pre-modified amino acid. Secondly,
the expression of a truncated form of a protein that lacks the chemically synthesised
sequence; thirdly, ligation of the protein and peptide to yield the full-length protein
bearing a specific PTM.1™®

SPPS involves immobilization of the C-terminal amino acid, protected on its N-a
group by tert-butyloxycarbonyl (Boc) or fluorenylmethyloxycarbonyl (Fmoc), to a resin.
Iterative cycles of N-av deprotection via TFA or piperidine (for Boc or Fmoc respectively)
followed by coupling of the next amino acid, washing excess reagents between steps, allows
for the synthesis of a pre-defined peptide sequence. Coupling is achieved by activation of
the amino acid with a carbodiimide (e.g. N,N’-diisopropylcarbodiimide) in the presence
of a nucleophilic catalyst such as oxyma or HATU. Cleavage from the resin is achieved
via HF or TFA for Boc and Fmoc-SPPS respectively.17817

Native chemical ligation requires that the N-terminal peptide fragment has a C-
terminal a-thioester, with the C-terminal fragment carrying an N-terminal cysteine.
Nucleophillic attack of the cysteine-sulphydryl group on the thioester results in Trans-
thioesterification, followed by an S-to-N acyl shift to yield a native amide bond.®"

p5H3 site-specifically phosphorylated at S15, S20, and both S15 and S20, has been
produced using protein semi-synthesis (Fig. 4.16). Due to lack of a cysteine residues, this
required mutation of M40 (located between the two TADs) to cysteine. It also required
refolding of p53 following native chemical ligation. In vitro acetylation assays using p300
showed that p53 acetylation was enhanced about 1.5-fold, 2.2-fold, and 2.3-fold in when
p53 was phosphorylated at S15, S20, and both S15 and S20 respectively.®®

Protein semi-synthesis is ideal for insertion of modifications within the first 40 or so
amino acids of a protein, though small proteins can be produced by the separate synthesis

181

and ligation of multiple peptides.”>* C-terminal modifications can be accessed by taking
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Figure 4.16: A semisynthetic strategy to produce site-specifically phosphorylated
p53 at S20. Using SPPS, the p53 N-terminus (1-39) is synthesised with phosphoserine installed
at position 20. Truncated p53 bearing a methionine corresponding to position 40 of full-length
p53 is expressed in E. coli as a HGSUMO fusion. Following Ulpl cleavage of H6SUMO, the
synthetic peptide is ligated to the truncated p53 using native chemical ligation, producing full-

length pb3 phosphorylated at S20.

advantage of intein splicing, which occurs via thioester intermediate. By trapping the
thioester intermiediate with a small molecule thiol and reacting it with a synthetic peptide
bearing an N-terminal cysteine, site-specific modification is possible. The first instance of
this was in 1998, when Muir et al. produced site-specifically phosphorylated C-terminal
Src kinase (CSK).'®2. Since then, many other site-specifically modified proteins have
been produced using this method.'® For modifications in the middle of large proteins,
protein semi-synthesis is less ideal as it would require the synthesis and ligation of multiple

peptides.

4.5.3 Genetic code expansion

Genetic code expansion is a versatile and powerful method for introducing non-canonical
amino acids (NCAAs) into proteins, particularly when the modifications are in the middle
of large proteins. Briefly, genetic code expansion involves reassigning a codon (typically
the amber stop codon, UAG) to an NCAA.'%* During translation, the ribosome mediates
the coupling of amino acids in a sequence defined by triplet codons on mRNA. This is
enabled by the prior coupling of amino acids to their corresponding tRNA via aminoacyl-

tRNA synthetase.'® When the ribosome reaches a stop codon, a release factor (RF)
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binds, leading to the disassociation of the nascent peptide strand from the ribosome.8¢

In methogenic bacteria, the triplet that corresponds to the amber stop codon (UAG)
in £. Coli encodes pyrollysine.'®718 Using directed evolution approaches, the aminoacyl-
tRNA synthetase can be engineered to load NCAAs on to the tRNA complementary to
UAG. The NCAA can be incorporated selectively into a protein-of-interest by mutation of
the desired codon to UAG and expressing the protein-of-interest alongside the engineered
aminoacyl-tRNA synthetase and tRNA in E. Coli.'% UAG is the least common stop
codon in E. Coli, which minimises disruption of native E. coli genes.'®1° This method

is particularly convenient when the engineered synthetase and tRNA are already available.

As well as the the full-length modified protein, genetic code expansion often yields
a truncated variant where the reassigned codon is read as an ordinary stop codon (Fig:
4.17).184 Genetic code expansion is therefore less well-suited to the incorporation of multi-
ple NCA As than protein semisynthesis due to the increased number of truncated variants.
However, a strain of E.coli with release factor 1 knocked out has been used to incorporate

multiple NCAAs using genetic code expansion.'®!

Genetic incorporation of PTMs can lead to unique challenges depending on the PTM
being incorporated. For example, bulky or negatively-charged amino acids may be un-

Y92 Tn E. coli, negatively-charged amino acids can cross

able to cross the cell membrane.
cell membranes via the transporter DppA if they are part of a dipeptide. In the cy-
toplasm, the dipeptide can be cleaved by endogenous nonspecific peptidases, releasing
the negatively-charged amino acid. This strategy has been used to genetically encode
phosphotyrosine and a nonhydrolyzable analog of phosphotyrosine into multiple recombi-
nant proteins.'® If the NCAA is structurally very similar to an endogenous amino acid,
this can lead to challenges when engineering the synthetase. Engineering a synthetase
that specificially incorporates methyllysine has been challenging for this reason, as lysine

194 Thig issue has been circum-

is very similar in structure and highly abundant in cells.
vented by genetic incorporation of a Boc-protected methyllysine, followed by deprotection
post-translationally. This enabled the site-specific methylation of histone H3 at K9.19
Using genetic code expansion, the effect of acetylation,!'® ubiquitinylation,'®® and methy-

6

lation!”® on p53 have been probed. These experiments are described in more detail in

the following sections
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Figure 4.17: Genetic code expansion. Mutation of the desired residue (in this case, a
lysine) to the amber stop codon allows for the subsequent incorporation of an NCAA at that
position. Using an engineered tRNA synthetase from M. barkeri, a non-canonical amino acid
(NCAA) can be conjugated to a tRNA corresponding to the amber stop codon. This allows for
incorporation of the NCAA into the protein strand during translation. Because of the use of a

stop codon, release factor 1 (RF1) binding may still occur leading to a truncated protein.

Site-specific acetylation of p53

Arberly et al. described the production of full-length p53 with stabilising mutations
(M133L/V203A/N239Y /N268D), as well as the isolated DBD, with acetylated lysine in-
corporated at position 120.''%197 Incorporation of acetyllysine into full-length p53 and the
p53 DBD was confirmed by western blot using an anti-acetyllysine antibody. Acetylation
of the DBD, but not full-length p53, was also confirmed by mass spectrometry. Using
the site-specifically acetylated DBD, the authors investigated the ability of the K120-
acetylated DBD to bind DNA at physiological salt concentrations. They found that,
without K120 acetylation, p53 does not discriminate between its promoter sequences
and random oligonucleotides at an ionic strength of 150 mM. Upon increasing the ionic
strength, non-target binding was weakened, whereas promoter binding is unaffected. Sim-
ilarly, K120 acetylation led to increased specificity by decreasing the affinity for random
DNA and some weaker promoters, though the exact mechanism is complex. Access to

K120 acetylated p53 DBD also enabled characterisation of the structural impact of K120
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acetylation.!%!16 K120 sits on the L1 loop, which can induce dissociation of p53 from

198 The crystal

DNA via a conformational switch that can be modulated via mutation.
structure of the K120-acetylated DBD bound to DNA shows that K120 acetylation in-
creases the flexibility of the L1 loop and induces this conformational switch when p53
binds to random or consensus DNA, but not the Bax promoter. When bound to the

consensus or Bax promoter, K120 acetylation leads to K120 facing into the protein core

rather than interacting with DNA (Fig. 4.18).11¢

Figure 4.18: The effect of K120 acetylation on the L1 loop conformation. Unacety-
lated K120 (left, PDB: 4HJE) and K120-acetylated (right, PDB: 5BUA) p53 are shown bound
to the Bax promoter. K120 acetylation causes K120 to face away from DNA and into the pro-

tein core.

Site-specific mono-ubiquitinylation of p53

Recently, Julier et al. used genetic code expansion to produce full-length p53 mono-
ubiquitinylated at K120. The authors chose an otherwise wild-type sequence, forgoing
stabilising mutations.!9197115 Ketolysine (KeK) was incorporated at K120 of p53, while
genetic code expansion was also used to incorporate a Boc-protected Ne-aminooxy-L-
lysine on the C-terminus of ubiquitin (Fig. 4.19). Incorporation of both ketolysine into
p53 and Boc-protected Ne-aminooxy-L-lysine into ubiquitin respectively was confirmed
by western blotting and mass spectrometry. Following deprotection, ubiquitin was conju-
gated to pH3 at KeK120 via oxime ligation. The authors found that monoubiquitinylation
at K120 did not affect the ability of p53 to bind the p21 promoter, suggesting that the

structural integrity of p53 was maintained.'®®
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Figure 4.19: Site-specific ubiquitinylation of p53 by Julier et al. Using genetic
code expansion (GCE), ketolysine (KeK) was incorporated into p53 at position 120 and Boc-
protected Ne-aminooxy-L-lysine (ONH-Boc-K) was incorporated into ubiquitin. Following TFA
deprotection of ubiquitin, the two proteins were joined by oxime ligation, yielding p53 mono-

ubiquitinylated at K120. Figure adapted from [195].

Site-specific methylation of p53

Wang et al. described the genetic incorporation of mono- and di-methyllysine into full-
length p53'% without stabilising mutations.!96:195:197:115 The authors genetically encoded
a precursor of allysine (AlK), Ne-(4-azidobenzoxycarbonyl)-d, e-dehydrolysine (AcdK),
into p53 at K372. Following expression, AcdK was reduced with a phosphine generating
0, e-dehydrolysine, which spontaneously hydrolyses to the aldehyde form, AIK. AIK was
then converted to mono- or di-methyllysine by reductive amination with methylamine or
dimethylamine respectively (Fig. 4.20). Alk was not genetically encoded directly because
of concerns over its toxicity to cells. Mono- and di-methylation of p53 was confirmed by
western blotting. In in wvitro assays with Tip60, the authors showed K372 mono- and
di-methylated p53 both showed elevated K120 acetylation, as determined by western
blotting. This experiment provided direct evidence for a crosstalk between C-terminal

methylation and acetylation on the DBD of p53.1%

4.6 Aims of this thesis

Using protein semi-synthesis, our lab has unique access to pb3 site-specifically phospho-
rylated on residues up to 40 amino acids from the N-terminus. The aims of this thesis are

broadly twofold: firstly, expanding our access to site-specifically modified p53 beyond the
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Figure 4.20: Genetic incorporation of dimethylysine into p53 by Wang et al.

Acdk was incorporated into p53 using genetic code expansion (GCE). After expression,
AcdK was reduced with TCEP (Staudinger reduction). Following self-cleavage of the para-
aminobenzyloxycarbonyl group and enamine hydrolysis, reductive amination with dimethy-
lamine in the presence of sodium cyanoborohydride yielded dimethyllysine. Figure adapted

from [196].

first 40 amino acids using genetic code expansion, and secondly characterising the effect
of site-specific p53 modification using in vitro assays to measure transcription and PTM
crosstalk. Achieving these aims would lead to a deeper understanding of the role p53
PTMs play in life and death decisions in cells. Long term, this work aimed to contribute
to an understanding of what really ”decides” cell fate following stress. If, in an otherwise
unstressed cell, p53 gained PTMs that promoted apoptosis, would apoptosis ensue or
would the cell ”correct” the PTM status of p537

For genetic code expansion, the aim was to initially produce p53 acetylated at K120.
This has already been successfully produced elsewhere with superstable p53 mutations,'*?
and I initially aimed to produce K120-acetylated pb3 without these mutations. I also
aimed to develop an in vitro transcription assay similar to those developed previously,'*?
using fluorescent RNA aptamers for transcript quantification. The effect of K120 acety-

lation on DNA binding is well-described, %116

so K120-acetylated pb3 would serve as
an ideal initial variant to validate the in wvitro transcription assay. Following initial
experiments with K120-acetylated p53, I then aimed to produce pb3 bearing less well-
characterised modifications, such as K101 and K164 acetylation, and use the in wvitro

transcription assay to assess their impact on DNA binding and transcription.

I also aimed to develop an assay to probe PTM crosstalk in p53 using nuclear ex-
tracts similar to those used in in vitro transcription. By exposing cells to different stress
conditions before nuclear extract preparation, the effect of stress on PTM cascades could

also be investigated. Initially, I aimed to use semisynethetic p53 variants produced in
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the Miiller lab by Dr. Sofia Margiola, Mateusz Hess, and Sonja Schneider to validate
the assay, probing known crosstalk interactions such as the dependance of T18 phospho-
rylation on prior S15 phosphorylation and the effect of N-terminal phosphorylation on
C-terminal acetylation. Having validated that the assay can recreate known crosstalk
phenomena, I then aimed to investigate the effect of N-terminal phosphorylation on the
accumulation of modifications that induce apoptosis, such as K120 acetylation and S46
phosphorylation. PTM crosstalk on the DNA-binding domain is very poorly understood,
and I aimed to use any acetylated variants produced by genetic code expansion in the

crosstalk assay.
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Accessing AcK120 p53 through ge-

netic code expansion

5.1 Introduction

Acetyllysine was first incorporated into recombinant proteins via amber suppression in
2008, when Neumann et al. described the directed evolution of M. Barker: pyrroly-
sine tRNA synthetase to enable the site-specific incorporation of Ne-acetyllysine into
myoglobin.''* This engineered synthetase was subsequently used to incorporate acetylly-
sine into multiple proteins,?® including p53 at position 120.11° In this instance, p53
was expressed bearing four stabilising mutations (M133L, V203A, N239Y, N268D).197115
Acetyllysine incorporation was confirmed by western blotting for the DBD and full-length
protein, and mass spectrometry also confirmed acetyllysine incorporation in the DBD.!?

I initially aimed to produce AcK120 p53, hereon referred to as p53xi1204c, Without
stabilising mutations by expressing it in inclusion bodies and refolding, an approach sim-

3.168:201 This approach used

ilar to that used to generate semisynthetic phosphorylated p5
autoinduction has an expression strategy.!%® Autoinduction takes advantage of carbon
catabolic repression in E. coli: when grown in the presence of glucose and lactose, E. coli

202 Trans-

preferentially takes up glucose, with glucose suppressing the uptake of lactose.
formed E. coli are grown in the presence of glucose and lactose, such that the glucose
will deplete during the log-phase of growth, at which point lactose is taken up allowing
for expression through a lactose-inducible T7 promoter.2*® Expression via autoinduction
often leads to several times greater yields than manual induction with IPTG.2% Autoin-
duction has been successfully used with genetic code expansion to express site-specifically

modified proteins, though these proteins did not require refolding.204205,206
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A key challenge with amber suppression is the formation of a truncated species at
the mutated residue.'® For p53, the truncated species would lack the majority of the
DNA-binding domain. Removal of the truncated species was to be achieved using a
heparin column, something we already used when purifying refolded unmodified p53.
If successful, a longer term aim would have been to combine amber suppression with
protein semisynthesis by using amber suppression to produce site-specifically modified
truncated pb3 with an N-terminal cysteine and ligating it to a site-specifically modified
synthetic peptide using native chemical ligation. This would greatly expand the diversity

of variants available.

5.2 Results

5.2.1 Production of unmodified p53

Downstream assays probing the effect of K120 acetylation would require unmodified p53
for comparison, so unmodified p53 was produced recombinantly in F.coli. Hereon, this
form of p53 will be referred to as "pb3,..”. Initial attempts to express and purify pH3,..
were successful, albeit with high (37.2 %) levels of methionine oxidation after inclusion
body purification (Fig. 5.1). Methioinine oxidation is difficult to avoid, and the effect
it has on downstream assays is unknown. Because of this, we try to keep methionine
oxidation levels between 20-30 % before refolding to ensure approximate homogeneity.
Expression was attempted using varying concentrations of L-methionine, a scavenger for
oxygen species, in the culture media. Expression was successful for all L-methionine
conditions, based on the appearance of a 53 kDa band after autoinduction. Inclusion
body purification followed by RP-HPLC led to a large peak after 17 minutes, and HRMS
analysis indicated that all L-methionine conditions led to similar levels of oxidation (26.6-
29.9 %), all within a range considered acceptable (Fig. 5.2).

P53,ec from the least-oxidised samples (those cultured with 50 mg/L L-methionine)
were refolded and purified using a heparin column. Size-exclusion chromatography gen-
erated a large peak after 14 minutes (F14), preceded by a smaller peak that appears as a
hump just before the F14 peak at around 12 minutes (F12). The oligomerisation state of
the F12 and F14 fractions was assessed using glutaraldehyde crosslinking, with tetrameric

p53 observed in the F14 fraction using SDS-PAGE and stain-free imaging (Fig. 5.3).
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Figure 5.1: Initial attempt at expressing p53,... A: Expression and purification of p53,¢..
Expression was carried out in three flasks that were loaded on to the gel separately. Stain-free
imaging shows the appearance of a 53 kDa band post-autoinduction (post-ex) that was not
present pre-autoinduction (pre-ex). pb3,.. is present post-lysis and post DNAse treatment.
Minimal p53,.. was lost during the subsequent two wash steps (Wash 1, Wash 2), or by desalting
(DS). B: Analytical RP-HPLC trace of p53,.. post-desalting showing a peak at around 17
minutes. C: HRMS of the 17 minute RP-HPLC peak shows the expected mass for p53 (43652
Da) and oxidised (416) p53 (43668 Da).

5.2.2 Expression of p53 k120 as an inclusion body

Having carried out production and refolding of p53,.., I attempted to produce p53x120ac
using genetic code expansion. A plasmid containing a Ne-acetyllysyl-tRNA synthetase
(pPACYC) and a plasmid containing genes for tRNAcp4 and myoglobin (pBR322) were
obtained from Prof. Jason Chin.''* The myoglobin gene was replaced with the gene for
p53 using NEB HiFi DNA assembly, with codon 120 of p53 subsequently mutated to
TAG using site-directed mutagenesis. This yielded a plasmid system where p53, mutated
to TAG at position 120 (K12074¢), was under the control of an araBAD promoter, while
the tRNA and tRNA synthetase were constituatively expressed.

Initial attempts to express pH3x120qe Via autoinduction indicated that DH10B cells
undergoing amber suppression grow slower compared to non-amber suppressed DH10B

cells, with no p53 expression observed after 16 hours. Extending the expression period
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Figure 5.2: Expression and purification of p53,.. A: Expression and purification of p53,...
with the addition of 0, 25, or 50 mg/L L-methionine (indicated by 0, 25, and 50 respectively).
Stain-free imaging shows the appearance of a 50 kDa band post-autoinduction (post-ex) that was
not present pre-autoinduction (pre-ex). pH3,¢. is present post-lysis, but not in the supernatant
(SN) following centrifugation. Minimal p53,.. was lost during the subsequent two wash steps
(Wash 1, Wash 2), or by desalting (DS). B: Analytical RP-HPLC trace of p53,.. post-desalting
showing a peak at around 17 minutes. C: HRMS of the 17 minute RP-HPLC peak shows the
expected mass for p53 (43652 Da) and oxidised (+16) p53 (43668 Da). For B and C, data shown

is for p53,.c. expressed in the presence of 50 mg/L L-methionine.

to 24-48 hours led to the expression of full-length p53, detectable by western blot, with
levels peaking at 24 hours (Fig. 5.4). DH10B cells are often used for arabinose induction

as they are unable to catabolise L-arabinose.?"
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Figure 5.3: p53,. refolding A: RP-HPLC (280 nm) following heparin column purification
of refolded p53,.. generated a single peak. B: Size exclusion chromatography generated a
large peak corresponding to tetrameric p53,e. (F14) and a small peak at 12 minutes (F12).
Glutaraldehyde (GA) crosslinking reactions were carried out on F12 and F14 to assess the

oligomeric state of p53,. in each fraction, with tetrameric p53,.. only present in F14.

Refolding p53 is inefficient: during preparation of p53,.., only 12.8 % of the p53,.. that
entered the refolding process was successfully refolded. Methods were therefore sought to
maximise the expression yield of p53x1204c. An alternative plasmid system was obtained
from Addgene that contained a Ne-acetyllysyl-tRNA synthetase under the control of an
araBAD promoter and the tRNA constituatively expressed?®®. This was used in con-
junction with a pET vector containing K120 4¢ pb3, where p53 was under the control
of a T7 promoter, lactose-inducible in BL21 cells. A trial comparing the two plasmid
systems showed that blottable quantities of full-length p53 were only expressed in BL.21
cells using the pEVOL/pET system (Fig. 5.5). It was unclear why the pACYC/pBR322
system utilizing DH10B cells did not yield p53 in blottable quantities in this instance, as

it provided measurable quantities previously (Fig. 5.4B).
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Figure 5.4: Expression of p53xi204c- A: Expression of pb53x1204c failed to yield blottable
quantities after 16 hours autoinduction. Shown is a stain-free gel (top) and western blot (bot-
tom) using anti p53 antibody (DO1). B: Expression of p53x1204c yielded full-length p53 after
24 hours autoinduction, with levels lower at 30 and 48 hours. Shown is a stain-free gel (top)

and western blot (bottom) using anti p53 antibody (DO1).

Using the pACYC/pBR322 system in DH10Bs, it had been observed that p53 levels
decreased when expression was attempted for longer than 24 hours. A hypothesis was
generated that, after 24 hours, the acetyllysine may have become depleted. This may
have led to production of full-length p53 being halted. This, combined with a degree of
proteolytic degradation, may have led to a decrease in p53 levels over time. If this was the
case, increasing the concentration of acetyllysine in the media may allow p53 to continue
accumulating after 24 hours. The use of BL21 cells in the pEVOL/pET system was also
considered to be an advantage, as BL21 cells are deficient in Lon and OmpT proteases.
Expression levels after 24 and 48 hours were compared between cells expressing pH3 x120ac
in the presence of 1-20 mM acetyllysine. For cells harvested after 48 hours, acetyllysine
was added either all at once at the start of expression ("bulk”) or in two doses, one at

the start of expression and one 24 hours afterwards (”spike”).

In the stain-free gel, pb3 expression was only visible for p53,.. using non-amber sup-
pressed BL21s. Western blotting followed by densitometric analysis comparing the inten-
sity of p53,.. with the positive control indicated a yield of approximately 25 pg/100mL
culture. Western blotting for p53 showed that 20 mM acetyllysine yielded the highest
levels of expression after "bulk” acetyllysine addition, but still around 25-times lower lev-
els of expression than the non-amber suppressed cells (approximately 1.0 ug/100mL). For

"spike” acetyllysine addition, the highest levels of expression was observed after 24 hours
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Figure 5.5: Comparison of plasmid systems for production of p53xi0.,. in E.
coli. A: Plasmid maps showing the pEVOL/pET system. B: Plasmid maps showing the
pACYC/pBR322 system. C: Expression trial using pEVOL/pET in BL21 cells and pA-
CYC/pBR322 in DH10B cells. Full-length p53 was only detected in the BL21 cells using the
pEVOL/pET system. Shown is a stain-free image of the SDS-PAGE gel (left) and a western

blot (right) using an antibody against p53 (DO1).

grown with 2.5 mM acetyllysine (approximately 1.3 pg/100mL), with no detectable ex-
pression with 0.5 or 5 mM acetyllysine, and very low expression with 10 mM acetyllysine
(approximately 0.1 ug/100mL). Adding more acetyllysine and switching to a protease-
deficient cell line did not prevent the drop in p53 levels after 48 hours from occurring.
Western blotting using an antibody against K120-acetylated p53 generated a clear band
for the "spike” 5 mM acetyllysine sample, and a fainter band for the ”bulk” 20 mM
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acetyllysine sample (Fig. 5.6). After 24 hours, bands just below the 25 kDa marker

were visible following western blotting with an anti-p53 (DO1) antibody. This may be
the expected truncated species. Though this band appears approximately 10 kDa higher
than the expected mass of the truncated species (12 kDa), p53 also runs approximately

10 kDa higher than its actual mass (43.7 kDa) following SDS-PAGE.
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Figure 5.6: Expression of p53 1204 in the presence of 0-20 mM acetyllysine, added
either at once at the start of autoinduction (”bulk”) or in two-doses every 24 hours
(”spike”). Also shown is p53,¢. expressed without amber suppression and a 50 ng p53x120ac
control. Full-length p53 runs at 53 kDa, the truncated variant falls at around 25 kDa. SDS-
PAGE (left) and western blots (right) using anti-p53 antibody (DO1) were carried out after 24
(A) and 48 (B) hours expression. After 48 hours, western blots were also carried out using an
antibody against K120-acetylated p53 (C). Aliquots of culture were taken just before addition

of the second acetyllysine dose in the ”spike” samples.
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I aimed to produce purified p53k1204c for analysis by mass spectrometry and precise
quantification of yields to facilitate refolding. pb3xi120sc Was expressed at a 10 x higher
scale (1L) than previously for 24 hours in the presence of 2.5 mM acetyllysine, with p53,..
also expressed as usual. Inclusion body purification was carried out to purify both pro-
teins. Whereas pb3,.. was clearly distinguishable on a stain free gel following inclusion
body purification, p53x120qc Was not clearly distinguishable from other bands, and the
inclusion body contained many more proteins. A western blot using an antibody against
acetyllysine was carried out to see whether this was due to aggregation of endogenous E.
coli proteins that had incorporated acetyllysine at native amber stop codon sites. The
inclusion body for the amber suppressed sample did not appear to contain an abundance
of such proteins (Fig. 5.7). The results suggest that p53 k1204 may constitute a lower
proportion of proteins in the inclusion body due to low levels of expression. Moreover, no
acetylated protein was detected following desalting of the p53k1204c prep, including acety-

lated pb3. It was concluded that other approaches should be explored for the production

of P53 K 1204c-

23



CHAPTER 5. ACCESSING ACK120 P53 THROUGH GENETIC CODE
EXPANSION

p53rec

A

ost-lysis

75—

Stain-free gel

C P53ki20ac

»

2 - %)
ass % % % & 8 )
(kDa) £ SN = = a & 8
250

150

100

75

50
37

25

| 1

Anti-p53 (DO1)
P53kiz0ac

D E p53K120ac
(2]
- @ ® - fQ
Mass % G 8 ec'o M *_T 7 % 8 ec'o
© © 9 ass 4 © ®© [
(kDa) SN = = a4 & kDay & SN = = 4& &
T W
75 75 -
50 50/ -
37 37 i o
-
%g 250
150
Stain-free gel Anti-acetyllysine

Figure 5.7: Inclusion body purification following p53x1204c and p53,.. expression.
Aliquots were taken of cells post-lysis, of supernatants after first centrifugation (SN), after wash
steps (wash 1, wash 2), pre desalting (pre-DS), and post-desalting (post-DS). Full-length p53
runs at 53 kDa, the truncated variant falls at around 25 kDa. Shown are stain free gels of p53;ec
purification (A), p53x1204c purification (B), western blot of the p53x1204c purification gel using
an anti-p53 (DO1) antibody (C), and a stain free gel of p53x1204c purification (D) taken prior

to western blotting with an anti-acetyllysine antibody (E).

5.2.3 Expression of soluble p53 k1904

Though western blot evidence indicated that pH3x120.c Was expressed, low yields sug-
gested that purification and refolding from inclusion bodies may not be an effective strat-
egy. Expression of soluble, folded p53 1204 Would lower the threshold for acceptable

yields by avoiding the inefficient refolding process. The K12074¢ mutation was intro-
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duced into p53, bearing a HGSUMO tag, in a pET vector. Additionally, four stability-

increasing mutations were introduced that have been successfully used in the past for
generating pb3xi20ae: M133L, V203A, N239Y, N268D.1°%!15 Hereon, superstable but
otherwise unmodified H6SUMO-p53 will be referred to as "H6SUMO-p53ss”, while the
K120-acetylated form will be referred to as "H6SUMO-p53ssx120ac - Non-superstable
K120-acetylated HGSUMO-p53 will be referred to as "H6SUMO-p53 i1204. - Expression
of HGSUMO-p5355x120ac and HESUMO-p53 k1204 Were measured from 16-36 hours post
induction with IPTG. Because IPTG has been shown to suppress induction through the
pBAD promoter in E. coli,>* the effect of adding arabinose from the start of growth
culture versus simultaneously with IPTG was also compared. Western blotting using
an anti-p53 antibody (DO1) showed the accumulation of full-length HSSUMO-p53 from
16 hours post-simultaneous induction with IPTG and arabinose. Western blotting with
an antibody against K120-acetylated p53 did not yield any bands at the expected mass,
however the presence of full-length HGSUMO-p53 suggested that acetyllysine had been
incorporated. Expression was comparable between wild-type H6SUMO-p53 k1904, and
H6SUMO-p53s5K120ac, though in both cases expression was higher in E. coli where ex-
pression was induced simultaneously with IPTG and arabinose than when arabinose had

been present from the start of growth culture (Fig. 5.8).

The solubility of HGSUMO-p53k1204c versus HESUMO-pb3ssi120ac Was assessed by
lysis, centrifugation, and comparison of p53 levels in the supernatant versus the resus-
pended pellet. Approximately 42 % of HGSUMO-p53 was soluble, compared to 92 % for
H6SUMO-p5355. For HGSUMO-p53 k1204, approximately 61 % was soluble, compared
to 88 % for HGSUMO-p53ssk120ac, based on densitometric analysis. Though soluble ex-
pression of wild-type H6SUMO-p53 k1204 may have been possible based on these results,
it was decided that HGSUMO-p53s5x120ac Would be expressed first. The presence of full-
length HGSUMO p53 suggested acetyllysine had been incorporated (Fig. 5.9). As before,
a species approximately 10 kDa higher than the expected mass of the truncated variant

(25.4 kDa) was observed following western blotting with anti-p53 (DO1) antibody.

Expression and purification of HGSUMO-p53gsk120qc Was attempted at a higher scale
(3 L). Western blot analysis with both an anti-p53 antibody (DO1) and an antibody
against K120-acetylated p53 showed successful expression of HESUMO-p53s5x120ac- His-
Trap purification led to successful elution of H6SUMO-p5355Kk120ac; With an approxi-
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Figure 5.8: Expression trial with different timings of arabinose addition. H6SUMO-
P53k 120ac Was expressed at 25 °C using amber suppression and the pEVOL/pET system in
BL21 cells. Arabinose was added either simultaneously with IPTG (Ara with IPTG) or at the
start of growth culture (Ara before IPTG). Aliquots were taken pre-expression (PE) and at time
points indicated, shown in hours (16-36). A 50 ng p53,¢. control, lacking a HGSUMO tag, is
also shown, running at 53 kDa. Full-length HGSUMO-p53 runs at 75 kDa, the truncated variant
falls at 37 kDa. Shown are stain free gels and western blots against p53 (DO1) for p53x120ac
(A) and HGSUMO-p5355K120ac (B)-

mately 25 % of the protein input eluting from the column. The H6SUMO tag was
cleaved with Ulpl overnight at 4 °C. No uncleaved p53 was detected following cleavage,
though a precipitate was observed in the dialysis tubing. Dissolving this precipitate in
100 pL 1x SDS loading dye and western blotting indicated that the precipitate contained
a wide array of proteins, including p53. Purification using a heparin column led to suc-
cessful elution, but not complete purification. Densitometric analysis of the stain free
gel, assuming that the faint band visible around 50 kDa is 100 % p53, suggests that,
at most, ph3 constituted approximately 2 % of the protein in the heparin column elute.
Western blotting against an antibody targeting K120-acetylated p53 generated bands in
each lane at the expected mass, suggesting that acetyllysine incorporation was successful

(Fig. 5.10).
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Figure 5.9: Solubility trial comparing H6SUMO-p53 1204 to HESUMO-p5355K120ac:

H6SUMO-p53k120ac Was expressed at 25 °C using amber suppression and the pEVOL/pET

system in BL21 cells. Aliquots were taken pre-expression (”Pre-ex”), post-expression (”Post-

ex”), post lysis, of the supernatant post centrifugation (”soluble”), of the supernatant post pellet

resuspension and centrifugation ("wash”), and post further resuspension of the pellet without

centrifugation ("pellet”). A 50ng p53,c. control is also shown. Full-length HGSUMO-p53 runs

at 75 kDa, the truncated variant falls at 37 kDa. A: HGSUMO-p53 k1204 €xpression, and non-

amber suppressed (non-AS) p53,.. expression. Shown is a stain-free gel (left) and western blot

(right) using an antibody against p53 (DO1). B: H6SUMO-p53ssK120ac €xpression, and non-

amber suppressed (non-AS) H6SUMO-p53gs. Shown is a stain-free gel (left) and western blot

(right) using an antibody against p53 (DO1).
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Figure 5.10: Expression and attempted purification of H6SUMO-p535sx120ac:
H6SUMO-p53k120ac Was expressed at 25 °C using amber suppression and the pEVOL/pET
system in BL21 cells. Aliquots were taken pre-expression (Pre-ex), post-expression (Post-ex),
post lysis, of the supernatant post centrifugation (soluble), of the supernatant post pellet resus-
pension and centrifugation (wash), and post further resuspension of the pellet without centrifu-
gation (pellet). A 50 ng p53,¢. control is also shown. Full-length HGSUMO-p53 runs at 75 kDa,
the truncated variant falls at around 37 kDa. Cleaved full-length p53 runs at around 53 kDa. A:
Stain-free gel (left) and western blot using an anti-p53 (DO1) antibody (right) of aliquots taken
during the purification procedure. B: Stain-free gel (left) and western blot using an antibody

against K120-acetylated p53 (right) of aliquots taken during the purification procedure.
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RP-HPLC generated multiple peaks, with one notably large peak after 14 minutes.

HRMS analysis failed to detect any mass corresponding to p53 or monoacetylated p53
in the collected peaks. The heparin column elute was cleaned up further by passing it
through a HisTrap to remove residual Ulpl or cleaved HGSUMO. SDS-PAGE and stain-
free imaging showed that, even after further cleanup, there were still proteins in the elute
at similar or greater abundance than p53. Subsequent RP-HPLC analysis failed to yield

any peaks corresponding to p53 (expected elution time 17 minutes) (Fig. 5.11).
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Figure 5.11: p53SSK120ac cleanup A: RP-HPLC trace (Abs 280) following elution of
P53 K120ac from a heparin column. Shown is the trace from 0-42 minutes, including early peaks
corresponding to salts (left) and the trace from 10-20 minutes only, showing peaks collected for
HRMS. B: Stain free gel (left) and western blot using anti-p53 (DO1) antibody, including a 50
ng pb3,e. control, following cleanup via reverse nickel purification. C: RP-HPLC trace (Abs

280) following reverse nickel purification.

5.3 Conclusion

During the process of optimising the expression protocol, many different approaches were
directly compared. Purification strategies (inclusion body vs soluble), plasmid systems
(pBR322/pACYC vs pEVOL/pET), timing of addition of acetyllysine (”bulk” vs ”spike”)
and, where multiple inducing sugars were used, the timing of their addition (arabanose
before or with IPTG). The difference in solubility between ”superstable” and wild-type

recombinant p53 was also directly compared.
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Plasmid systems: pBR322 vs pACYC

The switch to a pEVOL/pET system was initially motivated by the hypothesis that
expression from the T7 promoter in BL21 cells would lead to greater yields than ex-
pression from the pBAD promoter in DH10B cells. Ultimately, however, the switch to
pEVOL/pET occured because the pBR322/pACYC unexpectedly stopped producing de-
tectable p53, despite initial success. Why pBR322/pACYC stopped producing detectable
p53 is unclear, and it is difficult to conclude for certain that one system is "better” than

the other.

Timing of addition of acetyllysine: ”bulk” vs ”spike”

The observation that p53 levels appeared to decrease after 24 hours expression led to the
hypothesis that acetyllysine was being depleted in the media, leading to the formation of
a truncated variant. Basal degradation of full-length p53 would then lead to a decrease in
overall p53 levels over time. Interestingly, p5b3 was barely detectable after 48 hours even
when cells were supplemented with additional acetyllysine after 24 hours, suggesting that
the drop in p53 levels was not due to depletion of acetyllysine. It was also notable that
there was no clear correlation between acetyllysine concentration and p53 levels, with
the highest expression after 24 hours being observed in the presence of 2.5 and 20 mM
acetyllysine. One approach that might be considered is spiking of additional arabinose,
as metabolism of arabinose might also lead to full-length p53 expression halting due to a
lack of tRNA synthetase expression. It may also be the case that, because most protein
expression occurs during the exponential phase of growth, incubating the cells for longer
at the stationary phase may not lead to an increase in protein expression, while protein
degradation may still occur. In this case, harvesting the cells earlier may improve protein

recovery.

Timing of addition of arabinose when used with IPTG

It has been reported that expression through the pBAD promoter is suppressed in the
presence of IPTG,?" and we considered that simultaneous induction with arabinose and
IPTG might lead to low expression levels of the tRNA synthetase and a higher propor-

tion of p53 being truncated. Expression levels in cells that were induced simultaneously
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with IPTG and arabinose were compared with cells that were grown in the presence of
arabinose and induced with IPTG. If IPTG-mediated suppression of tRNA synthetase
expression was a limiting factor in full-length p53 expression, pre-incubation with ara-
binose might allow circumvent this by allowing the tRNA synthetase to accumulate be-
fore IPTG induction. The observation that expression of both HGSUMO-p53 k1204 and
H6SUMO-p53ssk120ac Was higher when IPTG and arabinose were added simultaneously

was unexpected, and may have been caused by metabolism of arabinose.

Insoluble vs soluble expression

Initial attempts to express ph3xi120qc @S an inclusion body were successful, however iso-
lation of the inclusion body did not lead to purification of p53 in any meaningful sense
due to phH3 making up a very small proportion of the inclusion body, which contained
many other proteins. In contrast, when inclusion bodies were isolated following p53,..
expression, they contained mostly p53. Soluble expression of HGSUMO-p53 k1204 and
H6SUMO-p53ssk120ac Was achieved, though HOESUMO-p53ssx120ac Was 1.5-2 times more
soluble. H6SUMO-pb3ssx120ac Was successfully cleaved by Ulpl following HisTrap pu-
rification, though even after heparin column purification p53ssx120qc Was not adequately
purified. Furthermore, without HRMS analysis of the expressed p53ssii20ac, it is still

unclear whether a proportion of the acetylated p53 produced was deacetylated in E. coli.

Conclusion

The aim, to produce p5b3 site-specifically acetylated at position 120, was achieved, though
low yields and difficulties with purification precluded its full characterisation and applica-
tion in functional assays. Nevertheless, aliquots of partially-purified p53 k1204 Were used
as positive western blot controls in crosstalk assays (described in chapter 7). Considering
that p53 k1204 has already been expressed in superstable form,!'® the challenges described
in this chapter should not be insurmountable. In retrospect, purifying by heparin column
before HGSUMO cleavage may have been better as it would have immediately removed
truncated p53. Approaches to improve the yields of proteins produced through amber

9

suppression, such as using RF1-knockout cell lines,'! are available.
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Towards a p53-based transcription as-
say using fluorescent RNNA aptamers

wn vitro

6.1 Introduction

p53 functions as a transcription factor, and its transcriptional activity is regulated in a
large part by PTMs.?? Cell extracts capable of transcribing exogenous DNA templates are
useful tools for dissecting the mechanisms of transcription initiation.?!? Transcriptionally
active nuclear extracts can be produced from HeLa cells through gentle lysis approaches
that do not damage the nuclei, removal of the cytoplasmic material, and subsequent ex-
traction of nuclear proteins from chromatin using a high salt buffer.2!! Transcription from
a DNA template containing a p53 promoter has been demonstrated in HeLa cell nuclear
extracts using p53 immunoprecipitated from insect cells expressing p53 using a recom-
binant baculovirus, or immunoprecipitated from HeLa cells infected with recombinant
vaccinia virus expressing p53.199212213 [ yitro transcription from the p21 promoter has
also been observed in nuclear extracts from rat embryonic fibroblasts (REFs) using both
human p53 immunoprecipitated from insect cells and a temperature-sensitive mutant of
murine p53 expressed in the cells from which the nuclear extracts were prepared.?'* The
role of p53 PTMs have been investigated using in vitro transcription, with one study re-
porting that C-terminal dephosphorylation of recombinant p53 derived from insect cells
abrogated transcription in nuclear extracts derived from rat liver.2!® In vitro transcription
assays have also been used to probe the ability of p53 to repress gene expression.?!6

These studies measured phH3-mediated induction of transcription from naked DNA
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templates. However, many aspects of p53 activity require interactions with chromatin.6
One 2001 study failed to detect transcription in vitro from naked DNA templates con-
taining the p21 promoter when insect-derived recombinant p53 and p300 were added to
HeLa nuclear extracts. In contrast, robust transcription was observed when the DNA
templates were chromitinised. Transcription levels were robust when p53 and p300 were
added, and modest when p53 or p300 were supplied alone.®® A 2012 study also com-
pared in vitro transcription from naked DNA with chromitinised DNA. For naked DNA,
they observed robust transcription that was not affected by addition of p300 or acetyl-
CoA. In chromatinised templates, p53 was only able to induce transcription if p300 and
acetyl-CoA were present.?!”

For quantification, in wvitro transcription often use radiolabelling approaches for de-
tection of transcripts, though RT-PCR has also been used.?'® For the latter approach,
depletion of the DNA template is necessary to prevent amplification of the reporter gene
during PCR. This can be achieved by DNAsel treatment and Trizol extraction to purify
RNA.218 Another approach for quantification is the use of fluorescent RNA aptamers such
as Broccoli and Spinach.?'??2° These aptamers fluoresce when in complex with DFHBI,
a small molecule derived from the fluorophore utilized by green-fluorescent protein, and
allow for rapid detection and quantification of RNA transcripts.??! Though initially opti-
mised for in vivo applications, RNA aptamers are also useful in vitro as they negate the
need for radiolabelling or depletion of the DNA template.?22:223

With these experiments, the aim was to develop a simplified tool to assess the effect of
p53 PTMs on transcription. Hela nuclear extracts and refolded p53,.. were used in an in
vitro transcription assay, with the eventual aim of carrying out the assay with p53x1204c
and the phosphorylated variants available in our lab. Quantification was to be achieved
through the use of iSpinach, an RNA aptamer that is optimal for in vitro applications

due to its increased brightness, reduced salt-sensitivity, and increased thermal stability

relative to Broccoli and Spinach.?24
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6.2 Results

6.2.1 iSpinach fluoresces in the presence of DFHBI

Plasmid templates containing 13 copies of a p53 promoter sequence (PG13) or 15 copies
of a mutated promoter sequence that does not bind p53 (MG15) were purchased from
Addgene?®® and their luciferase reporter genes were replaced by iSpinach RNA aptamer
using NEB HiFi DNA assembly. This placed the iSpinach aptamer gene downstream of
the PG13/MG15 sequence, which themselves were downstream of a T7 promoter (Fig.
6.1). The RNA aptamers were produced using an in vitro T7 transcription kit (Thermo
Fisher). The RNA aptamers were both transcribed successfully as parts of transcripts
that fell just below the 1000 nt marker on a denaturing RNA agarose gel. The expected
transcript lengths were 905 nt for PG13 and and 827 nt for MG15. Purified RNA ap-
tamers from both PG13 and MG15 showed robust fluorescence in the presence of DFHBI

(excitation 444 nm, emission 520 nm, Fig. 6.2).
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Figure 6.1: Luciferase- and iSpinach-containing PG13 and MG15 templates. Shown
are the PG13 and MG15 templates containing luciferase (top), which was replaced by iSpinach
(bottom).
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Figure 6.2: Fluorescence of the iSpinach aptamer in the presence of DFHBI. A:
Schematic showing fluorescence occurring following complex formation between DFHBI and
iSpinach. B: Denaturing RNA agarose gel following in wvitro transcription using a T7 RNA
polymerase kit (Thermo Fisher). Expected transcript lengths were 905 and 827 for PG13 and
MGT15 respectively. C: Fluorescence measurements of serially diluted T7-transcribed aptamers

in the presence of 10 uM DFHBI (excitation 444 nm, emmission 520 nm).

6.2.2 p5b3,.. does not induce transcription from naked DNA n

vitro

HeLa nuclear extracts were prepared and validated by western blotting against nuclear
(H3 histone) and cytoplasmic (S-tubulin) markers. The nuclear fraction was successfully
enriched for nuclear proteins, as indicated by the very low presence of S-tubulin in the
nuclear fraction (Fig. 6.3).

In wvitro transcription using these extracts supplemented with p53,.. failed to yield
any detectable transcription, while fluorescence of the purified T7-transcribed aptamers
was detected. Serial dilution of the T7-transcribed aptamers showed that fluorescence
was detectable from an aptamer concentration of 15.6 ng/ul (Fig. 6.4A). To assess

whether in vitro transcription occurred but was too low-yielding to produce detectable
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Figure 6.3: Nuclear extract preparation. Shown is a schematic of nuclear extraction
preparation, along with western blots with nuclear and cytoplasmic markers (H3 histone and
B-tubulin respectively). Lanes comprise the cells before lysis (input), after washing with NP-
40-free buffer post outer-membrane lysis (wash), cytoplasmic extract (Cyt), and nuclear extract

(Nuc).

fluorescence, RT-PCR was used. After the reaction, RNA was purified using a Monarch
RNA purification kit followed by DNAsel digestion, cDNA synthesis and RT-PCR using
primers complementary to iSpinach. The progress of RT-PCR reactions was monitored
manually by taking aliquots of the reaction after 10, 20, 25, and 30 cycles. The T7-
transcribed aptamers, which had also been reverse-transcribed, were faintly visible on an
agarose gel after 10 cycles and robustly visible after 20 cycles. After 25 cycles, amplicons
were visible in all reactions except those that contained both PG13 and p53,.. (Fig.
6.4B).
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Figure 6.4: A: Aptamer fluorescence and failed transcription. Fluorescence measure-
ments (excitation 444 nm, emmission 520 nm) following in vitro transcription in HeLa nuclear
extracts. T7-transcribed aptamers were used as a positive control. B: Agarose gel following in
vitro transcription in HeLa nuclear extracts, RNA purification, cDNA synthesis and RT-PCR.
PCR reaction aliquots were taken at 10, 20, 25, and 30 PCR cycles (Cyc). Primers were com-
plementary to cDNA synthesized from the iSpinach transcript.

6.3 Conclusion

It is unclear why no detectable transcription was observed in these assays, despite the ap-
proaches being very similar to some of those described in the literature. There are notable
differences between the assays described in this chapter and those successfully carried out
elsewhere. For example, these assays use pb3,e., which has no post-translational modi-
fications. Previous assays used pb3 purified from human or insect cells that potentially
carry post-translational modifications. The assays reported here also use naked DNA as
templates. Though robust transcription from naked DNA templates has been reported,!”
some studies have failed to detect transcription from naked DNA, only observing tran-
scription from chromatinised templates.?®

If the components of the transcription machinery are present in the nuclear extracts,
a basal level of transcription might be expected to occur independently of p53. It is
interesting to note that, following DNA depletion, cDNA synthesis, and PCR, bands

were observed when either PG13 or MG15 were present without p53,... This suggests a
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low degree of transcription is taking place independently of p53. When p53,... was present,
this basal level of transcription occurs in the presence of MG15, but not PG13. It may
be that, under these assay conditions, p53,.. is binding to its promoter and preventing
transcription. The question of whether p53 can directly repress the transcription of genes
is controversial.??® Even if direct transcriptional repression is occurring in this assay, it
would be incorrect to conclude that the phenomenon necessarily occurs in nature. EMSA
could be used to check whether p53 binds to the PG13 p53 binding site. Alternatively, in
vitro transcription using a T'7 polymerase in the presence of p53 might indicate whether
pH3 is bound to the PG13 promotor, if the presence of p53 prevents the T7 polymerase
from transcribing past the p53 binding site.

In conclusion, it is unfortunate that in vitro transcription using p53,.. was unsuccess-
ful. Had transcription been detected, assays using semisynthetic p53 and chromatinised

templates would have been attempted.
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Recreating the early stages of p53 ac-

tivation zn vitro

7.1 Introduction

A more granular understanding of PTM crosstalk in p53 would allow us to unpick the
individual steps in the PTM cascades that lead p53 to induce specific cell fates. In partic-
ular, how is the pro-apoptotic p53 state established? Many methods have been employed
to study PTM crosstalk in other proteins, with much early work being carried out on his-
tones.??” Detecting co-occurrence of PTMs in cells, typically through mass spectrometry
or western blotting, enables the initial discovery of potential crosstalk interactions. This is
often facilitated through mutagenesis of residues to either alanine or a PTM mimetic and
comparison of the PTMs that are installed on the different mutants. Following discovery
in cells, in vitro assays using either synthetic peptides or site-specifically modified pro-
teins containing pre-installed PTMs in combination with purified enzymes or functional
cell extracts enable the validation of these crosstalk interactions (Fig. 7.1).22869.229

For p53, much of what we know about PTM crosstalk is from work carried out in

3969 with validation of crosstalk interactions often achieved using

cells using mutagenesis,
purified enzymes and p53 peptides.®? Though nuclear extracts have been used to study
PTM crosstalk in histones,??® they have not been applied to crosstalk on p53.

Each of these approaches are complementary tools with unique advantages and disad-
vantages. Assays carried out in cells retain much of the complexity present in nature and
can be useful for identification of crosstalk interactions, however identifying the enzymes

responsible for the crosstalk can be challenging. For example, it is notable that, though

a wide array of crosstalk interactions have been observed on the p53 N-terminus, very
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Figure 7.1: Overview of common approaches for probing PTM crosstalk. Shown are
methods for probing a hypothetical crosstalk interaction where phosphorylation at a serine (S)
promotes the phosphorylation of a nearby threonine (T). A: Following mutagenesis of Ser to Ala
or Asp, the amount of Thr phosphorylation can be quantified by mass spectrometry or western
blotting. B: Peptides bearing serine or phosphoserine are incubated with the relevant kinase
with Thr phosphorylation quantified by mass spectrometry. Site-specifically modified proteins
(C) can also be used, with western blotting another method of quantification. Site-specifically
modified protein can also be used in cell extracts, allowing for the control over the experiment

as with (C) while retaining a similar degree of biological relevance as (A).

71



CHAPTER 7. RECREATING THE EARLY STAGES OF P53 ACTIVATION IN
VITRO

few of the relevant kinases have been identified (Fig. 4.13, and references therein). In
vitro assays using purified enzymes and p53 peptides or proteins allow for confirmation
that p53 is a substrate for the enzyme present, and analysis of the impact of pre-installed
PTMs on enzyme activity. While these types of assays are useful for probing specific
interactions, they offer little information regarding the biological relevance of those inter-
actions. For example, while ATM has been shown to phosphorylate p53 at S46 in vitro,'°*
S46 phosphorylation was still observed in ATM-depleted cells, albeit slightly delayed.?3°
Factors such as redundancy and subcellular location are lacking in these types of in vitro
assays.

Bridging the gap between these two types of assays are those that employ functional
cell extracts. Cell extracts retain much of the complexity of cell-based studies, while also
giving the researcher more control over particular aspects of the experiment, such as the
amount of substrate protein added. Specific quantities of site-specifically modified (or
mutated) substrate can be ”spiked” into the cell extract, and downstream PTMs can be
detected using western blotting or mass spectrometry.??® Cell extracts can be enriched for
nuclear proteins, producing nuclear extracts similar to those used in in vitro transcription
assays.

The experiments described in this chapter used site-specifically modified p53, gener-
ated via semisythesis, and nuclear extracts to probe pb3 crosstalk interactions. Different
stress regimes were applied to the cells prior to nuclear extract preparation to investi-
gate whether PTM crosstalk can be modulated as a function of stress. These assays
successfully reconstituted two well-described crosstalk interactions in pb3. Specifically,
the dependence of T18 phosphorylation on prior S15 phosphorylation and the positive

effect of N-terminal phosphorylation on C-terminal acetylation.

7.2 Results

7.2.1 pb3 undergoes post-translational modification in nuclear

extracts

H1299 cells, chosen for their p53-negative status, were stressed for 24 hours with 20 yM

cisplatin. This stress procedure was chosen based on prior work undertaken in the group.
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Nuclear extracts were prepared from these cells and validated using nuclear (Histone H3)
and cytoplasmic (S-tubulin) markers (Fig. 7.2A). p53,¢. or p53g15,, Was spiked into the
nuclear extracts, incubated for 0, 15, 30, 45, or 60 minutes at 30 °C and analysed by
western blotting using an antibody against p53 (DO1, for overall p53 levels), pS15, and
pT18. The anti-p53 (DO1) blot suggested that p53 levels were stable over the course of the
experiment. Western blotting using an anti-pS15 antibody suggested S15 phosphorylation
occurred at detectable levels in reactions containing p53,.. after 30 minutes, peaking after
60 minutes. In the reactions containing pd3sispn, pS15 levels appeared to stay relatively
consistent. This suggested that widespread dephosphorylation was not occurring in these
extracts. Western blotting using an anti-pT18 antibody led to the appearance of a band
at the expected mass for pb3 that increased in intensity over time in both p53,.. and
P53s15pn. No band appeared in either the p53,.. or pb3gis,, controls, indicating that
this band was not generated through non-specific binding to p53 (Fig. 7.2B). Based on
these results, it seemed likely that the nuclear extracts contained active kinases that were

phosphorylating p53.

It was unclear to what extent exposure to 20 uM cisplatin for 24 hours sufficiently
stressed the cells. A screen was carried out during which H1299 cells were exposed to
0, 10, 20, 50, 100 and 1000 uM cisplatin for 0, 2, 6, 16, or 24 hours. Visual inspection
under a microscope and western blotting for phosphorylated Aktl were used as markers
for cell stress. Aktl is activated in response to DNA damage by phosphorylation and
promotes cell survival, in part by promoting p53 degradation by MDM2. Aktl activity
has been shown to be inhibited by p53.23! In p53-negative cells, we hypothesised that
phosphorylated Aktl would accumulate in response to DNA damage. A western blot
for pS473 Aktl was inconclusive, though cell death was observed from 6 hours in cells
treated with 1 mM cisplatin (Fig 7.3). Cell death was only observed after 24 hours in cells
treated with 100 uM cisplatin, while no visible cell death was observed in cells treated
with 0, 10, 20, or 50 uM cisplatin (Fig 7.3A). Because treatment with 1 mM cisplatin
led to visible cell death after 6 hours, nuclear extracts were prepared from H1299 cells
treated with 1 mM cisplatin for 2 hours. The aim was to harvest the cells at a time when

the DNA damage response was likely ongoing.

Having already demonstrated that nuclear extracts could phosphorylate p53 at S15
and T18, a broader screen of p53 PTMs was attempted. pd3;,cc, P53si5ph, PD3s20ph OF
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Figure 7.2: p53 phosphorylation occurs in nuclear extracts. A: Western blotting of
fractions following H1299 nuclear extract preparation, where cells had been stressed for 24 hours
by 20 puM cisplatin. Lanes comprise the cells immediately after lysis (post-lyse), cytoplasmic
extract (CE), after washing with NP-40-free buffer post outer-membrane lysis (Wash), and
nuclear extract (NE). S-tubulin and H3 histone were used as cytoplasmic and nuclear markers
respectively. B: Crosstalk assays were carried out over the course of 1 hour, with reactions
quenched at 0, 15, 30, 45, and 60 minutes (indicated by numbers). Accumulation of T18
phosphorylation was observed when nuclear extracts were spiked with either p53;c. or p53s15ph-
P93rec also accumulated S15 phosphorylation. For stain-free gel images, see supplementary

figures (Fig. 10.2).

P53s15/520ph (double-phosphorylated) were incubated for 2 hours at 30 °C with nuclear
extracts prepared from H1299 cells that were either unstressed or stressed with 1 mM
cisplatin. Western blots were carried out using a general antibody against p53 (DO1), as
well as a panel of p53 PTMs: pS15, pT18, pS20, AcK120, AcK373, AcK382. Because of
the large number of western blots, multiple PVDF membrane stripping approaches were
used, and their effectiveness assessed for future assays. Tandem mass spectrometry was
also attempted to obtain a broad assessment of pb3 PTMs in an unbiased manner. For
this, quenched reactions were subjected to SDS-PAGE, and p53 was purified by cutting
out the corresponding band following Coomassie blue staining. Unfortunately, no data

were obtained with this method.

The antibodies against p53 (DO1) and AcK120 were both derived from mice, while
antibodies against all other PTMs were derived from rabbits. Membranes were first

probed with either anti-p53 (DO1) or anti-AcK120. ”Mild” stripping using an acidic
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Figure 7.3: Cisplatin treatment screen. A: H1299 cells were treated with 0-1 mM cisplatin
for 24 hours. Cell death was visible in the 1 mM-treated cells from 6 hours, while in the 100
uM-treated cells cell death was visible after 24 hours. B: Lysates from H1299 cells treated
with 0, 10, 20, 50, 100, or 1000 M cisplatin were blotted against pS473 Aktl. Shown are
stain-free gels (top) and western blots (bottom). Western blotting generated many non-specific
bands, with pAktl expected to fall at around 60 kDa. Cell images for 10, 20, 50 M cisplatin

treatments can be found in supplementary figures (Fig. 10.3).

SDS-containing buffer enabled each membrane to be re-probed against one of the anti-
bodies derived from rabbits. Subsequent stripping and re-probing was carried out using
"harsh” stripping methods that utilise hot (55 °C) SDS. The stripping/reprobing strat-
egy employed in this experiment is shown in Figs. 7.4 and 7.5. For experiments carried
out in unstressed extracts (Fig. 7.4), western blotting using a general anti-p53 antibody
(DO1) showed highly variable signal for the different phosphorylated forms of p53, with
no signal observed in reactions containing p53g15/520pn and little signal observed in re-
actions containing pb53ga,n (Fig. 7.4, top left blot). Mild stripping and reprobing this

membrane with an antibody against pS15 p53 led to the bands from reactions and con-
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trols containing p53,e. and pd3g20pn disappearing, while bands were visible in pd3gi5ps
and pb3g15,/520pp-containing reactions and controls (Fig. 7.4, left blot second from the
top). The fact that no signal was observed in p53gao,n and p53gag,n-containing reactions
suggested that no detectable S15 phosphorylation was occurring in these reactions. Harsh
stripping of this membrane followed by re-probing with an antibody against pT18 p53
led to bands appearing in all time-points of the p53-containing reactions, including the
0 minute time-point, with no visible increase over time. For signal appearing in p53,;.,
P53515ph, and pd3g15/520pk lanes, this was likely caused by incomplete stripping and reten-
tion of signal from the previous blot. For the bands appearing in p53g20, reaction lanes,
this was likely caused by non-specific binding of the primary antibody to p53sag,h, as sig-
nal also appeared at similar intensity for the p53g20,, control (Fig. 7.4, left blot second
from the bottom). This membrane was stripped using GuHCI and re-probed for an an-
tibody targeting AcK373 p53. p53,.. lanes showed very faint bands appearing at 30 and
60 minutes, with no signal observed for the p53,.. control. p53g15,, lanes showed robust
bands at all time points, with signal also appearing for the p53gi5p, control. This sug-
gested the signal for p53 15,5, was likely caused by incomplete stripping of the membrane.
Bands were observed at 30 and 60 minutes for both p53g20,, and p53g¢15,520pn-containing
reactions, increasing over time, with no bands appearing in the respective control lanes.
This suggested that these bands were likely not caused by incomplete stripping, and that
they represented genuine K373 acetylation (Fig. 7.4, bottom left blot). A western blot
was carried out on fresh membranes using antibodies targeting AcK120 p53. Bands were
observed at all time-points in all reactions, including the reactions that did not contain
pH3. Because bands appeared in the reactions that did not contain p53, these bands were
not indicative of K120 acetylation (Fig. 7.4, top right blot). This membrane underwent
mild stripping and was re-probed using an antibody against pS20 p53 (Fig. 7.4, right
blot second from the top). This led to robust bands for the reactions containing p53,..
at all time points, with no band observed in the p53,.. control, suggesting pS20 phos-
phorylation may have occurred very rapidly. Bands appeared for reactions containing
P53s15pn and pd3gaopn at all time-points, and in these cases bands were also observed
in the corresponding controls. This suggested that, for p53gisp,-containing reactions,
these bands were indicative of nonspecific binding of the antibody. For p53gi5/s20pn,

bands were observed in both the reactions and the corresponding control, though they
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were Vvisibly fainter than the bands for p53g9,,-containing reactions and controls. This
suggested that the S15 phosphorylation may be weakening the interaction between p53
and the anti-pd3g90,, antibody. This membrane was harsh-stripped and re-probed using
an antibody targeting AcK382 p53 (Fig. 7.4, right blot second from the bottom). No
bands were observed in reactions or controls containing unmodified or p53g15,,. Bands
were observed in reactions containing pS20 and pS15/p53g20,n, however they were also
observed in the corresponding controls. This was likely caused by incomplete stripping
of the previous primary antibody, which targeted p53g20pn. The membrane was stripped
with GuHCI and probed again with the antibody targeting AcK382 p53, leading to no
visible bands (Fig. 7.4, bottom right blot).

The results obtained using 1 mM cisplatin-stressed nuclear extracts were similar, with
the following differences: before probing with the antibody targeting AcK373 p53, the
membrane was harsh stripped to remove the previous antibody targeting pT18 p53 (Fig.
7.5, left blot second from bottom). In unstressed extracts, the stripping at this stage
was carried out using GuHCI. Harsh stripping led to bands being visible at all time-
points for p53;ec, P93 s15pn, and pd3si5/520ph- The pPd3s15pn and pd3 15,520, control lanes
also contained signal, indicating that the signal for p53g;5,, and p53g15,520pn-containing
reactions was caused by incomplete stripping. Bands were visible from 30 minutes in the
P53 520pp-containing reactions, with no band visible in the p53ga0,, control, suggesting
that K373 acetylation was likely occurring in these reactions. Stripping this membrane
with GuHCI and re-probing with the antibody targeting AcK373 p53 led to visible bands
in the p53,¢. and pd3g20pn-containing reactions, and no bands visible in any control lanes
(Fig. 7.5, bottom left blot). This suggested that K373 acetylation was occurring when p53
was either unmodified or phosphorylated at S20. In contrast to the reactions carried out
with unstressed nuclear extracts, no K373 acetylation was observed in the p53s15,s20pn-
containing reactions.

Robust K373 acetylation was subsequently observed in nuclear extracts derived from
both unstressed and 1 mM cisplatin-stressed cells (Fig. 7.6). No clear difference in K373

acetylation was observed between the different forms of p53.
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Figure 7.4: Broad PTM screen in unstressed nuclear extracts. p53,cc, P53s15pn,
P53 s20pn, and p53g15,520pn, s well as a negative control with no p53 were incubated for 0, 30
or 60 minutes (indicated by 0, 30, 60) with nuclear extracts derived from unstressed H1299
cells. Shown are the order in which membranes were probed with different primary antibodies,
and the method with which they were stripped. Membranes were either stripped with acidified
(pH 2) SDS-containing buffer (mild strip), a hot (55 °C) SDS-containing buffer (harsh strip),
or a buffer containing 6M guanidine and S-ME (GuHCI strip). For stain-free gel images and

replicates, see supplementary figures (Fig. 10.4).

From these data, it was decided that four main elements of the experimental design
needed refining. Firstly, antibody occlusion and cross-binding was clearly taking place,
particularly with the anti-p53 (DO1) antibody, which is required to confirm equal p53
levels. Antibody validation regarding epitope occlusion and cross-binding would give us
more confidence that our observations represent true positive or true negative results.
Secondly, a method for normalising data to allow for statistical analysis of data obtained
from different blots was required. Thirdly, the reactions were being carried out at 30
°C. We considered that cooling the reactions to 16 °C may slow down the accumulation
of PTMs and make detecting differences in the rate of PTM accumulation easier while

also protecting pb3 from unfolding. Fourthly, it was still unclear whether the ”stressed”
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Figure 7.5: Broad PTM screen in stressed nuclear extracts. p53;c., P53s15ph: P93 520ph,
and p5315/520ph, as well as a negative control with no p53 were incubated for 0, 30 or 60 minutes
(indicated by 0, 30, 60) with nuclear extracts derived from H1299 cells that had been stressed
for 2 hours with 1 mM cisplatin. Shown are the order in which membranes were probed with
different primary antibodies, and the method with which they were stripped. Membranes were
either stripped with acidified (pH 2) SDS-containing buffer (mild strip), a hot (55 °C) SDS-
containing buffer (harsh strip), or a buffer containing 6M guanidine and S-ME (GuHCI strip).

For stain-free gel images and replicates, see supplementary figures (Fig. 7.5).

H1299 extracts used in these experiments were appropriately stressed. Though cell death
was observed in the 1 mM cisplatin-treated H1299 cells, it was not known whether death
occurred via apoptosis or necrosis. The aim was to find a stress regime that, if it H1299

cells were p53+/*, would induce a p53 response.
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Figure 7.6: p53 acetylation occurs in nuclear extracts. p53;cc, P53515ph; P93520ph, and
P53515/520ph, as well as a negative control with no p53 were incubated for 0, 30 or 60 minutes
(indicated by 0, 30, 60) with nuclear extracts derived from H1299. A: Assay performed in
unstressed H1299 extracts. Shown is a western blot against p53 (DO1, top) and AcK373 p53
(bottom). B: Assay performed in H1299 extracts from cells stressed with 1 mM cisplatin for 2
hours. Shown is a western blot against p53 (DO1, top) and AcK373 p53 (bottom).

7.2.2 Antibody validation

SDS-PAGE was carried out on equal amounts of p53,.., or semisynthetic p53g15pn, P93 s20ph
or p53s15/520ph- Following transfer to PVDF, membranes were probed with antibodies
against pb3 (DO1), pS15, pT18 and pS20 (Fig. 7.7). As before, epitope occlusion was
clearly visible when DO1 was probed against p53 phosphorylated at S20, alone or in com-
bination with S15. Epitope occlusion was also observed when anti-pS15 antibody was
probed against p53 phosphorylated at both S15 and S20, and with the anti-pS20 antibody
when it was used to probe p53 phosphorylated at both S15 and S20. Faint cross-binding
was observed when anti-pT18 antibody was probed against p53 monophosphorylated at
S15 or S20. An alternative anti-p53 antibody, ”Y5”, was kindly provided by Abcam for
evaluation of epitope occlusion (the precise epitope is not in the public domain). No
epitope occlusion was observed when Y5 was probed against the aforementioned p53

variants, so this antibody was used in subsequent assays instead of DO1.

7.2.3 Cofactor titration

The assays performed previously contained 833 M ATP, 10 uM AcCoA, and 10 puM
SAM. For AcCoA and SAM, these concentrations were determined based on previous

assays carried out in the literature using recombinant acetyltransferases and methyl-
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Figure 7.7: Antibody occlusion screen. Antibodies against p53 (DO1 and Y5), pS15,
pT18, and pS20 were screened against 50 ng of p53;ec, PH3s15ph, PI3s20ph, OF PH3S15/520ph-

Also shown are stain-free images taken before transfer.

transferases.?32:168:233.67 ATP was added to a much higher concentration because the in-
tracellular concentration of ATP is typically in the low millimolar range, and 833 pM

was the final concentration when the purchased ATP stock was used undiluted.?+235

Titrations were performed using p53 and nuclear extracts at 30 °C to find the op-
timal cofactor concentrations. The unmodified p53 used in these assays was produced
recombinantly in E. coli and contained the M40C mutation present in the semisynthetic
variants. Hereon, this will be referred to as p53,..a. Optimal cofactor concentrations were
determined by western blotting for T18 phosphorylation in p53g1s5,,, K373 acetylation in
P53reca, and K372 mono-methylation in p53,¢.a (Fig. 7.8). Robust T18 phosphorylation
was observed with 250 uM ATP, and appeared to peak at 500 uM ATP. K373 acetylation
was observed even when no exogenous AcCoA was added, though acetylation peaked with
the addition of 10 uM AcCoA. No signal was observed in the p53,..a control when blotted
for AcK373 p53, so this may have been caused by endogenous AcCoA being bound to
acetyltransferases and remaining in the extract. Equal bands were observed across all
SAM concentrations and time-points, with visibly lower signal in the p53,..a control (Fig.
7.8). This may indicate very rapid methylation that peaks at residual endogenous SAM

concentrations. It may also indicate that no detectable methylation occured, with the
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antibody against MetK372 binding non-specifically to p53. In this case, the lower band
intensity seen in the pb3,..a control lane may be caused by uneven transfer, something

that had been observed previously.
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Figure 7.8: Cofactor titration Assays were performed using p53 in nuclear extracts, supple-
menting PTM cofactors at different concentrations. ATP titration assays were carried out using
P53515ph, blotting for T18 phosphorylation. AcCoA and SAM titration assays were carried out
using p53,¢ca, blotting for AcK373 and Met372 p53 respectively. Time points (0, 60) are shown
in minutes. Also loaded are 50 ng p53 controls. Overall p53 levels in the ATP titration assays
were determined using an anti-p53 (pS15) antibody. ATP titration data were collected by Maria

Hancu. For stain-free gel images, see supplementary figures (Fig. 10.6).

7.2.4 Data normalisation strategy development

Nuclear extracts were prepared from H1299 cells that has been subjected to one of four
stress regimes: unstressed, 20 uM cisplatin for 24 hours, 100 uM cisplatin for 6 hours, or
1 mM cisplatin for 2 hours. The known crosstalk relationship between pS15 and pT18
was probed to see if the accumulation of T18 phosphorylation was affected by stress.

For these assays, anti-p53 (Y5) antibody was used to measure overall p53 levels. Assays
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using unstressed, 20 pM, and 1 mM cisplatin-stressed nuclear extracts were carried out
in triplicate, though it should be noted that replicates used the same batches of stressed
nuclear extracts and p53, making them technical rather than biological replicates. Assays
using extract from cells stressed with 100 pM cisplatin were not carried in triplicate due
to lack of extract. Whereas the assays described in section 7.2.1 were carried out at 30
°C, these assays were carried out at 16 °C, as it was thought that slowing the reaction

down might make the differences in the rate of pT18 accumulation easier to detect.

Robust accumulation of T'18 phosphorylation was observed in extracts that had been
spiked with p53,cca or pb3sis,n (Fig. 7.9). Visually, pT18 levels were consistently higher
in assays containing p53gis,, than they were in assays containing p53,e.a. However, the
Y5 blot indicated that overall p53 levels also varied from lane-to-lane, often trending
upwards over time (Fig. 7.9, top blots). Western blots varied in their overall levels of
transfer, which would increase variation (Fig. 7.9, middle blots). Moreover, some western
blots showed evidence of uneven transfer, with decreased signal towards the right hand

side of the blot (Fig. 7.9, top left blot).

These issues made data analysis difficult. A normalisation strategy was devised
whereby the signals for the anti-pS15/anti-pT18 western blots would be normalised
against a band on each blot where the intensity should be constant. The band chosen
was the 60-minute time-point of the assays spiked with p53gi5,,. The positive control
bands were not used for normalisation because of the issues observed with uneven trans-
fer, which tended to occur on the edges of the membrane and would artificially inflate the
values if the transfer was poor across the positive control lanes. Because the 60 minute
time point of p53g15,, had been used for normalisation, all the normalised band intensi-
ties for these lanes became 1, with zero standard deviation. Direct, pairwise comparison
between the 60-minute band intensities between p53,.ca and pd3gi5,, would not be ap-
propriate under these circumstances. However, because the differences are visually at
their most stark after 60 minutes, it was still considered useful to analyse the data after
60 minutes. Shown in Fig. 7.9B is a graphical comparison of average, normalised band
intensities for each blot at 0 and 60 minutes. Averaged, normalised band intensities at
60 minutes were analysed by one sample t test, comparing the means to 1. Naturally, for
bands that were used for the normalisation, no p value could be obtained as the sample

difference had no standard deviation. In all stress conditions, pT'18 band intensities for
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P53,eca Were significantly lower than 1 after 60 minutes (unstressed p=0.0061, 20 uM
cisplatin p=0.004, 1 mM cisplatin p=0.0006). This, combined with the trend visible on
the blot, suggests that p53g15,, becomes phosphorylated at T18 more than p53,..a. After
60 minutes, pS15 band intensities were significantly lower than 1 only in the reactions

carried out in 1 mM cisplatin-stressed extracts.

A Unstressed 20 uM cis, 24 hrs

£ g 100 uM cis, 6 hrs 1 mMcis, 2 hrs P
9 & & 9 8 &
pS3reca p53s15ph pS3reca p53s15ph m@ (eg 5 . p53reca p53s15ph p53reca p53s15ph & £ 5
k?g 0 153060 0153060 0 153060 0 1530603 ‘B'Q @ 01530600 1530600 153060 0 1530 60'3 '8 '8
75
50 . - — -~ o . 50 il Ll - —— e —
37 37
Anti-p53 (Y5) Anti-p53 (Y5)
Unstressed 20 pM cis, 24 hrs £ g 100 uM cis, 6 hrs 1 mMcis, 2 hrs L 55
pS3reca p53s15ph pS3reca p53s15ph g %} :’j pS3reca p53s15ph p53reca p53sisph  © ; f
kDa 888 «a 293
75 0 153060 0 1530 60 0 153060 0 15 3060a & o 75 0153060 0 1530600 153060 0 153060a o o
50 - - 50 = s G WD —|men -
37 37
Anti-pS15 p53 Anti-pS15 p53
Unstressed 20 uM cis, 24 hrs 100 pM cis, 6 hrs 1mMcis, 2 hrs

pS3reca  p53si5ph pS3reca  p53si5ph p53reca  p53si5ph p53reca  p53s15ph

p53reca
p53s150h
p53T180n
p53reca
p53s15ph
p53T1gph

kl:;: 0 153060 0153060 0 153060 0 15 3060 kDa 0153060 0 1530600 153060 0 15 30 60
75
50 - - - 50 - -
37 37
Anti-pT18 p53 Anti-pT18 p53
B Anti-pS15 p53 Anti-pT18 p53
10 1.5

%‘ %‘ e Unstressed, p53;eca
§ 8- * § ® Unstressed, p53s15ph
£ £ . :

T 6 T 1.0 ® 20 uMcis, p53 eca
. 2 e 20 uMcis, p53s15ph
] - [+]

g 4 E 054 o 1mMcis, P53recn
4] 4]

€ 24 < o 1 mMcis, p53s15ph
2 ° * 2

®
T o < g.0- P
060 060 060 060 060 060 060 060 060 060 060 060
Time (min) Time (min)

Figure 7.9: Probing the pS15-pT18 axis using cisplatin-stressed extracts at 30 °C.
A: p53,eca or pb3gisyn were incubated for 0, 15, 30 or 60 minutes (indicated by 0, 15, 30, 60)
with nuclear extracts derived from H1299 cells. Cells from which nuclear extracts were prepared
were either unstressed or subjected to the following cisplatin treatments: 20 uM for 24 hours,
100 pM for 6 hours, 1 mM for 2 hours. Shown are western blots against p53 (Y5, top), anti-pS15
p53 (middle), and anti-pT18 p53 (bottom). Also shown are 50 ng positive controls for p53;,cca,
P53515ph, and pd37igp,. B: Band intensities at 60 minutes were normalised by the 60 minute
time point of pS15, averaged, and analysed one sample t test, comparing to 1. Statistically
significant differences are indicated by an asterisks (*). Only data for t0 and t60 is shown
for clarity. a = 0.05, n = 3. Data collected by Maria Hancu. For stain-free gel images and

replicates, see supplementary figures (Figs. 10.7) and 10.8).
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Normalising by a band presumed to have consistent intensity may account for dif-
ferences in transfer efficiency between blots, but would not account for uneven transfer
within the same blot. Multiple approaches were tried to account for potential uneven
transfer within the same blot, including staining post-transfer with Ponceau S; and re-
imaging the gel post-transfer, assuming any un-transferred protein gets retained on the
gel. Ponceau S staining typically yielded very faint bands, or none at all. Imaging the
gel post-transfer did provide useful visual information, however they were not used for
precise normalisation as they became very fragile and tended to break as they were prised
off the filter paper.

It was concluded that some of the variation exhibited in these assays was better
alleviated by making adjustments to the experimental procedure, rather than through
normalisation, though normalisation by the 60 minute p53gi5,, band would continue. In
subsequent assays, time-point measurements would be taken by removing aliquots from
single, larger reactions, rather than by preparing individual reactions for each time-point.

Images of gels post-transfer allowed for a visual check that transfer occurred evenly.

7.2.5 Reconstitution of known PTM cascades

The effect of S15 phosphorylation on accumulation of T18 phosphorylation was probed
using unstressed H1299 nuclear extracts at 16 °C. After 1 hour incubation, T18 phos-
phorylation levels were consistently higher across all three replicates when pb3 was pre-
phosphorylated at S15, compared to pb3,cca, as determined by western blotting and
densitometric analysis (Fig. 7.10A, left). For these, and subsequent, experiments, tripli-
cates made use of separately-prepared batches of nuclear extracts, making them biological
replicates (though the p53 used was not from separate batches). Band intensities on each
blot were normalised by the band present after 60 minutes for the p53gi5p,-containing
reactions. Omne sample t test comparing the mean of the normalised band intensities
for p53,eca after 60 minutes showed that the mean was significantly lower than 1 when
blotting with an antibody against pS15 p53 (p < 0.0001) and pT18 p53 (p = 0.0113,
Fig. 7.10B). No detectable phosphorylation occurred in unstressed H1299 cytoplasmic
extracts (Fig. 7.10A, right). Recombinant CK1 has been used to probe the effect of S15
phosphorylation on T18 phosphorylation in vitro previously.®? In an in vitro assay using

recombinant CK1, pT18 levels were consistently higher across all replicates when p53 was
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pre-phosphorylated at S15, compared to p53,..an. Based on a one sample t test, aver-
age normalised band intensities for p53,..ao were significantly lower than 1 when blotting
against pT18 p53. Because no signal was detected in any replicates for the p53,..a lanes
when blotting for pS15 p53, statistical analysis was not carried out on these samples,

however signal was consistently higher in the lanes containing p53s1s,, (Fig 7.11).
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Figure 7.10: Probing the pS15-pT18 axis using unstressed extracts at 16 °C. p53,..a

or p53g15pn, Were incubated for 0, 30 or 60 minutes (indicated by 0, 30, 60) with unstressed H1299

nuclear or cytoplasmic extracts. A: Western blots against p53 (Y5, top), pS15 p53 (middle) and

pT18 p53 (bottom) for assays carried out in nuclear and cytoplasmic extracts. Also included

are 50 ng controls for p53,eca, P53515pn, and p5371g,,. B: Band intensities were normalised by

the 60 minute time point of p53g15,n, averaged, and the means for p53,..a at 60 minutes were

analysed by one sample t test, comparing to 1. Statistically significant differences are indicated

by an asterisk (*). a=0.05, n = 3. For stain-free gel images and replicates, see supplementary

figures (Figs. 10.9, 10.10, and 10.11).
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Figure 7.11: Probing the pS15-pT18 axis using purified CK1 p53,c.a or p53515,, Were
incubated for 0, 30 or 60 minutes (indicated by 0, 30, 60) with recombinant CK1. A: Western
blots against p53 (Y5, top), pS15 p53 (middle) and pT18 p53 (bottom). B: Band intensities
were normalised by the 60 minute time point of p53g15,, averaged, and the means for p53,.c.a
at 60 minutes were analysed by one sample t test, comparing to 1. Statistically significant
differences are indicated by an asterisk (*). Densitometric data from western blots against
pT18 p53 is shown with a split axis (left) to enable visualisation of the spread of data and
without a split axis (right) to enable visualisation of the time course of the reaction. a=0.05, n

= 3. For stain-free gel images and replicates, see supplementary figures (Figs. 10.12 and 10.13).

Using nuclear and cytoplasmic extracts extracts prepared from unstressed H1299 cells,
the effect of N-terminal phosphorylation on K373 acetylation was investigated by compar-
ing pd3s515/520ph With p53,cca. Based on western blots carried out with a general anti-p53
antibody (Y5), p53 levels remained stable in both nuclear and cytoplasmic extracts over
the course of 60 minutes. p53 band intensities were visibly lower in the cytoplasmic ex-
tract, which may have been caused by low transfer efficiency. When reactions carried
out in nuclear extracts were blotted against AcK373 p53, both p53,cca and pd3s15/520pn
showed an increase in band intensity over time. p53,..a-containing reactions show pos-
itive bands from 0 minutes, however based on the p53,..a control lane this may have
been caused by non-specific binding of the primary antibody. Band intensities were con-
sistently higher at 30 and 60 minutes for the p53g15/520pn-containing reactions than for

those that contained p53,..a. Band intensities for the anti-AcK373 p53 blots were nor-
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malised by the p53g15/520pn band at 60 minutes on the same blots and analysed by one

sample t test, comparing to 1. In nuclear extracts, normalised band intensities for p53,.c.a
after 60 minutes were significantly lower than 1 (p = 0.0006). In cytoplasmic extracts,
bands were visible at all time points for both p53,c.a and p53g15/520pn-containing reac-
tions when blotted with an antibody against AcK373 p53, with no visible increase over
time. Signal was also observed in the control lanes, suggesting that the bands observed
represent non-specific binding. Signal was visibly weaker in the p53g15/520p-containing
reactions and controls than those that contained p53,..a, despite the overall p53 lev-
els being similar. This suggests that these N-terminal phosphorylation may somehow
occlude antibody binding, despite the antibody targeting a C-terminal acetylation site
(Fig. 7.12).
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Figure 7.12: Probing the interaction between N-terminal phosphorylation and C-
terminal acetylation using unstressed extracts at 16 °C. p53;cca or p53g15/520pn Were
incubated for 0, 30 or 60 minutes (indicated by 0, 30, 60) with unstressed H1299 nuclear or
cytoplasmic extracts. A: Western blots against p53 (Y5, top) and AcK373 p53 (bottom) for
assays carried out in nuclear and cytoplasmic extracts. Also included are 50 ng controls for
P53reca and pS15/p53ga0pn. B: Band intensities were normalised by the 60 minute time point
of p53g15/520pn, averaged, and the means for p53,eca at 60 minutes were analysed by one
sample t test, comparing to 1. Statistically significant differences are indicated by an asterisk
(*). @=0.05, n = 3. For stain-free gel images and replicates, see supplementary figures (Figs.

10.14, 10.15 and 10.16).

7.2.6 Exploration of cell stress conditions

Previously, cell stress conditions were determined based on what conditions led to visible
cell death under a microscope. Cell death was observed after 6 hours treatment with 1
mM cisplatin, however it was unclear to what extent this was indicative of a functional
DNA-damage response leading to apoptosis. The ideal marker for p53-mediated apoptosis
would ordinarily be p53, but H1299 cells are p53-negative. Though this was useful for

the assays, it made it difficult to determine appropriate stress conditions.
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Nuclear translocation of the kinase DYRK2 was considered as a potential marker
for cell stress that would lead to p53-mediated apoptosis. DYKR2 translocation to the
nucleus has been shown to occur following DNA damage. In the nucleus, DYRK2 phos-
phorylates p53 at S46, leading to apoptosis.” H1299 cells were treated with 0, 10, 100,
or 1000 uM cisplatin for 0-24 hours. Nuclear extraction preparation was carried out to
separate the nuclear and cytoplasmic fractions, and DYRK2 was probed in each fraction
by western blotting. No evidence of DYRK2 translocation to the nucleus was found with
any treatment condition (Fig. 7.13).
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Figure 7.13: Testing for DYRK2 translocation in H1299 cells following cisplatin
treatment. H1299 cells were stressed with 0, 10, 100 or 1000 uM cisplatin for 0, 2, 6, 16,
or 24 hours. Fractions enriched for nuclear and cytoplasmic proteins were probed for DYRK?2
(67 kDa), as well as nuclear (LSD1, 110 kDa) and cytoplasmic (S-tubulin, 50 kDa) markers.
Western blotting against S-tubulin was carried out following GuHCI stripping of the DYRK2-
probed membrane. Cytoplasmic extract, aliquots from a wash step, and nuclear extract are

indicated by "C”, "W?”, and "N” respectively. For stain-free gel images, see supplementary

figures (Fig. 10.17).
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It was considered that, potentially, the p53-negative nature of H1299 cells may be
interfering with their response to DNA-damage. Though preparation of extracts from
pH3-positive cells would lead to extracts containing endogenous p53 and higher back-
ground signal in crosstalk assays, this may be partially mitigated through the addition
of excess exogenous pb3. A p53-positive cell line would offer significant advantages when

validating stress conditions, as the endogenous p53 could be blotted for specific PTMs.

A549 and HCT-116 cells were treated with 0-8 uM adriamycin for 0-24 hours, and
extracts were blotted for p53. In A459 cells, p53 was detected after 6 hours treatment
with 8 uM adriamycin and 24 hours treatment with 0.5 uM adriamycin (Fig. 7.14).
Western blotting using an antibody against pS46 pb3 generated positive bands in the
same lanes, and additionally the 4 pM lane after 24 hours (Fig. 7.14), however this was
likely not specific to pS46 p53 as robust bands were visible in the p53,c.a pb3 control
lane. No p53 was detected in HCT-116. Based on these data, 6 hours treatment with 8
uM adriamycin in Ab549 cells was used as a stress regime to generate ”stressed” nuclear

extracts.

7.2.7 Using ADR-stressed A549 extracts to probe p53 ”kill

switches”

Nuclear and cytoplasmic extracts were prepared from A549 cells that had been treated
with 8 uM adriamycin for 24 hours. Assays were carried out using nuclear extracts con-
taining either p53,.ca or p53s15/520pn- In addition, a control reaction without exogenous
pH3 was included to measure background signal. For western blots probing K120 acety-
lation, pbH3x1204c produced by genetic code expansion was used as a positive control. No
positive control was available for pS46 p53. After blotting for S46 phosphorylation, bands
were visible at all time points for reactions containing p53,c.a and pd3s15/520pn, and their
respective controls, with no visible change in band intensity over time. It is likely these
bands represent non-specific binding of the primary antibody targeting pS46 p53. No

K120 acetylation was detected in reactions containing p53,cca 0r p53g15/520pn (Fig. 7.15).
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Figure 7.14: Testing for p53 accumulation in A549 and HCT-116 cells following
treatment with adriamycin A549 and HCT-116 were stressed with 0 (0.008 % DMSO), 0.5,
1, 2, 4, or 8 uM adriamycin for 0, 6, 16, or 24 hours and blotted for p53 (Y5) and pS46 p53.
Also shown is a pb3,eca control (50 ng). Positive p53 bands are indicated by a red asterisk (*).

For stain-free gel images, see supplementary figures (Fig. 10.18).
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Figure 7.15: Probing for S46 phosphorylation and K120 acetylation in adriamycin-
stressed A549 nuclear extracts. p53;cca Or P53g15/520pn Were incubated for 0, 30 or 60
minutes (indicated by 0, 30, 60) with nuclear extracts prepared from A549 cells stressed for 6
hours with 8 uM adriamycin. Also included are 50 ng controls for p53;cca, P53 g15/520pn, and
P53 K120ac (Anti-AcK120 blot only). For stain-free gel images, see supplementary figures (Fig.
10.19).
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7.3 Conclusion

The assays described here successfully reconstituted two well-known PTM crosstalk in-
teractions using semisynthetic p53: The dependence of T18 phosphorylation on prior
S15 phosphorylation and the promotion of C-terminal (K373) acetylation by N-terminal
phosphorylation, the latter demonstrated using p53 double-phosphorylated at S15 and
S20. This builds on previous work that used semisynthetic p53 double-phosphorylated
at S15 and S20 to probe the effect of acetylation by p300 in vitro'%®, demonstrating that
this same interaction can also be reconstituted using functional nuclear extracts that
more closely resemble the natural cellular environment. The ability to monitor these
interactions using extracts derived from cells opens up the possibility of probing how p53
crosstalk interactions are affected by cell stress, something that cannot be studied using

purified enzymes.

It was evident from the early assays that the anti-p53 (DO1) antibody did not bind
as well to phosphorylated pb3 variants as it did to p53,... This observation prompted us
to systematically validate several anti-p53 antibodies against the semisynthetic variants
available at the time. Serine 20 phosphorylation had a negative effect on anti-p53 (DO1)
and anti-pS15 p53 antibody binding. At the time of the screen shown in Fig. 7.7,
semisynthetic p53,18ph was not available, and so the anti-p53 (pT18) antibody was
only screened against p53,c., P53s15ph: PO3s20ph, and Pd3sis/sa0pn, Where it exhibited
slight cross-binding to variants phosphorylated at S15. Subsequent assays that included
positive p53r1s,, controls, however, demonstrated that the anti-pT18 antibody binds with

reasonable specificity.

The observation that anti-p53 (DO1) antibody binds very poorly to S20-phosphorylated
pH3 is interesting considering how frequently DO1 is used in both research and clinical set-
tings.23 Previous studies have shown that, under high salt conditions, the DO1 antibody
only recognises p53 when S20 is not phosphorylated.??” Because N-terminal phosphory-
lation occurs in conjunction with p53 accumulation, DO1 may not be optimal for studies
where quantification of p53 levels is desired and S20 is phosphorylated. Anti-p53 (Y5)
showed no signs of epitope occlusion, and may be a better alternative in some cases than

DO1, though full characterisation against other phosphorylated variants is still required.

One aim was to be able to probe PTM crosstalk dynamics in different ”stressed”
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contexts. It proved difficult to find appropriate stress conditions in H1299 cells, poten-
tially because finding appropriate stress conditions required answering a question with a
hypothetical element: ”If p53 were present in these cells, what stress conditions would
activate it in a way that induced apoptosis?”. It is surprising that none of the cisplatin
treatment regimes led to positive markers for DNA damage (Aktl phosphorylation) or
p53 S46 phosphorylation (DYRK2 translocation), despite cell death being observed. The
most direct marker for p53 activation is ph3 itself, and so assays were performed in
nuclear extracts prepared from Ab49 cells that had been stressed in a way confirmed
to lead to p53 accumulation. These assays were also run without exogenous pb3 as a
negative background control for endogenous p53. No evidence of S46 phosphorylation
or K120 acetylation was observed. The endogenous p53 also did not show signs of S46
phosphorylation, so it may have been that the stress was not sufficient. It is unclear why
these "kill switch” modifications were not detected in cells following the stress regime
employed (0-8 uM ADR for 0-24 hours). For K120 acetylation, previous work has often
used other drugs and cell lines, with K120 acetylation accumulating in U20S cells from

12

1-13 hours treatment with 0.925 puM adriamycin!!? and after 8 hours treatment with

D.113:238 Previous studies using ADR

10 nM of the DNA-damaging agent actinomycin-
to stress A549 cells showed accumulation of pS46 p53 after 4 hours treatment with 345
nM ADR, a much lower concentration than those described in this thesis.®® For HCT116
cells, previous studies have found S46 phosphorylation following 24 hours ADR treat-
ment, with concentrations ranging from 51 nM to 3.7 uM, again much lower than the
regime described in this thesis. Despite the difficulties described in this thesis, it should

be possible to find a stress regime that leads to these ”kill switch” modifications occurring

on endogenous pH3.
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This thesis was motivated by the following question: with p53 able to induce a wide range
of responses to stress, how do PTMs regulate the ”decision making” process of p53? Long-
term, answering this question would contribute towards a deeper understanding of what
actually controls apoptosis in cells: can p53 bearing PTMs dictate cell fates independently
of the broader cellular context as a ”master regulator”, or does the broader cellular context
ultimately control what fate p53 pushes it towards by ”correcting” the PTM status of
pH3 if it is not reflective of the stress occurring” To this end, I aimed to produce p53
site-specifically acetylated on the DNA-binding domain. I also aimed to develop assays
that would assess the effect of PTMs on gene transcription and further post-translational

modification of p53.

Though the production of pure, K120 acetylated p53 was not achieved, there are al-
ternative approaches that could be taken in the future to improve yield. For example,
it might be worth titrating the inducing sugars to find the optimal concentrations of
arabinose and IPTG for expression. Overexpression of recombinant proteins using IPTG
has been shown to lead to metabolic burden that inhibits cell growth, reducing overall
protein yields.? Careful titration of inducing sugars may allow us to find the optimal
concentration that allows for robust expression while minimising metabolic burden. One
major source of protein loss occurs due to truncation at the mutated site. Use of an
RF1 knockout strain could alleviate this issue, boosting the yield of the full-length mod-
ified protein by preventing truncation.' Whether this would boost yields enough to
allow for purification from inclusion bodies and refolding is unclear, though this would
be advantageous as it would allow site-specifically acetylated p53 to be produced without
the stabilising mutations previously used.'®”!1® It may also allow for amber suppression

to be combined with protein semisynthesis to produce p53 that is both DBD-acetylated
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and N-terminally phosphorylated. If p53 lacking the N-terminus were produced bearing a
site-specific acetylation, it could potentially be ligated to a phosphopeptide corresponding
to the N-terminus by native chemical ligation using previously described approaches.'%®
Being able to produce the DBD-acetylated peptide in large yields suitable for refolding
would be advantageous in this instance, as native chemical ligation conditions could be
optimised without the protein needing to stay well-folded. If producing refoldable yields
of acetylated p53 remains challenging, reducing the amount of truncated p53 would also
boost soluble yields. It is notable that some soluble p53 was obtained while expressing
at 25 °C, even without stabilising mutations. Potentially, cooling the culture further
during expression may allow for more soluble p53 to be recovered. Alternative purifi-
cation approaches should also be explored. For example, on-column cleavage of the H6
tag will likely lead to increased purity compared to elution with imidazole followed by
cleavage in solution.?® Using alternative purification tags is another option. GST tags
have often been observed to increase the solubility of recombinant proteins, and this
may be useful when expressing acetylated p53.24! Purification using a strep-tag may lead
to greater purity than purification using a H6 tag.2*?> Expressing acetylated p53 with
a C-terminal tag may also carry advantages as the truncated variant will not contain
the tag and will therefore be purified out. One lingering question is to what extent
recombinant p53, whether refolded or expressed in soluble form, is ”correctly” folded.
Determining this with absolute certainty is non-trivial, though techniques can be used
that increase our confidence in pb3 being correctly folded, including circular dichroism
and western blotting with conformation-specific antibodies. In addition, assays that probe
conformation-specific functions of p53, such as DNA-binding assays, transcription assays,
assays probing protein-protein interactions, and assays probing quaternary structure can
increase our confidence that the protein we have produced is correctly folded. Some of
these assays, such as glutaraldehyde crosslinking and crosstalk assays, were employed as
part of this thesis. Other assays, including pulldowns with conformation-specific antibod-
ies, are being implemented in the lab, complementing previously carried DNA-binding
experiments. Collectively, these assays will provide a quantitative measure of the frac-
tion of correctly folded recombinant and semisynthetic p53. Where necessary, correction
factors based on this measurement can be applied to downstream assays of pb3 function

such as transcription activation assays to enable quantitative comparisons between p53
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PTM isoforms.

Of the two in vitro assays described in this thesis, the PTM crosstalk assay was more
successful than the in vitro transcription assay. Because in vitro transcription assays have
been successfully carried out in the past, it was decided that this was better achieved
through collaboration. In contrast with previous in wvitro transcription assays,'?:%%:217
these assays would use site-specifically modified pb3, granting full control over this part
of the experiment. For crosstalk assays, having demonstrated that the assays can recon-
stitute well-known cascades, the next steps should focus on using the assays as a tool for
discovery of new PTM crosstalk interactions. Currently, crosstalk interactions have been
demonstrated using western blotting. This is useful when a specific crosstalk interaction
has been hypothesised in advance, but it is less well-suited for screening with the aim of
generating new hypotheses. Future work should focus on using proteomic approaches to
identify differences in the accumulation of PTMs as a function of PTMs pre-loaded at
the start. Potential crosstalk interactions identified in the proteomic screen may then be
investigated further using western blotting and in vitro assays using purified enzymes.
Though potential relevant enzymes may be identified based on their consensus sequence,
this remains a challenge. It may also be a challenge to differentiate between ”degrees” of
crosstalk: if modification Y accumulates faster when p53 is pre-loaded with modification
X, is that because X directly promotes Y, or does X promote a different modification that
promotes Y7 These questions are non-trivial, but are important to answer for a granular

understanding of p53 regulation by PTMs.

No PTM removal was observed in any of the crosstalk assays described in this thesis.
This was surprising, particularly as many of the assays were carried out in nuclear extracts
from unstressed cells. Better characterisation of the erasers present in the nuclear extract
may help ascertain whether this is an artifact of the assay or reflects a limited role for
erasers in phH3 regulation. It should be noted that the enzyme that dephosphorylates S15,
Wipl, is a p53 target gene®® and so may not be present in extracts from p53-negative cell

lines, such as H1299.

Another remaining challenge is the generation of ”"stressed” nuclear extracts. The
best possible marker for stress that activates p53 is ph3 itself, however the presence of
endogenous phH3 in the nuclear extract would introduce background signal that could

make analysis more difficult. Stress conditions were identified in this thesis that led to
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p53 accumulation in A549 cells, however this did not lead to the installment of stress-
related modifications (AcK120, pS46) when the extracts were used in crosstalk assays,
nor was 546 phosphorylation detected in the endogenous p53. It is likely still possible to
generate appropriately stressed nuclear extracts, and may simply require higher doses of
adriamycin or longer treatment times. Though the levels of endogenous p53 were very
low in the stressed A549 extracts described in this thesis, it may be that more severe
stress raises endogenous phH3 levels to a degree that makes interpretation of assay results
difficult. Another potential approach that may alleviate this is rapidly degrading p53
post-accumulation following stress. This may be achievable using a cell line transfected
with E6, an HPV protein that degrades p53 by mediating the interaction of p53 with
the E3 ligase E6AP.?*3 If E6 were placed under the control of an inducible promoter, p53
could be degraded prior to nuclear extract preparation. It is unclear whether residual E6
present in the nuclear extract would degrade supplemented p53 during the assay, though
this may be alleviated by carrying the assays out in the presence of a proteosome inhibitor
such as ALLN. It should be noted that no detectable p53 degradation was observed in the
crosstalk assays described in this thesis, so it may be that the nuclear and cytoplasmic
extracts do not contain a functional proteosome.

In conclusion, this thesis is an important step towards a deeper, more granular un-
derstanding of p53 PTMs, and has set the groundwork for interesting further studies. A
deeper understanding of p53 may lead to the development of new therapeutic strategies.
Because pb3 is the most commonly mutated gene in cancer, any therapeutic strategy
that works by modulating p53 function, or re-activating p53, may be applicable to a wide

range of cancers.
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9.1 Western blotting

Samples were loaded on to a polyacrylamide gel for SDS-PAGE. When made in-house,
gels consisted of a 15 % resolving gel (15 % acrylamide, 375 mM Tris pH 8.8, 0.1 % SDS,
0.5 % TCE, 0.1 % APS and 0.1 % TEMED) and a 6 % stacking gel (15 % acrylamide,
125 mM Tris pH 6.8, 0.1 % SDS, 0.5 % TCE, 0.1 % APS and 0.1 % TEMED). 4-15 %
stain-free precast gels (Bio-Rad) were also used. Gels were run at 180 V for 50-60 minutes
in SDS running buffer (24.76 mM Tris base, 0.19 M glycine, 3.48 mM SDS).

After stain-free imaging with 5-minutes activation, gels were soaked in transfer buffer
(24.76 mM Tris base, 0.19 M glycine, 0.06 % SDS) for 10 minutes. Extra thick filter
paper (Bio-Rad) and PVDF membranes (activated in methanol for 30 seconds) were also
soaked transfer buffer for 10 minutes. Transfer was carried out using the pre-defined
”mixed molecular weight” method on the Trans-Blot Turbo Transfer System (Bio-Rad).
When gels were imaged again post-transfer, this was achieved by stain-free imaging with
no activation.

For primary antibodies targeting phosphorylated epitopes, membranes were blocked
in 5 % BSA in TBST (19.8 mM Tris base, 0.15 M NaCl, 0.1 % Tween-20). For primary
antibodies targeting any other epitopes, membranes were blocked in 5 % milk in TBST.
Blocking was carried out at room-temperature for 1 hr. Membranes were incubated with
primary antibodies, diluted in blocking solution according to manufacturer’s instructions,
for approximately 16 hours at 4 °C. A summary of all primary antibodies used is shown

in table 9.1.
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Target Host species
p53 (DO1) Mouse
p53 (Y5H) Rabbit
p53 (AcK120)  Mouse
p53 (pS15) Rabbit
p53 (pT18) Rabbit
p53 (pS20) Rabbit
p53 (pS46) Rabbit
p53 (MetK372)  Rabbit
p5H3 (AcK373)  Rabbit
p53 (AcK382)  Rabbit
Acetyllysine Rabbit
H6 tag Mouse
[-tubulin Rabbit
LSD1 Rabbit
H3 histone Rabbit
Aktl (pS473) Rabbit
Cleaved PARP  Rabbit
Cleaved CASP3 Rabbit
DYRK2 Rabbit

Table 9.1: A summary of primary antibodies used. Antibodies were diluted in 5 % (w/v)
skimmed milk powder or 5 % (w/v) BSA in TBST, as indicated. CST stands for Cell Signalling

Technology.

Membranes were washed with TBST for 10 minutes three times before 1 hr incubation
at room-temperature with the relevant secondary antibody, diluted in TBST according
to manufacturer’s instructions. Membranes were then washed with TBST for 10 minutes

three times. Clarity ECL substrate (Biorad) was applied to the membrane before imaging

Dilution
1:1000 (Milk)
1:3000 (Milk)
1:1000 (Milk)
1:5000 (BSA)
1:1000 (BSA)
1:1000 (BSA)
1:1000 (BSA)
1:1000 (Milk)
1:5000 (Milk)
1:5000 (Milk)
1:1000 (Milk)
1:5000 (Milk)
1:1000 (Milk)
1:1000 (Milk)
1:5000 (Milk)
0
(
(
(

1:10,000 (BSA)

1:1000 (Milk)
1:1000 (Milk)
1:1000 (Milk)

using a Chemidoc Imaging System (Bio-Rad).
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Catalogue number
ab1101 (Abcam)
ab32049 (Abcam)
ab78316 (Abcam)
ab223868 (Abcam)
PA5-12660 (Thermo)
ab157454 (Abcam)
ab76242 (Abcam)
ab16033 (Abcam)
ab62376 (Abcam)
ab75754 (Abcam)
ab21623 (Abcam)
SAB4200620 (Sigma)
ab179513 (Abcam)
abl17721 (Abcam)
ab18521 (Abcam)
ab81283 (Abcam)
9664S (CST)

56258 (CST)
ab254567 (Abcam)
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9.2 Polymerase chain reaction

PCR reactions (comprising 5 pL 5x Q5 reaction buffer, 1.25 uL of each 10 pM primer, 1
uL of 10 ng/pl plasmid DNA template, 0.5 pL. ANTP mix, 0.5 L Q5 DNA polymerase,
and 15.5 pL nuclease-free HyO) were incubated according the program described in Table

9.2.

Step Temp (°C) Time (Secs)

1 98 30
2 98 10
3 Variable 20
4 72 180
5 72 120
6 4 Hold

Table 9.2: PCR program used. The temperature at step 3 was calculated based on the esti-
mated melting temperature of the primers. Steps 2-4 were repeated 25 times, unless otherwise

indicated:

For the agarose gel data shown in Fig. 6.2, PCR was carried out as above, with 5 uL
being removed from PCR reactions after 10, 20, 25, and 30 cycles.

9.3 Plasmids and constructs

A pET3a-ph3 vector, kindly provided by the Buchner group, was used for the expres-
sion of all p53 variants. PG13 and MG15 vectors bearing the luciferase were obtained
from Addgene,?*> as was the pEVOL vector containing an engineered tRNA synthetase
and tRNA for amber suppression.?’® The pBR322 and pACYC vectors used for amber

suppression were kindly provided by Prof. Jason Chin.!!*
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For HiFi DNA assembly of p53 into the pACYC vector, where myoglobin was replaced
with p53, the following primers were used:
Forward: CTCAGACTGAGTTTAAACGGTAACATATGG
Reverse: TGCTGCCCATGGTTAATTCCTCCTGTTAG

For site-directed mutagensis of p53, the following primers were used:
K120* (Fwd): TGGGACAGCCTAGTCTGTGAC
K120* (Rev): GAATGCAAGAGCCCAGAC
M133L (Fwd): CCTCAACAAGCTGTTTTGCCAACTGG
M133L (Rev): GCAGGGGAGTACGTGCAA
V203A (Fwd): AAATTTGCGTGCGGAGTATTTGG
V203A (Rev): CCTTCCACTCGGATAAGATG
N239Y (Fwd): CTACATGTGTTACAGTTCCTGCATG
N239Y (Rev): TTGTAGTGGATGGTGGTAC
N268D (Fwd): ACTGGGACGGGACAGCTTTGAGG
N268D (Rev): AGATTACCACTGGAGTCTTCCAG

For HiFi DNA assembly of iSpinach into the PG13 and MG15 vectors, where luciferase
was replaced by iSpinach, the following primers were used:
iSpinach (Fwd): TGTTGGTAAAGCGACTACGGTGAGGGTC
iSpinach (Rev): AGTTACATTTGCGACTACGGAGCCCAGA

The sequence of the iSpinach aptamer gene is as follows:
GCGACTACGGTGAGGGTCGGGTCCAGTAGCTTCGGCTACTGTTGAGTAGAGT
GTGGGCTCCGTAGTCGC

For PCR detection of iSpinach ¢cDNA, the following primers were used:
iSpinach detection (Fwd): CTCATTTCAGCCTCACCAC
iSpinach detection (Rev): AGCCCACACTCTACTCAAC
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The protein sequence for HGSUMO-p53 is as follows (p53 sequence is shown in bold):
MGSSHHHHHHSSGMSDSEVNQEAKPEVKPEVKPETHINLKVSDGSSEIFFKI
KKTTPLRRLMEAFAKRQGKEMDSLRFLYDGIRIQADQTPEDLDMEDNDIIEA
HREQIGGMEEPQSDPSVEPPLSQETFSDLWKLLPENNVLSPLPSQAM
DDLMLSPDDIEQWFTEDPGPDEAPRMPEAAPPVAPAPAAPTPAAP
APAPSWPLSSSVPSQKTYQGSYGFRLGFLHSGTAKSVTCTYSPALNK
MFCQLAKTCPVQLWVDSTPPPGTRVRAMAIYKQSQHMTEVVRRCP
HHERCSDSDGLAPPQHLIRVEGNLRVEDRNTFRHSVVVPYEPPEVGS
DCTTIHYNYMCNSSCMGGMNRRPILTYLDIITLEDSSGNLLGRNSFE
VRVCACPGRDRRTEEENLRKKGEPHHELPPGSTKRALPNNTSSSPQP
KKKPLDGEYFTLQIRGRERFEMFRELNEALELKDAQAGKEPGGSRA
HSSHLKSKKGQSTSRHKKLMFKTEGPDSD

9.4 Site-directed mutagenesis

Site-directed mutagenesis was performed using mutagenesis primers from Integrated DNA
Technologies (see section 9.3) designed using NEBaseChanger and the PCR procedure
described in section 9.2.

PCR reactions were analysed by 1 % agarose gel, and successful reactions were digested
with 0.5 puLL Dpnl (New England Biolabs) overnight at 37 °C. DNA was purified with a
QIAquick PCR Cleanup kit (Qiagen) and ligation was carried out by incubating 10 pL
DNA with 2 gl 10 mM rATP, 1 pL 0.1M DTT, 1 ul PNK, 1 ul. T4 DNA ligase, 2
uL 10x kinase buffer (New England Biolabs), 2 uL 10x T4 ligase buffer (New England
Biolabs), and 1 pL nuclease-free H,O at room temperature overnight.

3 ul of the reaction mixture was used to transform 50 uL calcium-competent Top10
cells. Following addition of the reaction mixture, Topl0 cells were briefly mixed and
placed on ice for 20 minutes. Cells were incubated at 42 °C for 45 seconds before 2 minutes
incubation on ice. 300 ul of SOC (0.5 % (w/v) yeast extract, 2 % (w/v) tryptone, 10
mM NaCl, 2.5 mM KCI, 20mM MgSOy,, and 0.4 % (w/v) glucose) was added to the cells
before 1 hour incubation at 37 °C. Top10 cells were spread on agar plates containing the

appropriate antibiotic (Table 9.3) and incubated at 37 °C.
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Individual Top10 colonies were picked and cultured overnight in LB media containing
the appropriate antibiotic at 37 °C, shaking at 220 RPM. Plasmid DNA was purified from
the cells using a GeneJET plasmid miniprep kit (Thermo Fisher Scientific) according to

manufacturer’s instructions. Sanger sequencing was carried out by Genewiz (Azenta).

Antibiotic Working concentration Solvent for 1000x stock
Ampicillin 100 pg/mL Water
Kanamycin 50 pug/mL Water
Tetracycline 10 pg/mL Ethanol
Chloramphenicol 25 pug/mL Ethanol

Table 9.3: Selection markers used, along with their working concentrations and solvents used

to prepare 1000x stocks.

9.5 Calcium competent cell preparation

E. coli were plated out on to agar and incubated overnight at 16 °C. Single colonies were
picked and cultured in 10 mL LB overnight, shaking at 220 RPM, 37 °C. 10 mL starter
culture was added to 1 L. LB media, and cells were incubated shaking at 220 RPM, 37
°C, to an ODggg of 0.35-0.40. Cells were chilled on ice for 20-30 minutes and centrifuged
at 3000 rcf for 15 minutes at 4 °C. The supernatant was decanted and cells resuspended
in 100 mL ice-cold 100 mM MgCl, before 20 minutes centrifugation at 2000 rcf, 4 °C.
The supernatant was decanted and cells resuspended in 200 mL ice-cold 100 mM CaCl,
before 20 minutes incubation on ice. Cells were centrifuged for 20 minutes at 2000 rcf, 4
°C. The supernatant was decanted and cells resuspended in 50 mL ice-cold 85 mM CaCls,
15 % glycerol, before 15 minutes centrifugation at 1000 rcf, 4 °C. The supernatant was
decanted and cells resuspended in 2 mL ice-cold 8 mM CaCly, 15 % glycerol. 50 uL

aliquots were flash-frozen in liquid Ny, and stored at -80 °C.
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9.6 Expression and refolding of unmodified p53

9.6.1 pb3 expression via autoinduction

BL21 (DE3) cells were transformed with a plasmid (pET3a) containing the gene for
human p53 under the control of a lactose-inducible T7 promoter. 5 mL MDG media (Fig.
9.4) containing 100 pug/mL ampicillin was incubated with a single colony of transformed
cells at 37 °C, shaking at 220 RPM, for 16 hours. These cells were diluted 1:1000 in TY M-
5052 (Fig. 9.4) containing 100 pug/mlL ampicillin and cultured for 16 hours, shaking at
220 RPM. Cell pellets were harvested by centrifugation 25 minutes centrifugation at 4200
rpm in a Beckman Coulter J6-MI centrifuge at 4 °C.

10 % tryptone (w/v), 5 % yeast ex-
10x TY:

tract (w/v)

25 % glycerol (v/v), 40 % glucose

50x 5052: (w/v), 10 % (w/v) a-lactose mono-

hydrate

1.25 M Nay,HPO,.7H,O, 1.25 M
50x M: KH,PO,, 2.5 M NH,CIl, 0.25 M

Na,SO,

Ix M, 2 mM MgSOy, 0.5 % glu-
MDG: cose (w/v), 0.25 % pH-neutralized

aspartate (w/v).

Ix TY, 1Ix M, 1x 5052, 2 mM
MgSO4

TYM-5052:

Table 9.4: Stocks and media for autoinduction.

9.6.2 Inclusion body preparation

Cell pellets were resuspended in 40 mL lysis buffer (0.1 M Tris-HCI (pH 7.0 at 4 °C),
1 mM EDTA) per litre of expression culture. 1.5 mg of lysozyme was added per 1 g
of cells (approximate cell dry weight, assuming a cell dry weight (g/L) to ODggg ratio

of 0.39), and cells were incubated for 30 minutes on ice. Cells were sonicated using a
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probe sonicator with an amplitude of 40 %, using cycles of 5 seconds on and 10 seconds
off, for a total of 4 minutes of on-time. Cells were then passed three times through a
continuous flow cell disruptor (Constant Systems) at 25 kpsi, 4 °C. DNAse was added
to a final concentration of 10 pg/mL and MgCl, was added to a final concentration of 3
mM before 30 minutes incubation at room temperature, rotating. 0.5x volume of DNAse
quench buffer (0.1 M Tris-HCI, 60 mM EDTA, 6 % Triton-X (v/v), 1.5 M NaCl, pH 7.0
at 4 °C) was added before 30 minutes incubation on ice. Inclusion bodies were pelleted
by 60 minutes of centrifugation at 30,000 rcf at 4 °C and then washed by resuspension
in wash buffer 1 (0.1 M Tris-HCI1, 30 mM EDTA, 3 % (v/v) Triton-X, 0.8 M NaCl, pH
7.0 at 4 °C). Samples were centrifuged at 30,000 rcf for 20 minutes at 4 °C before being
washed by resuspension in wash buffer 2 (0.1 M Tris-HCI, 20 mM EDTA, pH 7.0 at 4
°C). Inclusion bodies were centrifuged once more at 30,000 rcf for 10 minutes at 4 °C.

Inclusion body pellets were stored at -80 °C until solubilization.

9.6.3 pb3 purification from inclusion body

Inlcusion bodies were dissolved in IB solubilization buffer (0.1 M Tris-HC1, 6 M GuHCI,
50 mM DTT, pH 7.0 at 4 °C) and incubated for 2 hours at room temperature, rotating.
The pH was reduced to 2 using 6 M HCI and the solution was centrifuged for 30 minutes
at 30,000 rcf, 4 °C. The supernatant containing pb3 was desalted using a PD10 column
packed with Sephadex G-25 (GE Healthcare) equilibrated with 25 mL desalting buffer
(30 % (v/v) acetonitrile, 0.1 % (v/v) formic acid). Samples were adjusted to 30 % (v/v)
acetonitrile, centrifuged for 5 minutes at 14,000 rcf, 4 °C, and loaded on to the column.

pH3 was eluted in 3.5 mL desalting buffer, flash frozen in liquid Ny, and lyophilized.

9.6.4 Analytical RP-HPLC

RP-HPLC was performed using an Agilent Infinity II 1260 equipped with a C3 Zorbax
column (300SB, 5 pm, 4.6x 150 mm). Buffer A was HPLC-grade HoO with 0.1 % TFA,
while buffer B was HPLC-grade acetonitrile with 0.1 % TFA. p53 was analysed using a
gradient of 20-60 % buffer B over 42 minutes at 50 °C.
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9.6.5 High-resolution mass spectometry

HRMS was carried out using a Waters Xevo G2-XS QTof following reverse-phase chro-
matography using a Waters Acquity UPLC Protein BEH C4 column (300 A, 1.7 um,
2.1x50 mm) and a Waters Acquity UPLC. For UPLC, solvent A was water with 0.1 %
formic acid and solvent B was acetonitrile with 0.1 % formic acid. Programs were run at
a flow rate of 0.2 mL/min as follows: 2 minutes of 5 % B followed by a linear gradient

from 5-95 % over B over 4 minutes. HRMS spectra were analysed using Unifi (Waters).

9.6.6 pb3 refolding

5-10 mg lyophilized p53 was dissolved in minimal volume IB solubilization buffer and
incubated for 30 minutes at room temperature. 1 pl. p53 was diluted into 29 pL acidified
IB solubilization buffer (pH 2-3), centrifuged at 14,000 rcf for 10 minutes at 4 degrees,
and analysed by RP-HPLC to determine p53 concentration. For refolding, seven falcon
tubes, each containing 45 mL of refolding buffer (50 mM sodium diphosphate, 1 M L-
arginine, 0.2 mM ZnCly, 50 mM DTT, pH 8.0), were pre-cooled to 15 °C. p53 was
diltued to 5-10 M in acidic IB solubilization buffer. 450 pl of p53 was added quickly
to each falcon tube at 4 °C and the solution was incubated at 15 °C, rocking gently at
50 rpm. Every 90 minutes, 450 pul. more p53 was added to each falcon, each followed by
incubation at 15 °C, rocking at 50 rpm. Six 450 uL. additions of p53 were made to each
falcon tube in total. The solutions were then dialysed overnight at 4 °C against 50 mM
sodium diphosphate, 5 % glycerol, 4 mM DTT (pH 8) using Spectrum®® Spectra/Por’™
4 RC Dialysis Membrane Tubing (12,000 to 14,000 MWCO). Samples were then dialysed
against fresh dialysis buffer for 4 hours at 4 °C.

A 5 mL HiTrap Heparin column (Cytiva) was washed with ddH,O and equilibrated
with TEX low salt buffer (30 mM sodium diphosphate, 100 mM KCIl, 4 mM DTT, 3 %
glycerol, pH 7.5). Dialysed p53 was loaded onto the column using a peristaltic pump at
an approximate flow rate of 1 mL/min. The sample was loaded for approximately 20
hours, with the flow through continuously being loaded back on to the column. p53 was
eluted using an Akta Pure FPLC system (Cytivia) as described in table 9.5.

Protein concentration of each fraction was determined by Bradford assay, and fractions

containing protein were merged. Protein was concentrated to a volume of 1 mL using 50
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Column volumes % A % B

1.0 100 0
1.5 90 10
4.0 45 95
1.5 0 100
1.5 100 0

Table 9.5: Program for eluting refolded p53 from the heparin column. Buffer A was IEX
low salt buffer (30 mM sodium diphosphate, 100 mM KCl, 4 mM DTT, 3 % glycerol, pH 7.5).

Buffer B was the same, but with 1 M KCI. 1 mL fractions were collected.

% ammonium sulfate precipitation, carried out at 4 °C: the sample was divided into 1.5
mL aliquots, and to each aliquot a total of 0.45 ug of ammonium sulfate was added across
three batches, ensuring the previous batch was completely dissolved before addition of
the next batch. The samples were rotated slowly (approximately 11 RPM) at 4 °C for
1 hour. Precipitated protein was centrifuged at 10,000 rcf for 20 minutes at 4 °C, and
the pellet was dissolved in 1 mL SEC buffer (30 mM sodium diphosphate, 300 mM KCI,
3 % (v/v) glycerol, 4 mM DTT, pH 7.5). The sample was centrifuged at 10,000 rcf
for 10 minutes at 4 °C, and the supernatant was injected on to a Superose 6 Increase
10/300 GL column that had been equilibrated with SEC buffer. p53 was eluted in 1.5
column volumes of SEC buffer; collecting fractions of 0.5 mL. Fractions containing p53
tetramers were merged and concentrated with 50 % ammonium sulfate precipitation as
before, redissolving the precipitate to 1/5 of their original volume in SEC buffer. Samples
were dialysed overnight against 1 L p53 storage buffer (30 mM sodium diphosphate, 50
mM KCl1, 5 % (v/v) glycerol, 2 mM DTT, pH 7.5) using Slide A Lyzer Mini Dialysis
Devices (10-100 uli, 10 kDa MWCO, Thermo Fisher) at 4 °C. Refolded p53 was flash
frozen in liquid Ny and stored at -80 °C.

9.6.7 Glutaraldehyde crosslinking

p53 was diluted to 1.5 uM in ph3 storage buffer. Glutaraldehyde dilutions of 2.5, 0.75,
0.25, 0.075 and 0.025 % (v/v) in 0.2 M phosphate buffer were prepared and used to
prepare reactions containing final glutaraldehyde concentrations of 0, 0.1, 0.03, 0.01,

0.003, 0.001 % (v/v) and a final p53 concentration of 0.06 uM. Reactions were incubated
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at 37 °C for 3 minutes, then quenched by addition of 10 puL. 1 M Tris-base (pH 8.0).

9.7 Ulpl expression and refolding

BL21 cells were transformed with a pET30 vector containing H6-tagged Ulpl under the
control of a T7 promoter by 45 seconds heat-shock at 42 °C and plated onto agar con-
taining 50 pg/mL kanamycin. Expression was carried out by autoinduction as described
for p53 in section 9.6.1. Cells were pelleted by 15 minutes centrifugation at 6000 rcf, 4
°C. Cells were resuspended in 5 mL lysis buffer (50mM Tris, 150mM NaCl, 1 % Triton
X-100, 5 % Glycerol, 0.1mM EDTA, 5mM 2-mercaptoethanol, pH 7.9) per gram of wet
pellet and sonicated using a probe sonicator at 40 % amplitude for 4 minutes "on time”,
using cycles of 5 seconds on and 10 seconds off. The pellets were then passed through a
OneShot cell disruptor (Constant Systems) twice, with the lysate clarified by 15 minutes
centrifugation at 15,000 rcf, 4 °C. The pellet was washed with 5 mL of lysis buffer per
gram of original pellet and subjected to 15 minutes centrifugation at 15,000 rcf, 4 °C.
The wash and centrifugation was carried out again, but without Triton X-100 and the
resulting pellet was dissolved in 2.5 mL binding buffer (50 mM Tris, 100 mM NaCl, 6M
GuHCl, 5 % glycerol, 5 mM imidazole, pH 7.9) per gram of original pellet and rocked at
room temperature for 60 minutes. This was centrifuged by 15 minutes centrifugation at
15,000 rcf, 4 °C, and the supernatant was loaded onto a pre-equilibrated 5 mL HisTrap
HP column using a peristaltic pump at an approximate flow rate of 2 mL/min. The
column was washed twice with 3 CV binding buffer, followed by one wash with 1 CV
binding buffer containing 10 mM imidazole. Washes were carried out at a flow rate of 3.5
mL/min. Elution was carried out by applying 1 CV of elution buffer (37.5 mM Tris, 112.5
mM NaCl, 4.5 M urea, 500 mM imidazole, pH 7.9) five times, collecting the flow-through
after each elution. The protein concentrations of each fraction were assessed by Bradford
assay. Fractions containing protein were merged and diluted to a protein concentration

of 4 mg/mL.

For refolding, ulpl was combined with 2 x volumes of 2 M L-arginine (pH 7.9) and 1 x
volume of glycerol (25 % final), mixed, and incubated on ice for 2 hours. The solution was
dialysed against 4 L of 50mM Tris, 150mM NaCl, ImM DTT (pH 8.2) using 12-14 kDa
MWCO dialysis tubing for approximately 16 hours. Dialysis was carried out again using
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fresh dialysis buffer for 4 hours. Refolded protein was centrifuged for 15 min at 15000
ref, 4 °C and the supernatant was concentrated to 0.5 mg/mL protein using Vivaspin 10
kDa MWCO concentrators (GE Healthcare). Ulpl was aliquoted, flash frozen in liquid
Ny, and stored at -80 °C.

9.8 Expression of p53 199, inclusion bodies in DH10B

cells

DH10B cells were double-transformed with a pBR322 vector containing an Ne-acetyllysyl-
tRNA-synthetase and a pACYC vector containing the corresponding tRNA and p53 mu-
tated to have TAG at position 120. The presence of correctly mutated p53 was confirmed
using Sanger sequencing with pBAD forward and reverse primers provided by Azenta.
Double-transformation was achieved as followed: each plasmid was diluted to 2 ng/ul
and 1 uL of each diluted plasmid was added to 50 uL calcium-competent DH10B cells,
mixing gently by flicking the tube. The cells were placed on ice for 20 minutes before
undergoing 45 seconds heat-shock at 42 °C. After heat shock, the cells were immediately
placed on ice for 2 minutes, then incubated at 37 °C for 1 hour following addition of 350
L SOC media (0.5 % yeast extract, 2 % tryptone, 10 mM NaCl, 2.5 mM KCI, 10 mM
MgCly, 10 mM MgSOy, 20 mM glucose). Cells were plated out on agar containing 50
pg/mL kanamycin and 10 pg/mL tetracycline (from a 10 mg/mL stock in ethanol) and
incubated for about 16 hours at 37 °C. Single colonies were picked and cultured overnight
in LB containing 50 pug/mL kanamycin and 10 pug/mL tetracycline shaking at 220 RPM
at 37 °C. These cells were diluted 1:1000 in TYM-5052 containing 50 pg/mL kanamyecin,
10 pg/mL tetracycline, 0.2 % L-arabinose, and 5 mM acetyllysine and cultured for 16
hours, shaking at 220 RPM. Cell pellets were harvested by centrifugation 25 minutes
centrifugation at 4200 rpm in a Beckman Coulter J6-MI centrifuge at 4 °C. Inclusion

body purification was carried out as described in section 9.6.2.

9.9 Expressing p53 k1204 inclusion bodies in BL21 cells

BL21 cells were double-transformed with a pEVOL vector containing an Ne-acetyllysyl-
tRNA-synthetase and the corresponding tRNA, and a pET vector containing the p53
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mutated to contain TAG at position 120. Mutation of pb3 was confirmed using Sanger
sequencing with T7 and T7-term primers provided by Azenta. Double-transformation
was achieved as followed: 1 pL of pEVOL (tRNA synthetase/tRNA) plasmid was added
to 50 pl calcium-competent BL21 cells, mixing gently by flicking the tube. The cells were
placed on ice for 20 minutes before undergoing 45 seconds heat-shock at 42 °C. After heat
shock, the cells were immediately placed on ice for 2 minutes, then incubated at 37 °C for
1 hour following addition of 350 uI. SOC media (0.5 % yeast extract, 2 % tryptone, 10 mM
NaCl, 2.5 mM KCI, 10 mM MgCly, 10 mM MgSOy, 20 mM glucose). Cells were plated
out on agar containing 25 pug/mL chloramphenicol (from a 25 mg/mL stock in ethanol)
and incubated for about 16 hours at 37 °C. Cells were cultured and made calcium-
competent again as described in section 9.5, with volumes scaled appropriately and all
LB supplemented with 25 pug/mL chloramphenicol. The calcium-competent pEVOL-
transformed BL21 cells were stored at -80 °C. Transformation of the pEVOL-transformed
BL21 cells with the pET (p53) vector was carried out as described for pEVOL, with all
media (except SOC) supplemented with both 25 pug/mL chloramphenicol and 100 pg/mL
ampicillin. After transformation with pET, cells were plated out onto agar containing 25
pg/mL chloramphenicol and 100 pg/mL ampicillin.

Single colonies were picked and cultured overnight in LB containing 25 ug/mL chlo-
ramphenicol and 100 pg/mL ampicillin, shaking at 220 RPM at 37 °C. These cells were
diluted 1:1000 in TYM-5052 containing 25 pg/mL chloramphenicol, 100 pg/mL ampi-
cillin, 0.2 % L-arabinose, and 5 mM acetyllysine (added as a solid) and cultured for 24
hours, shaking at 220 RPM. Cell pellets were harvested by centrifugation 25 minutes
centrifugation at 4200 rpm in a Beckman Coulter J6-MI centrifuge at 4 °C. Inclusion

body purification was carried out as described in section 9.6.2.

9.9.1 Expression trial comparing ”bulk” and ”spike” acetylly-
sine addition

Transformation and expression was carried out as described in section 9.9 with the follow-

ing changes: when diluting pre-cultured cells 1:1000 in TYM-5052, solid acetyllysine was

added to a final concentration of 0, 5, 10, or 20 mM in the cells designated as receiving

"bulk” acetyllysine. These cells were incubated shaking at 220 RPM, 37 °C for 48 hours,

with aliquots taken every 24 hours. For cells designated as receiving ”spike” acetyllysine,
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solid acetyllysine was added to a final concentration of 0, 2.5, 5, or 10 mM at the point
of dilution with TYM-5052. After 24 hours, the same mass of acetyllysine was added to
the culture flasks again. ”Spike” samples were also incubated shaking at 220 RPM, 37
°C, for 48 hours, with aliquots taken every 24 hours.

9.10 Expression and purification of soluble p53x1904c

9.10.1 Expression

Transformation was carried out as described in section 9.8 using a pEVOL vector contain-
ing the tRNA synthetase and tRNA genes, and a pET vector containing H6SUMO p53
carrying four stabilising mutations (M133L/V203A/N239Y/N268D) and position 120 of
p53 mutated to TAG. Incorporation of stabilizing mutations was confirmed using Sanger
sequencing with T7 and T7-term primers provided by Azenta. Double-transformed BL21
cells were plated on to agar supplemented with 100 pug/mL ampicillin and 25 pg/mL
chloramphenicol (from a 1000x stock, dissolved in EtOH) and incubated overnight at 37
°C. Single colonies were picked and cultured in LB to an ODggy of 1.0. Cells were diluted
to an ODggg of 0.1 in 3 L LB and incubated shaking at 220 RPM, 37 °C. Acetyllysine,
freshly dissolved in ddH,O and filter sterilised, was added to the culture once it reached
an ODggp of 0.3 to a final concentration of 10 mM, along with nicotinamide to a final
concentration of 50 mM. Cells were cultured to an ODggg of 0.6-0.8 and induced with
0.2 % L-arabinose and 1 mM IPTG, both freshly dissolved in LB. Cells were incubated
shaking at 220 RPM, 25 °C for at least 20 hours before harvesting.

9.10.2 Purification

Cells were harvested by centrifugation for 30 minutes at 4200 RPM, 4 °C, in a Beckman
Coulter J6-MI centrifuge. The supernatant was discarded and the cell pellet was resus-
pended in 30 mL AS lysis buffer (50 mM phosphate buffer, 300 mM NaCl, 0.01 % (v/v)
NP-40, 1 mM PMSF, 0.1 mM DTT, pH 8.0) before sonication using a probe sonicator
with an amplitude of 40 %, using cycles of 5 seconds on and 10 seconds off, for a total
of 4 minutes of on time. Cells were then lysed by two passages through a OneShot cell

disruptor (Constant Systems). The lysate was clarified by 20 minutes centrifugation at
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15,000 rcf, 4 °C. The clarified supernatant was applied to a pre-equilibrated 5 mL His-
Trap at a flow rate of approximately 2 mL/min using a peristaltic pump at 4 °C. The
HisTrap was then washed twice with 5 column volumes lysis buffer. Elution was achieved
using a gradient of 0-100 % B over 25 column volumes, where buffer B comprised 50 mM
phosphate buffer, 150 mM NaCl, 0.01 % (v/v) NP-40, 0.1 mM DTT, and 1 M imidazole,
pH 8.0. Buffer A was the same, except with 20 mM imidazole. Elution was carried out

using an Akta Pure (Cytivia).

The protein-containing peak was collected and Ulp1 was added to a final concentration
of 0.02 mg/L. Reactions were transferred to Spectrum” Labs Spectra/Por’ 3.5 kD
MWCO dialysis tubing and dialysed overnight against a buffer the same as buffer B, but
without imidazole. The sample was applied to a pre-equilibrated 5 mL HiTrap Heparin
HP column (GE Healthcare) using a peristaltic pump by passing through the column
once at an approximate flow rate of 1 mL/min, 4 °C. An aliquot was taken of the flow
through, and the sample was left passing through the column overnight, recycling the
flow-through back into the same tube to enable multiple passes through. The heparin
column was washed twice with 25 column volumes of dialysis buffer. Elution was achieved
using a gradient of 0-100 % B over 25 column volumes, where buffer B comprised 50 mM
phosphate buffer, 1 M NaCl, 0.01 % (v/v) NP-40, and 0.1 mM DTT. Buffer A was
the same, except with no NaCl. Elution was carried out using an Akta Pure (Cytivia).
The sample was passed once through a pre-equilibrated 5 mL HisTrap to remove cleaved
H6SUMO tag and Ulpl, retaining the flow-through. Protein was flash frozen in liquid Ny
and stored at -80 °C.

9.11 Expression trial comparing arabinose addition

before or with IPTG addition

The following three expression protocols were carried out using both wild-type and su-

perstable mutants:
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9.11.1 H6SUMO-p53 and H6SUMO-p5355, non-amber suppressed

Expression was carried out as described in section 9.10 with the following changes: BL21
cells were transformed with a single pET vector containing either the H6SUMO-p53 or
H6SUMO-p53gs gene. After dilution to an ODggg of 0.1 in 100 mL LB, cells were cultured
shaking at 220 RPM, 37 °C, until they reached an ODggg of 0.6-0.8. Cells were then
induced with 10 mM IPTG and incubated for 16-48 hours shaking at 220 RPM, 25 °C.
Aliquots were taken pre-expression and at 16, 18, 20, 22, 24, and 36 hours post-induction
for SDS-PAGE and western blot analysis.

9.11.2 H6SUMO-p53 k1204, amber suppressed, arabinose added
before IPTG

Expression was carried out as described in section 9.10 using the pEVOL vector and a
pET vector containing either the HESUMO-p53 1204 0r HESUMO-p5355K1200c gene. The
protocol was changed as follows: After dilution of the culture from an ODgyy of 1.0 to
0.1 in 100 mL LB, L-arabinose was added to 0.2 %. Acetyllysine and nicotinamide was
added once the culture reached an ODggy of 0.3, as described in section 9.10, and once
the culture reached an ODgyy of 0.6-0.8, expression was induced by the addition of 10
mM IPTG.

9.11.3 H6SUMO-p53xi120.:s amber suppressed, arabinose added
with IPTG

Expression was carried out as described in section 9.10 in 100 mL LB using the pEVOL
vector and a pET vector containing the HOGSUMO-p53 k1204 0r HOESUMO-p5355K120ac
gene. Aliquots were taken pre-expression and at 16, 18, 20, 22, 24, and 36 hours post-
induction for SDS-PAGE and western blot analysis.
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9.12 Expression trial comparing the solubility of HGSUMO-
p53K120ac vVersus HGSUMO—p5355K120aC

H6SUMO-p53 and HGSUMO-p53gs were expressed in non-amber suppressed BL21 cells as
described in section 9.11.1. H6SUMO p53 k1204 and HESUMO p53s5x120ac Were expressed
as described in section 9.11.3. Expression was carried out in 100 mL LB. Lysis was carried
out as described in section 9.10 using 5 x pellet volume AS lysis buffer. After lysis,
supernatant was clarified by 20 minutes centrifugation at 15,000 rcf, 4 °C, and an aliquot
was taken of the supernatant. The pellet was resuspended in 5 x pellet volume AS lysis
buffer and centrifuged again, with an aliquot being taken of the supernatant as before.
The pellet was resuspended in 5 x pellet volume AS lysis buffer without centrifugation,
and an aliquot was taken of the resuspension. All aliquots were analysed by SDS-PAGE

and western blotting.

9.13 Human cell culture

H1299, HCT116, and HeLa cells were generously provided by the Tavassoli lab at King’s
College London, while A549 cells were generously provided by the Parsons lab at King’s
College London. Cells were grown at 37 °C and 5 % CO, in DMEM supplemented with
100 U/mL penicillin, 100 pg/mL streptomycin and 1 mM sodium pyruvate.

9.13.1 Cell treatment with cisplatin or adriamycin

Cisplatin solutions were prepared by dissolving solid cisplatin directly into DMEM to
the desired concentration. For adriamycin, a 100 mM stock solution was prepared by
dissolving solid adriamycin in DMSO. A working stock solution was prepared by diluting
the 100 mM ADR to 0.5 mM using DMEM. Adriamycin treatments were prepared by
diluting the working stock to the desired concentration in DMEM.

Cells (H1299, HCT116, or A549) were grown to 50-60 % confluency. The DMEM
was removed by aspiration and replaced with media containing the prepared cisplatin,
adriamycin, or DMSO treatment, as appropriate. Cells were incubated for the indicated

time points, after which they were harvested as described in section 9.13.2.
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9.13.2 Human cell harvesting

Cells were washed once with PBS and trypsinised by the addition of 1 x trypsin-EDTA
(Sigma-Aldrich) in PBS and incubation at 37 °C. Once cells were detached, double the
trypsin volume of DMEM was added to quench the trypsin. Cells were transferred to a
separate tube, and flasks were washed with ice cold PBS, which was then added to the
tube. When necessary, a 10 uL aliquot of cell suspension was combined with 10 pL trypan
blue and cells were counted using a haemocytometer. Cells were harvested by 10 minutes
centrifugation at 400 rcf, 4 °C. supernatants were removed by aspiration and pellets
were resuspended in ice cold PBS. Cells were centrifuged as before, and supernatant was
removed by aspiration. Cells were either lysed directly with 1 x loading dye for western

blotting or carried forward for nuclear and cytoplasmic extract preparation.

9.13.3 Nuclear and cytoplasmic extract preparation

Cell pellets were resuspended in 5x pellet-volume CE buffer (10 mM HEPES (pH 7.6),
60 mM KCI, 1 mM EDTA, 0.075 % (v/v) NP-40, 1 mM DTT, and 1 mM PMSF), placed
on ice for 3 minutes, then centrifuged for 5 minutes at 0.4 rcf, 4 °C. The supernatant
(cytoplasmic extract) was removed and the pellet washed with wash buffer (10 mM
HEPES, 60 mM KCI, 1 mM EDTA, 1 mM DTT, and 1 mM PMSF, pH 7.6) twice
by gentle resuspention in 5x pellet-volume and 5 minutes centrifugation at 0.4 rcf, 4 °C,
discarding the supernatant each time. The remaining pellet was resuspended in 1x pellet
volume NE buffer (20 mM Tris-base, 800 mM NaCl, 1.5 mM MgCl,, 0.2 mM EDTA,
1 mM PMSF, 20 % (v/v) glycerol, pH 8.0) and incubated for one hour on ice, briefly
vortexing every 20 minutes. Remaining nuclei in the nuclear and cytoplasmic extracts
were pelleted by 10 minutes centrifugation at 2000 rcf, 4 °C. The cytoplasmic extract was
adjusted to 20 % (v/v) glycerol, flash frozen in liquid Ny and stored in aliquots at -80
°C. Nuclear extracts were dialized overnight in buffer D (20 mM HEPES, 100 mM KCl,
1.5 mM MgCly, 0.2 mM EDTA, 1 mM PMSF, 20 % (v/v) glycerol, pH 8.0), flash frozen
in liquid Ny and stored in aliquots at -80 °C.
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9.14 In vitro transcription using T7 RNA polymerase

MG15 and PG13 DNA templates were linearized using PAIMI (New England Biolabs). 50
plL reactions containing 0.02 ug DNA, 1x NEBuffer’ r3.1 (New England Biolabs) and
10 U PIMI were incubated for 15 minutes at 37 °C before 20 minutes heat-inactivation
at 65 °C. DNA was purified using a PCR purification kit (QIAGEN) according to man-
ufacturer’s instructions and DNA concentration was measured via NanoDrop.
Transcription reactions were carried out using a HiScribe®) T7 Quick High Yield RNA
Synthesis Kit (New England Biolabs). Briefly, 30 uL transcription reactions containing
1 ug DNA, 6.7 mM each of rATP, rGTP, rCTP and rUTP; and 2 ul. RNA polymerase
mix were incubated at 37 °C for 4 hours. RNA was purified from the reaction using a
Monarch RNA purification kit (New England Biolabs) according to the manufacturer’s
instructions, eluting in 26 puL. RNAse-free (DEPC-treated) ddH,O. 3 pL 10x DNAse 1
buffer (New England Biolabs) and 1 uL. DNAse 1 (New England Biolabs) were added to
the purified RNA and the reactions were incubated for two hours at 30 °C. Reactions were
purified again using the Monarch RNA purification kit (New England Biolabs) according
to the manufacturer’s instructions. Purified aptamers were heated for 2 minutes at 85
°C before being left to cool at room temperature for 5 minutes. Purified aptamers were
diluted 100 x in 1x KCI buffer (20 mM Tris-HCI, 2 mM MgCl,, 100 mM KCI, pH 7.5),
while DFHBI was diluted to 20 uM in 1x KCI buffer from a 20 mM stock in DMSO.
Diluted aptamer and DFHBI were combined at 1 1:1 ratio and fluorescence was measured
with a Hidex Multimode Microplate Reader using an excitation of 444 nm and an emission

of 520 nm.

9.15 In wvitro transcription using HeLa nuclear ex-
tracts

51 pl reactions containing 10 uL nuclear extract, 14 L dilution buffer (20 mM HEPES
(pH 7.9), 50 mM KCI1, 1 mM DTT, 0.2 mM EDTA, 10 % glycerol), 0.5 uL of 1 ug/uL
MG15 or PG13 DNA template, 0.5 uL. RNAse inhibitor (New England Biolabs), and
1pL 10 ng/uls p53 were incubated at 30 °C for two hours. RNA was purified from the
reaction using a Monarch RNA purification kit (New England Biolabs) according to the
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manufacturer’s instructions, eluting in 26 uL RNAse-free (DEPC-treated) ddH50O. 3 uL
10x DNAse 1 buffer (New England Biolabs) and 1 uL. DNAse 1 (New England Biolabs)
were added to the purified RNA and the reactions were incubated for two hours at 30
°C. Reactions were purified again using the Monarch RNA purification kit (New England
Biolabs) according to the manufacturer’s instructions. Purified transcripts were heated
for 2 minutes at 85 °C before being left to cool at room temperature for 5 minutes.
DFHBI was diluted to 20 uM in 2x KCI buffer (40 mM Tris-HCl, 4 mM MgCly, 200
mM KCIl, pH 7.5) from a 20 mM stock in DMSO. Transcription reactions and DFHBI
were combined at 1 1:1 ratio and fluorescence was measured with a Hidex Multimode

Microplate Reader (Ex: 444 nm, Em 520 nm).

9.16 Reverse transcription

Reverse transcription following in witro transcription was carried out using a High-
Capacity cDNA Reverse Transcription kit (Thermo Fisher Scientific) according to man-
ufacturer’s instructions, following RNA purification using the Monarch RNA purification

kit (New England Biolabs).

9.17 Agarose gel electrophoresis of RNA

A 1 % agarose gel comprising 20 mM MOPS, 5 mM sodium acetate, 1 mM EDTA, 10
mg/mL agarose, 0.0074 % (v/v) formaldehyde, 0.009 % (v/v) SYBR™™ Gold (Thermo
Fisher Scientific) was prepared using RNAse-free (DEPC-treated) ddH,O. 4 pl. RNA
samples were mixed with 2 pL formaldehyde loading buffer (Thermo Fisher Scientific)

and incubated at 65 °C for 15 minutes. Gels were run at 100 V for 45 minutes.

9.18 Agarose gel electrophoresis of DNA

Agarose gels were prepared as 1 % or 2 % agarose gels. Gels comprised of 40 mM Tris-
base, 20 mM acetic acid, 1 mM EDTA, 0.01 % SYBR*M Safe and either 10 mg/mL or
20 mg/mL agarose for 1 % and 2 % agarose gels respectively. Samples were prepared by
adding 1 pL 6x purple gel loading dye (New England Biolabs) to 5 uLi sample. Gels were

run at 100 V for one hour.

119



CHAPTER 9. MATERIALS AND METHODS

9.19 Optimised crosstalk assay

Aliquots of nuclear/cytoplasmic extract and p53 were thawed on ice. Nuclear and cyto-
plasmic extracts were diluted to 3 mg/mL protein, and p53 was diluted to 200 ng/uL. All
dilutions were made in their respective storage buffers. For p53, storage buffer comprised
30 mM sodium diphosphate, 50 mM KCl, 5 % (v/v) glycerol and 2 mM DTT (pH 7.5).
For cytoplasmic extract, storage buffer comprised 10 mM HEPES, 60 mM KCI, 1 mM
EDTA, 0.075 % (v/v) NP-40, 1 mM DTT, 20 % glycerol (v/v), and 1 mM PMSF (pH
7.6). For nuclear extract, storage buffer comprised 20 mM HEPES, 100 mM KCI, 1.5
mM MgCly, 0.2 mM EDTA, 1 mM PMSF, and 20 % (v/v) glycerol (pH 8.0). Mixes
were prepared on ice containing 1.6 mg/mL nuclear/cytoplasmic extract, 500 uM ATP,
10 uM Acetyl-CoA, 10 uM SAM, 10 mM MgCly; and 0.1 mM DTT. 51.6 uL aliquots were
prepared from the mixes, to which p53 was added to a final concentration of 10 ng/ulL.
Immediately, 16 p was removed from the reactions and quenched with 5.3 pl 4x SDS
loading dye. Reactions were incubated at 16 °C for 1 hour, with 16 uL. removed and
quenched with 5.3 pul 4x SDS loading dye every 30 minutes.

9.20 Initial crosstalk assay

The results shown in Fig. 7.2 were generated from assays carried out as described in
section 9.19, except reactions contained 833 puM ATP, were incubated at 37 °C, and

aliquots were taken every 15 minutes.

9.21 Broad crosstalk screen

The results shown in Figs. 7.4 and 7.5 were generated from assays carried out as described
in section 9.19, except reactions contained 833 uM ATP and were incubated at 37 °C.
During western blotting, membranes were stripped and re-probed using three methods,
detailed below. After stripping, membranes were blocked with 5 % milk or 5 % BSA, as
appropriate, and probed with a different antibody.
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9.21.1 Mild stripping

Probed PVDF membranes were incubated with mild stripping buffer (199.8 mM glycine,
0.1 % SDS, 1 % Tween-20, pH 2.2) rocking for 5-10 minutes twice, washed with PBS for

10 minutes twice, and washed with TBST for 5 minutes twice.

9.21.2 Harsh stripping

Probed PVDF membranes were incubated with harsh stripping buffer (62.5 mM Tris-
HCI, 10 % SDS, 0.8 % [-mercaptoethanol, pH 6.8) for 45 minutes at 50 °C, rocking.
The membrane was rinsed under a running water tap for 1-2 minutes, then washed for 5

minutes with TBST.

9.21.3 GuHCI stripping

Probed PVDF membranes were incubated with GuHCI stripping buffer (20 mM Tris-HCI,
6M GuHCI, 0.2 % NP-40, 100 mM S-mercaptoethanol, pH 7.5), rocking for 5 minutes,

twice. The membrane was then washed for 5 minutes with TBST four times.

9.22 Optimising cofactor concentrations for crosstalk
assays

Crosstalk assays were carried out described in section 9.19 using p53,c.a. ATP concen-
trations tested were 0, 10, 25, 50, 100, 250, 500, and 833 M. Acetyl-CoA concentrations
tested were 0, 5, 10, 20, and 40 puM. SAM concentrations tested were 0, 6.5, 10, 26, 104.2,
and 416.7 pM.

9.23 In wvitro kinase assay using CK1

Aliquots of p53,cca Or P53gi5pn, Were thawed on ice and diluted to 50 ng/uL. Reactions
were prepared, on ice, containing 10 mM HEPES, 10 ng/uL p53, 500 puL. ATP, 0.01
pug/mL CK1 (Abcam, ab103955), 10 mM MgCly, 50 mM KCI, 0.1 mM EDTA, 10 %
glycerol (v/v), and 0.002 % BSA (w/v), pH 7.5.
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Immediately, 12 pL of each reaction was quenched in 4 pl. 4x SDS loading dye. The
reactions were then incubated at 30 °C for 1 hour. Every 30 minutes, 12 ul. were removed

and quenched in 4 pul 4x SDS loading dye.

9.24 Densitometric and statistical analysis

Densitometric analysis of stain-free gels and western blots was carried out using ImageJ
or Image Lab (Bio-Rad). Statistical analysis was carried out using Graphpad Prism.
Triplicate data from crosstalk assays, including assays using recombinant CK1, was nor-
malised as indicated in results, checked for normal distribution and analysed one sample

t test, comparing to 1, a = 0.05.
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Figure 10.1: Expression trial with different timings of arabinose addition. HGSUMO
P53k 120ac Was expressed at 25 °C using amber suppression and the pEVOL/pET system in
BL21 cells. Arabinose was added either simultaneously with IPTG (Ara with IPTG) or at the
start of growth culture (Ara before IPTG). Aliquots were taken pre-expression (PE) and at
time points indicated, shown in hours (16-36). A 50 ng p53,e. is also shown running at 53
kDa. Full-length H6SUMO-p53 runs at 75 kDa, the truncated variant falls around 37 kDa.
Shown are stain free gels and western blots against AcK120 p53 for HGSUMO-p53 i1204c (A)
and H6SUMO-p53ssK120ac (B).
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Figure 10.2: p53 phosphorylation occurs in nuclear extracts. Crosstalk assays were
carried out over the course of 1 hour, with reactions quenched at 0, 15, 30, 45, and 60 minutes

(indicated by numbers). Shown are stain free gels corresponding to western blots shown in Fig.

7.2.
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Figure 10.3: Cisplatin treatment screen. H1299 cells were treated with 0-1 mM cisplatin

for 24 hours. Shown are cell images taken at 2, 6, 16, and 24 hours for 10 pM, 20 pM, and 50

pM cisplatin.
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Figure 10.4: Broad PTM screen in unstressed nuclear extracts. p53;cc, p93sisph,
P53520ph, and p53s15/520pn, s Well as a negative control with no p53 were incubated for 0, 30 or
60 minutes (indicated by 0, 30, 60) with nuclear extracts derived from unstressed H1299 cells.
Shown are the stain free gels that were blotted using a generic anti-p53 antibody (DO1) and
an antibody targeting AcK120 p53.
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Figure 10.5: Broad PTM screen in nuclear extracts derived from 1 mM-cisplatin
stressed cells. p53,cc, PO3s15ph, P53s20ph, and pPd3g15/520pn, as well as a negative control with
no pb3 were incubated for 0, 30 or 60 minutes (indicated by 0, 30, 60) with nuclear extracts
derived from H1299 cells that had been stressed for 2 hours with 1 mM cisplatin. Shown are
the stain free gels that were blotted using a generic anti-p53 antibody (DO1) and an antibody
targeting AcK120 p53.
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Figure 10.6: Cofactor titration Assays were performed using p53 in nuclear extracts, sup-
plementing PTM cofactors at different concentrations. ATP titration assays were carried out
using pb53g15pn, blotting for T18 phosphorylation. AcCoA and SAM titration assays were car-
ried out using p53,cca, blotting for AcK373 and Met372 p53 respectively. Shown are stain free
gels for western blots shown in Fig. 7.8. Time points (0, 60) are shown in minutes. Also loaded
are 50 ng pbH3 controls. Overall p53 levels in the ATP titration assays were determined using

an anti-p53 (pS15) antibody. ATP titration data were collected by Maria Hancu.
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Figure 10.7: Probing the pS15-pT18 axis using unstressed or 20 uM cisplatin-
stressed extracts at 30 °C. p53,c.a or pd3s15,, Were incubated for 0, 15, 30 or 60 minutes
(indicated by 0, 15, 30, 60) with nuclear extracts derived from either unstressed or 20 pM
cisplatin-stressed H1299 cells. Western blots from all replicates (rl, r2, r3) are shown with
their corresponding stain-free gels adjacent. Also shown are 50 ng positive controls for p53,.cca,

P93515ph, and pd3718ph. Data collected by Maria Hancu.
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Figure 10.8: Probing the pS15-pT18 axis using 100 yM or 1 mM cisplatin-stressed
extracts at 30 °C. p53,..a or p53gi5,, Were incubated for 0, 15, 30 or 60 minutes (indicated
by 0, 15, 30, 60) with nuclear extracts derived from either 100 uM or 1 mM cisplatin-stressed
H1299 cells. Western blots from all replicates (rl, r2, r3) are shown with their corresponding
stain-free gels adjacent. Also shown are 50 ng positive controls for p53,cca, P53s515pn, and

pb3718ph. Data collected by Maria Hancu.
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Figure 10.9: Probing the pS15-pT18 axis using unstressed extracts at 16 °C (repli-
cate 1). pb3,cca or PH3gi5pn Were incubated for 0, 30 or 60 minutes (indicated by 0, 30, 60)
with unstressed H1299 nuclear or cytoplasmic extracts. Shown are western blots and corre-

sponding stain free gels (adjacent) for assays carried out in nuclear and cytoplasmic extracts.

Also included are 50 ng controls for p53,eca, P53s15pn, and p53718ph.
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Figure 10.10: Probing the pS15-pT18 axis using unstressed extracts at 16 °C (repli-
cate 2). p53,cca Or P53g15pn Were incubated for 0, 30 or 60 minutes (indicated by 0, 30, 60)
with unstressed H1299 nuclear or cytoplasmic extracts. Shown are western blots and corre-

sponding stain free gels (adjacent) for assays carried out in nuclear and cytoplasmic extracts.

Also included are 50 ng controls for p53,cca, P53s15ph, and p53718ph.
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Figure 10.11: Probing the pS15-pT18 axis using unstressed extracts at 16 °C (repli-
cate 3). p53,cca Or P53g15pn Were incubated for 0, 30 or 60 minutes (indicated by 0, 30, 60)
with unstressed H1299 nuclear or cytoplasmic extracts. Shown are western blots and corre-
sponding stain free gels (adjacent) for assays carried out in nuclear and cytoplasmic extracts.

Also included are 50 ng controls for p53,cca, P53s15ph, and p53718ph.
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Figure 10.12: Probing the pS15-pT18 axis using purified CK1 (replicate 1) p53,cca

&U

or pb3g1spn Were incubated for 0, 30 or 60 minutes (indicated by 0, 30, 60) with recombinant
CK1. Shown are western blots and corresponding stain free gels (adjacent) for assays carried

out in nuclear and cytoplasmic extracts. Also included are 50 ng controls for p53,cca, P53 515ph,

and pb53718ph.
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Figure 10.13: Probing the pS15-pT18 axis using purified CK1 (replicates 2 and
3) P53reca OF P53g15pn Were incubated for 0, 30 or 60 minutes (indicated by 0, 30, 60) with
recombinant CK1. Shown are western blots and corresponding stain free gels (adjacent) for

assays carried out in nuclear and cytoplasmic extracts. Also included are 50 ng controls for

P53recas PO3s15ph, and pd3r18ph.

133



CHAPTER 10. SUPPLEMENTARY MATERIALS

Nuclear extract

p53reca p53s15/520ph
kDa 0 30 60 0 30 60

N e e a» a» an e an

p53reca p53s15/520ph
kDa 0 30 60 0 30 60

p53recA
p53s15/20,
p53recA
p53s15/20ph

50
Stain free gel < Anti-p53 (Y5) <
p53reca p53s15/520ph é é p53reca p53s15/520ph é é
kDa R D kDa 3 o
0 30 60 0 30 60 o < 0O 30 60 0 30 60 & <
— "’ e
Stain free gel Anti-K373 p53
Cytoplasmic extract
p53reca p53s15/520ph E p53reca p53s15/520ph é E
(30
0 30 60 0 30 60 ‘@ kDa 0 30 60 0 30 60 8 &
_ 50
Stain free gel
< Anti-p53 (Y5) <
p53reca p53s15/520ph é E p53reca p53s15/s20ph é E
(30 (30
kba o 30 60 0 30 60 9@ @ kba o 3 60 0 30 60 8 |
-

e

50

I

Anti-K373 p53

Stain free gel

Figure 10.14: Probing the interaction between N-terminal phosphorylation and
C-terminal acetylation using unstressed extracts at 16 °C (replicate 1). p53,c.a or
P53515/520ph Were incubated for 0, 30 or 60 minutes (indicated by 0, 30, 60) with unstressed
H1299 nuclear or cytoplasmic extracts. Shown are western blots and corresponding stain free
gels (adjacent) for assays carried out in nuclear and cytoplasmic extracts. Also included are 50

ng controls for pb3,eca and p53g15,/520pn-
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Figure 10.15: Probing the interaction between N-terminal phosphorylation and
C-terminal acetylation using unstressed extracts at 16 °C (replicate 2). p53,c.a or
P53515/520pn Were incubated for 0, 30 or 60 minutes (indicated by 0, 30, 60) with unstressed
H1299 nuclear or cytoplasmic extracts. Shown are western blots and corresponding stain free
gels (adjacent) for assays carried out in nuclear and cytoplasmic extracts. Also included are 50

ng controls for p53;cca and p53515/520ph-

135



CHAPTER 10. SUPPLEMENTARY MATERIALS

Nuclear extract

p53reca p53s15/520ph
kDa 0 30 60 0 30 60

p53reca p53s15/520ph
kDa 0 30 60 0 30 60

p53s15/20ph

53reca
p53s15/20ph
p53recA

50 ------—.

4

Stain free gel 5 Anti-p53 (Y5) 5
p53reca p53s15/520ph é é p53reca p53s15/520ph é é
kDa QR Q kDa ]
0 30 60 0O 30 60 B = 0O 30 60 0 30 60 & <
Stain free gel Anti-AcK373 p53
Cytoplasmic extract
g § §
PS3reca p53s15/s20pn 5 &2 p53reca p53s15/520ph E &
kDa 0 30 60 O 30 60 o '8 kDa 0O 30 60 O 30 60 8| e
-
Stain free gel = Anti-p53 (Y5) =
P53rech P53s151520pn mé E p53reca p53s15/520ph g E
(30
kba o 30 60 0O 30 60 & @& kPa g 30 s 0 30 e0 3 &

50

()]
o

Stain free gel Anti-AcK373 p53

Figure 10.16: Probing the interaction between N-terminal phosphorylation and
C-terminal acetylation using unstressed extracts at 16 °C (replicate 3). p53,..a or
P53g15/520pn Were incubated for 0, 30 or 60 minutes (indicated by 0, 30, 60) with unstressed
H1299 nuclear or cytoplasmic extracts. Shown are western blots and corresponding stain free
gels (adjacent) for assays carried out in nuclear and cytoplasmic extracts. Also included are 50

ng controls for p53;cca and p53515/520ph-
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Figure 10.17: Testing for DYRK2 translocation in H1299 cells following cisplatin
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treatment. H1299 cells were stressed with 0, 10, 100 or 1000 uM cisplatin for 0, 2, 6, 16, or
24 hours. Fractions enriched for nuclear and cytoplasmic proteins were probed for DYRK2 (67
kDa), as well as nuclear (LSD1, 110 kDa) and cytoplasmic (S-tubulin, 50 kDa) markers. Shown

are the stain free gels that correspond to the western blots shown in Fig. 7.13.
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Figure 10.18: Testing for p53 accumulation in A549 and HCT-116 cells following
treatment with adriamycin. A549 and HCT-116 were stressed with 0 (0.008 % DMSO),
0.5, 1, 2, 4, or 8 uM adriamycin for 0, 6, 16, or 24 hours and blotted for p53 (Y5) and pS46

p53. Shown are the stain free gels that correspond to the western blots shown in Fig. 7.14.
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Figure 10.19: Probing for S46 phosphorylation and K120 acetylation in adriamycin-
stressed A549 nuclear extracts. p53;c.ca Or P53g15/520pn Were incubated for 0, 30 or 60
minutes (indicated by 0, 30, 60) with nuclear extracts prepared from A549 cells stressed for 6
hours with 8 M adriamycin. Shown are the stain free gels that correspond to the western blots

shown in Fig. 7.15.
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