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Abstract

Phosphatase and tensin homologue (PTEN) is an antagonist of the Akt pathway through its
phosphatase activity against phosphatidylinositol-3,4,5-phosphate (PIP3). The Akt pathway
modulates numerous metabolic and cell survival processes. PTEN is redox sensitive and
oxidation by reactive oxygen species (ROS) causes catalytic inactivation and changes to its
interactome. ROS can oxidise phospholipids resulting in lipid oxidation products, such as
acrolein and 4-hydroxynonenal (4-HNE). Whilst the effect of 4-HNE on PTEN has previously
been studied, there is limited data for acrolein. The research presented in this thesis aimed to
further characterise the effect of lipoxidation on PTEN by investigating the effect of acrolein
on PTEN'’s activity, structure and interactions using a range of proteomic techniques.

In the first chapter, recombinant human PTEN-V5-His was overexpressed in Escherichia coli
and purified using immobilised metal affinity chromatography. In the second chapter, PTEN-
V5-His was treated in vitro with acrolein, from 0.2:1 to 20:1 acrolein:PTEN. Phosphatase
activity and SDS-PAGE analysis showed dose-dependent inactivation and aggregation.
Analysis using tandem mass spectrometry showed a greater susceptibility of cysteine
residues to modification, with lysine modifications detected at higher acrolein concentrations.
The third chapter involved affinity pull down with PTEN-V5-His, where acrolein treatment was
performed prior to challenge with HCT-116 cell lysates. Proteomic analysis of the captured
proteins identified changes in the interactome between untreated and acrolein-treated PTEN.
HECTD1, an E3 ubiquitin ligase, was validated in vitro as a novel interactor of PTEN that
showed increased binding on acrolein treatment of PTEN. The final chapter characterised the
in cellulo effect of acrolein treatment, where a dose- and time-dependent loss of cell viability
was identified for HCT-116 cells. On treatment with sublethal acrolein concentrations, the
levels of active phosphoAkt increased whereas inactive Akt remained constant. Taken
together, these results demonstrate that acrolein causes a functional change in the activity,
structure and interactions of PTEN.
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1.1 Oxidative Stress and Redox Signalling

Maintaining a balance between oxidation and reduction is critical for many cellular processes
(Birben et al., 2012, Sies et al., 2017). This includes regulation of cell signalling through
oxidative modification of proteins, such as protein kinases and protein tyrosine phosphatases,
which can be inactivated by oxidation and subsequently re-activated by reduction. This
reversible inactivation provides an element of control beyond phosphorylation state and is part

of reduction-oxidation (redox) signalling (Sies et al., 2017, Corcoran and Cotter, 2013).

1.1.1 Reactive Oxygen Species

Oxidative stress occurs during a redox imbalance, where the capacities of the physiological
antioxidant systems are reached, resulting in an excess of reactive oxygen species (ROS)
(Birben et al., 2012). ROS include radicals such as superoxide anion (*Oz’) and hydroxyl
radicals (OH¢) as well as the non-radical species hydrogen peroxide (H20:) and hypochlorous
acid (HOCI) (Adam Whaley-Connell, 2011, Sies et al., 2017). Oxidative stress is a pro-
inflammatory condition and is apparent in pathological conditions such as cancer and diabetes
(Adam Whaley-Connell, 2011). Protein modification by oxidation occurs most commonly at
cysteine and methionine residues, but also occurs at a lower rate for histidine, lysine, and
tryptophan residues (Davies, 2016). In addition to ROS, there are reactive species of different

origins: nitrogen, sulfur and carbon (Sies et al., 2017).

1.1.2 Lipid Oxidation Products

Lipid oxidation can occur enzymatically by lipoxygenases and cyclooxygenases and non-
enzymatically by free radical and non-radical oxidants (Yamamoto, 1992, Porter et al., 1995,
Niki et al., 2005, Reis and Spickett, 2012, Viedma-Poyatos et al., 2021). With respect to the
redox focus of this thesis, the formation of lipid oxidation products during oxidative stress will

be expanded further below.

Lipid peroxidation is the process by which the unsaturated carbon-carbon double bonds of
polyunsaturated fatty acids (PUFASs), in the phospholipid cell membrane for example, are
attacked by free radical oxidants (Esterbauer et al., 1991, Pizzimenti et al., 2013, Viedma-
Poyatos et al., 2021). There are three phases of free radical mediated PUFA peroxidation:
initiation, propagation and termination (Porter et al., 1995, Guéraud et al., 2010). The free

radicals produced by lipid peroxidation during the initiation and propagation phases are
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considered to have local effects due to their short half-life. However, the resultant breakdown
products formed at the termination phase of PUFA peroxidation, known as lipid peroxidation
end products, have a longer half-life and an ability to diffuse away from their site of production
(Guéraud et al., 2010). There are 5 distinct groups of lipid peroxidation end products: alkanals,
2-alkenals, 4-hydroxy-2-alkenals, keto-alkenals and alkanedials (Domingues et al., 2013). Of
particular interest and the subject of extensive studies is acrolein, due to its high reactivity, as
well as 4-hydroxy-2-nonenal (4-HNE) and malondialdehyde (MDA) due to their high
abundance (Esterbauer et al., 1991, Pizzimenti et al., 2013, Ayala et al., 2014, Sousa et al.,
2017, Viedma-Poyatos et al., 2021).

Acrolein, 2-propenal, is produced endogenously in cells as a biproduct of lipid peroxidation,
polyamine metabolism and myeloperoxidase function, and exogenously, as an environmental
pollutant and manufacturing bi-product (Esterbauer et al., 1991, LoPachin et al., 2009, Myers
et al., 2011). Acrolein is formed when carbohydrates, fats and amino acids are heated during
food preparation, as well as during combustion of fuel, smoking of tobacco and production of
plastics (Esterbauer et al., 1991, Stevens and Maier, 2008). In consideration of the risk posed
by the different acrolein exposure routes described above and their relevance to human
health, acrolein exposure during cooking, smoking and manufacturing have previously been

reviewed (Stevens and Maier, 2008).

Acrolein is a reactive aldehyde that is characterised by the presence of an a,B3-unsaturated
carbon-carbon bond and a carbonyl group (LoPachin et al., 2009). The mobility of acrolein’s
electron density, due to the electronegative oxygen in its carbonyl group, denotes acrolein to
be a soft electrophile (LoPachin et al., 2009). Despite acrolein’s relatively low abundance in
cells as a lipid peroxidation product in comparison to 4-HNE and MDA, it has a high reactivity
as the strongest electrophile and as it is relatively small it could give increased access to
modification sites (Esterbauer et al., 1991, Pizzimenti et al., 2013, Spickett and Pitt, 2020).
Acrolein preferentially reacts with soft nucleophiles, such as the thiol group of cysteines,
through Michael addition (Stevens and Maier, 2008, LoPachin et al., 2009, Cai et al., 2009,
Myers et al., 2011). Acrolein can also react with harder nucleophiles such as histidine by
Michael addition and lysine by Michael addition or Schiff base formation, but these reactions
are slower and require higher concentrations of acrolein (Esterbauer et al., 1991, LoPachin et
al., 2009, Cai et al., 2009). Modification of lysine residues can also result in the formation of
more complex adducts such as Ne-(3-formyl-3,4-dehydropiperidino)lysine adduct (FDP-
lysine) and the Ne-(3-methylpyridinium)lysine (MP-lysine) adduct (Uchida et al., 1998,
Furuhata et al., 2003). Michael addition of acrolein occurs through the reaction of its 3-carbon

with a protein’s nucleophilic group, such as a thiol group or a nitrogen lone pair, to give an
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addition via acrolein’s double bond (Cai et al., 2009, Viedma-Poyatos et al., 2021, Domingues
et al., 2013, Spickett and Pitt, 2020). Schiff base modification occurs when acrolein’s carbonyl
carbon reacts with primary amino groups (Cai et al., 2009, Domingues et al., 2013, Viedma-
Poyatos et al.,, 2021). Whilst both types of modifications are reversible, Schiff base
modification is more unstable and is readily reversed under acidic conditions (Cai et al., 2009,
Afonso et al., 2018, Spickett and Pitt, 2020, Viedma-Poyatos et al., 2021). In addition to
Michael addition and Schiff base formation, acrolein can cause protein crosslinking (Requena
et al.,, 1996, Stevens and Maier, 2008, LoPachin et al.,, 2009, Reis and Spickett, 2012,
Domingues et al., 2013, Pizzimenti et al., 2013, Viedma-Poyatos et al., 2021). This covalent
modification of proteins by lipid oxidation products is an example of post-translational

modification known as lipoxidation (Spickett and Pitt, 2020, Viedma-Poyatos et al., 2021).

1.2 PTEN is a Tumour Suppressor and Metabolic Regulator

Phosphatase and tensin homologue (PTEN) was discovered by three independent groups in
1997 (Li et al., 1997, Li and Sun, 1997, Steck et al., 1997). Alternative names for PTEN (Li et
al., 1997) are tensin-like phosphatase-1 (TEP1) (Li and Sun, 1997) and mutated in multiple
advanced cancers-1 (MMAC-1) (Steck et al., 1997). PTEN was identified to be frequently
deleted in cancer, including in 31% of glioblastoma cell lines, 100% of prostate cell lines and
6% of the breast cancer cell lines tested (Li et al., 1997). Correlations were made between the
homology of PTEN to protein tyrosine/dual specificity phosphatases and tensin, an actin-
interacting protein, and its potential function as a tumour suppressor and regulator of

metastasis respectively was proposed (Li et al., 1997).

1.21 The Structure of PTEN

The gene encoding PTEN has 9 exons and 1209 nucleotides and generates a 403 amino acid
protein. The protein is divided into two major domains, an N-terminal domain and a C-terminal
domain (Lee et al., 1999). The secondary structure of the N-terminal domain consists of 5
beta-sheets and 6 alpha-helices whilst the C-terminal domain is comprised of 2 beta-sheets
linked with 2 alpha-helices (Lee et al., 1999). Figure 1.1 illustrates the structure of PTEN, as

well as common modification sites.
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Figure 1.1 The N- and C- terminal domains of PTEN (reproduced with permission from Smith et al. (2021))

The N-terminal Domain

The N-terminal domain contains three regions that are homologous to protein tyrosine
phosphatases (PTPs) and dual specificity phosphatases (DUPs) (Yuvaniyama et al., 1996,
Lee et al., 1999). There are three regions of conserved residues that are essential for catalysis
and conformation, including the phosphate binding (P) loop (amino acids 121-131), the Tl loop
(amino acids 160-171) and the WPD loop (amino acids 88-98). The P loop contains the 8
residue PTP signature motif, HCXXGXXR (Lee et al., 1999). The HCXXGXXR motif contains
several residues essential for function; Cys124 and Arg130 are involved in catalysis while
His123 and Gly127 contribute to the P-loop conformation and Ala126 plays a role in substrate
specificity (Barford et al., 1994, Stuckey et al., 1994, Leitner et al., 2018, Lee et al., 1999).
During catalysis, Cys124, the nucleophilic catalytic cysteine, forms a thiol-phosphate
intermediate through which the 3’ phosphoryl group is transferred from its substrate, PIP3
(Denu and Dixon, 1998, Barford et al., 1998, Zhang, 2003, Xiao et al., 2007, Chia et al., 2010).
The main difference between PTEN'’s active site and those of other PTPs, such as PTP1B, is
its larger width due to a 4 amino acid insertion in the Tl loop, giving an extension of the
substrate pocket (Lee et al., 1999). This additional space allows the accommodation of PIP3
which is a larger substrate than those of other DUPs (Lee et al., 1999). The conserved Thr167-
lle168 amino acids have been shown to have a role in substrate specificity (Leitner et al.,
2018). The WPD loop contains a 3 amino acid motif (Phe90-Glu91-Asp92) which is followed
by a histidine residue, His93, which contributes to the basic environment of the active site (Lee
et al., 1999). The WPD loop is also denoted as a ‘moveable loop’ as on binding of PTEN by a
substrate there is a conformational change whereby the WPD loop moves into the active site
(Chia et al., 2010). This movement from an ‘open’ to a ‘closed’ conformation permits the active
site residue Asp92 to participate in catalysis, with a role in the hydrolysis of the Cys124 thiol-
phosphate intermediate (Zhang, 2003, Chia et al., 2010).
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The C-terminal Domain

The C-terminal domain is important for several biological functions, such as signal
transduction, substrate binding and stability (Rizo and Stdhof, 1998). The region is subdivided
into the C2 domain, the C-terminal tail and the PDZ-motif. The C2 domain has structural
similarity to the C2 domain of protein kinase C (PKC) (Nalefski and Falke, 1996). The C2
domain is a calcium binding motif which can bind several targets, from phospholipids and
inositol polyphosphates to other protein domains, such as the phosphotyrosine domain (PTB)
(Nalefski and Falke, 1996, Rizo and Sudhof, 1998). In vitro testing of the PTEN C2 domain
and its affinity for phospholipid vesicles demonstrated the domain’s affinity for phospholipid
membranes (Lee et al., 1999). In addition to facilitating the electrostatic binding of PTEN to
the cell membrane, the C2 domain is also associated with the N-terminal phosphatase domain
and is proposed to have a role in the orientation and productive positioning of PTEN for
catalysis (Lee et al., 1999, Das et al., 2003, Georgescu et al., 2000).

The C-terminal tail is an intrinsically disordered region (IDR) and it plays a role in the stability,
autoregulation and protein-protein interactions of PTEN (Malaney et al., 2013). Correlation of
the stability of PTEN to the PEST sequences present in the C-terminal tail has been reported
(Georgescu et al., 1999). PEST sequences are proline, serine, threonine and glutamic acid
rich polypeptide sequences which are directly related to a protein’s half-life (Rechsteiner and
Rogers, 1996). Through labelling and detection of its half-life, “tail-less” PTEN was present at
four-fold lower levels in cells when compared to wild-type PTEN (Vazquez et al., 2000). Due
to the size and acidic nature of the amino acids flanking Thr383, similarities were drawn to the
nature of PTEN’s substrates, leading to conclusions that Thr383 could be a site of auto-
dephosphorylation (Raftopoulou et al., 2004, Myers et al., 1997). C-terminal tail threonine and
serine residues (Thr366, Ser370, Ser380, Thr382, Thr383 and Ser385) are targets of
phosphorylation and are involved in the regulation of PTEN, the mechanism of which is

discussed below in section 1.2.6 (Myers et al., 1997, Bolduc et al., 2013).

Three terminating residues at the C-terminus, Thr*®', Lys*%2 and Val*®3, denote the PDZ-motif,
a series of amino acids that permit interaction with protein interaction modules called PDZ
domains (Lee and Zheng, 2010, Teng et al., 1997, Lee et al., 1999). The PDZ-motif has strong
interactions with the phosphatase domain in the N-terminal, through both hydrogen bonding
and hydrophobic interactions, aiding correct conformation (Lee et al., 1999). Additionally, the
PDZ-motif has been reported to be important for protein-protein interactions (PPls) (Waite and
Eng, 2002, Fanning and Anderson, 1999).
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1.2.2 The Phosphatase Activity of PTEN

As introduced above, structural similarities were drawn between PTEN and protein tyrosine
phosphatases (PTPs) (Li and Sun, 1997, Li et al., 1997, Steck et al., 1997). PTEN homology
with the dual-specificity phosphatase Vaccinia H1-related (VHR) was identified in the N-
terminal domain of PTEN, with a phosphate binding (P) loop, a Tl loop and a WPD loop
(Yuvaniyama et al., 1996, Li and Sun, 1997, Lee et al., 1999). The identification of correlations
between PTEN and PTPs lead to studies investigating the phosphatase activity of PTEN
against phosphorylated protein substrates (Myers et al., 1997). Whilst PTEN was shown to
have low catalytic activity against the proteinaceous substrates tested, activity was
demonstrated against phosphorylated serine, threonine and tyrosine residues, denoting PTEN
as a dual-specificity phosphatase (DUP) (Li and Sun, 1997, Myers et al., 1997). With the
highest activity against polyGluTyr, acidic substrates were proposed to be preferred by PTEN
(Myers et al., 1997). This lead to investigations into acidic non-proteinaceous substrates,
including the landmark study determining phosphatidylinositol (3,4,5)-trisphosphate (PIPs3) as
PTEN’s physiological substrate (Maehama and Dixon, 1998). The lipid phosphatase activity
of PTEN against PIP3 gives it regulatory control over the Akt pathway and this catalytic activity
is essential for PTEN’s role as a tumour suppressor and metabolic regulator (Myers et al.,
1998, Chen et al., 2018).

PTEN mutation is present in many types of human cancer (Eng, 2003, Chalhoub and Baker,
2009). Mechanistic studies have been performed into the role of commonly mutated N-terminal
residues in the phosphatase activity of PTEN. These include the catalytic cysteine, Cys124,
as well as other surrounding residues including Asp92, Ala126, Gly129, Thr167 and lle168,
(Maehama and Dixon, 1998, Xiao et al., 2007). A systematic evaluation of the phosphatase
activity of mutated PTEN reported that 74% of the 42 missense mutations evaluated resulted
in lipid phosphatase inactivity (Han et al., 2000, Chia et al., 2010). As discussed above, Asp
92 and Cys124 are essential for both lipid and protein phosphatase activity (Xiao et al., 2007,
Denu and Dixon, 1998, Barford et al., 1998, Zhang, 2003, Chia et al., 2010). Gly129 is a
common PTEN mutation in patients with Cowden syndrome. Interestingly, while a Gly129
mutation abolishes lipid phosphatase activity, PTEN’s protein phosphatase function remains
active (Maehama and Dixon, 1998, Han et al., 2000, Waite and Eng, 2002). Studies into
substrate specificity showed the importance of Ala126, Thr167 and lle168 (Leitner et al.,
2018).

S.L. Smith, PhD Thesis, Aston University 2022. 22



Chapter 1 — Introduction

1.2.3 PTEN’s Role in the Akt Signalling Pathway

The downstream effects of PTEN’s regulation of the Akt signalling pathway have been
previously reviewed (Song et al., 2012, Lee et al., 2018, Hopkins et al., 2014). PIP; is
responsible for the positioning of Akt at the plasma membrane where it can be subsequently
activated by phosphorylation by 3-phosphoinositide-dependent protein kinase 1 (PDK1)
(Hemmings and Restuccia, 2012). PTEN downregulates the levels of the PIP; and therefore
the levels of active Akt, phosphorylated Akt (pAkt). Figure 1.2 provides context of where PTEN
acts in the cell and downstream signalling effects of Akt activation, highlighted by the blue box,

and shows the important regulatory role PTEN has on key cellular processes, such as cell

survival and metabolism.
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Figure 1.2 An overview of the metabolic and cell survival signalling pathways downstream from the action
of PTEN (reproduced with permission from Smith et al. (2021)).

The first identified substrate of Akt was glycogen synthase kinase 3 (GSK3), a highly
conserved, ubiquitous protein kinase (Cross et al., 1995, Kaidanovich-Beilin and Woodgett,

2011). Sharing 85% sequence homology, GSK3 has two isoforms, a and 3, both of which
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have a central role in a variety of signalling pathways, including some that are distinct from
the Akt pathway (Manning and Toker, 2017). GSK3 is active in under resting conditions, in the
absence of cellular stimulation, but N-terminal serine phosphorylation of GSK3 by Akt results
in inhibition (Kaidanovich-Beilin and Woodgett, 2011, Sutherland et al., 1993, Manning and
Toker, 2017). Depending on cellular status, GSK3 activates a range of downstream targets
involved in diverse pathways including apoptosis (Tip60, Mcl-1 and Bax), cell survival (NFkB)
and glycogen synthesis (glycogen synthase). Inhibition by GSK3 results in the downregulation
of downstream targets involved in proliferation (3-catenin), protein translation (elF2B) and cell
cycle progression (CycD1, Myc) (Manning and Toker, 2017, Evangelisti et al., 2020, Beurel et
al., 2015).

Forkhead Box O (FOXO) transcription factors are another target for Akt (Manning and Toker,
2017). Phosphorylation of FOXO by Akt facilitates the translocation of FOXO to the cytosol
from the nucleus, downregulating the transcription of FOXO associated gene targets (Brunet
et al., 1999). Examples of these gene targets include the pro-apoptotic proteins PUMA and
Bim, as well as those associated with the induction of cell cycle arrest, such as the cell cycle
inhibitors p27 and p21 (van der Vos and Coffer, 2010).

Mammalian target of rapamycin complex 1 (mTORC1) is activated through the inhibition of
the mTORC-1 inhibitor tuberous sclerosis complex 2 (TSC2) on phosphorylation by Akt (Inoki
et al., 2002). The removal of mMTORC1 inhibition upregulates downstream targets involved in
metabolic processes, including protein synthesis (via 4EBP and S6L1), lipogenesis and
inhibition of lipolysis (via SREBP) and glycolysis (via HIF1a) (Saxton and Sabatini, 2017,
Duivel et al., 2010, Altomare and Khaled, 2012, Porstmann et al., 2008, Caron et al., 2015).
mTORC1 regulates protein turnover through inhibition of downstream targets involved in
protein catabolism (via ULK1) and promotion of proteolysis through the ubiquitin-proteasome
system (UPS) (Kim et al., 2011, Zhao et al., 2015, Zhang et al., 2014).

The tumour suppressor p53 is a central transcription factor acting to inhibit cell proliferation
through apoptosis, cell cycle arrest, senescence and autophagy in a context dependent
manner (Zilfou and Lowe, 2009). p53 is activated through stabilisation and tetramer formation
to allow DNA binding and transcriptional activation for gene expression (Yee and Vousden,
2005). Ubiquitination and degradation of p53 is promoted by the ubiquitin ligase MDM2, which
is upregulated by Akt activation (Ogawara et al., 2002).
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1.24 The Subcellular Localisation of PTEN Determines its Physiological Role

Whilst initial studies of PTEN focused on its lipid phosphatase activity at the cell membrane
and its cytoplasmic localisation, discussed above, additional studies have identified alternative
subcellular localisations of PTEN and uncovered additional functions (Lian and Di Cristofano,
2005, Bononi and Pinton, 2015). Additional subcellular localisations include: nucleus (Liu et
al., 2005, Trotman et al., 2007), nucleolus (Li et al., 2014, Liang et al., 2017), mitochondria
(Liang et al., 2014, Zhu et al.,, 2006), endoplasmic reticulum (Bononi et al., 2013) and
extracellular (Hopkins et al., 2013, Putz et al., 2012). The regulation of PTEN’s subcellular
localisation has recently been reviewed (Liu et al., 2019). Additional translational isoforms of
PTEN have demonstrated fundamental differences in subcellular localisation and their

functional roles are discussed in detail below.

1.2.5 Isoforms of PTEN

Whilst the focus of this study is on canonical PTEN (referred to in this thesis as ‘PTEN’), there
are two alternative isoforms of PTEN: PTEN-a and PTEN-B. These differ from PTEN in both
structure and subcellular localisation. Both isoforms have additional N-terminal residues,
where PTEN-a is extended by 173 residues and PTEN-B is extended by 146 residues
(Hopkins et al., 2013, Liang et al., 2014, Liang et al., 2017). Whilst both isoforms have
additional functions related to their subcellular localisation, it has been confirmed that both
PTEN-a and PTEN- retain lipid phosphatase activity and the ability to downregulate the Akt
pathway (Liang et al., 2017). Despite this, a tumour promotor function has recently been
proposed for both PTEN-a and PTEN- after they were identified as interactors of WD repeat-
containing protein 5 (WDR5) which is a scaffold protein for histone H3 lysine 4 (H3K4)
promoting H3K4 trimethylation and the subsequent transcription of oncogenes (Shen et al.,
2019). Expression of PTEN-a and PTEN-3 was seen to accelerate tumour progression, but
on depletion of PTEN-a and PTEN-8 tumour progression was inhibited (Liang and Yin, 2019,
Shen et al., 2019). A higher sensitivity to proteasomal degradation has also been

demonstrated for both translational isoforms (Shen et al., 2019)

PTEN-a has been identified as a secreted form of PTEN (Hopkins et al., 2013). This
membrane permeable isoform of PTEN was found to exert functional tumour suppression in
recipient cells through the downregulation of the Akt pathway via its lipid phosphatase activity
(Hopkins et al., 2013). In addition, PTEN-a has been identified as co-localised with
mitochondria at the outer mitochondrial membrane and was found to have a role in the
regulation of mitochondrial function and energy metabolism (Liang et al., 2014, Wang et al.,

2018). More recently, through dephosphorylation of ubiquitin, PTEN-a was identified as an
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inhibitor of mitophagy, which is a mechanism to remove damaged mitochondria through
selective autophagy (Wang et al., 2018). In addition, a role in immune suppression has been
identified for PTEN-a leading to the promotion of immune resistance in PTEN-mutant cancer

by counteracting CD8* T cell-mediated cytotoxicity (Sun et al., 2021).

PTEN- is localised to the nucleolus and was found to regulate cellular proliferation through
the association with and dephosphorylation of nucleolin (Liang et al., 2017). The N-terminal
extension of PTEN-B is rich in arginine and arginine rich regions are often found in nucleolar-
localisation signals (Liang et al., 2017). This was proposed as the mechanism through which
PTEN- is localised to the nucleolus (Liang et al., 2017). The use of pull down assays against
PTEN- identified nucleolin as a novel interactor with a role in ribosome biogenesis (Liang et
al., 2017). The phosphorylation state of nucleolin is key to its function in the regulation of rDNA
transcription and PTEN was shown to dephosphorylate nucleolin through its protein

phosphatase activity (Liang et al., 2017).

1.2.6 Regulation of PTEN by Post-translational Modification

Phosphorylation

One method of protein phosphatase regulation is phosphorylation (Barford et al., 1998). PTEN
is a constitutively phosphorylated protein, with a C-terminal tail region rich in serine and
threonine residues (Vazquez et al., 2000). Phosphorylation sites Ser360, Thr382 and Thr383
have been denoted as sites of regulation, as on deletion of these residues PTEN activity is
increased (Vazquez et al., 2000). Recruitment of PTEN to a multimeric complex was
hypothesised to be the regulatory process by which PTEN is localised to the cell membrane,
where PIP; is located (Vazquez et al., 2001). Phosphorylation of PTEN prevents this
recruitment through conformational changes that result in ‘closed’ PTEN, masking the PDZ
binding domain and reducing interactions with PDZ-domain containing proteins (Vazquez et
al., 2001). Identification of the co-purification of protein kinase CK2 with PTEN from cells
identified CK2 as a PTEN kinase (Vazquez et al., 2001). Due to the constitutive action of CK2,
dephosphorylation of PTEN was put forward as the mechanism of regulation, switching the
conformation of PTEN from closed to open, allowing recruitment to the membrane and

subsequent access to PIP3 (Vazquez et al., 2001, Torres and Pulido, 2001).

Phosphorylation state also affects PTEN'’s stability. Transfection of cultured mammalian cells
with wild type or phosphorylation-mutants of PTEN identified that when known Ser/Thr
phosphorylation sites were mutated to alanine, the degradation of PTEN was slower in
comparison to wild type PTEN (Torres and Pulido, 2001). When the PTEN-transfected cells

S.L. Smith, PhD Thesis, Aston University 2022. 26



Chapter 1 — Introduction

were treated with both a proteasome inhibitor (MG132) and a protein kinase CK2 inhibitor
(DRB), the levels of phosphorylation of PTEN decreased whilst the levels of PTEN remained
unchanged (Torres and Pulido, 2001). These findings indicated that the phosphorylation state
of PTEN affects the degradation of PTEN and degradation of PTEN is mediated by the

proteasome (Torres and Pulido, 2001).

Ubiquitination and Small Ubiquitin-like Modifiers (SUMO)-ylation

Ubiquitination is the process by which proteins are covalently modified through the ligation of
ubiquitin, a 76 amino acid protein, to lysine residues by the action of three proteins; an
activating enzyme (E1), a ubiquitin-carrier protein (E2) and a ubiquitin-protein ligase (E3)
(Hershko and Ciechanover, 1998). Ubiquitination is an important post-translational
modification in determining the fate of a protein. Initially ubiquitination was identified as a route
for proteolytic degradation via the ubiquitination-proteasome system but important non-
proteolytic functions have since been identified (Hershko and Ciechanover, 1998, Callis,
2014). As introduced above, the proteasome was shown to have a role in the degradation of
PTEN (Torres and Pulido, 2001). This was further supported during a study of the effect of
Zn?* on the levels of PTEN and activation of the Akt pathway (Wu et al., 2003). As Zn?*
activates signalling cascades, such as the PI3K/Akt pathway, and can inhibit protein tyrosine
phosphatases, the effect of Zn** on PTEN was investigated (Wu et al., 2003, Kim et al.,
2000b). It was found that exposure of cells to Zn?*, using cultured airway epithelial cells and
in vivo in rats, gave a reduction in PTEN levels and an increase in pAkt, indicating activation
of the Akt pathway (Wu et al., 2003). Cells that were pre-treated with the proteasome inhibitor
MG132 prior to exposure to Zn?* showed no reduction in PTEN levels or increase in pAkt
levels (Wu et al., 2003). This role of the proteasome in PTEN degradation was expanded by
Wang et al. (2007) with the observation that the C-terminal domain of PTEN contains two
signature PEST motifs for proteins that are degraded by the ubiquitin pathway, as introduced
above. Co-transfection of cells with haemagluttinin (HA)-tagged ubiquitin and his-tagged
PTEN protein and subsequent pull downs against the his-tagged PTEN can show
polyubiquitination of PTEN by immunoblotting against HA (Wang et al., 2007). Isolation by
purification and subsequent mass spectrometric analysis identified NEDD4-1, a HECT-E3
ligase, as a PTEN interactor and this interaction was confirmed with co-immunoprecipitation
(Wang et al., 2007). Co-transfection of HA-ubiquitin and His-PTEN with NEDD4-1 gave an
increase in PTEN polyubiquitination and reduction of PTEN levels, which taken together
confirmed NEDD4-1 as an E3 ligase for PTEN, responsible for targeting PTEN for proteasomal
degradation (Wang et al., 2007). Since the identification of NEDD4-1 as an E3 ligase for
PTEN, several additional E3 ligases have been identified as interactors of PTEN. At the time
of writing, BioGRID details 11 different E3 ligases as interactors of PTEN, with NEDD4 and
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WWP2 as the ES3 ligases with the strongest evidence, with the highest numbers of different

publications identifying this interaction (Stark et al., 2006).

While polyubiquitination plays an essential role in the degradation of PTEN,
monoubiquitination has been found to play a role in determination of subcellular localisation
and trafficking of PTEN. Whilst a Lys289GIlu mutation did not affect the phosphatase activity
or membrane recruitment of PTEN, the PTEN mutant was excluded from the nucleus, while
wild type PTEN was found in both the cytoplasm and nucleus (Trotman et al., 2007). In vitro
ubiquitination assays identified Lys289 as a major ubiquitination site and an additional lysine
residue located in the N-terminal (Lys13) was identified as a second site of ubiquitination, also
promoting nuclear import of PTEN (Trotman et al., 2007). Monoubiquitination at these two
lysine sites was demonstrated in vivo and whilst wild type PTEN and the Lys13Glu and
Lys289GIu mutants all showed polyubiquination, there was a loss of monoubiquitination for
both the mutants (Trotman et al., 2007). When co-expressing ubiquitin with PTEN there was
an increase in the both the rate of nuclear import and the amount of nuclear PTEN (Trotman
et al., 2007). Interestingly, nuclear PTEN was not found to be ubiquitinated, which indicates
that once shuttled de-ubiquitination is required to retain PTEN in the nucleus (Trotman et al.,
2007). Taken together, these findings suggest that both Lys13 and Lys289 are key target
residues for monoubiquitination and control of nuclear import of PTEN. Further to the nuclear
import of PTEN, monoubiquitination has also been shown to have a role in the secretion of
PTEN in exosomes (Putz et al., 2012). Secreted PTEN can be internalised by neighbouring
cells and exert fully functional tumour suppression (Putz et al., 2012). Analysis of PTEN from
patient-derived glioblastoma cells revealed a high frequency of mutations that affect
localisation of PTEN to the plasma membrane and the nucleus, while catalytic activity often
remained unaffected (Yang et al., 2017). Several lysine residues (Lys13, Lys254, Lys260,
Lys263, Lys266, Lys267, Lys269 and Lys289) were tested due to previous evidence of
modification by ubiquitin or SUMO, but mutation at Lys13 was the only mutation that showed
reduced nuclear import of PTEN (Yang et al., 2017). This latest evidence contraindicates initial
statements that Lys289 is a key site for monoubiquitination and promotion of nuclear import.
Additional N-terminal sites of ubiquitination at Lys66, Lys80 and Lys289 have been identified
as potential ubiquitination sites (Gupta and Leslie, 2016). A Lys66Arg mutation resulted in an
increase of intracellular PTEN, demonstrating a link between ubiquitination at this residue and
PTEN degradation (Gupta and Leslie, 2016). It was shown through in vitro ubiquitination
assays that whilst mutation at Lys66, Lys80 and Lys289 gave some reduction in
polyubiquitination, the Lys66 mutation showed the greatest reduction (Gupta and Leslie,
2016).
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SUMO proteins are structurally similar to ubiquitin and the ligation of SUMO, known as
SUMOylation, commonly occurs at lysine residues found within a consensus motif y-Lys-X-
Asp/Glu (y: a large hydrophobic amino acid, X: any amino acid) (Rodriguez et al., 2001).
Modification of PTEN by SUMO has been demonstrated at C-terminal residues Lys266 and
Lys289 (Huang et al., 2012, Gonzalez-Santamaria et al., 2012). Mutation of Lys266 and 289
did not result in the complete ablation of SUMOylation, indicating that there are additional
lysine residues that can act as SUMO acceptors that are not present in a consensus sequence
(Gonzalez-Santamaria et al., 2012). This could be explained by the identification of Lys254
as an additional SUMOylation site (Bassi et al., 2013). SUMOylation of PTEN was found to
reduce nuclear PTEN and facilitate membrane recruitment, with Lys266 found as the critical
residue for membrane association (Huang et al., 2012, Gonzalez-Santamaria et al., 2012). A
mechanism was proposed whereby the electropositive nature SUMO-PTEN interacts with the
electronegative cell membrane (Huang et al., 2012). Lys289 has been previously identified as
a monoubiquitination site and is essential for nuclear import, as discussed above. It has been
proposed that ligation by ubiquitin and SUMO are in competition with each other and that this
could explain the accumulation of Lys266-SUMOylated PTEN in the cytoplasm and the
reduction of nuclear PTEN, as PTEN cannot therefore be monoubiqutinated (Gonzalez-
Santamaria et al., 2012, Trotman et al., 2007). In addition to Lys266 and Lys289, Lys254 has
been shown to have a role in nuclear retention of PTEN (Bassi et al., 2013). Mutation of
Lys254Glu reduced the amount of nuclear PTEN, which was recovered in the presence of a
nuclear export inhibitor suggesting that whilst this mutant can be shuttled to the nucleus it is
unable to remain there (Bassi et al., 2013). SUMOylation and ubiquitination show similarity
beyond having lysine as their target residues, as SUMOylated PTEN has been demonstrated
to accumulate on inhibition of the proteasome, suggesting that SUMOylation could also trigger

proteasomal degradation (Gonzalez-Santamaria et al., 2012)

Oxidation

In addition to phosphorylation, reversible redox mechanisms are important for the regulation
of PTEN activity (Lee et al., 2002). The phosphatase activity of PTEN relies on its nucleophilic
catalytic cysteine (Cys124) which, as introduced above, is found within PTEN’s P loop as part
of a conserved HCXXGXXR motif (Denu and Dixon, 1998, Barford et al., 1998, Xiao et al.,
2007, Chia et al., 2010). Whilst free cysteine residues have a theoretical pK, of 8.6, PTEN’s
catalytic cysteine has a calculated pKa of 4.5, which is consistent with the pKas of the catalytic
cysteines of other PTPs with the conserved HCXXGXXR motif (Lee et al., 2002). This is due
to the presence of positively charged neighbouring residues (Lee et al., 2002). When the
neutral thiol group (-SH) becomes a charged thiolate ion (-S°), under conditions in which the

pH is above the pK, of cysteine, the nucleophilicity of the cysteine increases (Roos et al.,
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2012). As such, the thiol group (-SH) of Cys124 exists as a thiolate ion (-S°) at physiological
pH (Denu and Dixon, 1998, Roos et al., 2012, Kim et al.,, 2000a). This increase in
nucleophilicity is critical for catalytic activity due to the resultant increase in reactivity with
electrophiles (Poole, 2015, Winterbourn and Hampton, 2008). Whilst facilitating the formation
of the phosphate-thiol intermediate, this increased reactivity means that PTEN’s catalytic
cysteine is also more susceptible to attack by oxidants and electrophiles, including reactive
aldehydes (Winterbourn and Hampton, 2008, Myers et al., 2011, Roos et al., 2012, Forman et
al., 2004, Forman and Torres, 2002).

Redox reactions have been implicated in regulation of PTEN activity. Exposure to hydrogen
peroxide (H20:) causes both time- and dose-dependent inactivation of PTEN’s catalytic
activity (Lee et al., 2002). On exposure to an oxidant, such as H2O, the thiolate ion is oxidised
to sulfenic acid (-SOH) which is then able to form disulfide bonds with proximal cysteines,
which for PTEN is its resolving cysteine, Cys71 (Lee et al., 2002, Leslie et al., 2003). Whilst
this inactivates PTEN, the disulfide bond can be reduced and the activity of PTEN can be
recovered (Lee et al., 2002). This reversible disulfide bond prevents PTEN from becoming
further oxidised to sulfonic acid (—-SOszH), which can be irreversible (Lim et al., 2008). The
formation a reversible intramolecular disulfide bond is proposed to be a protective mechanism
that can prevent this overoxidation. Treatment of PTEN with 1 mM H2O: resulted in an increase
in cellular PIP3 levels, indicating that PTEN is inhibited by oxidation and thus uncovering a
redox regulatory mechanism (Leslie et al., 2003). Endogenous production of H.O. by
stimulation of mammalian cells with growth factors, such as EGF and PDGF, has also been
shown to increase the amount of pAkt alongside the detection of oxidised PTEN and a loss of
phosphatase activity (Kwon et al., 2004). Oxidised PTEN was also detected after stimulation
of mammalian cells with lipopolysaccharide (LPS) and phorbol 12-myristate 13-acetate (PMA),
where acute exposure of both resulted in the endogenous production of oxidants (Leslie et al.,
2003). However, it is worth noting that the authors stated that stimulation with either treatment
alone did not always produce a statistically significant increase in the level of oxidised PTEN
(Leslie et al., 2003).

Hypochlorous acid has also been shown to cause oxidative modifications to PTEN on key
residues for activity. Whilst a low-level exposure had a reversible effect on PTEN’s activity,
this was unrecoverable when the levels of HOCI were increased to >60:1 molar ratio of
HOCI:PTEN. HOCI modification of C-terminal domain residues was detected in aggregated
PTEN, indicating modification of these residues caused destabilisation of PTEN’s
conformation (Verrastro et al., 2018). Additional effects of the HOCI exposure included

chlorination and hydroxylation modifications (Verrastro et al., 2018). Other oxidants that have
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been shown to modify PTEN include reactive nitrogen species, such as CSNO and NO (Kwak
et al., 2010, Yu et al., 2005).

Thioredoxin plays a major role in the reduction and re-activation of PTEN, and has been found
to be more efficient than glutaredoxin through co-immunoprecipitation of both proteins with
PTEN and exposure to either thioredoxin or glutaredoxin inhibitors (Lee et al., 2002). There
was a delay in reduction of oxPTEN on exposure to the thioredoxin inhibitor but not the
glutaredoxin inhibitor, indicating that thioredoxin is a lead reductant for PTEN (Lee et al.,
2002). The relationship between thioredoxin and PTEN has since been evidenced further
(Meuillet et al., 2004, Schwertassek et al., 2014, Song et al., 2007, Sadeghirizi et al., 2016).
Peroxiredoxin-1 is another reductant that has been shown to form a complex with PTEN and
has been seen to protect PTEN'’s phosphatase activity during mild oxidative stress (Cao et al.,
2009). On exposure to high levels of oxidative stress, this protection was lost and a decrease
in interaction was identified between peroxiredoxin-1 and PTEN (Cao et al., 2009). The redox
regulation of PTEN has been previously reviewed (Zhang et al., 2020, Nguyen Huu et al.,
2021).

Lipoxidation

Reactive aldehydes have been shown to inactivate PTEN and the effect on the Akt pathway
has previously been investigated in vitro, in cellulo and in vivo with a mouse model (Shearn et
al., 2011, Covey et al., 2010, Shearn et al., 2013). MCF-7 and HEK-293 cells were treated
with 10 pM reactive carbonyls, including 4-HNE, acrolein and cyclopentenone-biotin
analogues (Covey et al., 2010). Covalent modification of PTEN was demonstrated by selective
tagging of oxidised or carbonylated thiols (Covey et al., 2010). Detection of carbonylated
PTEN was achieved by labelling oxidised or carbonylated thiols with NEM-biotin before
isolation of modified protein by precipitation with NA-beads and subsequent western blot
detection of PTEN (Covey et al., 2010). As stated by the authors, a limitation of this technique
is that there is no distinction between carbonylation or oxidation of residues (Covey et al.,
2010). Additionally, the proposed vulnerability of Cys124 for alkylation due to its nucleophilicity
could not be investigated as the modifications could not be mapped to specific residues.
However, this experimental approach does demonstrate that cells can take up exogenous [3-
enones and that this exposure results in the modification of several intracellular proteins,
including PTEN (Covey et al., 2010). The effect of two cyclopentenone-biotin analogues on
PTEN’s activity was inferred through analysis of the levels of pAkt, where inactivation of PTEN
would result in an increase in cellular pAkt due to the loss of PTEN downregulation of the
levels of PIPs;. Time- and dose-dependent suppression of PTEN’s downregulation of the Akt

signalling pathway was seen on treatment of cells with 2-20 uM of the cyclopentenone-biotin
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analogue, A12 PGJ-biotin, with the 20 uM treatment taken forward for an additional time-
course experiment for 10-120 minutes (Covey et al., 2010). This suppression was
demonstrated by an increase in the levels of pAKT, detected by western blotting and
expressed as a function of total Akt (Covey et al., 2010). Downregulation of the levels of pAkt
was recovered on inhibition of the kinase activity of PI3K (Covey et al., 2010). Time-
dependent suppression of Akt by acrolein and 4-HNE treatment was also demonstrated, but
dose-dependent suppression was not tested (Covey et al., 2010). Isolation of PTEN from
treated cells showed inactivation of its phosphatase activity to various degrees, where
treatment with 1 uM of the electrophilic PG-analogues demonstrated a similar inhibition to the
treatment of 10 uyM of the two electrophilic reactive aldehydes, acrolein and 4-HNE, and
exposure to the non-electrophilic PG-analogue showed minimal inhibition of activity (Covey et
al., 2010). An increase in pAkt was accompanied by an increase in Akt-dependent proliferation
for 5 and 10 yM A12 PGJ2-biotin, demonstrating its effect on cellular proliferation (Covey et
al., 2010).

Additional studies have focused on the effect of 4-HNE exposure on PTEN, with a small
amount of additional data on the effect of acrolein (Shearn et al., 2011, Shearn et al., 2013).
These two studies sought to further investigate the link between oxidative stress and lipid
metabolism, of which PTEN is a central regulator. In line with the focus of this thesis, this
section will discuss only the data attempting to characterise the effect of lipoxidation on the
structure and activity of PTEN. However, it is worth noting that these authors also used in
cellulo techniques to demonstrate the accumulation of lipids in hepatocytes and in vivo
techniques with mouse models to demonstrate the effect of reactive aldehydes from chronic
ethanol administration as a model for alcoholic liver disease (Shearn et al., 2011, Shearn et
al., 2013). As with the previous study from Covey et al. (2010), the initial study by Shearn et
al. (2011) analysed the effect of exogenous treatment of whole cells on the Akt pathway by
probing for pAkt and total Akt by Western Blot. Shearn et al. (2011) assessed the effect of
increasing concentrations of 4-HNE (0-100 pM) on the amount of pAkt, for both
phosphorylation states pSerd473 and pSer473/pThr308, and the highest concentration of 4-
HNE (100 uM) was taken forward for time course analysis from 5 to 120 minutes. There was
an increase in the amount of both forms of pAkt as the concentration of 4-HNE increased and
whilst there was an initial increase as the time of exposure increased, this plateaued after 30
minutes (Shearn et al., 2011). An advantage of the study by Shearn et al. (2011) over the
study by Covey et al. (2010) is that the effect of the exogenous 4-HNE treatment on the amount
of ROS was investigated, eliminating any cross-attribution of ROS-mediated inhibition of
PTEN’s regulation of the Akt pathway, which was important as 4-HNE has previously been

shown to increase intracellular ROS levels. By quantifying the amount of intracellular PIP3 in
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addition to the levels of pAkt, Shearn et al. (2011) demonstrated targeted analysis on the effect
of 4-HNE exposure on PTEN'’s activity in cellulo. As would be expected from the increase in
pAkt, cellular treatment with 4-HNE gave a statistically significant increase in the levels of
PIP3, and as the physiological substrate of PTEN this increase suggests an inactivation of
PTEN’s phosphatase activity. Carbonylation of PTEN in cellulo was demonstrated on
exogenous treatment of cells with 100 yM 4-HNE using the same pull-down approach used
previously by Covey et al., (2010) (Shearn et al., 2011). In vitro analysis confirmed reduction
of PTEN’s phosphatase activity and adduction of PTEN by 4-HNE was evidenced with both
western blot and MALDI-TOF mass spectrometry (Shearn et al., 2011). However, the use of
intact mass analysis and MALDI-TOF meant only a mass shift for a single adduction was
detected, due to the limits of the instrument resolution at this m/z ratio, and this could not be

mapped to any specific residue (Shearn et al., 2011).

The use of proteomic digestion and tandem mass spectrometry (LC-MS/MS) identified specific
sites of modification that could be mapped to the structure of PTEN (Shearn et al., 2013).
Several cysteine and lysine residues were found to be modified after exposure of PTEN to 4-
HNE at a 1:1 and 10:1 ratio of 4-HNE:PTEN, but no modification to the catalytic cysteine was
identified. The application of computational modelling identified a potential mechanism of
inhibition of catalytic activity by stearic hindrance of the active site by the 4-HNE adduct on
the resolving cysteine, Cys71, or inhibition of C2 domain on modification of Lys327 (Shearn
et al., 2013). The LC-MS/MS data from the initial digestion of 4-HNE-treated PTEN with trypsin
resulted in a long Cys124 peptide as there was no cleavage at Lys102, which is followed by
Pro103, due to the Keil rule where trypsin does not cleave at lysine residues that are
proceeded by a proline residue (Keil, 1992). This results in a peptide of 41 residues that is
difficult to detect due to its large size, requiring multiple charge states to bring the mass to
within the data acquisition parameters of the study. Double digestion with trypsin/chymotrypsin
was used to try to increase the sequence coverage of the active site, where chymotrypsin
cleaves preferentially at Trp, Tyr and Phe residues, and whilst a Cys124 peptide was detected
in the untreated control, this peptide was not detected in in the 4-HNE-treated sample (Shearn
et al., 2013). The authors hypothesised that this could be due to an alternative post-
translational modification to Cys124 or due to the modification of surrounding proximal lysine
residues by 4-HNE resulting in a missed cleavage. The vulnerability of Cys124 to modification
by electrophiles, and the increased vulnerability of cystine residues in comparison to lysine
residues, suggests that it would be preferentially modified in favour of any proximal lysine
residues. The issue of unrecognisable peptides due to modified lysine missed cleavages could
be mitigated by using less stringent peptide search parameters to increasing the number of

missed cleavages allowed. Whilst this may increase the number of false positives, it could
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have given an idea as to the likelihood of additional missed cleavages as an explanation to
the lack of detection of Cys124. Several residues across the structure of PTEN were identified
as modified by 4-HNE and, in an attempt to characterise residue vulnerability, Shearn et al.
(2013) carried out a time-course experiment using a 10:1 ratio of 4-HNE to PTEN to provide
a molar excess of treatment. However, utilising a lower range of treatment concentrations may
have provided more targeted evidence to the most vulnerable sites of modification, as this
would have provided information on the residues that are modified first in the presence of a
limited amount of 4-HNE. Adduction of 4-HNE to endogenous PTEN was demonstrated on
PTEN immunoprecipitation from cellular lysates with western blotting and further
characterisation to map the in cellulo modifications using LC-MS/MS was attempted, but no
PTEN peptides were detected which was attributed to an insufficient amount of protein
(Shearn et al., 2013).

The role of spermine oxidase (SMOX) and myeloperoxidase (MPQO) in acrolein production and
the effect on PTEN has also been investigated (Al-Salihi et al., 2015, Uemura et al., 2017).
On induction of acrolein production, both Al-Salihi et al. (2015) and Uemura et al. (2017)
identified acrolein adduction of PTEN and a corresponding increase in pAkt. A recent paper
has been published on the general effect of acrolein on cells and its contribution to
tumourgenesis outside of the specific context of PTEN, where acrolein was seen to induce

oncogenic transformation through activation of the Akt pathway (Tsai et al., 2021).

1.2.7 PTEN'’s Interactome

As is highlighted above, protein-protein interactions are essential to many facets of PTEN
regulation. In addition to specific investigations into single interactors, global interactome
studies have identified an even broader range of interacting proteins, from primary to
secondary interactors. The BioGrid identifies, at the time of writing, 476 published physical
interactions for PTEN (Stark et al., 2006). There are 7 previously published high-throughput
studies of PTEN’s interactome (Gorbenko et al., 2004, Herlevsen et al., 2007, Crockett et al.,
2005, Gorbenko et al., 2010, Gunaratne et al., 2011, Maddika et al., 2011, Verrastro et al.,
2016). In each of these cases, techniques such as the yeast2hybrid assay or pull-down assays
have identified a large number of potential primary or secondary interactors, from 12-400 per
study (Herlevsen et al., 2007, Gorbenko et al., 2010). However, far fewer of these interacting
proteins, between 1 and 4 for each study, were validated and physiological functions
hypothesised. We have recently published a review evaluating the approaches that were used

in these studies to investigate the protein interactome of PTEN (Smith et al., 2021).
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Redox plays an important role in the regulation of PTEN and oxidative post-translational
modifications can alter critical resides for conformation and catalysis. Of the 7 interactome
studies mentioned above, one investigated the effect of oxidative modification on the
interactome of PTEN (Verrastro et al., 2016). This is an important investigation as key
regulators of PTEN interact with PTEN in an oxidation-dependent manner (Verrastro et al.,
2016). Recombinant PTEN was expressed with a glutathione-S-transferase (GST) tag, and
the recombinant protein was purified and was subsequently used as bait, with and without
prior treatment with H>O3, in a pull down assay to isolate interacting proteins (Verrastro et al.,
2016). Tandem mass spectrometry was used to identify any changes in the interactome on
oxidation; 97 total potential interactors were identified with 14 found to vary with oxidation state
(Verrastro et al., 2016). 4 primary interactors were validated using western blot analysis with
peroxiredoxin 1 (Prdx1), thioredoxin and annexin A2 (Anxa2) interactions varying with
oxidation state (Verrastro et al.,, 2016). DNA damage binding protein 1 (DDB1) was also
validated as a novel interactor, however there was no difference in binding with redox state
(Verrastro et al., 2016).

1.3 Aims and Hypotheses

Previous studies into the effect of lipoxidation on the activity and structure of PTEN have
focused on 4-HNE and cyclopentenones, although some preliminary data for acrolein has
been published. Covey et al. (2010) demonstrated inhibition of phosphatase activity on
exogenous treatment of cells with acrolein and modification of endogenous PTEN was
detected by western blot, but no further characterisation has been attempted. This could
include time- or dose-dependent investigations into the effect on PTEN’s phosphatase activity
and mapping of modifications to the structure of PTEN using LC-MS/MS. The effect of
lipoxidation on the protein interactions of PTEN has not been investigated but a previous
oxidation study provides a theoretical framework for the potential of lipoxidation to affect
interactions as well. This thesis aims to build upon previous efforts to investigate the effect of

lipoxidation on PTEN.

1.3.1 Research Aim 1: Characterise the Effect of Acrolein on PTEN’s Phosphatase
Activity

Section 1.2.6 introduced the previous studies into how modification of PTEN by reactive

aldehydes affects its catalytic activity and these studies have included the use of both in vitro

and in cellulo techniques. The previous evidence for the inactivation of PTEN by acrolein is

from exposure of PTEN to a single concentration of acrolein for a defined treatment time where

a reduction in activity was seen (Covey et al., 2010). Whilst exposure of PTEN to 4-HNE has
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shown a time-dependent loss of activity in vitro and a dose-dependent loss of activity in cellulo
(Shearn et al., 2011), this has not been tested for acrolein. Both acrolein and 4-HNE possess
a reactive aldehyde group through which they can modify proteins and as such it was
hypothesised that acrolein’s effect on PTEN’s activity would mirror the time- and dose-
dependent inactivation seen by 4-HNE. Whilst previous studies investigating the effect of
reactive aldehydes on the activity of PTEN have used an in vitro phosphatase assay with
PTEN’s physiological substrate PIP3;, 3-O-methylfluorescein phosphate (OMFP) is a
phosphorylated artificial substrate that has been successfully used to quantify the effect of
oxidation on PTEN’s activity for two reactive oxygen species, hydrogen peroxide and
hypochlorous acid (Covey et al., 2010, Shearn et al., 2011, Verrastro et al., 2016, Verrastro et
al., 2018). Studies characterising the phosphatase activity of PTEN demonstrated that whilst
PTEN’s activity was highest for PIP3, PTEN can also dephosphorylate proteinaceous and
artificial substrates (Myers et al., 1997, Maehama and Dixon, 1998, Mak and Woscholski,
2015). In cellulo approaches have included the application of exogenous reactive aldehydes
to whole cells, before precipitation of endogenous PTEN and subsequent analysis of the
phosphatase activity of the isolated PTEN in vitro or the measurement the amount of pAkt
(Covey et al., 2010, Shearn et al., 2011, Shearn et al., 2013).

The first objective was to quantify the effect of acrolein directly using an in vitro activity assay
with recombinant PTEN using OMFP as a substrate. This required the overexpression and
purification of a recombinant PTEN protein before treatment in vitro with increasing
concentrations of acrolein from 0.2:1 to 10:1 acrolein:PTEN for 10 minutes, 1 hour and 4
hours. By using increasing concentrations of acrolein and increasing the exposure time, both
the time- and dose-dependency of inactivation could be quantified. The second objective was
to assess the effect of acrolein in cellulo by treating mammalian cells with exogenous acrolein
and detecting any changes in the amount of pAkt in reference to the total amount of Akt.
Sublethal concentrations of acrolein would first be established using a cell viability assay
before application of increasing acrolein concentrations to whole cells and measurement of
the amount of pAkt and Akt from the cell lysates, using a housekeeping protein, a,B3-tubulin,
as a loading control. The key advantages to the in vitro treatment of recombinant PTEN in
comparison to the in cellulo approach, is the ability to apply treatments in a defined ratio and
to monitor the effect of acrolein modification of PTEN in a targeted manner without any
potential interference by other cellular effects of the acrolein treatment. However, this could
also be seen as a disadvantage as that the treatment does not take place within the
physiological context of the cell. Monitoring the amount of pAkt as a way to demonstrate the
inactivation of PTEN is well established by its use in numerous published studies, and whilst

western blotting is not a quantitative technique, the use of image software allows quantification
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of the intensity of the individual target bands which can then be compared across different
treatments. Care must be taken when attempting to quantify any changes in pAkt that the
cellular load of each lane on the gel is equivalent for each treatment, and confidence can be
increased by normalisation of the target band intensity to the intensity of a housekeeping
protein before quantifying the amount of pAkt as an expression of the amount of total Akt. This
aim to characterise the inactivation of PTEN is linked to the next aim to identify modification
sites using of SDS-PAGE and LC-MS/MS, which may shed light on the mechanism of

inactivation by acrolein.

1.3.2 Research Aim 2: Characterise the Effect of Acrolein on PTEN’s Structure

The presence of the same reactive aldehyde group in both 4-HNE and acrolein means that
the two lipid oxidation products are likely to modify similar residues on the same protein.
Previous mapping of the 4-HNE modification sites for PTEN has identified several vulnerable
cysteine and lysine residues across the structure of PTEN (Shearn et al., 2013). As discussed
in section 1.1.2, cysteine residues are the most vulnerable amino acids to modification by
acrolein, with lysine and histidine residues requiring higher treatment concentrations or longer
treatment times (Stevens and Maier, 2008, LoPachin et al., 2009, Cai et al., 2009, Myers et
al., 2011). The first hypothesis was that cysteine residues would be modified first, appearing
at the lowest treatment concentrations, with lysine modifications appearing at higher treatment
concentrations. The second hypothesis was that the catalytic cysteine would be particularly
susceptible to modification as it has a higher nucleophilicity, as discussed in section 1.2.6, and
would be expected to be the most reactive to electrophiles such as acrolein (Winterbourn and
Hampton, 2008, Forman et al., 2004). This matches the previous hypothesis by Shearn et al.
(2013) for PTEN and 4-HNE. The third hypothesis was that due to the smaller size of acrolein
in comparison to 4-HNE, it was thought that acrolein may also be able to modify less
accessible residues. Finally, it was hypothesised that as the treatment concentrations
increased, the likelihood of cross-linking would increase due to the increased number of
modifications as the acrolein adduct’s carbonyl group can further react with neighbouring
lysine residues (Burcham et al., 2007). There would also be an increased risk of aggregate
formation as the number of modifications increases due protein unfolding from an increase in
hydrophobicity on the introduction of additional carbonyl groups (Spickett and Pitt, 2020). The
first attempt to further characterise the modification of PTEN by 4-HNE beyond western
blotting used matrix-assisted laser desorption ionisation/time of flight (MALDI-TOF) mass
spectrometry for intact mass analysis (Shearn et al., 2011). Whilst this approach confirmed
the adduction of PTEN by 4-HNE through detection of a 156 Da mass shift, there was no

further information on the site of modification. Expansion to tandem mass spectrometry with
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electrospray ionisation mapped the sites of 4-HNE modification to residues across the
structure of PTEN (Shearn et al., 2013).

The first objective was to visualise the acrolein-treated protein from each time-point using
SDS-PAGE to identify the profile of cross-linking and aggregation. The second objective was
to analyse the PTEN bands to map modifications using in-gel digestion with trypsin and LC-
MS/MS analysis. Whilst western blotting has previously been used to identify modification of
endogenous PTEN isolated from acrolein-treated cells, this is not required to analyse the
profile of crosslinking where an overexpressed recombinant protein is purified and treated in
vitro. Whilst SDS-PAGE cannot confirm any modification at the monomeric band, as the shift
in molecular weight on adduction with acrolein would not be detectable, it can identify potential
cross-links with the appearance of bands at 2(+) times the molecular weight of monomeric
PTEN. Coupling the SDS-PAGE with LC-MS/MS would allow confirmation of modification at
the monomeric band with the advantage over western blotting alone that the modification can
also be mapped. Trypsin is a gold standard protease for proteomics as the average size of
the resultant peptide falls within the ideal range for fragmentation and its cleavage at the C-
terminal of Arg and Lys residues results in a positive charge at the C-terminus of the peptide,
which is advantageous for LC-MS/MS separation and identification (Tsiatsiani and Heck,
2015). As the expected sites of modification are Cys, Lys and His residues, the disadvantage
of using trypsin for protein digestion is that it preferentially cleaves at Lys and Arg residues.
Modification to a Lys residue would result in a missed cleave, which may lead to larger
resultant peptides which could be difficult to analyse by LC-MS/MS. This limitation would be
exacerbated at higher treatment concentrations where lysine modifications would be more
likely to occur. Despite the ability to map the modifications to specific residues for different
treatment concentrations, it is likely that there will be different proteoforms in each band with
a different population of modifications, but due to the resultant mixed peptide pool from each
SDS-PAGE band it would not be possible to differentiate which modifications occurred
together on a single protein. This second aim is linked to the third and final aim to identify
changes in PTEN’s interactome on acrolein modification as it is required to know the profile
and extent of modification to choose conditions under which PTEN is sufficiently modified that
changes in interactions might be expected, but not so modified that the protein becomes

unfolded, which could result in non-physiological interactions.

1.3.3 Research Aim 3: Characterise the Effect of Acrolein on PTEN's Interactions
Due to the structural changes that are likely to occur on adduction of PTEN by acrolein, based

on the previous data from 4-HNE, it was hypothesised that the introduction of acrolein
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modifications may facilitate or inhibit interactions through changes to an interaction site or
overall conformation. Low-data content studies, using approaches such as co-
immunoprecipitation, are hypothesis-driven and are suitable for in depth characterisation of a
known interaction. High-data content studies, such as the yeast2hybrid (Y2H) assay or affinity
pull down (APD) assay, are suited for broader interactome investigations and result in the
generation of new routes of investigation (Smith et al., 2021). APD involves the immobilisation
of a bait protein and capture of potential interactors on exposure to a pool of prey proteins
which can then be identified by LC-MS/MS (Louche et al., 2017). The Y2H assay relies on the
introduction of two functional domains of a single transcription factor which are brought
together on the interaction of two fusion-proteins to produce an observable effect (Fields and
Song, 1989). Both techniques have previously been used to study PTEN'’s interactome
(Gorbenko et al., 2004, Herlevsen et al., 2007, Crockett et al., 2005, Gorbenko et al., 2010,
Gunaratne et al., 2011, Maddika et al., 2011, Verrastro et al., 2016). Co-immunoprecipitation
relies on a similar chromatographic concept, but the bait is precipitated from the same
environment as the prey before confirmation of protein identity with western blotting. This
technique has been used to confirm potential PTEN interactors identified by APD and Y2H
(Ahn et al., 2008, Gunaratne et al., 2011, Maddika et al., 2011, Gorbenko et al., 2010).

The first objective was to characterise the effect of acrolein on PTEN’s interactions by
performing an APD assay with an in vitro lipoxidation treatment step for global interaction
analysis of the effect of acrolein on the interactions of PTEN. The second objective was to
take forward an interesting candidate that showed a change in interaction for acrolein-treated
PTEN and validate the interaction in cellulo using co-immunoprecipitation. APD has previously
been used to investigate the effect of oxidation on the interactome of PTEN (Verrastro et al.,
2016). Due to the chromatographic nature of APD, different buffers can be easily introduced
and removed and as such it is well suited to the incorporation of a treatment step, as was
required for this study. It is worth considering that lipoxidation has been shown to alter the
subcellular localisation of proteins and changes in localisation are likely to facilitate changes
to interactions due to the differences in proximal proteins (Zorrilla et al., 2019). This effect
would not be identified by an in vitro interaction study as the pool of prey is a mixed cell lysate
homogenate, with no distinction of subcellular localisation. An in cellulo APD approach would
address this limitation but adds complication to the analysis as both the bait and prey would

be modified.
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Chapter 2 — General Materials and Methods
21 Materials

All materials were purchased from Merck, ThermoFisher or FisherScientific, unless otherwise
stated. HCT-116 cells were obtained from Rudiger Woscholski’s lab at Imperial College

London.

2.2 Mammalian Cell Culture

All processes relating to cell culture, with the exception of microscopy, cell counting with a
haemocytometer and cell lysis, were performed using aseptic technique under a laminar flow
hood. For maintenance of the cell line and cell harvest, all reagents were pre-warmed to 37°C

prior to use. For cell lysis, all reagents were pre-cooled on ice.

221 Thawing, Subculture and Cryopreservation of HCT-116 cells

HCT-116 cells were thawed by gentle agitation in a 37°C waterbath before centrifugation at
125 x g for 5 minutes at RT. The pellet was gently resuspended in 500 ul of complete McCoy’s
5a media (McCoy’s 5a with 10% (v/v) fetal bovine serum (FBS), 100 U/ml penicillin and 100
ug/ml streptomycin) before further dilution to 10 ml. The cells were transferred to a 25cm? flask
and incubated in a humidified incubator at 37°C with 5% CO.. Once the cells reached 75-80%

confluence they were expanded to a 75 cm?.

To maintain the cells, once they had reached approximately 75-80% confluence they were
subcultured. The old media was aspirated and the cells were washed twice with PBS (10 mM
Na;HPO4, 1.8 mM KH2PO., 137 mM NaCl and 2.7 mM KCI, pH 7.4). The cells were then
incubated with 1X trypsin-EDTA (0.5 mg/ml trypsin with 0.2 mg/ml EDTA pH 7.0-7.6) (Merck,
UK) in PBS for 5 minutes at 37°C, as per the volumes in Table 2.1. The trypsin was inactivated
with an equal volume of McCoy’s 5a Complete media and the cells were resuspended. For
general maintenance of the cell line, the cells were diluted between 1:8 and 1:12 with complete
McCoy’s 5a media, depending on the cell density, before final addition of McCoy’s 5a

Complete media to the flask as per the volumes in Table 2.1.

For cryopreservation, the cells were washed with PBS, detached with trypsin as above and
diluted to 2.5 x 10° cells/ml in freezing medium (5% dimethyl sulfoxide (DMSO) in FBS). 1 ml
aliquots were prepared in cryovials, before freezing overnight at -80°C using a MrFrosty
Freezing Container with RT isopropanol. The aliquots were then transferred to the vapour

phase of liquid nitrogen for long term storage.
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Table 2.1 Cell Culture Volumes

Reagent Volume (ml)

Flask
Size Trypsin .
(cm?) PBS Trypsin Deactivation F":v?;;-i(;tal
with Media
25 2 2 2 7.5
75 5 5 5 25
150 10 10 10 50

2.2.2 Cell Count and Viability Assessment

Cell number and viability was determined by counting cells stained with trypan blue. 50 pl of
a cell suspension was mixed with 50 ul of 0.1% Trypan Blue and 10 pl was applied to the
haemocytometer. The number of phase bright (live) cells was then taken as a percentage of
the total cells (live + dead (blue cells)) to calculate the cell viability. The cells were then diluted

in the appropriate buffer or media to the desired concentration.

2.2.3 Mammalian Cell Harvest

The cells were grown to 75-80% confluence before harvesting, as per section 2.2.1. The
detached cells were pelleted by centrifugation at 125 x g for 10 minutes at RT and the pellet
was washed twice in PBS to remove any excess media and trypsin. The cells were diluted in
PBS to a concentration of 5 x 108 cells/ml and 1 ml aliquots were pelleted at 1000 x g for 10
minutes at 4°C. The pellets were frozen at -80°C for future use or lysed for immediate use as

per section 2.2.4.

2.24 Mammalian Cell Lysis

When the cell pellet was frozen, the cells were thawed on ice prior to lysis. When the cell pellet
was not frozen, the cells were placed on ice prior to lysis. 250 yl mammalian lysis buffer (25
mM NaPO4 pH 7.4 with 150 mM NaCl and 1% Triton X-100 and 5% glycerol) with 10 pl 25X
protease inhibitor cocktail without EDTA (PIC) was added per 5 x 10° cells/ml cell pellet. The
cell pellet was homogenised by resuspension with a 1 ml syringe and needle. The cells were
incubated on an end-over-end rotator for 30 minutes at 4°C. The lysate was centrifuged at
13,000 x g for 10 minutes at 4°C and the supernatant was carefully aspirated and transferred
to a pre-cooled tube. The lysate was quantified using the bicinchoninic acid (BCA) assay as

per section 2.3.2.
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2.3 Protein Detection and Analysis

2.3.1 Molecular weight and extinction coefficient determination

The nucleotide sequence of the open reading frame for PTEN-V5-His was converted to an
amino acid sequence using SnapGene software. The amino acid sequence was analysed
using the ExPASy Protein Parameter software to determine the estimated molecular weight
and extinction coefficient (Artimo et al., 2012). For PTEN-V5-His, the molecular weight was

52 kDa and the extinction coefficient was 93,500.

2.3.2 Protein Quantification
For purified protein, the Nanodrop 2000 was used for protein quantification. For more complex
protein samples, such as those from cell lysates or purification processing samples, a Bradford

or BCA assay was used.

Using the protein settings of a Nanodrop 2000, and taking into account the theoretical
molecular weight and extinction coefficient of the target protein, the absorbance at 280 nm
was determined for each purified sample in duplicate or triplicate and converted to protein
concentration. For protein purification samples, which were complex mixtures of proteins in
the presence of a reducing agent, the fractions were quantified using a Bradford assay using
the Pierce™ Coomassie Plus (Bradford) Assay Reagent (ThermoFisher Scientific, UK)
according to the manufacturer’s instructions for a 96-well plate format. Briefly, 300 pl of the
Bradford reagent was added to 10 ul of sample, before incubation for 10 minutes at RT and
measurement of absorbance at 595 nm. For mammalian lysate samples, where there was a
complex mixture of proteins in the presence of detergent, the protein was quantified using the
Pierce™ BCA Protein assay kit (ThermoFisher Scientific, UK) in a 96-well plate format,
according to the manufacturer’s instructions. Briefly, the mammalian cell lysates were diluted
1:5 and 1:10 in 1X PBS in a final volume of 25 ul before addition of 200 ul of working BCA
reagent. The plate was mixed and incubated at 37°C for 30 minutes before cooling to RT for
10 minutes and the absorbance was measured at 562 nm. For affinity pull down assay
fractions, where the protein concentration was low, the enhanced cuvette-based BCA protocol
was used, where 100 pl of sample was mixed with 2 ml of the working BCA reagent and heated

at 60°C for 2 hours before cooling to RT and measurement of absorbance at 562 nm.

For each of the assays, a standard curve using bovine serum albumin (BSA) was created by
diluting a 2 mg/ml stock of Pierce™ BSA Standard (ThermoFisher Scientific, UK) in PBS to
the following concentrations: 2000, 1500, 1000, 750, 500, 250, 125 and 25 ug/ml. For each

sample in a different buffer, a blank was included where 25 pl of sample buffer was used in
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place of the unknown sample, diluted as appropriate, in triplicate. To estimate the protein
concentration, the absorbance of the appropriate sample buffer blank was subtracted from the
absorbance of the unknown sample. Using the standard curve, the blank-adjusted absorbance
was converted to protein concentration. Where two different sample dilutions were used, an

average was taken.

2.3.3 Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE)

Polyacrylamide gels were prepared at with 4.5 ml of 8, 10 or 12% resolving gel overlayed with
a 4% stacking gel. The composition of the resolving gel was 375 mM Tris pH 8.8 with 1%
sodium dodecyl sulfate (SDS), 0.1% tetramethylethylenediamine (TEMED) and 0.1%
ammonium persulfate (APS). The composition of the stacking gel was 126 mM Tris pH 6.8
with 1% SDS, 0.1% TEMED and 0.1% APS. To store, the cast gels were individually wrapped

in damp paper towel before sealing with clingfilm and storing at 4°C.

For purification analysis, protein samples were prepared on the basis of volume for crude, un-
purified protein samples and on the basis of concentration for purification protein samples. For
mammalian cell lysate quantification, the protein samples were prepared on the basis of
concentration. For reducing samples, proteins were diluted 1:1 in 2X reducing Laemelli loading
dye (125 mM Tris-HCI pH 6.8 with 4% SDS, 20% glycerol, 10% B-mercaptoethanol with
0.004% bromophenol blue) (Merck, UK) and heated at 95°C for 5§ min. For non-reducing
samples, proteins were diluted 1:1 in 2X non-reducing loading dye (62.5 mM Tris-HCI pH 6.8
with 2.5 % SDS, 10 % glycerol and 0.002 % bromophenol blue) and heated at 72°C for 10
minutes. Prior to adding the samples, the wells flushed with running buffer (25 mM Tris pH 8.3
with 192 mM glycine and 0.1% SDS) using a 200 pl pipette. 5 yl of molecular weight ladder
was added to one lane of the gel and the protein samples were loaded onto the gel. The gel
was run at 50V for 30 minutes until the loading dye had run through the stacking gel. The
voltage was then increased to 100V for 1.5 hours until the dye front had reached the bottom

of the gel.

The polyacrylamide gel was stained with Coomassie Stain (0.1 % (w/v) Coomassie Brilliant
Blue in 40 % (v/v) methanol with 10 % (v/v) glacial acetic acid) for 1 hour at RT and 50 rpm
before destaining overnight with 7.5% acetic acid with 10% ethanol. Alternatively, the
polyacrylamide gel was stained with PageBlue™ Protein Staining Solution (ThermoFisher
Scientific), as per manufacturer instructions, for 1-18 hours at RT at 50 rpm before destaining

overnight in water. The gel was imaged using the GBox imaging system and GeneSys
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software (Syngene, UK). For purity analysis, ImageJ software was used with a light

background subtraction and 50 rolling pixels.

2.3.4 Western Blot Analysis

All wash steps were performed at 50 rpm at RT unless otherwise stated. The SDS-PAGE gel
was washed in ice-cold transfer buffer (25 mM Tris with 190 mM glycine and 20% methanol)
for 10 minutes. PVDF membrane was activated in methanol for 1 minute before washing with
ice-cold transfer buffer for 10 minutes. The gel was transferred using the MiniBlot system
(BioRad, USA) at 100 V for 60 minutes on ice, or 30 V for 18 h at 4°C. The membrane was
stained with Ponceau Stain (0.1% Ponceau Red in 7.5% acetic acid) for 5 minutes before
destaining in Type 2 H,O for 1 minute and imaging to check for effective transfer. The
membrane was completely detained in TBS-T (20 mM Tris pH 7.5 with 150 mM NaCl and
0.1% Tween-20) for 5 minutes before a further 3 x 5-minute washes in TBS-T. The membrane
was blocked with 5% skimmed milk powder or 5% bovine serum albumin (BSA) in TBS-T for
1h at RT or 18-20h at 4°C. The membrane was rinsed in TBS-T before washing for 5 minutes
with TBS-T. The membrane was incubated with an appropriate dilution of primary antibody in
5% milk powder or 5% BSA in TBS-T for 1h at RT or 18-20 h at 4°C. To detect PTEN, a
1:5,000 dilution of Mouse Anti-PTEN IgG (Cell Signalling Technologies, UK) was used. The
membrane was washed in TBS-T for 5 minutes 3 times before incubation with an appropriate
dilution of secondary antibody in 5% milk powder or 5% BSA in TBS-T for 1h at RT. For PTEN,
the secondary antibody was a 1:10,000 dilution Goat Anti-Mouse IgG-HRP antibody (BioRad,
UK) was used. The membrane was washed in TBS-T for 10 minutes 3 times, before rinsing in
TBS (20 mM Tris pH 7.5 with 150 mM NaCl). The membrane was incubated with SuperSignal
West Pico Chemiluminscent Substrate (ThermoScientific, UK) or Clarity Western Enhanced
Chemiluminecence (ECL) Substrate (BioRad, UK), prepared as per the corresponding
manufacturer’s instructions, for 5 minutes at RT before imaging using the GBox imaging

system and GeneSys software (Syngene, UK).

2.4 Mass Spectrometry

241 Reconstitution and Dilution of Proteases

Prior to use, the proteases were reconstituted, as per manufacturer instructions, to 1 pg/ml
and stored in their reconstitution buffer at -20°C or diluted for use in the digestion protocols
below. Trypsin Gold (Mass Spectrometry Grade) was reconstituted in 50 mM acetic acid and
diluted to 20 pg/ml with 40mM NH:HCOs with 10% ACN for use. Chymotrypsin was
reconstituted in 1 mM HCI and diluted to 20 pg/ml with 40mM NH4sHCO3. Glu-C (Sequencing
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Grade) (Promega, UK) and Lys-C (Mass Spectrometry Grade) (Promega, UK) were
reconstituted in Type 1 H>O and diluted to 20 or 200 pg/ml in 25 mM NHsHCO:s.

24.2 In-gel Digestion

For selected samples, an in-gel digestion was performed to allow mass spectrometric analysis.
Target SDS-PAGE gel bands were excised and cut into 2-3 mm sized pieces. The gel pieces
were first washed with 500 pl of 100 mM NHsHCO3 for 1h on a shaker, and then with 500 pl
of 50% ACN with 100 mM NH4HCO3 for 1h on a shaker. 150 ul of 100 mM NHsHCO3 and 10
gl of 45 mM DTT were added to the gel pieces before incubation at 60°C for 30 minutes. The
samples were allowed to cool to RT for 10 minutes before addition of 10 ul of 100 mM
iodoacetamide (IAM) and incubation in the dark for 30 minutes at RT. The buffer was removed
and the gel pieces washed with 500 ul of 50% ACN with 100 mM NH4sHCOs for 1h on a shaker.
50 pl of ACN was added to dehydrate and shrink the gel pieces for 10 minutes. The solvent
was removed and the gel pieces were dried in a vacuum centrifuge for 10 minutes at 30°C, or
until visibly dry. 20 ul of 20 pg/ml trypsin (prepared as per section 2.4) or chymotrypsin
(prepared as per section 2.4) was added to each gel pieces and overlayed with 25 mM
NH4sHCO; to cover the gel pieces. The gel pieces were heated at 37°C overnight for trypsin or
25°C for 4 hours for chymotrypsin. The gel pieces were centrifuged briefly and all of the liquid
sample was transferred to a fresh centrifuge tube. To improve recovery of the digested
proteins, 20 ul of 5% formic acid was added to each of the gel pieces and heated at 37°C for
20 minutes. 40 ul of ACN was then added to the gel pieces and heated at 37°C for 20 minutes.
The solvent was transferred to the fresh sample tubes already containing the first portion of
the sample. The samples were dried in a vacuum centrifuge for approximately 1h at 30°C. The

dried samples were then stored at -20°C.

2.4.3 In-solution Digestion

The protein sample to be digested was buffer exchanged into 25 mM NH4HCO3 using a Zeba
Spin Desalting Column with a 7 kDa molecular weight cut off (ThermoFisher Scientific, UK).
For sample volumes <30 pl, a 75 pl desalting column was used, while for sample volumes >30
ul, a 0.5 ml desalting column was used. The buffer exchanged sample was quantified using
the Nanodrop 2000, as described in section 2.3.2, and mixed 1:1 in RapiGest SF surfactant
(Waters, US), which was previously diluted to 0.2% in 25 NHsHCO3. 5 mM DTT was added
and the sample was incubated at 60°C for 30 minutes. The sample was cooled to RT for 10
minutes before incubation with 15 mM IAM in the dark at RT for 30 minutes. For digestion
trials and optimisation, the reduced and alkylated purified PTEN-V5-His was aliquoted into 5

Mg aliquots and frozen at -80°C at this stage. For the digestion, the protease was diluted to 1
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pg/ml with the appropriate resuspension buffer, as per manufacturer instructions and section
2.4.1, before dilution to 20 or 200 pg/ml in 25 mM ammonium bicarbonate. The protease was
added at a ratio of 20:1 protein:protease. During the digestion optimisation experiments, 0.25
Mg of protease was used for 5 ug protein 0.25 pg and for the final digestions, 0.4 ug of protease
was used for 10 ug of protein. For trypsin, lys-C or glu-C, the samples were digested overnight
at 37°C. For chymotrypsin, the samples were digested at 25°C for 4 hours. To terminate the
digestion and precipitate the RapiGest surfactant, 1% trifluoroacetic acid (TFA) was added
and the sample was incubated for 45 minutes at 37°C. The sample was centrifuged at 13,000
x g for 10 minutes and the supernatant was carefully aspirated and transferred to a new tube.
The sample was then applied to a Pierce™ C18 spin column (ThermoFisher Scientific), as per
manufacturer instructions, to concentrate and clean up the peptides. The peptides were then
dried using a vacuum centrifuge at 37°C and frozen at -20°C for future mass spectrometry

analysis.

24.4 High Performance Liquid Chromatography with Tandem Mass Spectrometry
(HPLC-MS/MS)
The digest extracts were thawed at RT for 10 minutes before being re-suspended in 25-50 pL
of high performance liquid chromatography (HPLC) Solvent A (2% ACN with 0.1% formic acid
(FA)) by vigorous vortexing before transfer to autosampler vials. Initial samples were analysed
using an Ultimate 3000 system (ThermoScientific, UK) coupled to a 5600 TripleTOF mass
spectrometer (Sciex, UK). 10 yl of sample was loaded onto a desalting trap (PepMap™ C18,
0.5 x 5 mm) and washed at 20 ul/min for 4 minutes. The sample was then separated at 300
nl/min on a C18 column (PepMap™, 15 cm x 75 um) at 35°C. Peptides were eluted with a 45-
minute gradient from 2% to 45% HPLC Solvent B (98% ACN with 0.1% formic acid). The
column was then washed for 4 minutes with 90% HPLC Solvent B, before re-equilibrating with
2% B for 8 minutes prior to the next sample run. Later samples were analysed using a Waters
M-class LC system (Waters, US) coupled to a 5600 TripleTOF mass spectrometer (Sciex,
UK). 5 ul of sample was loaded onto a nanoEase MZ Symmetry C18 Trap (180 pm x 20 mm)
(Waters, UK) and washed at 20 ul/min for 4 minutes. The sample was then separated at 500
nl/min on a nanoEase MZ Peptide C18 column (15 cm x 75 ym) (Waters, UK) at 35°C.
Peptides were eluted with a 45-minute gradient from 2% to 45% HPLC Solvent B (99% ACN
from 0.1% FA). The column was then washed for 4 minutes with 90% HPLC Solvent B, before
re-equilibrating with 1% B for 8 minutes prior to the next sample run. The resolved peptides

were subjected to tandem mass spectrometry using the parameters in Table 2.2.
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Table 2.2 Parameters chosen for MS/MS analysis

Setting Parameters used

Source Nanospray
Spray Voltage 2.4 kV
Source Temperature 150°C
Declustering Potential 50V
Curtain Gas 15

Survey Scan Settings
Mode Positive Mode
Mass range 350-1250 Da
Scan time 200 ms
Resolution High

MS/MS IDA Settings
Number of ions selected 10
Charge +2to+5
Dynamic exclusion time 12s
Energy Setting Rolling Collision Energy

24.5 Mascot Search Parameters

Protein identification was performed using the Mascot Daemon to access the Mascot search
engine, using the settings in Table 2.3. Further information about the parameters for specific
proteases and acrolein post-translational modifications are given in Section 4.2.3. The
resultant peptides in the search results were filtered with a threshold of an ion score of 40.
Further details on how the Mascot results were interpreted for protein identification are given

in Section 3.2.4 and post-translational modification analysis are given in Section 4.2.3

Table 2.3 Parameters chosen for Default Mascot Daemon searches

Setting Parameters Chosen
Taxonomy Mammalia
Database SwissProt 2021_.03 (565,254 sequences,
203,850,821 residues)
Fixed Modifications Carbamidomethyl (C)
Variable Modifications Oxidation (M)*
Enzyme Enzyme dependent'
Maximum Missed Cleavages Enzyme dependent'
Peptide Charge +1
Peptide Tolerance + 0.5 Da
MS/MS lons Search v
Data Format Mascot generic
MS/MS Tolerance + 0.5 Da
Key:

*: Depending on the experiment, additional modifications may be included here (for
example Acrolein Michael addition).
I: See specific method sections for further details.
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Chapter 3 — Expression, Purification and Characterisation of
Recombinant PTEN

3.1 Introduction

3.1.1 Protein Production for In Vitro Studies

There are a variety of proteins that can be produced recombinantly, from enzymes and
antibodies to virus-like particles and membrane proteins. Currently, there are multiple cell-
based expression systems that can be used for protein production depending on their
suitability for the desired target protein and downstream applications. These expression
systems include both eukaryotic and prokaryotic cells. Eukaryotic expression systems, such
as mammalian, yeast, insect or plant cells, are most suitable for large proteins with multiple
domains and post-translational modifications (PTMs). When the target protein is smaller and
simpler with no requirement of eukaryotic PTMs, prokaryotic systems such as E. coli can be
used. The advantages and disadvantages of the different expression systems have been
reviewed extensively (Demain and Vaishnav, 2009, Chen, 2012, Liu et al., 2012, McKenzie
and Abbott, 2018, Schillberg et al., 2019). More recently, cell-free approaches for protein
synthesis have been more widely used, having its own advantages and disadvantages (Hunter
et al., 2018). To date, cell-free expression has not yet been utilised for recombinant PTEN,

and so this approach will not be discussed further here.

To permit production of an endogenous protein, a suitable expression plasmid with the target
protein must be incorporated into the desired expression host. During plasmid construction,
there is an opportunity to encode a fusion tag on the N- or C- terminal of a protein of interest
which aids in several important factors for protein production (Ki and Pack, 2020). The
characteristics of commonly used fusion tags have previously been evaluated (Jia and Jeon,
2016). Fusion tags can range in size, from as small as 6-8 amino acids for polyhistidine (Hiss)
and FLAG tags, respectively, whereas larger tags can include glutathione-S-transferase
(GST) of 220 amino acids and green fluorescent protein (GFP) of 228 amino acids. Tandem
tags involving more than one fusion tag on one terminus, or a tag on both the N- and C-
terminus have also be used (Bernier et al., 2018). The use different tags, either alone or in
combination, affects expression, with regards to both yield and solubility of the target protein
(Young et al., 2012, Bernier et al., 2018). In addition, fusion tags provide the opportunity to
use specific chromatography strategies, giving an easier route of purification and higher purity
of the purified protein in one step when compared to non-specific chromatography, such as
ion exchange or size exclusion chromatography (Zhao et al., 2013, Jia and Jeon, 2016). The

use of a fusion tag also permits the possibility of downstream experiments such as pull-down
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assays for detecting PPIs, which offers an advantage over the use of a native protein and a
corresponding antibody for co-immunoprecipitation as the protein of interest is pulled down

with a specific antibody or affinity resin against the tag (Bell et al., 2013).

3.1.2 Expression and Purification of Recombinant PTEN

Recombinant PTEN has been used extensively for studies in the characterisation of PTEN.
Recombinant proteins are commonly expressed in prokaryotic expression systems, such as
Escherichia coli (E. coli) (Maehama and Dixon, 1998, Crockett et al., 2005, Redfern et al.,
2008, Verrastro et al., 2016) and eukaryotic expression systems, including human cell lines
(Myers et al., 1998, Herlevsen et al., 2007, Gunaratne et al., 2011, Maddika et al., 2011) and
insect cells (Gajewski et al., 2007, Naguib et al., 2015, Liang et al., 2017, Dempsey and Cole,
2018).

A variety of fusion tags have been used to aid the production of PTEN by facilitating expression
and simplifying purification. Table 3.1 shows a non-exhaustive list of the recombinant PTEN
fusion proteins that have been utilised in studies into the structure and function of PTEN. GST
is the most used fusion tag for production of recombinant PTEN in vitro, but Hiss has also
been used (Table 3.1).

Table 3.1. Fusion Tags Previously Used in the Production of Recombinant PTEN for In Vitro Studies

Study Fusion Tag
Authors (Year)
Li and Sun (1997) Hise
Myers et al. (1997) GST
Maehama and Dixon (1998) GST
Myers et al. (1998) GST
Lee et al. (1999) GST
Lee et al. (2002) Hise
Leslie et al. (2003) GST
Campbell et al. (2003) GST
Redfern et al. (2008) Hiss
Mak et al. (2010) GST
Spinelli and Leslie (2015) GST
Lee et al. (2015) GST
Mak and Woscholski (2015) GST
Arora and Ghosh (2016) GST
Verrastro et al. (2018) GST

Abbreviations:
Hise: 6-Histidine fusion tag
GST: Glutathione-S-transferase fusion tag
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3.1.3 Identification of Proteins using Mass Spectrometry

Protein identification can be achieved by analysis of their resulting peptides after protein
digestion, known as bottom-up proteomics (Zhang et al., 2013). Broadly, this involves protein
extraction, with optional enrichment steps, and fractionation prior to protein digestion, either
in-gel or in-solution, and tandem mass spectrometry (LC-MS/MS) analysis (Rogers and
Bomgarden, 2016). The methods of protein extraction and the decision to include an
enrichment step, such as immunoprecipitation, will depend on the application and the nature
and abundance of the target protein (Dupree et al., 2020). Protein extraction takes the form of
cell or tissue lysis, with a combination of enzymatic, detergent-based and physical lysis
techniques (Rogers and Bomgarden, 2016). There is potential interference of common
extraction reagents, including salts and detergents, with the chromatography performance and
sensitivity of the MS/MS and these require removal prior to MS analysis (Rogers and
Bomgarden, 2016). During in-gel digestion this occurs during the PAGE fractionation step and
for in-solution digestion this involves a protein precipitation or buffer exchange step (Rogers
and Bomgarden, 2016). The samples can also be cleaned up at the peptide level, after
digestion, with the use of specialised pipette tips or spin columns packed with chromatography
resin, to remove salts and concentrate the sample prior to analysis. Trypsin is the gold
standard protease for bottom-up proteomics, but there are some considerations to its use that
are introduced in section 1.3.2 and expanded further in section 3.4 and Chapter 4. The use of
alternative proteases has been previously reviewed (Zhang et al., 2013, Tsiatsiani and Heck,
2015, Giansanti et al., 2016).

LC-MS/MS involves the separation of peptides using high performance liquid chromatography
(LC) techniques prior to MS/MS. LC techniques can include reversed phase chromatography,
which separates peptides on the basis of hydrophobicity, ion exchange chromatography,
which separates peptides on the basis of isoelectric point (pl) and size exclusion
chromatography, which separates peptides on the basis of size (Dupree et al., 2020).
Incorporation of an LC step conveys an advantage as there is an additional fractionation step
prior to MS analysis by the elution of peptides over a gradient. This reduces the complexity of
the samples and maximises on the potential for protein identification by minimising the ion
suppression that can occur when attempting to identify many proteins from a complex sample
at the same time (Dupree et al., 2020). Both the mass and charge of an analyte affect its ability

to suppress a co-eluting analyte (Annesley, 2003).

A mass spectrometer has three key components: an ion source to generate charged analyte
species, a mass analyser to measure the mass-to-charge (m/z) ratio, and a detector to

measure the intensity (Dupree et al., 2020). lonisation is used to transfer the analytes into the
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gas phase and for biological samples soft ionisation techniques, such as electrospray
ionisation (ESI) and matrix-assisted laser desorption ionisation (MALDI), are the most suitable
(Challen and Cramer, 2022, Feider et al., 2019). Biological samples, such as peptides, are
susceptible to degradation with harder ionisation techniques, such as electron ionisation (El)
(Li et al., 2015). The use of soft ionisation techniques reduces this risk, keeping the peptide
intact for more predictable fragmentation in the mass spectrometer that can be attributed to a
diagnostic ion (Li et al., 2015, Fuchs and Schiller, 2016). ESI has the advantage over MALDI
as it can be more easily coupled to an LC system as the analytes are ionised and transferred
from the liquid phase directly on elution. ESI involves the formation of a fine droplet spray of
the charged analytes by nebulisation on application of voltage to the analyte liquid and
exposure to heat and an inert gas, which promote desolvation (Ho et al., 2003). The solvent
is evaporated from droplets and the analyte ions within them are electrostatically repelled due
to the repulsive Coulomb force between species of the same charge type, which eventually
overcome the opposing surface tension force, resulting in smaller and smaller droplets until
the droplets are so small that the analyte ions are ejected into the gas phase (Ho et al., 2003,
Bruins, 1998, Banerjee and Mazumdar, 2012). MALDI involves the co-crystallisation of the
analyte with a matrix which is then dried onto a conductive plate and on expose of the sample
spot to a laser, the crystal decomposes and the ions are transferred to the gas phase (Israr et
al., 2020).

There are four mass analysers that are commonly used in proteomics, either alone or in
conjunction with each other: ion trap, time of flight (TOF), quadrupole and fourier transform
ion cyclotron (FTIC) (Aebersold and Mann, 2003). There are several types of analysis that can
be performed, including data-dependent analysis (DDA), where the ions are selected on the
basis of their abundance, and data-independent (DIA) analysis, where ions within a defined
mass range are selected (Dupree et al., 2020). Although the reproducibility of DIA is higher
than for DDA, DDA is commonly used during bottom-up proteomics for discovery experiments
to maximise protein sequence coverage (Bateman et al., 2014). The selected ions are taken
forward to fragmentation, and whilst collision-induced dissociation (CID) is the most common
in bottom-up proteomics due to its predictable fragmentation pattern, there are other
techniques including electron-transfer and electron-capture dissociation (Dupree et al., 2020).
The spectra of the peptide fragments is assigned to a protein based on a database of proteins

digested in silico, giving protein identification (Zhang et al., 2013).
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314 Aims

The aim of the work reported in this chapter was to produce recombinant PTEN, PTEN-V5-
His, in E. coli with an acceptable yield, purity and phosphatase activity against OMFP. The
first objective was to identify suitable conditions to express soluble PTEN-V5-His using the
protein expression E. coli strain, BL21 (DE3). The second objective was to purify the
expressed PTEN-V5-His. The third objective was to characterise the purity and catalytic
activity of the purified PTEN-V5-His, using SDS-PAGE, LC-MS/MS and in vitro phosphatase
activity assays. Due to the presence of a His affinity tag and use of a complementary metal
affinity resin for purification, it was hypothesised that the purity of the purified PTEN-V5-His
would be sufficient for use in in vitro experiments described in Chapter 4 and 5. The final purity
of PTEN-V5-His is important when considering the subsequent protein-protein interaction
(PPI) experiments, as contaminating proteins may have their own interacting proteins which
would be found in the interactor fraction that do not interact with PTEN, giving false positive
interactors. E. coli has previously been used as a protein expression system for PTEN during
characterisation studies of PTEN’s structure and activity, and so it was also hypothesised that
the purified PTEN-V5-His would be catalytically active. The production of an active protein
was essential for the subsequent lipoxidation experiments, to allow assessment of the effect

of acrolein treatment on PTEN’s phosphatase activity.
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3.2 Materials and Methods
3.2.1 Materials

All materials were purchased from Merck, ThermoFisher or FisherScientific, unless otherwise
stated. JpExpress404 PTEN was a gift from Ramon Parsons (Addgene plasmid #49420;
http://n2t.net/addgene:49420; RRID:Addgene_49420). The DNA sequence of the plasmid is
detailed in Supplementary Figure 1.

3.2.2 Expression of PTEN-V5-His in E. coli

Plasmid Purification

TOP10 E. coli transformed with a plasmid encoding PTEN-V5-His (JpExpress404 PTEN) was
obtained as a stab culture and plated on Luria Broth (LB) agar plates (10 g/L sodium chloride
(NaCl), 10 g/L tryptone, 5 g/L yeast extract) with 100 pg/ul ampicillin (LB-Amp) and 12 g/l agar
plates (Hopkins et al., 2013). The plates were incubated at 37°C for 18-24h. Single colonies
were picked and expanded in 6 ml of LB-Amp at 37°C and 180 rpm until an ODeoo of between
0.5 and 1.0 was obtained. 100-200 ml of LB-Amp were inoculated with a 1:200 dilution of the
primary culture and incubated at 37°C 180 rpm for 18-20h. The remaining primary culture was
diluted 1:1 in sterile 50% glycerol and stored at -80°C. The secondary cultures were harvested
at 4,816 x g for 10 minutes at room temperature (RT). The plasmid was purified using the
PureYield™ Maxi Prep System (Promega, UK) using the manufacturers recommended

protocol.

Plasmid Quantification

The purified plasmid was quantified in duplicate using a NanoDrop 2000 system
(ThermoFisher Scientific, UK) measuring absorbance at 230, 260 and 280 nm. If the
absorbance at 260 nm was > 1.0 the plasmid was diluted 1:10 in nuclease free water before
re-measurement. The absorbance was converted automatically by the Nanodrop 2000
software to DNA concentration in ng/ml by normalisation of the path length to 1 cm from 1 mm
and modification of the Beer-Lambert equation to include a factor of 50 ng-cm/ul for double-

stranded DNA, as described by the manufacturer.

Plasmid Restriction Digest
To linearise the plasmid, the restriction enzyme EcoRI (New England Biosciences, UK) or
Xho1 (New England Biosciences, UK) and its corresponding buffer, was used as per
manufacturer instructions. 1 Unit (U) of restriction enzyme was combined with 1 pg of purified
plasmid and 1X reaction buffer in a final reaction volume of 50 yL. The reaction mix was
incubated at 37°C for 1h.
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Agarose DNA gel

100 ng of linearised and intact plasmid was loaded onto separate lanes of a 12-well 0.9%
agarose gel with 1x BlueJuice loading dye (Invitrogen™, ThermoFisher Scientific, UK) in a
final volume of 15 pL. The gel was run at 100 V for 90 minutes before staining with 1x SybrSafe
dye (Invitrogen™, ThermoFisher Scientific, UK) in 1x Tris-acetate-ethylenediaminetetraacetic
acid (EDTA) (TAE) buffer (40 mM Tris pH 8.3 with 20 mM acetic acid and 1 mM EDTA) in the
dark at 50 rpm. The gel was imaged using GeneSys GBox system (Syngene, UK).

Transformation of PTEN-V5-His into BL21 (DE3) E. coli

Once plasmid quality was confirmed, competent cells of a protein expression strain of E. coli,
BL21 (DE3) (SigmaAldrich, Merck, UK), were transformed with the JpExpress404 plasmid
using heat shock according to the manufacturer instructions. A 40 ul suspension of competent
BL21 (DE3) cells (Sigma Aldrich, UK) was thawed on ice and 5 pg of plasmid in 10 pl of
nuclease free water was added. The suspension was incubated on ice for 30 minutes before
heat shocking at 42°C for 30 seconds. A 250 pl aliquot of pre-warmed Super Optimal broth
with Catabolite repression (SOC) media (SigmaAldrich, Merck, UK) was added and the cell
suspension was incubated at 37°C for 1 h with shaking. 20 ul and 200 pl of culture was plated
on LB-Amp agar plates. The plates were incubated at 37°C for 18-20h. Single colonies were
picked and used to inoculate 6 ml of LB-Amp. The primary culture was incubated at 37°C at
180 rpm until an ODego of 0.5-1.0 was reached, then it was diluted 1:1 in sterile 50% glycerol

and frozen at -80°C.

Small Scale Expression of PTEN-V5-His

A glycerol stock of BL21 (DE3) transformed with PTEN-V5-His was streaked on LB-Amp agar
plates and incubated for 18-20h at 37°C. Single colonies were used to inoculate 6 ml of LB-
Amp and incubated for 18-20h at 20°C at 180 rpm, until an OD600 of 0.5-1.0 was reached.
The primary culture was used to inoculate a secondary culture using a 1:200 dilution in 100
ml of LB-Amp. The secondary culture was incubated for 3-4h at 37°C with shaking at 220 rpm
until an OD600 of 0.5-0.6 was reached. Protein expression was then induced by the addition
of isopropyl 3-D-1-thiogalactopyranoside (IPTG) to a final concentration of 1 mM. The induced
cultures were incubated at 20°C or 37°C with shaking at 220 rpm. To assess protein
expression a 1 ml sample was taken at 2h, 4h, 18h and 24h and the cells were harvested by
centrifugation at 5,000 x g for 5 minutes at RT and the cell pellets were stored at -20°C. The
remaining culture from each time point was harvested at 4,816 x g for 30 minutes at 4°C before
resuspension in ice cold 50 mM Tris-HCI, pH 7.4 with 1 mM phenylmethylsulfonyl fluoride

(PMSF). The suspension was transferred to a fresh tube and centrifuged at 4,816 x g for 30
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minutes at 4°C, the supernatant was discarded and the pellets were stored at - 20°C. These
pellets were then used for small scale purification to analyse yield and activity of PTEN-V5-

His at the different expression time points and temperature.

Small scale lysis of the time point samples was achieved by re-suspending the pellets from
the 1 ml pellet from each expression time point and temperature in 50% v/v of ice-cold lysis
buffer (50 mM Tris-HCI, pH 7.4, with 150 mM NaCl, 1 mM EDTA, 1 mM DTT, 1 mM PMSF
and 200 ug/mL lysozyme). The cell suspension was incubated at 37°C for 30 minutes before
the addition of 50% w/v of 0.11 mm acid-washed glass beads and vortexing vigorously for 5
minutes. The resulting lysate was centrifuged at 20,000 x g for 30 minutes at 4°C and the
supernatant aspirated. A Bradford assay was performed on the supernatant and 15 ug of
protein was incubated at 95°C for 5 minutes with 1X reducing loading dye (SigmaAldrich, UK)
and run on a 12% reducing SDS-PAGE for 30 minutes at 50 V and 90 minutes at 100 V. A
western blot was performed, as per section 2.3.4 to detect PTEN-V5-His at each expression

time point and temperature.

Large Scale Expression of PTEN-V5-His

A glycerol stock of BL21 (DE3) transformed with PTEN-V5-His was streaked on LB-Amp agar
plates and incubated for 18-20h at 37°C. Single colonies were used to inoculate 6 ml of LB-
Amp and incubated for 18-20h at 20°C at 180 rpm, until an OD600 of 0.5-1.0 was reached.
The primary culture was used to inoculate secondary culture using a 1:200 dilution in 400 ml
of LB-Amp. The secondary culture was incubated for 3-4h at 37°C with shaking at 220 rpm
until an OD600 of 0.5-0.7 was reached. Protein expression was then induced by the addition
of IPTG to a final concentration of 0.5 mM. The induced cultures were incubated at 20°C with
shaking at 220 rpm. The remaining culture from each time point was harvested at 4,816 x g
for 30 minutes at 4°C before resuspension in ice cold 50 mM NaPO4 pH 7.4 with 1 mM PMSF.
The suspension was transferred to a fresh tube and centrifuged at 4,816 x g for 30 minutes at

4°C, the supernatant was discarded and the pellets were stored at - 20°C.

3.2.3 Purification of PTEN-V5-His
Lysis of the E. coli pellet

Pellets were thawed on ice for 1h before resuspension in ice cold lysis buffer (50 mM sodium
phosphate pH 8.0 with 500 mM NaCl, 0.1% Triton X-100, 1 mM PMSF, 1 mM DTT, 1 mg/mi
lysozyme). The cell suspension was incubated on a roller at 60 rpm at 4°C for 2h, until the
lysate was translucent. The lysate was sonicated on ice using a handheld sonicator with an

MSF-7 probe at 50% amplitude in 10 second bursts with a 20 second rest in between, a total
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of 10 times. The sonicated lysate was centrifuged at 30,000 x g for 60 minutes at 4°C. The
supernatant was passed through with a needle using a manual syringe to reduce viscosity

before filtration with a 0.8 ym syringe filter on ice.

Immobilised Metal Affinity Chromatography

Due to the presence of the His-tag in PTEN-V5-His, immobilised metal affinity chromatography
(IMAC) was used to purify the protein. The binding buffer (25 mM NaPO4 pH 8.0 with 500 mM
NacCl, 0.1% Triton X-100, 1 mM PMSF, 1 mM DTT and 1 mM imidazole), wash buffer (25 mM
NaPO4 pH 8.0 with 500 mM NaCl, 1 mM PMSF, 1 mM DTT and 1 mM imidazole) and elution
buffer (25 mM NaPO4 pH 8.0 with 500 mM NacCl, 0.1% Triton X-100, 1 mM DTT and 250 mM
imidazole) were prepared fresh and kept on ice. All steps of the purification were performed
at room temperature with ice-cold buffers and supernatant. Where resin was pipetted, a wide-
bore pipette tip was used. For initial purifications, where the yield was unknown, 0.5% w/v
resin to culture was used. For subsequent purifications, 0.25 ml resin was used per 1l culture.
An appropriate amount of HisSelect Affinity Gel resin (MilliPore, SigmaAldrich, UK) was
loaded into an empty gravity flow column before equilibration. During the equilibration steps,
the resin was washed with 5 column volumes (CV) type 2 H,O, 5CV of elution buffer and 10CV
of binding buffer. The bottom of the gravity column was partially occluded with a 10 pl pipette
tip to slow the flowrate and increase the exposure time of the lysate to the resin. The clarified
lysate was applied to the column before washing with 20CV binding buffer 1 to wash out any
unbound proteins and 10CV wash buffer to remove the Triton X-100. 1CV of wash buffer was
applied to a capped column and the column was stored at 4°C overnight. Initially, 20CV elution
buffer was applied 2CV at a time, allowing the buffer to completely pass through the column
before application of the next 2CV. For future purifications, 10CV of elution buffer was applied
in full and the eluate collected together. 200 pl of each purification step, except the eluate,
was taken and frozen at -20°C for subsequent purification process analysis. The elution
fractions were quantified for protein concentration and analysed using reducing SDS-PAGE
and a phosphatase assay, as described below in section 3.2.4 and 3.2.5. For select samples,

in-gel digestion and LC-MS/MS was performed as described below in section 3.2.4.

Buffer Exchange, Concentration and Storage

To remove any leached nickel resin and fully reduce the purified protein, 1 mM EDTA and 10
mM DTT were added to the elution fraction pool prior to buffer exchange into the storage buffer
(25 mM sodium phosphate pH 7.4 with 150 mM NaCl and 10 mM DTT) before short-term
storage at 4°C. For long term storage, glycerol was added to a final concentration of 25%

before storage at -80°C. If the protein concentration was <1 mg/ml the PTEN-V5-His was

S.L. Smith, PhD Thesis, Aston University 2022. 56



Chapter 3 — Expression, Purification and Characterisation of Recombinant PTEN

concentrated using a 10 kDa centrifugal filtration unit (Cytiva, UK). The concentrator was
prepared by flushing the membrane with appropriate buffer by centrifugation at 4,000 x g at
4°C for 2 minutes. The protein was concentrated at 4,000 x g at 4°C until the desired volume
was reached. The concentrate was collected by inverting the centrifugal filter into the collection

cap and centrifuging at 3,000 x g for 2 minutes at 4°C.

IMAC Resin Cleaning and Regeneration

After each use the resin was washed with 5CV of Type 2 H,0 before cleaning with 5CV of 6M
guanidine-hydrochloride (HCI). The column was then washed with 5CV of Type 2 H,O, 5CV
of binding buffer, 10CV of Type 2 H>O and finally 10CV of 20% ethanol for storage. The resin
was then kept at 4°C. If the resin appeared grey or brown after cleaning it was stripped and
re-charged as per manufacturer instructions using 0.1 M EDTA and 10 mg/ml nickel (I1) sulfate

before washing and storing as above.

3.24 Protein Detection and Analysis

Protein Quantification

Using the Nanodrop 2000 protein settings with the estimated theoretical molecular weight and
extinction coefficient of the protein, the absorbance at 280 nm was measured and the protein
concentration determined for each sample in duplicate or triplicate. For PTEN-V5-His, the

molecular weight was 52 kDa and the extinction coefficient was 93,500.

Sodium Dodecy! Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE)

Sample preparation and SDS-PAGE analysis was performed as described in section 2.3.3.

LC-MS/MS and Protein Identification
In-gel digestion and LC-MS/MS analysis were performed as per section 2.4. Protein
identification was performed using the Mascot Daemon to access the Mascot search engine,

using the settings in Table 3.2.
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Table 3.2.Parameters chosen for Mascot Daemon searches

Setting Parameters Chosen

Taxonomy Mammalia
SwissProt 2021_03 (565,254 sequences,

Database 203,850,821 residues)
Fixed Modifications Carbamidomethyl (C)
Variable Modifications Oxidation (M)

Enzyme Trypsin

Maximum Missed Cleavages 1

Peptide Charge +1

Peptide Tolerance + 0.5 Da

MS/MS lons Search N

Data Format Mascot generic
MS/MS Tolerance + 0.5 Da

3.2.5 Phosphatase Activity Analysis
OMFP Phosphatase Activity Assay

The following assay reagents were pre-warmed to 30°C: 10X assay buffer (250 mM sodium
phosphate, 1.5 M NaCl, pH 8.0), Type 2 H,O, 100 mM DTT and 10 mM EDTA were prewarmed
to 30°C. An OMF standard curve was produced in triplicate at 0, 0.1, 0.25, 0.5, 0.75, 1, 2.5, 5,
7.4 and 10 uyM in 1X assay buffer in triplicate with a final volume of 200 ul. 20 ug of PTEN
recombinant protein was prepared in a black, flat bottomed 96-well plate in triplicate, in 1X
assay buffer with 10 mM DTT and 1 mM EDTA, to a final volume of 200 pl. Ten units (U) of
alkaline phosphatase (ALP) with OMFP reaction mix was used as the positive control, where
OMFP reaction mix without any enzyme, PTEN or ALP, was used as the negative control. The
plate was mixed for 10 seconds on low speed and pre-warmed for 10 minutes at 30°C. Initial
preliminary assays did not include an incubation for 10 minutes at 30°C. 50 pl of OMFP
reaction mix was added to each well before measurement before being shaken on low speed
for 10 seconds to mix. The fluorescence was measured with 485 nm excitation and 538 nm
emission, with a 515 nm cut off, every minute for 20 minutes. For each sample the
fluorescence increase was adjusted for background by subtracting the fluorescence at time
point 0 from the fluorescence at time point 20. This fluorescence increase was adjusted for
non-specific, background hydrolysis of OMFP by subtracting the fluorescence increase of the

negative control.

Enzyme Kinetic Linearity Analysis

The effect of pre-incubation on the linearity PTEN-V5-His enzyme activity was analysed using
the OMFP phosphatase assay, as described above, with the following amendments. The
samples were prepared in the 96-well plate and the assay was performed with and without a

10-minute pre-incubation inside the fluorimeter at 30°C prior to the addition of the OMFP
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reaction mix. The fluorescence increase from three experimental replicates was adjusted for
the background fluorescence before the mean was plotted against the time £ standard error
of the mean (SEM). A simple linear regression analysis was performed using GraphPad Prism
8.0 to report the R? value and the standard error of the estimate (Sy.x) to determine the

goodness of fit.

3.2.6 Statistical Analysis

Data from three experimental replicates with three or more variables was analysed using
GraphPad Prism 8.0 to perform one-way ANOVA analysis, correcting, where applicable, for
multiple comparisons using the Tukey test. Statistical significance defined as P < 0.05. The P
value style was as follows: (ns) >0.5 (ns), <0.05 (*), <0.005 (**), <0.0005 (**), <0.0005 (***),

<0.0005 (****). Raw data is shown as mean values + SEM.
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3.3 Results

3.3.1 Plasmid Preparation from TOP10 E. coli Resulted in Supercoiled Plasmid
Suitable for Transformation and Expression
Isolation of the commercial plasmid from TOP10 (PTEN-V5-His) E. coli was required to
transform BL21 (DE3) E. coli for expression of PTEN-V5-His. Once purified using the
MaxiPrep Promega system, the plasmid was analysed by spectrophotometry and agarose gel
electrophoresis to determine the plasmid’s suitability for transformation. Spectrophotometry
analysis of the purified plasmid showed little contamination with protein, indicated by an Azeo/
Azso ratio of approximately 1.8 (Table 3.3). The As0/A230 was above 1.8, indicating no
contamination of buffer reagents such as ethanol, used in the plasmid purification process
(Table 3.3). Once the plasmid was shown to be free of contaminants, the length and
conformation of the plasmid was confirmed using agarose gel analysis of uncut and restriction
digested plasmid (Figure 3.1). It could be seen from the lane containing the uncut plasmid
PTEN-V5-His that the majority of the plasmid was in the supercoiled conformation, the optimal
conformation for transformation. A proportion of the uncut plasmid was in the open coiled
conformation, where a single strand nick has occurred (Figure 3.1). Additionally, the restriction
digests (RD) performed with Xho1 or EcoRI were incomplete and show some supercoiled
DNA present. However, the plasmid that was successfully digested in the RD lanes was the

correct length at approximately 5.3 kbp (Figure 3.1).

Table 3.3 Quantification of the purified commercial plasmid

Plasmid JpExpress 404 PTEN
Recombinant Protein PTEN-V5-His
A260/A280 1.84 + 0.02%
A260/A230 1.94 + 0.08°

Plasmid DNA Concentration (ng/ul) 282 + 3.00%

Total Plasmid (pg) 211.5

£ The data is presented as the mean value of technical triplicates + SEM
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Figure 3.1 Agarose gel separation of intact and restriction digested purified plasmid.

One hundred ng of DNA was run on a 0.9% agarose gel and stained with SybrSafe. Purified JpExpress404 PTEN
plasmid encoding PTEN-V5-His was restriction digested with either Xho1 or EcoRI. The correct length of the plasmid
was 5.3 kbp.

3.3.2 Expression in BL21 (DE3) Successfully Produced Soluble PTEN-V5-His

The optimal expression conditions were then tested for PTEN-V5-His, by induction of cultures
grown to mid-log phase with an ODgqo of 0.5-0.7, by addition of 1.0 mM IPTG and incubation
at 20°C for 2-24 hours. The lysate obtained from each expression time point had a major band
at approximately 60 kDa, corresponding to PTEN-V5-His recombinant protein which has an
expected molecular weight of 50 kDa (Figure 3.2). There was an 80 kDa band in the purified
PTEN-GST positive control. This was also present in the negative control, which was clarified
lysate from uninduced transformed BL21 (DE3) with a PTEN-GST bacterial expression
plasmid, indicating that some basal expression had occurred (Figure 3.2). However, the
negative control did not contain a band at 60 kDa, confirming that there was no cross reactivity
of the anti-PTEN antibody against any of the native BL21 (DE3) proteins present in lysate at
the expected molecular weight of the target protein, PTEN-V5-His (Figure 3.2). There were
additional, smaller molecular weight bands present at each of the expression time points
(Figure 3.2), which due to their reactivity with an anti-PTEN could correspond to mistranslated
PTEN-V5-His protein.
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Figure 3.2 Western Blot analysis of PTEN-V5-His expression after induction with 1.0 mM IPTG at 20°C for
2-24 hours.

20 pl of purification samples in 1X reducing loading dye were resolved on a 10% polyacrylamide gel before transfer
to a PVDF membrane. After blocking, the blot was incubated with 1:5,000 Mouse Anti-PTEN primary antibody and
subsequently 1:10,000 Goat Anti-Mouse IgG-HRP conjugated secondary antibody. The positive control is purified
PTEN-GST and the negative control is uninduced BL21 (DE3) transformed with a plasmid encoding PTEN-GST.

Figure 3.3 shows the SDS-PAGE analysis of the elution fractions from each expression time
point. PTEN-V5-His, corresponding to a 60 kDa band, was present in each fraction and the
purity level was quantified using densitometry (Table 3.4). There was an increase in the size
of the 60 kDa PTEN-V5-His band (Figure 3.3) and the purity of the fraction (Table 3.4) as the
expression time increased. There were some smaller molecular weight contaminants at 25-
30 kDa, 50 kDa and some larger molecular weight contaminants at 75-80 kDa, at each of the
time points (Figure 3.3). The purified protein from each expression time point was analysed
for phosphatase activity by testing the fractions by the OMFP assays. The OMFP assay shows

OMFP phosphatase activity increased as the expression time point increased (Table 3.4).
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Figure 3.3 SDS-PAGE analysis of purified PTEN-V5-His expressed for different times.

20 pl of purified PTEN-V5-His from lysate of induced BL21 (DE3) expressed for 2-24 hours was analysed by
reducing SDS-PAGE on a 12.5% polyacrylamide gel and stained with Coomassie blue. PTEN-V5-His is a 50 kDa
protein present here as an approximately 60 kDa band.

Table 3.4 Yield, Purity and Phosphatase Activity Analysis of PTEN-V5-His Expressed from 2-24 hours.

Expression Yield _ _ OMFP Activity
(hours) (mg of protein per L PTEN-V5-His Purity (%) (nmol OMF/min/mg
of bacterial culture) protein)
2 3.09° 30* 0.21 £ 0.01%
4 3.128 41° 0.32 £ 0.00°
18 4.04% 65* 0.72 + 0.02%
24 4.16% 65°* 0.83 + 0.02f

¥ The data is presented as the mean value of technical triplicates.
* The data is presented as the result from one technical replicate.
£ The data is presented as the mean value of technical triplicates + SEM

3.3.3 Characterisation of Purified PTEN-V5-His Confirmed Correct Sequence and
Phosphatase Activity

PTEN-V5-His can be expressed successfully in BL21 (DE3) and purified using immobilised metal affinity
chromatography

Samples taken during lysis and purification were analysed by SDS-PAGE to ensure the
washes were sufficient to remove unbound proteins whilst retaining PTEN-V5-His on the
column (Figure 3.4). As expected, proteins of various molecular weights were visible in the
lanes containing clarified lysate and flow-through, corresponding to host proteins of E. coli
(Figure 3.4). Washes 1 and 2 showed minimal protein, indicating that the washes are sufficient
to remove unbound proteins whilst retaining PTEN-V5-His on the resin (Figure 3.4). There

were some proteins of higher and lower molecular weights than PTEN-V5-His present in the
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overnight incubation in wash buffer 2, shown in the wash overnight (O/N) lane (Figure 3.4),
indicating that an overnight incubation with 1 mM imidazole removes some contaminating
proteins whilst retaining the majority of the PTEN-V5-His. The eluate shows one major band
corresponding to PTEN-V5-His with some smaller molecular weight bands. The average yield
of three representative purifications of PTEN-V5-His from 2| of culture was 1.66 £ 0.16 mg/I of
culture (n=3, Mean = SEM). Quantifications of loss during buffer exchange and the
concentration step showed an average protein loss of 14 + 2% and 20 £ 5% (n=3, Mean %

SEM), respectively.
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Figure 3.4 Representative SDS-PAGE analysis of the IMAC purification of PTEN-V5-His.
10 pl of clarified lysate, flow-through, wash 1 and wash 2 was analysed with 2 ug of wash O/N and the eluate fraction
by reducing SDS-PAGE on a 10% polyacrylamide gel stained with Coomassie blue.

To ensure the purification strategy facilitated the production of monomeric PTEN-V5-His with
sufficiently high purity for the desired downstream applications, the purified protein was
analysed by SDS-PAGE. Figure 3.5A shows PTEN-V5-His (Band 2) to be the largest band,
with one higher (Band 1) and two lower (Band 3 and Band 4) molecular weight impurities in
the reducing and non-reducing gel. Band 2, corresponding to PTEN-V5-His, appears as an
approximately 60 kDa protein using both reducing and non-reducing SDS-PAGE. Band 1
appears as a 75-80 kDa protein, band 3 appears as an approximately 45 kDa protein and
band 4 appears as an approximately 35 kDa protein (Figure 3.5A). The lack of higher
molecular weight impurities (>100 kDa) in the non-reducing or reducing gel shows that there
is no cross-linking or aggregation. Figure 3.5B shows the plot of the densitometry analysis of

the reducing sample, which maps to the additional molecular weights apparent in Figure 3.5A.
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The purity of PTEN-V5-His, as determined by the densitometry plot (Figure 3.5B), was 67 +
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Figure 3.5 Representative SDS-PAGE and densitometry analysis of PTEN-V5-His.
A) 5 g of purified PTEN-V5-His was analysed by reducing and non-reducing SDS-PAGE on an 8% polyacrylamide
gel stained with Coomassie blue. B) The stained gel was imaged using a GBox and the reducing lane was analysed

using ImageJ with the background adjusted using a light background and 50 pixels.

LC-MS/MS analysis of the in-gel digest samples from the reducing SDS-PAGE bands 1-4
(Figure 3.5), identified PTEN-V5-His as human PTEN (Figure 3.5 Band 2) and the additional
co-purified contaminant bands (Figure 3.5 Bands 1, 3 and 4) to be from E. coli (Table 3.5).
Whilst confirmation that the expressed fusion protein was human PTEN is important, the
sequence coverage of the digested protein was key to the future work of this thesis. To map
acrolein modification to the structure of PTEN a high sequence coverage is needed, and it is
desirable to cover key resides of interest such as the resolving cysteine (Cys71) and catalytic
cysteine (Cys124). Figure 3.6 shows the sequence coverage of PTEN-V5-His obtained using
an in-gel digestion with trypsin. Whilst the sequence coverage of the human PTEN region of
the purified PTEN-V5-His was high at 86%, the overall sequence coverage of PTEN-V5-His
was 77%, as the V5-His portion of the sequence was not included in the SwissProt database

that was used to perform the Mascot search.
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Table 3.5 LC-MS/MS Protein Identification of Purified PTEN-V5-HIS and Additional Co-purified E. coli Host Proteins

Gel Band Mass Sequence Peptide no.
Intensity Protein ID Protein Taxonomy Database Score o (non-duplicate /
Band o (M;) Coverage (%) -
(%) duplicates)
Bifunctional
polymyxin . .
1 5 ARNA_ECOBW . _ E. coli(K12) SwissProt 58423 74869 45 1380 (36/1344)
resistance protein
ArnA
2 87 PTEN_HUMAN Fhosphataseand ., o o o SuissProt 122676 47706 81 2724 (60/2664)
tensin homolog
3 3 ASTC_Ecopw Succinylomithine = oy ye10) SwissProt 61338 43980 57 1113 (31/1082)
transaminase
4 5 RL2 Ecopw  20Sribosomal oy ei0)  SwissProt 66173 29956 55 1456 (32/1424)

protein L2
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Figure 3.6 Representative sequence coverage of PTEN-V5-His.

Hopkins B. D. etal, 2013

Purified PTEN-V5-His was subjected to an in-gel digestion with trypsin before analysis using LC-MS/MS.
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The OMFP activity assay confirmed the phosphatase activity of purified PTEN-V5-His.

To determine the specific OMFP phosphatase activity of PTEN-V5-His, the fluorescence
increase was monitored and calculated by subtracting the initial fluorescence from the final
fluorescence. This fluorescence increase was adjusted for the control by subtracting the
fluorescence increase of OMFP in the absence of enzyme. This adjusted fluorescence
increase (RFU) was converted to the amount of OMF (nmoles) using an OMF calibration curve
(Figure 3.7). Figure 3.7 was analysed using simple linear regression to determine a trendline
from the mean of three technical replicates from a representative data set. To calculate OMFP
phosphatase activity, the amount of OMF (nmoles) produced by the sample was calculated
using the equation for the trendline (Figure 3.7). The amount of OMF produced (nmoles) was
then converted to specific phosphatase activity (nmoles OMF/min/mg protein) by division with

the assay time (20 minutes) and the amount of enzyme assayed (0.02 mg).
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Figure 3.7 Representative OMF calibration curve.
Fluorescence at known OMF concentrations was plotted to give an OMF calibration curve. This was analysed using
simple linear regression analysis. The equation shown describes the trendline (n=3; Mean + SEM).

Pre-incubation of PTEN eliminates initial lag and increases the linearity of the fluorescence increase
during the OMFP activity assay.

During optimisation of the OMFP phosphatase assay the effect of pre-incubation on the
linearity of the fluorescence increase was measured (Figure 3.8). This was done to ensure
accuracy when using the fluorescence increase to quantify PTEN-V5-His OMFP phosphatase
activity. In the absence of a plate pre-incubation step, initially there was a slower rate of
fluorescence increase with a lag phase from 0-2 minutes (Figure 3.8), suggesting that as the
plate warms to 30°C from RT the rate of activity increases. This lag is not present in the

samples pre-incubated prior to the addition of OMFP, indicating that a 10-minute pre-
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incubation removes the effect of temperature equilibration on the initial rate of enzyme activity.
A 10-minute pre-incubation prior to the addition of the OMFP substrate increased the
goodness of fit of the data in comparison to no pre-incubation. The goodness of fit was
measured by the coefficient of determination, R-squared (R?), and the standard error of the
estimate (Sy.x) using simple linear regression analysis. Simple linear regression analysis for
the fluorescence increase during the OMFP assay for the samples with a 10-minute pre-
incubation step showed an R? of 0.9992 and an Sy.x of 40.88. In comparison, in the absence
of a plate pre-incubation the fluorescence increase showed a lower R? of 0.9894 and a higher
Sy.x of 105.9. The higher R? value and the lower Sy.x value for the fluorescence increase after
a 10-minute pre-incubation shows that the 10-minute pre-incubation results in a linear
fluorescence increase. This demonstrates a linear conversion of OMFP to OMF by PTEN-V5-

His and allows accurate phosphatase activity determination.
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Figure 3.8 Effect of pre-incubation on the linearity of the increase in fluorescence during the OMFP
phosphatase activity assay.

The fluorescence increase during the OMFP phosphatase activity analysis of PTEN-V5-His was monitored for 20
minutes with and without a 10-minute pre-incubation at 30°C (n=3; Mean + SEM).

Buffer exchange and concentration of purified PTEN-V5-His increased its phosphatase activity.

Phosphatase activity analysis was performed on fractions of purified, buffer exchanged and
concentrated PTEN-V5-His. This ensured that there was no negative effect on the
phosphatase activity of PTEN-V5-His by these final formulation steps required to buffer
exchange the purified protein into an appropriate storage buffer at the desired concentration

(>1 mg/ml). The OMFP phosphatase activity of purified PTEN-V5-His was assayed after
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application of the protein to a PD-10 column for buffer exchange and subsequent
concentration using a centrifugal concentrator. Figure 3.9 shows an increase in specific activity
of purified PTEN-V5-His after buffer exchanged and concentration. Ordinary one-way ANOVA
analysis of the specific activities determined the difference in activity between the purified and
buffer exchanged as well as the buffer exchanged and concentrated PTEN-V5-His to be non-
significant in both cases, with a P value of 0.1531 and 0.0666 respectively. However, the

difference between the purified protein and the buffer exchanged and concentrated PTEN-V5-
His was significant (*) with a P value of 0.0161.

ns ns

1.5,
] 1.3

0.5]

Percentage Activity (%)

0.0

Post-purification Sample
Figure 3.9 Effect of buffer exchange and concentration on the OMFP phosphatase activity of PTEN-V5-His.

The OMFP activity assay was performed with purified PTEN-V5-His before and after buffer exchange and
concentration (n=2; Mean + SEM; 0.1234 (ns), 0.0332 (*), 0.0021 (**), 0.0002 (***), <0.0001 (****)).
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3.4 Discussion

To enable in vitro analysis of the effect of lipoxidation on PTEN’s phosphatase activity and
PPls, the first aim of this project was to produce recombinant PTEN. First, PTEN-V5-His was
expressed in E. coli before purification using immobilised metal affinity chromatography
(IMAC). The purified PTEN-V5-His was then characterised using spectrophotometry, SDS-
PAGE, LC-MS/MS and a phosphatase activity assay.

The first aim of this chapter was to express and purify a PTEN fusion protein for use in future
in vitro lipoxidation studies. Soluble PTEN-V5-His was successfully expressed in the
cytoplasm of E. coli using a low temperature expression protocol to reduce the risk of
accumulation of PTEN-V5-His in inclusion bodies. As stated in section 3.1.2, successful E.
coli expression of PTEN-His has previously been reported. This includes investigations of
PTEN phosphoinositide binding, PTEN’s global interactome and formation of PTEN
homodimers in solution (Crockett et al., 2005, Redfern et al., 2008, Heinrich et al., 2015).
Expression conditions for His-tagged PTEN have included induction with 2 mM IPTG for 8
hours at 37°C and 0.05 mM IPTG for 20-22 hours at 21°C, with the latter strategy closely
matching the expression conditions described in this thesis (Crockett et al., 2005, Redfern et
al., 2008). The described yields from both studies after purification was 1-2 mg/ml, however
the yield per litre of culture was not specified. Previously described yields for alternative
recombinant PTEN proteins, such as PTEN-GST, have included 5 mg of protein per litre of E.
coli culture (Arora and Ghosh, 2016). The conditions reported in this chapter resulted in a
lower yield than that reported yield for PTEN-GST. This difference could be explained by the
use of different fusion tags. Fusion tags have the potential to increase expression by facilitating
translation where the tag is introduced at the N-terminal, giving a higher yield (Jia and Jeon,
2016). Whilst the focus during the expression of recombinant proteins was once the level of
protein expression, this has shifted towards the solubility of the expressed protein (Esposito
and Chatterjee, 2006). Larger fusion tags, such as glutathione-S-transferase (GST) and
maltose-binding protein (MBP), can increase the solubility of the target protein when combined
with other factors to slow protein expression, such as reduced concentration of induction agent
and reduced temperature (Rosano and Ceccarelli, 2014, Costa et al., 2014, Ki and Pack,
2020). For E. coli expression, increased solubility of an expressed protein decreases the
likelihood of the recombinant protein accumulating in insoluble inclusion bodies (San-Miguel
et al., 2013). This increase in solubility with the use of GST may explain the higher reported
yield of PTEN-GST when compared to the yield of PTEN-V5-His described here. The
advantages and disadvantages of the use of E. coli as an expression system have been

extensively reviewed (Demain and Vaishnav, 2009, Rosano and Ceccarelli, 2014, Tripathi and
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Shrivastava, 2019). A notable disadvantage of using a prokaryotic system such as E. coli as
an expression system for mammalian proteins is the lack of post-translational modification
machinery (Sahdev et al., 2008, Baeshen et al., 2015, Tripathi and Shrivastava, 2019).
However, as described in section 3.1.2, E. coli has been used successfully to express
recombinant PTEN previously. Notably, E. coli was used as the expression host for the initial
landmark studies characterising the phosphatase activity and structure of PTEN (Li and Sun,
1997, Myers et al., 1997, Maehama and Dixon, 1998, Lee et al., 1999).

The choice to use the V5-His tag permitted the use of IMAC purification protocol against the
his-tag and the production of a purified protein with a simple one-step process. The purification
strategy is important in determining the viability of the subsequent studies reported in this
thesis. Having a targeted purification against the fusion tag reduces the number of necessary
purification steps, which increases the final yield of purified protein. A common fusion tag used
in the expression and purification of recombinant PTEN is GST, which was used in the early
landmark studies determining PTEN’s crystal structure, membrane interactions and
characterisation of its protein and lipid phosphatase activity (Myers et al., 1997, Maehama and
Dixon, 1998, Myers et al., 1998, Lee et al., 1999). More recently, PTEN-GST has been used
in a study on PTEN’s ability to form homodimers and a global interactomics study into the
effect of oxidation on PTEN’s PPIs (Verrastro et al., 2016, Heinrich et al., 2015). Advantages
of the GST tag include increased expression of soluble protein, as described above, and a
robust, one-step purification strategy due to the high affinity and specificity of GST to
glutathione resin. However, the large size of GST and its propensity to dimerize confers a
disadvantage when using this tag for a fusion protein to be used in structural or interactomics
studies. The use of a V5-His tag in this thesis is advantageous as the size of the fusion tag is
reduced and this reduces its potential effects on the overall 3D structure of the recombinant
PTEN protein. This is important for the work described in this thesis as it reduces the risk of
the tag affecting true PTEN interactors or increasing false positive PTEN interactors. Notably,
the polyhistidine (His) tag has been successfully used to express PTEN in E. coli for
investigations into the global interactome of PTEN (Crockett et al., 2005). PTEN-His has also
been used by studies into the structural effects of PTEN-phosphoinositide binding (Redfern et
al., 2008). One important consideration for the use of His as a fusion tag for enzymes is its
chelating properties, due to the importance of divalent cations as co-factors for some enzymes’
catalytic activity. Whilst initial studies reported Mg?* as a co-factor for PTEN, counterevidence
was provided on elucidation of the crystal structure of PTEN, as Mg?* was not found and
analysis of PTEN enzymatic activity showed PTEN to be active in Mg?-free buffers
(Kabuyama et al., 1996, Lee et al., 1999). The previous success in using PTEN-His to study
PTEN indicates that the His tag is not detrimental to the structure, activity and PPIs of PTEN.
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This is essential to meet the aims of this project, in which PTEN-V5-His was used to

characterise the effect of lipoxidation on the structure, phosphatase activity and PPIs of PTEN.

To accurately characterise the physiologically relevant effects of acrolein on the structure and
interactions of PTEN it was essential to confirm that the expressed and purified PTEN-V5-His
was of high purity, with no cross-linking or aggregation. Wild type PTEN has a molecular
weight of 47 kDa and PTEN-V5-His has a molecular weight of 50 kDa, as determined by
ExPASYy Protein Parameter software (Hornbeck et al., 2015, Artimo et al., 2012). Monomeric
PTEN has previously been reported as appearing as a 50-55 kDa protein, higher than the
theoretical molecular weight of 47 kDa (Papa et al., 2014). This would match the small
molecular weight increase evident in the SDS-PAGE analysis of the purified PTEN-V5-His
here, when taking into consideration the V5-His fusion tag which increases the molecular
weight of PTEN protein by approximately 3 kDa. Whilst the use of reducing and non-reducing
SDS-PAGE can confirm the approximate molecular weight of PTEN and whether the protein
is monomeric or aggregated, it is not possible to confirm the conformation of the protein
beyond this. The previous use of E. coli to express recombinant PTEN for both phosphatase
and crystal structure studies indicates that a prokaryotic system can be used to successfully
express PTEN in its correct conformation (Maehama and Dixon, 1998, Lee et al., 1999). Here,
the activity of the purified PTEN-V5-His against OMFP strongly suggests that the protein is in
the correct conformation. Beyond the use of x-ray crystallography, which was used to
determine the original crystal structure of PTEN, examples of alternative approaches to
evaluate the conformation of a protein include circular dichroism (CD) spectroscopy and
attenuated total reflectance-fourier transform infrared (ATR-FTIR) spectroscopy (Lee et al.,
1999, Greenfield, 2006, Glassford et al., 2013). CD spectroscopy has previously been used

to characterise the secondary structure of recombinant PTEN (Arora and Ghosh, 2016).

To ensure that the PTEN-V5-His encoded human PTEN, the protein identity was confirmed
using LC-MS/MS. Analysis of the resultant sequence coverage showed which residues would
be detected by LC-MS/MS and likely observed in subsequent experiments. For preliminary
digestions and identification of the expressed protein trypsin was used. Trypsin is the most
widely used enzyme for proteomic sample preparation due to the high efficiency and specificity
of its endoproteinase activity. A limitation of trypsin is that its activity follows the Keil rule;
specific cleavage at arginine or lysine residues at their C-terminal side except before proline
(Keil, 1992). Tandem mass spectrometry confirmed that the sequence of the expressed
recombinant PTEN was human, with a high sequence coverage to allow identification of key
residues of interest, such as the resolving cysteine (Cys71) and the catalytic cysteine

(Cys124). However, the limitations of trypsin with regards to lack of cleavage at KP sites
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means that the P loop amino acids, including the catalytic cysteine, were identified within a
large peptide of 41 amino acids. The length of the peptide means that detailed analysis of the
MS/MS spectra is difficult due to the low intensity or absence peaks for residues in the middle
of the sequence. This is an important consideration for the following chapter of this thesis,
where identification and further spectral analysis of any modification of catalytic cysteine by
lipid oxidation products were of particular interest. An approach to address this limitation would
be to use alternative proteases to cleave at different residues and produce different peptides
in regions of particular interest. The use of more than one protease during the digest increases
the depth of proteomic analysis through an increase in protein sequence coverage
(Wisniewski et al., 2019, Wisniewski and Mann, 2012, Li et al., 2017). This approach is
detailed in Chapter 4 of this thesis during the investigation into the effect of acrolein on the
structure of PTEN. Alternative digestions included the digestion of recombinant PTEN in

solution, with trypsin/Lys-C and trypsin/Glu-C and in-gel, with chymotrypsin.

An integral aspect in the production of PTEN-V5-His for this thesis was the accurate
quantification of OMFP phosphatase activity to enable investigation into the effect of acrolein
on PTEN'’s activity. Ensuring a linear fluorescence increase during the OMFP assay was
essential to permit the enzyme analysis to take place during the linear steady-state phase and
ensure that the phosphatase activity calculated was accurate and reliable (Bisswanger, 2019).
Initial assays were conducted with immediate addition of the OMFP substrate, as previously
described (Verrastro et al., 2016). The resultant initial lag of fluorescence between 0 and 2
minutes was first hypothesised to be due to insufficient mixing of the substrate into the sample
mix. However, increasing the initial shaking step prior to reading the absorbance from 10
seconds to 30 seconds did not improve the initial lag (data not shown). The second hypothesis
was that the lag was due to temperature equilibration, despite pre-warming of the reaction
buffers. The addition of a 10 minute pre-incubation step before initialisation of the assay by
addition of the OMFP substrate clearly shows a vast improvement in the linearity of the
fluorescence increase, with complete removal of the initial 2 minute lag (Mak and Woscholski,
2015).

The activity of PTEN-V5-His in its final formulation is higher than previous reports of the OMFP
phosphatase activity of PTEN at 0.4 nmoles OMF/min/mg at RT with 1 mM DTT (Mak and
Woscholski, 2015) and 0.72 nmoles OMF/min/mg at 25°C with 1 mM DTT (Verrastro et al.,
2016). The lower assay temperature and lower DTT concentration of the cited studies could
explain the discrepancies between the calculated and previously reported OMFP phosphatase
activity. An alternative explanation is the molecular weight of the recombinant PTEN protein.

The recombinant PTEN-V5-His used in this thesis has a molecular weight of approximately
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50 kDa whilst the recombinant PTEN protein used in the aforementioned studies was PTEN-
GST, which is approximately 70 kDa. The higher molecular weight of the GST tag in
comparison to the V5-His tag means that for every 1 mg of protein, there is a lower amount of
PTEN in the PTEN-GST sample than the PTEN-V5-His.

Whilst the OMFP activity assay has previously been used to quantify the phosphatase activity
of PTEN, the PIP; assay would be a more specific and sensitive assay, as PIP3; is PTEN’s
physiological substrate. Table 3.6 outlines previously published studies involving the
quantification of PTEN’s phosphatase activity and the substrates used. Whilst the majority of
the studies in Table 3.6 used PIP; as a substrate, other substrates include polyGluTyr and
OMFP.

Table 3.6. Enzyme Assays Used to Quantify the Phosphatase Activity of PTEN

Study PhoAsphatase Substrate
ssay
Li and Sun (1997) Protein Phosphotyrosyl-RCML
Phosphotyrosyl-RCML
Myers et al. (1997) Protein Phosphotyrosyl-MBP

Phosphotyrosyl-polyGluTyr
Phosphotyrosyl-EDNDYINASL
Maehama and Dixon (1998) Lipid PIP3

Lipid PIP3
Myers et al. (1998) Protein Phosphotyrosyl-polyGluTyr
Lee et al. (1999) Lipid PIPs, PIP, & PIP
Lee et al. (2002) Lipid PIP3
Leslie et al. (2003) Lipid PIP3
Campbell et al. (2003) Lipid PIP3
Redfern et al. (2008) Lipid PIPs;
Lipid PIPs
Mak et al. (2010) Other OMEP
o : - PIP3
Spinelli and Leslie (2015) Lipid I
. nsP4 & InsPs
Mak and Woscholski (2015) Protein Phosphotyrosyl-polyGluTyr
Lee et al. (2015) Lipid PIP3
Lipid PIP3
Mak and Woscholski (2015) Lipid InsP4
Other OMFP
Lipid PIPs
Arora and Ghosh (2016) Other oNPP

Verrastro et al. (2018) Other OMFP
Abbreviations:

RCML: Reduced, carboxamidomethylated and maleylated lysozyme
MBP: Maltose binding protein

PIP: Phosphatidylinositol phosphate

InsP: Inositol phosphate

OMFP: 3-O-methylfluorescein phosphate

pNPP: Paranitrophenyl phosphate
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Comparison of the kinetic parameters of PIP3, IP, and OMFP as substrates shows that whilst
PTEN has the highest affinity for PIPs and then IP4, OMFP is also a suitable alternative
substrate, with a Kn of 216 pM (Mak and Woscholski, 2015). Whilst pNPP has been used as
a substrate, PTEN’s activity against it is significantly lower (Maehama and Dixon, 1998,
Maehama et al., 2001, Mak and Woscholski, 2015). The use of OMFP as a substrate for PTEN
can be justified, despite the lower activity of PTEN, by the advantage that is conveyed by the
continuous nature of the assay. Whilst the PIP; assay is highly sensitive and physiologically
relevant, it is an end-point assay. The continuous monitoring that is permitted by the OMFP
assay allows confirmation that the measurements used during the quantification is taking place

during the linear portion of the assay, as discussed above.

In conclusion, the work in this chapter presents a strategy for the production of a soluble and
active recombinant PTEN, PTEN-V5-His, that was used for subsequent in vitro studies. The
optimisation of IMAC purification protocol permitted the production of PTEN-V5-His with few
co-purified host protein impurities. The expressed recombinant PTEN was confirmed to be
human PTEN with a high confidence and good sequence coverage. The phosphatase activity
of PTEN-V5-His was accurately quantified after optimisation of OMFP activity assay, providing
confidence that during the further work presented in this thesis, any reduction in phosphatase
activity on treatment of PTEN-V5-His with acrolein would be accurately quantified. There are
additional and alternative approaches to aspects of the characterisation of PTEN-V5-His
detailed in this chapter. The use of CD or FTIR spectroscopy in addition to SDS-PAGE would
confirm the conformation of the expressed protein and the use of PIP; as a substrate in the
phosphatase assay would increase the confidence that the purified PTEN-V5-His is in the
correct conformation with physiological activity. When the results are taken together, the data
confirms the successful production of active PTEN-V5-His that meets the criteria for the in
vitro studies into the effect of acrolein on PTEN’s activity and structure that is detailed in the

subsequent chapters of this thesis.
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Chapter 4 — Effect of Acrolein on the Activity and Structure of
Recombinant PTEN

4.1 Introduction

411 Lipoxidation of PTEN

Reactive aldehydes such as acrolein or 4-HNE can modify proteins through Michael addition
of cysteine, lysine and histidine residues, or Schiffs base modification of lysine, as discussed
in Section 1.1.2 , and the mechanisms of which are illustrated in a review by Viedma-Poyatos
et al. (2021) (LoPachin et al., 2009). The effect of acrolein adduction depends on the role of
the residue affected (LoPachin et al., 2009). As discussed in section 1.2.6, PTEN is a cysteine-
dependent phosphatase and its nucleophilic catalytic cysteine (Cys124) is particularly
vulnerable to electrophilic attack due to its presence as a charged thiolate ion at physiological
pH (Myers et al., 2011, Maehama and Dixon, 1998, Denu and Dixon, 1998). This is of
particular interest when considering the effect of lipoxidation on the phosphatase activity of
PTEN, where acrolein shows the highest reactivity for cysteine residues (Cai et al., 2009). It
has previously been demonstrated that protein tyrosine phosphatase 1B (PTP1B), another
cysteine-dependent phosphatase, is inactivated by acrolein in a time-dependent manner by
covalent addition to its catalytic cysteine (Cys215) (Seiner et al., 2007). As discussed in
section 1.2.6, endogenous PTEN isolated from acrolein-treated mammalian cells showed
covalent modification by acrolein through western blotting, but the sites of modification were
not identified (Covey et al., 2010). There was a concurrent time-dependent loss of activity
shown by in vitro phosphatase assays with isolated endogenous PTEN and through detection
of an upregulation of pAkt by western blotting, but no dose-dependency has been tested
(Covey et al., 2010). Regarding 4-HNE, dose- and time-dependent inactivation of PTEN has
been demonstrated using in vitro and in cellulo techniques (Shearn et al., 2011, Shearn et al.,
2013). PTEN adduction by acrolein has also been demonstrated during investigations of the
role of spermine oxidase (SMOX) and myeloperoxidase (MPO) in the production of acrolein
(Uemura et al.,, 2017, Al-Salihi et al., 2015). Beyond modification of specific catalytic-
dependent residues, structural changes brought by acrolein modifications across the structure
of PTEN, including protein unfolding, due to an increase in carbonyl groups, and inter- or
intramolecular cross-linking, due to acrolein’s bifunctionality (Sayre et al., 2006, Spickett and
Pitt, 2020).
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41.2 Approaches to the Detection of Lipid Oxidation Product Adducts

Protein adducts with lipid oxidation products have been identified using both label-dependent
techniques, with the use of antibodies and probes, and label-free approaches, which make
use of more recent advancements with tandem mass spectrometry (Domingues et al., 2013,
Afonso et al., 2018).

Traditional approaches to measuring oxidative modification of proteins involve the detection
and measurement of carbonyl groups (Dalle-Donne et al., 2003). When investigating
lipoxidation, there is a limitation of this approach as the formation of carbonyl groups is not
exclusive to lipoxidation, as oxidation of amino acids can also produce carbonyl groups (Dalle-
Donne et al., 2003, Domingues et al., 2013). In addition to being non-specific, the use of
carbonyl groups to detect lipoxidation is non-inclusive as not all lipoxidation adducts have a
free carbonyl group (Domingues et al., 2013). There are several ways in which oxidative
modification of proteins can result in the formation of carbonyl groups. Carbonyl groups are
formed on direct oxidation of lysine, arginine, proline and threonine residues and on oxidative
cleavage of proteins (Berlett and Stadtman, 1997, Dalle-Donne et al., 2003). The side chains
of cysteine, histidine and lysine residues can react with reactive aldehydes, such as acrolein,
and reactive carbonyl derivatives, such as ketoaldehydes and ketoamines (Dalle-Donne et al.,
2003). As such, the detection and measurement of carbonyl groups can be considered as a
non-specific but effective approach to detect protein adducts with lipid oxidation products,

when the appropriate negative controls are used.

The use of chemical probes, such as 2,4-dinitrophenylhydrazine (DNPH) and biotin hydrazide,
provide a low-cost method to detect carbonyl groups that are present lipoxidised proteins and
as such can be used as a marker of oxidative stress (Dalle-Donne et al., 2003, Madian and
Regnier, 2010). On reaction of DNPH with carbonyl groups, dinitrophenylhydrazone is
produced which can be detected using spectrophotometry due to its absorbance at 376 nm
(Levine et al., 1990, Domingues et al., 2013). An alternative approach is the use of SDS-PAGE
and western blotting against DNP, commonly known as oxyblotting, to detect and visualise
proteins with carbonyl groups (Levine et al., 1990, Domingues et al., 2013). A quantitative
approach can be taken with the use of enzyme-linked immunosorbent assay (ELISA), however

this can only provide information on the relative number of carbonyl groups (Buss et al., 1997).
To provide context on sites of modification, labelled carbonyl groups can also be used as

diagnostic ions for detection using mass spectrometry (Guo and Prokai, 2011, Bollineni et al.,

2011). More recently, label-free mass spectrometry approaches have been developed by
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identifying specific reporter ions for modified residues (Cai et al., 2009, Maeshima et al., 2012,
Afonso et al., 2018).

41.3 Mass Spectrometry Analysis of Acrolein Protein Modifications

There are three main types of proteomics that can be used to analyse protein modification
with tandem mass spectrometry: top-down, middle-down and bottom-up. Whilst top-down
proteomics involves the analysis intact proteins, middle-down and bottom-up proteomics
analyses peptides that are generated after restrictive or extensive proteolytic digestion,
respectively (Zhang et al., 2013). Whilst intact mass analysis in top-down proteomics can
provide useful information on proteoforms, bottom-up proteomics has the advantage that the
modifications can be mapped to specific residues and that peptides are easier to separate and
ionise than proteins, with peptides having a more predictable fragmentation patterns (Dupree
et al., 2020, Rogers and Bomgarden, 2016).

The approach to post-translational modification (PTM) analysis in this thesis was bottom-up
proteomics using tandem mass spectrometry, and so is the focus of this section. The mass
spectrometry techniques that are commonly used in proteomics was introduced in section
3.1.3 and the advantages and disadvantages to the different approaches to bottom-up
proteomics has recently been reviewed (Dupree et al., 2020). The spectra from fragmented
peptides can be assigned to a protein for protein identification, by comparison to protein
databases. This can be expanded to take into consideration the potential presence of post-
translational modifications by taking into account the corresponding mass shift of a modified
or unmodified residue (Cai et al., 2009, Steen and Mann, 2004). As discussed in section 1.1.2,
acrolein can modify proteins through Michael addition at cysteine, lysine and histidine and
through Schiff base formation to lysine residues. Michael addition results in a mass shift of 56

Da and Schiff base modification to residues results in a 38 Da mass shift (Cai et al., 2009).

Mascot is an example of software that can be used to search protein databases for matches
to the peptide spectra, but there is a known issue of false discoveries. Whilst the resulting
peptide assignments can be filtered based on the confidence of the peptide match and
whether it is a unique protein assignment, it is necessary to validate the spectra for correct
peak assignment. To further increase the confidence in the data, de novo sequencing can be
performed. This is achieved by manual analysis of the spectra where the mass difference
between neighbouring peaks can be assigned to specific amino acids, taking into account the
potential for post-translational modification where applicable. This is easier when more

predictive fragmentation techniques such as CID are used at the MS/MS stage, as introduced
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in section 4.1.3. During CID the peptide is fragmented at the peptide bonds, and those
fragments created from the C-terminus are called y ions, whilst the fragments created from

the N-terminus are called b ions (Dupree et al., 2020)

41.4 Aims and Hypotheses

The aim of this chapter was to further characterise the effect of acrolein on the structure and
phosphatase activity of PTEN. Whilst previous investigations into the effect of lipoxidation
have focused on 4-HNE, there is some evidence that acrolein inactivates PTEN (Covey et al.,
2010). However, in vitro, only a single acrolein treatment concentration was tested and no
data has been collected on how PTEN is modified by acrolein and the effect the modifications
have on PTEN'’s structure. The first objective was to analyse the effect of acrolein on PTEN'’s
phosphatase activity by exposing recombinant PTEN in vitro to increasing concentrations of
acrolein for increasing time points and quantifying its phosphatase activity using the OMFP
activity assay. Due to the similar reactivity of acrolein to 4-HNE, it was hypothesised that
acrolein would also inactivate PTEN in a time- and dose-dependent manner. The second
objective was to take the acrolein-treated PTEN and visualise any changes to its structure
using SDS-PAGE and map any acrolein modifications using LC-MS/MS. The ability of acrolein
to cross-link proteins and cause aggregation through protein unfolding led to the second
hypothesis that as the concentration of acrolein increased, higher molecular weight species
would be seen by SDS-PAGE. Due to acrolein’s high reactivity to thiol groups, it was
hypothesised that at lower concentrations acrolein would preferentially modify cysteine
residues, but as the concentration of acrolein increases lysine residues would also be
modified. The vulnerability of PTEN’s catalytic cysteine to electrophilic attack led to an
extension of this hypothesis that Cys124 would be the most susceptible to modification and
would be modified first. Previously, LC-MS/MS analysis has identified 4-HNE modifications to
cysteine and lysine residues across the structure of PTEN, but acrolein’s smaller size led to

an additional hypothesis that less accessible residues that could also be modified.
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4.2 Methods

4.21 Optimisation of the OMFP Activity Assay for Acrolein-Treated PTEN

Effect of Decreasing DTT Concentrations in OMFP Activity Assay Conditions

To determine the optimal DTT concentration for PTEN-V5-His phosphatase activity, the OMFP
assay was performed as described in Section 3.2.3, with the following amendments;
immediately prior to the assay, purified PTEN-V5-His was buffer-exchanged using a PD-10
gravity column, as per manufacturer instructions, into OMFP reaction buffer (25 mM NaPO.
pH 8.0 with 75 mM NaCl) and the phosphatase activity was assayed in triplicate with 0, 1 or
10 mM DTT.

Effect of Sodium Borohydride Reduction on the OMFP Activity of PTEN-V5-His

To analyse the effect of sodium borohydride (NaBH4) on the phosphatase activity of PTEN-
V5-His, the OMFP assay was performed as described in Section 3.2.5, with the following
amendments; immediately prior to the assay PTEN-V5-His was buffer exchanged using a PD-
10 gravity column, as per manufacturer instructions, into the reaction buffer (25 mM NaPO4
pH 7.4 with 150 mM NaCl and 10 mM DTT) before treatment with 5 mM NaBH4 for 30 minutes
at RT.

4.2.2 In vitro Lipoxidation of PTEN-V5-His

Buffer Exchange and Concentration into the Reaction Buffer

Immediately prior to the acrolein treatments, PTEN-V5-His was buffer exchanged using a PD-
10 gravity column, as per manufacturer instructions, into the reaction buffer (25 mM NaPO,
pH 7.4 with 150 mM NaCl). The buffer exchanged PTEN-V5-His was then concentrated to

>1.5 mg/ml as described in Section 3.2.3.

Lipoxidation of PTEN-V5-His with Acrolein

100 pg of PTEN-V5-His was prepared in reaction buffer (25 mM NaPO4 pH 7.4 with 150 mM
NaCl) to a final concentration of 1 mg/ml (0.05 mM) with increasing concentrations of acrolein;
0 uM, 10 uM, 50 uM, 100 uM, 200 uM, 500 uM and 1 mM, for acrolein:PTEN ratios of 0:1,
0.2:1, 1:1, 2:1, 4:1, 10:1 and 20:1, respectively. Samples were incubated at 37°C for 10

minutes, 1 hour or 4 hours before reduction with 50 mM NaBH,, as below.

Sodium Borohydride Reduction to Stabilise Acrolein Modifications
The first formulation trialled was in 0.2% NaOH, to provide a basic environment and prevent
decomposition of NaBH4 through its reaction with water and subsequent release of hydrogen

(Minkina et al., 2012). The second formulation trialled was 50 mM NaBHjs in reaction buffer
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(25 mM NaPO4pH 7.4 with 150 mM NaCl) and this was prepared immediately prior to use due
to the fast hydrolysis of NaBH4 in non-basic aqueous solutions. NaBH4 was added to each

reaction to a final concentration of 5 mM before incubation for 30 minutes at RT.

4.2.3 Proteomic Analysis of the Effect of Lipoxidation on PTEN
OMFP Phosphatase Activity Analysis

After acrolein treatment and NaBH4 reduction as above, the phosphatase activity of PTEN-

V5-His was analysed using the OMFP assay as per Section 3.2.5.

SDS-PAGE Analysis
After acrolein treatment and NaBH. reduction as above, PTEN-V5-His was analysed by
reducing SDS-PAGE on an 8% polyacrylamide gel as per Section 2.3.3. Western Blot against

acrolein was conducted for acrolein-treated and untreated PTEN-V5-His as per Section 2.3.4.

Sample Preparation for LC-MS/MS Analysis
In-gel digestion of acrolein-treated PTEN was performed with trypsin or chymotrypsin, as per
Section 2.4.2. In-solution digestion of acrolein-treated PTEN was performed with trypsin/Lys-

C or trypsin/Glu-C, as per Section 2.4.3.

Tandem Mass Spectrometry and Analysis using Mascot

HPLC-MS/MS analysis was performed as per Section 2.4.2. Mascot searches were performed
for three replicate alternative digestions for each protease with merged MS/MS data, with the
settings outlined in Table 4.1. The Mascot search data was filtered to remove any peptides
with an ion score less than 40 to remove any poor quality data. For the acrolein-treated PTEN
digested with trypsin, the Mascot search parameters are described in Table 4.2 and the
identified acrolein modifications for each replicate were validated by de novo sequencing using
PeakView. For the acrolein-treated PTEN digested with chymotrypsin or trypsin/Glu-C, the
MS/MS data was merged and the modifications were validated visually to confirm correct peak

assignment by Mascot.
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Table 4.1 Parameters used for Mascot searches for Protease Comparison

Settin Protease

9 Trypsin Trypsin/Lys-C Trypsin/Glu-C Chymotrypsin

Taxonomy Mammalia Mammalia Mammalia Mammalia
SwissProt 2021_03 SwissProt 2021_03 SwissProt 2021_03 SwissProt 2021_03
Database (565,254 sequences; (565,254 sequences; (565,254 sequences; (565,254 sequences;
203,850,821 residues) 203,850,821 residues) 203,850,821 residues) 203,850,821 residues)

Fixed . . . .
Modifications Carbamidomethyl (C) Carbamidomethyl (C) Carbamidomethyl (C) Carbamidomethyl (C)
Variable o L — I
Modifications Oxidation (M) Oxidation (M) Oxidation (M) Oxidation (M)
Enzyme Trypsin Trypsin/P Trypsin-V8-E Trypsin
Maximum
Missed 1 1 2 3
Cleavages
Peptide Charge +2, +3, +4 +2, +3, +4 +2, +3, +4 +2, +3, +4
Peptide +0.5 Da +0.5Da +0.5Da +0.5 Da
Tolerance
MS/MS lons
Search v v v v

Data Format

Mascot generic

Mascot generic

Mascot generic

Mascot generic

MS/MS + 0.5 Da + 0.5 Da + 0.5 Da + 0.5 Da
Tolerance

Merge MS/MS? v v v v
No. of Repeat 3 3 3 3

Samples (n)

S.L. Smith, PhD Thesis, Aston University 2022.



Chapter 4 — Effect of Acrolein on the Activity and Structure of Recombinant PTEN

Table 4.2 Parameters chosen for Mascot searches for Acrolein Modification Analysis

Setting Parameters Chosen
Taxonomy Mammalia
D SwissProt 2021_03 (565,254 sequences; 203,850,821
atabase .

residues)

Fixed Modifications None
Carbamidomethyl (C), Oxidation (M), Acrolein Michael

Variable Modifications addition (reduced) (C, K & H) and Acrolein Schiff base
(reduced) (K)

Enzyme Trypsin or Chymotrypsin or Trypsin/Glu-C

Maximum Missed Cleavages Enzyme Dependent (See Table 4.1)

Peptide Charge +2, +3, +4

Peptide Tolerance + 0.5 Da

MS/MS lons Search v

Data Format Mascot generic

MS/MS Tolerance + 0.5 Da

4.2.4 Incubation of PTEN-V5-His at 37°C with and without DTT

To visualise the effect of incubation at 37°C, PTEN-V5-His was prepared in reaction buffer, as
described in Section 4.2.2, before incubation with and without 10 mM DTT for 0-4 hours. Four
reaction tubes were set up with 50 ug of PTEN-V5-His at a concentration 1 mg/ml in reaction
buffer (25 mM NaPO4pH 7.4 with 150 mM NaCl) with and without 10 mM DTT. At O minutes
and after 10 minutes, 1 hour and 4 hours, the samples were cooled for 10 minutes to RT
before alkylating with 15 mM iodoacetamide (IAM) for 30 minutes at RT in the dark to preserve
the profile of oxidation by blocking any unoxidised cysteine residues from oxidation. The
samples were prepared in reducing and non-reducing SDS-PAGE loading dye and analysed

using an 8% polyacrylamide gel as in Section 2.3.3.

4.2.5 Statistical Analysis

Data from three experimental replicates with three or more variables was analysed using
GraphPad Prism 8.0 to perform one-way ANOVA analysis, correcting for multiple comparisons
using the Tukey test. Statistical significance was defined as P < 0.05. Data from three
experimental replicates with two variables was analysed using GraphPad Prism 8.0 to perform
an unpaired T-test. The P value style was as follows: 0.1234 (ns), 0.0332 (*), 0.0021 (**),
0.0002 (***), <0.0001 (****). Raw data is shown as mean values + SEM.
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4.3 Results

431 The OMFP Phosphatase Activity of Purified PTEN-V5-His Decreases with
Decreasing DTT Concentration

To investigate the effect of DTT on the phosphatase activity of PTEN-V5-His, the OMFP
phosphatase activity of PTEN-V5-His was assayed with increasing concentrations of DTT.
The specific activity of PTEN-V5-His was assayed using the OMFP activity assay with a 10-
minute pre-incubation in the presence of 0, 1 and 10 mM DTT prior to the addition of OMFP.
The lowest OMFP phosphatase activity was found in the absence of DTT, with increasing
activity in the presence of 1 and 10 mM DTT (Figure 4.1). Ordinary one-way ANOVA analysis
found significant differences between 0 and 1 mM DTT (*), 1 and 10 mM DTT (**) and 0 and
10 mM DTT (***). The phosphatase activity of PTEN-V5-His buffer-exchanged into a buffer
without DTT but subjected to a 10-minute pre-incubation with 10 mM DTT was 0.7 nmoles
OMF/min/mg (Figure 4.1). This phosphatase activity is lower than the phosphatase activity of
PTEN-V5-His that was maintained in the presence of 10 mM DTT, of 1.3 nmoles OMF/min/mg
(Figure 3.9).

k%
087 [ &
=)
>E
EE 0.6 ns
S
o= 0.4 L
= O
O v
¢ O
O 0.2
n e
S
0.0- .
0 1 10

DTT Concentration (mM)

Figure 4.1 Effect of DTT on the OMFP phosphatase activity of PTEN-V5-His.

The OMFP activity assay was performed with PTEN-V5-His in the presence of 0, 1 and 10 mM DTT (n=3; Mean +
SEM). Statistical significance was assessed by one-way ANOVA with the Geisser-Greenhouse correction,
correcting for multiple comparisons using the Tukey test (p=0.1234 (ns), 0.0332 (*), 0.0021 (**), 0.0002 (***), <0.0001

(****)).
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4.3.2 Sodium Borohydride Reduction Does Not Affect the OMFP Phosphatase Activity
of PTEN-V5-His
Figure 4.1 demonstrated the requirement of a reducing environment for the phosphatase
activity of PTEN, provided by the addition of DTT during the OMFP enzyme assay. Due to the
risk of acrolein reacting with the thiol groups of DTT to form acrolein-DTT adducts, the
treatment of PTEN-V5-His with acrolein was conducted in the absence of DTT and the
modifications were stabilised with NaBH4 before exposure to DTT. Although NaBH. shows
selectivity for aldehydes and ketones, to ensure that reduction of PTEN-V5-His with NaBH4
did not affect phosphatase activity reduced and non-reduced PTEN-V5-His was assayed for
phosphatase activity using the OMFP assay (Figure 4.2) (Smith, 2017). It was important to
eliminate the risk of misattribution of differences in the phosphatase activity of PTEN-V5-His

to modification(s) by acrolein rather than the subsequent NaBH4 reduction.

After reduction with NaBH4 prepared in 0.2% NaOH, PTEN-V5-His showed no OMFP
phosphatase activity (data not shown). The pH of the reaction was tested, with final
concentrations of 0.85 mg/ml PTEN-V5-His, 5 mM NaBH4 and 0.01% NaOH, using universal
pH test paper. The NaBH. reduced PTEN-V5-His was shown to be pH 10-11, with the non-
reduced PTEN-V5-His showing a pH of 7-8 (data not shown). When PTEN-V5-His was
reduced with NaBH4 prepared in OMFP reaction buffer, there was no significant difference in

enzyme activity of non-reduced PTEN-V5-His (Figure 4.2)

2.0
=)
>,E ns
2 1.5 ]
zE —
O ~
<§ 1.0
20
o w
8'2 0.5
o .5-
n e
£
0.0- .
0 5

Sodium Borohydride Treatment (mM)

Figure 4.2 Effect of NaBH,4 reduction on the OMFP phosphatase activity of PTEN-V5-His.

The OMFP activity assay was performed with PTEN-V5-His with and without prior reduction with 5 mM NaBH4 for
30 minutes at RT (N=3; Mean + SEM). Statistical significance was assessed by unpaired T-test (p=0.1234 (ns),
0.0332 (*), 0.0021 (**), 0.0002 (***), <0.0001 (****)).
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4.3.3 The Time-Independent Inactivation of PTEN’s Phosphatase Activity by Acrolein
after 10 minutes
PTEN-V5-His was treated with increasing concentrations of acrolein at a ratio of 0.2:1 (10 M),
1:1 (50 uM), 2:1 (0.1 mM), 4:1 (0.2 mM), 10 :1 (0.5 mM) and 20:1 (1 mM), for 10 minutes, 1
hour and 4 hours at 37°C. Treatment with acrolein gave a decrease in specific phosphatase
activity and percentage activity when compared to the untreated control, indicating inactivation
of PTEN-V5-His’ phosphatase activity by acrolein (Figure 4.3). Figure 4.3A shows a decrease
in specific activity (hnmoles OMF/min/mg) of PTEN-V5-His at each treatment concentration for
each time point. In the absence of acrolein, the specific activity of PTEN-V5-His decreased
with increasing incubation time. Whilst there was no significant difference between the specific
activities of the 10-minute and 1-hour controls, there were significant differences between the
10-minute and 4-hour controls (**) and the 1-hour and 4-hour controls (*). This loss of activity
in the absence of acrolein suggests that when PTEN is not maintained in a reducing
environment it is being oxidised over time, causing a loss of phosphatase activity. Statistical
significance between the specific activities of the time points is lost as the concentrations of
acrolein increase, due at least in part to the large error bars and reduction of phosphatase
activity (Figure 4.3A). Despite this, a trend of decreasing specific activity from the 10-minute
to the 4-hour time point is clearly seen at most acrolein concentrations (Figure 4.3A). To
observe the effect of acrolein on PTEN-V5-His’ phosphatase activity, the data from each time
point was normalised to the untreated control, set at 100%. There was no significant difference
between the percentage activities of each incubation time for any acrolein treatment
concentration (Figure 4.3B). On normalisation of the data, there was also a reduction in the
size of the error bars indicating that whilst the specific activities varied between different
treatment experiments, the degree of acrolein inhibition was consistent. Taken together,
Figure 4.3 demonstrates a time-independent inhibition of the phosphatase activity of PTEN-

V5-His by acrolein for time points longer than 10 minutes.

S.L. Smith, PhD Thesis, Aston University 2022. 87



Chapter 4 — Effect of Acrolein on the Activity and Structure of Recombinant PTEN

>

k%

1.509 7 | X

3

]a]
]*
[
)
3

1.25+

1.00{07!| BT | a7 @ 4h
0.75- [

*
I3z
13
2
3
(|
—
0

0.50+

ns

Specific Activity (nmoles
OMF/min/mg protein)

0.25- —_

0.00-=% Y
0:1 0221 11 221 41 10:1 20:1

Ratio of Acrolein:PTEN

W

_— 150

9 B 1om

_-li\ -"L| ns . 1h

Z 100 o [ 4h

&’ ns

™ I

(@]

m ns

e 50 —

Q

o

E; .
0- i = oL

0:1 021 11 2:1 4:1 1d:1 20:1
Ratio of Acrolein:PTEN

Figure 4.3 OMFP Phosphatase Activity Analysis of PTEN-V5-His Treated with Increasing Acrolein
Concentrations for 10 minutes, 1 hour and 4 hours.

A) The rate of conversion of OMFP to OMF by PTEN-V5-His treated for 10 minutes, 1 hour and 4 hours with
increasing concentrations of acrolein was monitored by the increase in fluorescence. The specific activity was
calculated from a standard curve and expressed as nmoles OMF converted per minute per mg of PTEN-V5-His
(nmoles OMF/min/mg protein) (N=3, Mean + SEM). B) The specific activity of PTEN-V5-His treated for 10 minutes,
1 hour and 4 hours with increasing concentrations of acrolein was expressed as a percentage of the specific activity
of the control untreated PTEN-V5-His for each time point (N=3, Mean + SEM).

4.3.4 The Dose-Dependent Inactivation of PTEN’s Phosphatase Activity by Acrolein

As described in section 4.3.3, PTEN-V5-His was treated with increasing concentrations of
acrolein for 10 minutes at 37°C at a 0.2:1 (10 yM), 1:1 (50 uM), 2:1 (0.1 mM), 4:1 (0.2 mM),
10 :1 (0.5 mM) and 20:1 (1 mM). Further statistical analysis was performed on the percentage

activities of PTEN-V5-His treated with acrolein for 10 minutes, first described in section 4.3.3,
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to identify any concentration-dependent inhibition of PTEN-V5-His by acrolein. At each
treatment concentration there was a decrease in percentage activity, however there wasn't a

statistically significance reduction in percentage activity until 2:1 acrolein:PTEN ratio (Figure
4.4).
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Figure 44 OMFP Phosphatase Activity Analysis of PTEN-V5-His Treated with Increasing Acrolein
Concentrations for 10 minutes.

The rate of conversion of OMFP to OMF by PTEN-V5-His treated for 10 minutes with increasing concentrations of
acrolein was monitored by the increase in fluorescence and the specific activity was calculated and expressed in
nmoles OMF/min/mg. The specific activity at each concentration was calculated as a percentage of the specific
activity of the control, untreated PTEN-V5-His (N=3; Mean + SEM). Statistical significance was assessed by one-
way ANOVA with the Geisser-Greenhouse correction, correcting for multiple comparisons using the Tukey test
(p=0.1234 (ns), 0.0332 (*), 0.0021 (**), 0.0002 (***), <0.0001 (****)).

4.3.5 The Cross-linking Effect of Acrolein on PTEN-V5-His

To determine whether acrolein caused cross-linking of PTEN, acrolein-treated and NaBHa-
reduced PTEN was visualised using reducing SDS-PAGE (Figure 4.5A-C). For each time
point, densitometry analysis showed a loss of monomeric PTEN-V5-His, at approximately 60
kDa, as the treatment concentration of acrolein increased (Figure 4.5D). This correlated with
the appearance of an additional lower molecular weight band between 55 kDa and 60 kDa
and aggregated protein above and below the stacking gel (Figure 4.5A-C). As the incubation
time increases, the concentration at which higher molecular weight aggregates appeared
decreased from a 4:1 treatment ratio for the 10-minute treatment (Figure 4.5A) to a 1:1 and
0.2:1 treatment ratio for the 1-hour (Figure 4.5B) and 4-hour treatments (Figure 4.5C),
respectively. Comparison of the percentage activity data (Figure 4.5B) and the percentage of
intact PTEN-V5-His data (Figure 4.5D) using unpaired t-tests showed no significant

differences at any acrolein treatment concentration for the 10-minute treatment, and this was
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the same for the 1-hour and 4-hour treatment times (data not shown). This shows that there
is a concurrent and proportional loss of monomeric PTEN-V5-His with the loss of phosphatase
activity. In addition, where PTEN-V5-His is subjected to longer incubation times at 37°C in the
absence of a reducing agent, the propensity of PTEN-V5-His to aggregate increases, possibly

due to oxidation.
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Figure 4.5 SDS-PAGE and Densitometry Analysis of PTEN-V5-His Treated with Increasing Acrolein
Concentrations for 10 minutes, 1 hour and 4 hours.

PTEN-V5-His was treated with increasing concentrations of acrolein and incubated at 37°C for 10 minutes (A), 1
hour (B) and 4 hours (C) before adduct stabilisation with 5 mM NaBH4 for 30 minutes at RT. The samples were
prepared in reducing loading dye and 5 pg was analysed using an 8% polyacrylamide gel stained with Coomassie
blue. Monomeric PTEN-V5-His, seen as a 60kDa band, is indicated by the black arrow. (D) The stained gel was
imaged using a GBox and each treatment lane was analysed using ImageJ with the background adjusted for a light
background and 50 pixels. The peak corresponding to monomeric PTEN-V5-His band (appearing at approximately
60 kDa) for each treatment lane as expressed as a percentage of the control intact band and plotted against each
treatment ratio with the percentage activity for the 10-minute time point.
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4.3.6 Incubation of PTEN-V5-His in the Absence of DTT Results in Oxidation and
Cross-linking
The reduction in specific activity of PTEN-V5-His with increasing incubation time in the
absence of acrolein treatment, as shown in Figure 4.3A, suggests another mechanism of
inactivation. As the acrolein treatments of PTEN-V5-His were conducted in the absence of
DTT to avoid any potential interference from the DTT’s thiol groups, this could allow the PTEN-
V5-His to become oxidised over the course of the treatment. SDS-PAGE has been previously
used to observe oxidative modification of PTEN, due to the accompanied conformational
change that occurs on disulfide bond formation between Cys71 and Cys124, as discussed in
section 1.2.6, that causes the oxidised PTEN (oxPTEN) to migrate faster and appear as a
slightly lower molecular weight band (Lee et al., 2002). As such, to identify whether oxidative
modification was responsible for PTEN’s loss of activity in the absence of acrolein (Figure 4.3),
PTEN-V5-His was incubated with and without 10 mM DTT and analysed by reducing and non-
reducing SDS-PAGE (Figure 4.6) PTEN-V5-His that was incubated in the absence of DTT
but subsequently reduced with reducing SDS-PAGE loading dye showed no difference to the
PTEN-V5-His incubated in the presence of DTT, with regards to the electrophoretic profile
(Figure 4.6A). However, when the same samples were analysed under non-reducing
conditions, higher molecular weight bands corresponding to aggregation or cross-linking
appeared in the samples incubated for 1 hour and 4 hours without DTT (Figure 4.6A). Where
PTEN-V5-His was incubated in the presence of DTT and SDS-PAGE analysis was conducted
under non-reducing conditions there was also no higher molecular weight bands at any time
points (Figure 4.6B). As there is no cross-linking in the presence of DTT and the cross-linking
that occured in the absence of DTT was reversed by the B-mercaptoethanol in the reducing
loading dye, this indicates that the cross-linking of PTEN in the absence of acrolein is due to
oxidative modification that occurs over the course of the treatment. This evidence of oxidative
modification supports the hypothesis that the loss of activity of untreated PTEN-V5-His after

incubation for 1 and 4 hours in the absence of DTT was due to oxidation.
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Figure 4.6 SDS-PAGE Analysis of the Effect of Incubation with and without DTT at 37°C on PTEN-V5-His.
PTEN-V5-His was buffer exchanged into the reaction buffer without (A) and with (B) 10 mM DTT and incubated at
37°C before alkylation with IAM. The samples were prepared in reducing (R) and non-reducing (NR) loading dye,
and 5 pg was analysed using an 8% polyacrylamide gel stained with Coomassie blue.

4.3.7 PTEN’s Cysteine and Lysine Residues are the Most Susceptible to Acrolein
Modification

LC-MS/MS was used to map modifications sites in PTEN-V5-His treated for 10 minutes with

increasing acrolein concentrations for both the monomeric PTEN band, at approximately 60

kDa, and the aggregated PTEN bands at the top and the bottom of the stacking gel, which

were analysed together (Figure 4.5A). By monitoring the appearance of modification sites as
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the treatment concentration of acrolein increased, it would reveal those residues with the
highest susceptibility to modification. In addition, comparison of the modifications present in
the aggregated PTEN band to those present in the monomeric band may allow identification

of residues that play a role in maintaining the active conformation of PTEN.

Table 4.3 shows the modifications present for each of the treatment concentrations of acrolein,
and whether the modification was found in the monomeric or aggregated PTEN fraction. As
the treatment concentration of acrolein increases, and therefore the ratio of acrolein:PTEN,
the number of acrolein modifications also increases (Table 4.3). As expected, no true positive
modifications to acrolein were found in the untreated control. However the Mascot search
identified a false positive modification to Cys71, which is discussed further in section 4.3.8.
The first modification site identified was an acrolein Michael addition to the resolving cysteine
(Cys71), with acrolein Michael addition identified in the monomeric PTEN fraction at the lowest
treatment concentration. Modification to Cys250 was detected in the monomeric band for
ratios of acrolein:PTEN >1:1. At the highest ratios of acrolein:PTEN, 10:1 and 20:1, lysine
modifications were found in both the monomeric and the aggregate PTEN fractions. With
regard to localisation of the modification sites, there are modifications across the structure of
PTEN, from the N- to the C-terminus at low and high treatment concentrations, indicating that
both the phosphatase and membrane-binding domains of PTEN are susceptible to
modification. Modification of the catalytic cysteine was identified during the Mascot search;
however, due to the limitations of the analysis of these peptide hits due to the poor coverage
of this region of PTEN when using trypsin as a protease, as discussed in section 4.3.8 and

4.3.9, it was not possible to validate this modified peptide.

S.L. Smith, PhD Thesis, Aston University 2022. 93



Chapter 4 — Effect of Acrolein on the Activity and Structure of Recombinant PTEN

Table 4.3 LC-MS/MS Identification of Acrolein Modifications of PTEN-V5-His after In-gel Digestion with Trypsin

. . . . Intact PTEN Band Aggregated PTEN
Modified Residue® Modified Peptide® 01 021 11 21 41 104 201 41 101 20:1
K6 M.TAIIKEIVSR.N v v v v
C71 K.IYNLCAER.H v v v v v v v v v
C136 K.GRTGVMICAYLLHR.G v v
R.TGVMICAYLLHR.G v v
K147 K.FLKAQEALDFYGRVR.T v v
K223 K.VKIYSSNSGPTR.R v v v v
C250 K.FMYFEFPQPLPVCGDIK.V v v v v v v v v
K313 R.ADNDKEYLVLTLTK.N v v v v v
Key:
@: Modified amino acid residue identified by Mascot
£: Corresponding peptide containing the modified amino acid, with the modified residue in bold
V' Modified Cysteine (C) residue
V: Modified Lysine (K) residue
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4.3.8 Cysteine and Lysine Residues across PTEN’s Structure are Susceptible to
Acrolein Modification

Manual verification of putative software-identified modifications is essential. For example,
whilst verifying the acrolein-modified peptides identified in the Mascot search by de novo
sequencing, several false positive modified peptide hits were identified. One relevant example
is the false positive acrolein-modified peptide for Cys71 present in the untreated control PTEN
monomeric band. Figure 4.7A shows the representative Mascot output for the identification for
the unmodified Cys71 peptide, which shows 100% y ion coverage assigned to the most
intense peaks. The high intensity of the assigned peaks increases the confidence that the
peptide sequencing is correct. Figure 4.7B shows the data from an acrolein-modified peptide
hit from the untreated control and this peptide identified by Mascot is a false positive hit for a
Cys71 acrolein Michael addition modification. When Mascot selected the peaks (shown in red)
for sequencing, an isotopic peak was selected for Cys71 (y(4)), which was carried forward to
the subsequent y ions (5-7) for Leu72, Asp73 and Tyr74 (Figure 4.7B). This falsely attributed
a mass difference of +161.051 between Cys71 (y(4)) ion and the preceding Ala70 (y(3)) ion
and this equates to the theoretical mass difference of an acrolein Michael addition modification
to the cysteine. During de novo sequencing, when selecting the monoisotopic peak for Cys71
(y(4)), the mass difference was +160.031 which equates to carbamidomethylation of cysteine.
Carbamidomethylation would be the expected cysteine modification in the untreated sample
due to the reduction and alkylation steps of the in-gel digestion. Figure 4.7C shows a
representative example of a true positive Michael addition to Cys71, where monoisotopic
peaks were picked for all y ions, after treatment with acrolein with a mass difference of
+161.051 between Ala70 and Cys71.
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Figure 4.7 Representative Mascot Peptide Output for an Unmodified and a True and False Positive Hit for
Acrolein-modified Cys71.

A Mascot search for acrolein Michael addition of PTEN-V5-His identified unmodified and modified Cys71 in the
amino acid peptide 67-74, YNLCAER. For the unmodified peptide (A) and the false (B) and true (C) positive acrolein-
modified peptide hits, the upper pane shows the experimental raw data, with the picked peaks highlighted in red,
and the lower table shows the Mascot matched ion coverage, where red numbers represent a match.

A Mascot search for acrolein Michael addition of acrolein-treated PTEN-V5-His identified
unmodified and modified residue Cys124 in the amino acid peptide for 85-125,
VAQYPFEDHNPPQLELIKPFCEDLDQWLSEDDNHVAAIHCK. Whilst the peptide hits for the
unmodified and acrolein-modified Cys71 residue could be confidently categorised as a false
or true positive hit, the Cys124 could not be validated. Trypsin does not cleave where a lysine
is followed by a proline, as per the Keil rule, meaning that there was no cleavage between
Lys102/Pro103 resulting in a very large peptide. This conveys a disadvantage for MS/MS
analysis, where the selection parameters would require this peptide to be highly charged in
order to fall into the parameters set during data acquisition with an m/z range of 350-1250.
Figure 4.8A shows that for the unmodified Cys124 peptide there was 100% y ion coverage
between y(2)-y(19) but no y ion coverage between y(18)-y(40). There was some b ion
coverage for these missing y ions, between b2-29. For the modified peptide hit shown in Figure
4.8C there is good sequence coverage for y ions 2-17 and b ions 13-29. Taking together the

y ion and b ion coverage for both the identified unmodified and acrolein-modified peptides, it
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is likely that the Cys124 peptide is present in the sample but it is not possible from these
spectra to differentiate between carbamidomethylation or an acrolein Michael addition of
Cys124. In order to validate the mass of Cys124, the preceding y(1) for Lys123 needs to be
present to calculate the mass difference and the y(1) ion was not present in either the modified
or unmodified peptide. Data cannot be confidently verified or differentiated from the unmodified
peptide so the modified peptide hits so from this data as to whether Cys124 is modified by

acrolein is inconclusive.
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Figure 4.8 Representative Mascot Peptide Sequencing of Unmodified and Acrolein-modified Hit for the
Cys124 Peptide.

Lysine residues can be modified by acrolein but are also a cleavage site for trypsin, conveying
a disadvantage when using trypsin in the LC-MS/MS workflow for the identification of acrolein
modifications. The specificity of trypsin means that where there is a modification at a cleavage
site there will be a miss-cleave. This means that a Mascot hit for an acrolein-modified lysine
residue where the lysine modification is identified at the terminus of the peptide, it is likely a
false positive hit. This is demonstrated by Figure 4.9 which shows the unmodified peptide peak
for Lys164 (A) and the corresponding acrolein-modified peptide (B). The Lys164 ion (b(1)) is
assigned in Figure 4.9A but is missing in Figure 4.9B. As this is the b(1) ion, the corresponding
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y ion is not in Mascot’s peak assignment which means that it is not possible to verify the b ion
series using the y ion coverage. In addition, the b ion peaks for the modified peptide are
assigned to low intensity peaks in the noise (Figure 4.9B), whereas the unmodified peptide
peaks are much higher in intensity, giving further evidence to this hit being false positive
(Figure 4.9A). Modified lysine residues were often identified as part of a peptide where that
lysine was a missed cleavage, such as the peptide hit for Lys6 (Figure 4.9C). As the modified
residue was a missed cleavage, de novo sequencing to validate the modification was easier
as the lysine residue was in the middle of the sequence and often well covered by the y ion
series. However, the lack of an unmodified peptide makes it difficult to quantify the
susceptibility of the modification by comparison of a loss of unmodified peptide with the
appearance and increase in the modified peptide hits. Whilst it was possible to validate the
Lys6 modification example as shown in Figure 4.9C, it was not possible to validate the Lys164
hit.
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Figure 4.9 Representative Mascot Peptide Identification of Unmodified and a False Positive Hit for an
Acrolein-modified Lysine Residue (Lys164) and a True Positive Hit for an Acrolein-modified Lysine Residue
(Lys6).

A Mascot search for acrolein Michael addition of treated PTEN-V5-His identified potential lysine modifications, for
which is a there is a representative experimental data and a peak assignment table for the peptide hits. The search
identified unmodified and modified residues for Lys164 in the amino acid peptide 164-172, KGVTIPSQR, and a
modified residue Lys6 in the amino acid peptide 2-11, TAIIKEIVSR. Results for Lys164 identified both the unmodified

S.L. Smith, PhD Thesis, Aston University 2022. 98



Chapter 4 — Effect of Acrolein on the Activity and Structure of Recombinant PTEN

(A) and modified false positive (B), where there is a missed peak for the modified Lys164 (y(1)). Results for Lys6
identified only a modified peptide (C), resulting from a missed cleavage (y(5)).

4.3.9 Increasing the Sequence Coverage of Potential Modification Sites using
Alternative Proteases
In-gel digestion of PTEN-V5-His with trypsin gave a high sequence coverage and confident
identification of 7 acrolein modifications, as described in section 4.3.8. However, the sequence
coverage of the catalytic cysteine is poor due to the length of the peptide (Figure 4.8) and
often potential lysine modifications were identified in missed cleavage peptides or were unable
to be unequivocally validated by de-novo sequencing due poor b ion coverage (Figure 4.9).
To address these limitations, alternative proteases were trialled to digest PTEN-V5-His as an
in-solution or an in-gel digestion, as outlined in Table 4.4. The coverage of the catalytic
cysteine was important to this project to permit identification and, if present, quantification of
the modified peptide as the treatment concentration of acrolein increased. To target this, in
solution digestion with a combination of proteases with trypsin was tested. To improve the
coverage of lysine residues, and make validation of the modification easier, an in-gel digestion
with chymotrypsin was also trialled. Whilst none of the alternative digestions resulted in an
improvement in sequence coverage over trypsin (Table 4.4), there were differences in the
resultant peptides (Supplementary Table 1). Chymotrypsin resulted in the highest number of
different peptides (Table 4.4) but due to the significantly higher missed cleavage rate, the
sequence coverage remains the same as a lot of the peptides covered the same area but in
a variety of peptide lengths (Supplementary Table 1). The missed cleavage rate of
chymotrypsin is higher in comparison to the other proteases, which is likely due at least in part
to the higher number of cleavage sites, where chymotrypsin is an endoproteinase and so as
such will not cleave where the cleavage site is at the terminus of a peptide, and the effect of

neighbouring residues on chymotrypsin’s cleavage (Keil, 1992).

Lys-C was chosen as candidate for a double digestion with trypsin as whilst it also cleaves at
Lys and Arg residues, unlike trypsin, Lys-C does not follow the Keil rule and so also cleaves
where Lys is followed by Pro (Keil, 1992). The use of Lys-C in combination with trypsin was
trialled to promote cleavage at the missed KP site, discussed in section 4.3.8, and shorten
the length of the peptide for the catalytic cysteine from 41 residues
(VAQYPFEDHNPPQLELIKPFCEDLDQWLSEDDNHVAAIHCK)  to 23  residues
(PFCEDLDQWLSEDDNHVAAIHCK). However, Mascot analysis of PTEN-V5-His digested
with trypsin and Lys-C showed inefficient cleavage at the KP sites, with only one target peptide
hit identified (Table 4.5). Glu-C is another protease that is benefits from being used with

trypsin, due to the longer average length of the resultant peptides, and can cleave at Glu or
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Glu and Asp depending on the digestion buffer used (Giansanti et al., 2016). To prevent over-
digestion of PTEN, the digestion with trypsin and Glu-C was performed in ammonium
bicarbonate buffer which promotes cleavage at Glu residues (Drapeau, 1977, Giansanti et al.,
2016). Mascot analysis of the resultant peptides identified two similar peptides covering the
catalytic cysteine, with 3 duplicates of the longer peptide (Table 4.5). Table 4.5 shows that
double digestion of PTEN-V5-His with trypsin and Glu-C results in the best coverage of the
catalytic cysteine, with the target peptide detected multiple times, increasing the reliability of
the data and giving full coverage of the catalytic cysteine. Although double digestion with
trypsin and Lys-C did have coverage of the catalytic cysteine, with two peptides detected,
there were no duplicates, and the preceding lysine peak was not assigned or detectable
meaning determining the actual mass difference between the lysine and the cysteine is not
possible during de novo sequencing (Table 4.5). Taken together, orthogonal in solution
digestion with both trypsin and Glu-C successfully covered the catalytic cysteine in a peptide
of optimal length for MS analysis, and so was taken forward for digestion of acrolein-treated
PTEN-V5-His.
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Table 4.4 Mascot Analysis of PTEN-V5-His Digested with Alternative Proteases

. Average Average
Protease(s) Digestion Cle'fwage Aim Sequence Protein N_o. of Peptide
Sites Coverage Sequences Missed
Length
Cleavages
Trypsin Gel K/R, notkp  Frotein ldentification and acrolein 83 28 0 16
modification identification
Trypsin/Lys-C  Solution K/R, inc. KP  C124 Coverage 75 24 0 17
Trypsin/Glu-C  Solution K/Rand E/Z C124 Coverage 61 29 1 15
Chymotrypsin  Gel F/Y/WI/L Lysine Residue Coverage 69 48 2 19
Table 4.5 Representative Catalytic Cysteine Coverage of PTEN-V5-His Digested with Alternative Proteases
Cys124 Cys124
Protease(s) Peptide C124 Peptide Averagg No. of N‘?' of Residue
. Peptides Residues Peak
Identified? )
Assigned?
. VAQYPFEDHNPPQLELIKPFCEDLDQWLSEDDN
Trypsin Yes HVAAIHCK 1 41 No
PFCEDLDQWLSEDDNHVAAIHCK 1 23 Yes*
Trypsin/Lys-C Yes VAQYPFEDHNPPQLELIKPFCEDLDQWLSEDDN 1 41 Yes*
HVAAIHCK
. DLDQWLSEDDNHVAAIHCK 1 19 Yes
Trypsin/Glu-C Yes
LIKPFCEDLDQWLSEDDNHVAAIHCK 4 26 Yes
Chymotrypsin No N/A N/A N/A No
Key:

C: Cys124 residue

*: The preceding lysine (y(1)) ion is not covered in either sequence meaning verification of the mass increase for the cysteine residue is not
possible during de novo sequencing.

S.L. Smith, PhD Thesis, Aston University 2022.

101



Chapter 4 — Effect of Acrolein on the Activity and Structure of Recombinant PTEN

The aim of digestion of PTEN-V5-His in-gel with chymotrypsin was to increase the coverage
of lysine rich regions in PTEN, whilst also addressing the limitations of using trypsin to identify
lysine modifications, as discussed above. The resulting peptides identified during the Mascot
search (Supplementary Table 1) show that digestion of PTEN with chymotrypsin produces
peptides with lysine residues in the middle of the sequence. The overall sequence coverage
is lower for PTEN digested with chymotrypsin in comparison to trypsin (Table 4.4). Theoretical
digestion using PeptideMass showed that with 0 missed cleavages, PTEN digestion with
trypsin and chymotrypsin could result in similar sequence coverages of 88.1% and 78.4%,
respectively (Gasteiger et al., 2005, Wilkins et al., 1997). However, as discussed above it
would be expected that chymotrypsin would have a higher rate of missed cleavages due to
the number of cleavage sites. It's also important to note that overall sequence coverage
improvement wasn’t the aim and that there was a successful improvement lysine rich regions
in in the C-terminal domain, where as there are many lysine residues in close proximity,
cleavage by trypsin produces peptides that would be too short to be identified by mass

spectrometry (Figure 4.10)

A Trypsin

STSVTEDVS

DNEPDHYRYS DTTD:

Figure 4.10 Comparison of the Sequence Coverage of PTEN-V5-His Digested with Trypsin or Chymotrypsin
Mascot search showing the increase in sequence coverage in the C terminal domain region where there are several
lysine residues in close proximity, highlighted by the red box, when PTEN was digested with chymotrypsin (B) in
comparison to trypsin (A).

4.3.10 Digestion of Acrolein-treated PTEN with Chymotrypsin Revealed Additional
Lysine Modifications at High Treatment Concentrations
Digestion of acrolein-treated PTEN-V5-His with chymotrypsin revealed additional modification
sites, in addition to the Cys71 and Lys147 modifications that had previously been identified as
a modified residue with a tryptic digest (Table 4.3). The additional lysine modification sites
were revealed due to the increase in sequence coverage of lysine rich areas, as described in
section 4.3.9. As with the pattern of residue susceptibility to modification by acrolein that was
identified after digestion of acrolein-treated PTEN-V5-His, the additional cysteine modification
identified was found at lower treatment concentrations than the additional lysine modifications
(Table 4.6). Due to the presence of several lysine residues in the peptide
TLTKNDLDKANKDKANRY, it is not possible to identify on which the lysine residue there is
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acrolein modification from the available data. As with the modifications identified in Table 4.3,

the distribution of the modifications are across both the N- and C-termini of PTEN.
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Table 4.6 LC-MS/MS Identification of Acrolein Modifications of PTEN-V5-His after In-gel Digestion with Chymotrypsin

. . - . Intact PTEN Band Aggregated PTEN
Modified Residue® Modified Peptide® 01 02:1 1:1 21 41 1011 20:1 411 10:1  20:1
c71 Y.NLCAERHY.D v v v v v v v v
c83* F.NCRVAQYPF.E v v v J v < J
K147 L.KAEQEALDFY.G v
K327 / K330*  L.TLTKNDLDKANKDKANRY.F v v J Y
K344 Y.FSPNFKVKLY.F
Key:

@: Modified amino acid residue identified by Mascot Daemon

£: Corresponding peptide containing the modified amino acid, with the modified residue in bold
v': Modified Cysteine (C) residue

V: Modified Lysine (K) residue

*: New modification site
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4.3.11 Digestion of Acrolein-treated PTEN with Trypsin/Glu-C Found No Modification to
the Catalytic Cysteine
Two additional cysteine modifications, Cys296 and Cys304, were identified during the in-
solution digestion with trypsin and Glu-C. Whilst LC-MS analysis of the peptides resulting from
digestion of PTEN-V5-His in-solution with trypsin/Glu-C revealed that for both the untreated
and acrolein-treated PTEN the catalytic cysteine was covered, no acrolein modification at this
site was found when searching with Mascot. The raw peptide data for both the untreated
control and the highest acrolein treatment ratio (20:1 acrolein:PTEN) was manually searched
for peptides with an expected mass of either a carbamidomethylation or an acrolein Michael
addition modification at the catalytic cysteine (Table 4.7). Peptides with an observed mass of
789.3031 and 567.5635 Da were identified in the LC-MS/MS data for acrolein-treated PTEN-

V5-His, but manual de novo sequencing confirmed these were not the target peptides.
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Table 4.7 Results for a Search of Acrolein-modified Cys124 Peptides with Increasing Charge States in the LC-MS Data of Acrolein-treated and Untreated PTEN-V5-
His digested with Trypsin/Glu-C In-solution

Expected Peptide Expected
Peptide® Modification Peptide Chpar e Observed Peptide Present?
Mass (Da) 9 Mass (Da)
1: Carbamidomethylation
2: Carbamidomethylation 3152.2688 a4+ 789.0745 v
3153.2966 2+ 1577.6556 X
E.LIKPFC'EDLDQWLSEDDNHVAAIHC?K.A 1: Carbamidomethylation
2: Acrolein Michael (reduced) 3153.2966 3 1052.1062 X
3153.2966 4+ 789.3314 X*
Carbamidomethylation 2264.9747 4+ 567.2510 v
2266.0025 2+ 1134.0085 X
E.DLDQWLSEDDNHVAAIHCK.A
Acrolein Michael (reduced) 2266.0025 3+ 756.3414 X
2266.0025 4+ 567.5079 X*

Key:

£: The sequence of the peptide ontaining the modified amino acid, with the modified residue in bold

Bold: Modified Residue

C': Cys104

C?% Cys124

*. Peptide with an observed mass of < £0.5 Da was present but de novo sequencing suggested that it was not a match to the target peptide
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To confirm that the level of acrolein-modification of the acrolein-treated PTEN-V5-His used in
this analysis was at a level where acrolein modifications should be observable, the extracted
ion chromatograms (XICs) for peptides identified using Mascot as containing acrolein-modified
cysteine residues were extracted from the LC-MS/MS data and the area under the curve was
determined and compared against that for the same peptide but with carbamidomethylation of
the cysteine (i.e. the unmodified peptide). The untreated control contained 100%
carbamidomethylation of the cysteine residue of each of the chosen peptides, as expected
(Table 4.8). For the acrolein-treated sample, the sum of area under the curve for the XIC was
taken for the carbamidomethylated and the acrolein-modified cysteine residue peptides was
used to determine the percentage modification of both modifications. Each of the chosen
cysteine residue peptides showed varying degrees of acrolein-modification, with Cys71 having
the lowest proportion of acrolein modification and Cys250 having the highest (Table 4.8). Due
to their relative proximity to each other, and so similar solvent accessibility, and the increased
vulnerability of Cys124 thiol group to oxidative modification, it might be expected that Cys124
would the potential to have a level of modification higher than that of Cys71. Taken together
with the results in Table 4.7, it was concluded that there were no peptides containing acrolein

Michael (reduced) modification to Cys124 identified.

To identify any intermediate crosslinking between the monomeric PTEN-V5-His band and the
aggregate band (as seen in Figure 4.5), a western blot was probing for acrolein was performed
against untreated and 10-minute acrolein-treated and sodium borohydride reduced PTEN-V5-
His; but no bands were seen. To investigate whether it was the sodium borohydride reduction
that was affecting the ability of the anti-acrolein antibody to recognise the acrolein-modified
protein, BSA was treated with increasing concentrations of acrolein (0:1, 0.2:1, 2:1 and 20:1
acrolein:BSA) and left unreduced or reduced with sodium borohydride before non-reducing
and reducing SDS-PAGE and western blot analysis against acrolein, but again no bands were
present in any lanes. As acrolein modification was confidently identified using LC-MS/MS. this
suggests that the antibody was not working under these conditions, as a BSA-acrolein
conjugate was used as the example western blot by the manufacturers. However, further

experiments would be required to determine the cause.
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Table 4.8 Identification and Quantification of the Peptides Containing Carbamidomethylated or Acrolein Modified Cysteines from Untreated and Maximally Acrolein-
treated PTEN-V5-His after In-solution Digestion with Trypsin/Glu-C

Peptide® Acrolein: Modification Modified lon No. of Mass Mass Charge  Modification
PTEN” Residue Score” Peptides (Expt)* Observed (%)’
0:1 56 9 1091.4974 546.7560 2+ 100
Carbamidomethylation
=IDSICSIE 901 C304 58 3 10014941 5467543 2+ 31
] Acrolein Michael
20:1 addition (Reduced) 48 11 1092.5149 547.2647 2+ 69
0:1 66 7 1037.4703 519.7424 2+ 100
Carbamidomethylation
< YNLCAE 20:1 Cc71 55 3 10374670 519.7408 2+ 65
) Acrolein Michael
20:1 addition (Reduced) 53 3 1038.4907 520.2526 2+ 35
0:1 73 3 1369.6333 685.8239 2+ 100
Carbamidomethylation
E.FPQPLP ,
VCGDIK.V 20:1 C250 54 1 1369.6362 685.8254 2+ 4
) Acrolein Michael 686.3339 3+
201 addition (Reduced) 65 2 13708532 gn03746 2+ 96
E LIKPECE 0:1 Corbarmid - 51 3 3152.2982 789.0818 4+ 100
DLDQWLS . arbamidomethylation
EDDNHVA 20:1 56 4 3152.2688 789.0745 4+ 100
AIHCK.A _ Acrolein Michael
201 addition (Reduced) 104 Not present
0:1 80 2 20648671 20000 100
E.DLDQWL Carbamidomethylation :
SEDDNHV 20:1 56 1 2264.9747 567.2510 4+ 100
AAIHCK.A Acrolein Michael
201 addition (Reduced) Not present
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Key:

£: Corresponding peptide containing the modified amino acid, with the modified residue in bold

%: Ratio of acrolein:PTEN during treatment. 0:1 is the untreated control and 20:1 is the highest treatment level with 1 mM acrolein.

@: Modified amino acid residue identified by Mascot

A: A score given by Mascot depending on how well the experimental MS/MS data fits the theoretical MS/MS data for each peptide. The
greater the ion score, the higher the confidence that the peptide is identified correctly.

&: Experimental mass of the peptide

I: Percentage modification of the cysteine taken from the sum of the modifications present
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4.3.12 Lipoxidative Modification Mapping to the 3D Structure of PTEN and Solvent
Accessibility Analysis

The acrolein-modified residues identified by the in-gel digestion (Table 4.3 and Table 4.6) of

acrolein-treated PTEN-V5-His were mapped to the crystal structure of PTEN (Figure 4.11).

Whilst the majority of the acrolein-modifications to both cysteine and lysine residues are

present in the monomeric fraction (Figure 4.11A), there are two additional modifications to

Cys136 and Lys344 were identified in the aggregated fraction (Figure 4.11B).
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Figure 4.11 Acrolein Modified Residues Mapped to the Crystal Structure of PTEN.

The acrolein modified residues identified by in-gel digestion with trypsin and chymotrypsin were mapped to the crystal
structure of PTEN (PDB: 15DR (Lee et al., 1999)) using PDB viewer (Sehnal et al., 2021) for both the monomeric
(A) and aggregated fractions (B). Modified cysteine residues are shown in green whilst modified lysine residues are
shown in blue. Regions of interest are highlighted, with the WPD loop shown in pink, the P loop in yellow and the Tl
loop in purple.

To identify any correlation between the accessibility of the modified residues and their
propensity to be modified, the relative solvent accessibility (RSA) and absolute solvent
accessibility (ASA) were calculated using NetSurfP v2.0 (Klausen et al., 2019, Hgie et al.,
2022) (Table 4.9). The RSA describes the percentage of the residue that is accessible. This
corrolates with the ASA, where the higher the number, the more accessible the residue is. The
RSA was used to categorise the modified residues into either buried or exposed, where a
residue with an RSA of <0.25 denotes a buried residue. The accessible surface area (A?) for
each residue was calculated, with the exception of Lys6 and Cys304 which are not covered

by the crystal structure. The accessibility of the modified residues is visualised in Figure 4.12
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where the residues are plotted against the crystal structure of PTEN and coloured according

to their accessible surface area.

The RSA, ASA and accessible surface area for cysteine residues was consistently lower than
for lysine residues, where all modified lysine residues were considered ‘exposed’ and all
modified cysteine residues were considered ‘buried’ due to their RSA (Table 4.9). Despite this,
the cysteine residues had a higher susceptibility to modification by acrolein with modified
cysteine residues being identified at all acrolein treatment concentrations used, including the
lowest ratio of 0.2:1 acrolein:PTEN (Figure 4.11 and Table 4.9). The exception is Cys136, with
an RSA and accessible surface area of 0. However, acrolein modification to Cys136 is only
seen in the aggregated fraction of the highest treatment concentrations, which could be due
to PTEN unfolding resulting in exposure of this residue. The pKa of the modified cysteine
residues was determined using PropKa v2.0 (Olsson et al., 2011, Sendergaard et al., 2011)
which determined that Cys71 had the lowest pKa of the modified cysteine residues of 4.15,
which as discussed in section 4.1.1, could explain why modification of Cys71 is the first
identified modification at the lowest treatment concentrations (Li et al., 2005). This is despite
the relatively lower RSA in comparison to other modified cysteine residues, Cys83 and Cys250
with pKa'’s of 8.84 and 10, respectively. The properties of Cys124 and Cys71 were found to
be very similar, as was hypothesised, and both residues were determined to be buried (Table
4.9). However, Cys124 had a lower solvent accessibility in terms of RSA, ASA and accessible
surface area, which could lower its susceptibility to be modified despite its lower pKa (Table
4.9). However, Cys136 has the lowest accessibility of all the cysteine residues listed here but
is found to be modified in the highest acrolein concentrations, although as discussed this is
likely due to PTEN becoming unfolded, giving solvent accessibility that isn’t available in
PTEN’s native form. Lysine modifications are only found at the highest treatment
concentrations for both the intact and the aggregated fraction, despite their higher RSA and

surface area in comparison to cysteine residues (Table 4.9).
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Table 4.9 Solvent Accessibility Analysis of Acrolein-Modified PTEN-V5-His Residues

Residue® RSA@ ASA%* Accessible Surface Area (A?%)" Accessibility®

K6 0.51 104.05 ND Exposed

C71 0.11 15.11 717 Buried

Cc83 0.09 12.56 37.69 Buried
C124Y 0.03 4.00 5.77 Buried
C136 0.00 0.20 0.00 Buried
K147 0.55 112.41 128.36 Exposed
K223 0.46 95.12 148.34 Exposed
C250 0.21 29.25 44 .83 Buried
C296* 0.23 32.345 ND Buried
C304* 0.12 17.31 ND Buried
K313 0.48 98.34 250.74 Exposed
K327 0.51 104.39 97.44 Exposed
K344 0.25 52.10 45.39 Exposed

Key:

£: Modified amino acid

@: Relative solvent accessibility

&: Actual solvent accessibility (A)

A: Accessible surface area determined using PDB viewer (Sehnal et al., 2021) with the
crystal structure of PTEN PDB: 15DR (Lee et al., 1999).

$: Residues were categorised as surface or buried residues, where an RSA of 0.25 was
chosen as a cut off for buried residues

%: Fraction in which the modification was identified — monomeric or aggregated — and at

which treatment ratios (acrolein:PTEN)
*: Identified during an in-solution digestion so the fraction (monomeric or aggregated)
cannot be determined

ND: Not determined as these residues were not covered by the crystal structure of PTEN

U: Unmodified, included as a reference
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Lys344

Lower Higher
Proportion of Accessible Surface Area

Figure 4.12 Acrolein Modified Residues Mapped to the Crystal Structure of PTEN and coloured according
to their accessible surface area.

The acrolein modified residues identified by in-gel digestion with trypsin and chymotrypsin were mapped to the crystal
structure of PTEN PDB: 15DR (Lee et al., 1999) using PDB viewer (Sehnal et al., 2021). The highlighted residues
were coloured according to the proportion of their surface area that is accessible, with blue/green residues having a
lower accessible surface are and the red/orange residues having a higher accessible surface area. The P loop was
also highlighted on the backbone and coloured according to the proportion of their surface are that is accessible.
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4.4 Discussion

The second aim of this thesis was to further investigate the effect of lipoxidation on the activity
and structure of recombinant PTEN (PTEN-V5-His) by in vitro treatment with increasing
concentrations of acrolein for increasing incubation times. The effect of acrolein treatment on
PTEN-V5-His’ activity was analysed using the OMFP phosphatase assay and the effect on
PTEN-V5-His’ conformation was visualised using SDS-PAGE. To ensure that the
experimental conditions for analysis were not subject to interference by DTT, a method of
stabilising the acrolein adducts prior to analysis was validated. The treated PTEN-V5-His was
analysed by LC-MS/MS using multiple digestion approaches in order to identify acrolein-

modified residues and map them to the structure of PTEN.

There were several key findings, both in relation to the optimisation of monitoring the loss of
phosphatase activity in the presence of acrolein as well as the effect of lipoxidation on PTEN.
PTEN-V5-His’ phosphatase activity was reduced in the absence of and in low concentrations
of DTT but remained unaffected by NaBH., when NaBH4 was prepared in reaction buffer. This
provided a route to stabilise any acrolein modifications and measure PTEN’s activity in a
reducing environment without potential interference to the modifications by DTT. Whilst there
was no additional inactivation of PTEN-V5-His with increased incubation times tested, there
was a decrease in phosphatase activity with an increase in acrolein:PTEN ratio. This loss of
activity was accompanied by the appearance of higher molecular weight aggregate bands,
indicating that at higher concentrations, acrolein causes cross-linking and aggregation of
PTEN. LC-MS/MS analysis identified PTEN’s cysteine residues as the most susceptible to
modification by acrolein, where its lysine residues were modified at higher acrolein treatment
concentrations. Digestion of PTEN-V5-His with chymotrypsin increased the sequence
coverage of lysine rich regions and led to the identification of additional acrolein-modified
lysine residues. Double digestion of PTEN-V5-His with trypsin and Glu-C successfully
increased the sequence coverage of PTEN to include a shorter length catalytic cysteine
peptide and identified two additional cysteine modifications. Despite the vulnerability of the
catalytic cysteine to electrophilic attack, and the loss of phosphatase activity of PTEN-V5-His

with acrolein-treatment, no acrolein modification to Cys124 was identified.

PTEN, as all PTPs, requires a reducing environment for phosphatase activity due to the
requirement of its catalytic cysteine to be in a reduced state to allow participation in catalysis
(Denu and Tanner, 1998, Maehama and Dixon, 1998, Leslie et al., 2003, Spinelli and Leslie,
2015). The increase in phosphatase activity of PTEN-V5-His with increasing DTT

concentrations in this study is in agreement with the landmark PTEN-PIP; phosphatase
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activity study, which cites 10 mM DTT as the optimal concentration for PTEN’s phosphatase
activity (Maehama and Dixon, 1998). Consequently, the majority of the studies quantifying the
phosphatase activity of PTEN have done so in the presence of 10 mM DTT (Redfern et al.,
2008, Zhang et al., 2012, Lee et al., 1999, Arora and Ghosh, 2016). Some other studies have
used lower concentrations of <56 mM DTT during activity analysis (Lee et al., 2015, Leslie et
al., 2003, Mak et al., 2010, Mak and Woscholski, 2015, Verrastro et al., 2018). Whilst a lower
specific activity was quantified for PTEN-V5-His that had previously been in the absence of
DTT or <1 mM DTT in comparison to PTEN-V5-His that had always been in a stronger
reducing environment (10 mM DTT), this unrecovered activity level could be explained by
previous data citing lower DTT concentrations for longer incubation times (Han et al., 2017,
Zhang et al., 2017) or higher concentrations of DTT (Lee et al., 2002, Verrastro et al., 2016).
A limitation of this data comparison is that the studies cited for the reduction of oxidation with
DTT used exogenous treatments with an oxidising agent, H20,. However, the mechanism of
inactivation of PTEN on exposure to low levels of oxidants is the same regardless of whether
it the source is endogenous or exogenous. A disulfide bond forms between the catalytic and
resolving cysteine, and this disulfide bond can be subsequently reduced, resulting in the re-
activation of PTEN. This similarity allows for comparison of the required reductant

concentrations across the different data sets.

DTT contains thiol groups and, as discussed in section 4.1.1, the rate of reactivity of cysteine
with acrolein is higher than reactions with other residues, such as lysine and histidine (Cai et
al., 2009). Due to the requirement of a reducing environment for PTEN'’s phosphatase activity
and the risk of DTT reaction with acrolein, stabilisation of the aldehyde modifications was
required prior to the OMFP activity assay. One efficient method of stabilising acrolein adducts
is the reduction of the reactive carbonyl groups through reaction with excess NaBHj,
commonly between 5-50 mM for 30 minutes to 1 hour at RT or 37°C, to stabilise aldehyde
modifications prior to SDS-PAGE and tandem mass spectrometry analysis (Johnson and
Rickborn, 1970, Fenaille et al., 2003, Afonso et al., 2018, Sousa et al., 2019, Shearn et al.,
2013). Reduction with NaBH4 can act in two ways: first to quench the free reactive aldehyde
groups and second to stabilise the adducts, which could also act to prevent the risk of
modification reversal during exposure to 10 mM DTT during the OMFP assay. When NaBH,
was prepared in 0.1 M NaOH prior to addition of the PTEN-acrolein treatment, the resultant
high pH could explain the lack of phosphatase activity, due to the negative effect of extreme
pH levels on protein conformation and enzyme activity (Kishore et al., 2012). Preparation of
NaBHs, in the reaction buffer resolved this issue and gave confirmation that reduction of the
acrolein-treated PTEN-V5-His with NaBH, prior to conducting the OMFP assay would provide

a route to analysing the effect of aldehyde modification on the phosphatase activity of PTEN-
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V5-His under optimal conditions, i.e. in the presence of 10 mM DTT, without itself affecting the
phosphatase activity of PTEN. Further inspection of the literature surrounding the use of DTT
in conjunction with acrolein has revealed that a high concentration of DTT (100 mM) has been
used previously to reduce lysozyme prior to acrolein treatment in order to increase the
accessibility of its residues and so increase the opportunity for protein modification (Afonso et
al., 2018). Acrolein modifications were detected by direct infusion mass spectrometry and
expansion to bottom-up analysis identified cysteine adducts to be the majority, with a small
number of lysine adducts (Afonso et al., 2018). The concern here was the loss of the lysine
modification data, due to acrolein’s higher reactivity with thiol groups, and so the protocol
developed here remains advantageous as it eliminates the risk of DTT-acrolein adduct
formation. Stabilisation of the acrolein modifications prior to the activity assay meant that DTT
could be re-introduced to provide the reducing environment that PTEN needs for activity during

the assay.

Previous studies on the inactivation of PTEN with lipid oxidation products have utilised in
cellulo treatments of MCF-7 cells, a human breast cancer cell line, and HepG2 cells, a human
hepatocellular cell carcinoma line, in addition to in vitro treatments of recombinant PTEN
(Covey et al., 2010, Shearn et al., 2011, Shearn et al., 2013). Treatment of MCF-7 cells with
10 uM acrolein for 30 minutes demonstrated covalent modification of PTEN by immunoblotting
for carbonylation (Covey et al., 2010). The same study demonstrated a 40% loss of
phosphatase activity on treatment with 10 uM acrolein for 30 minutes, amongst other test
compounds including 4-HNE which gave 57% inactivation (Covey et al., 2010). The effect of
4-HNE has been further studied, with analysis using recombinant PTEN, cellular PTEN from
HepG2 cells and a murine model (Shearn et al., 2011, Shearn et al., 2013). Previous studies
involved in vitro treatment of recombinant PTEN with 25 nM to 10 yuM 4-HNE at a ratio of 0.1:1
to 20:1 4-HNE:PTEN for 30 minutes at RT (Shearn et al., 2011). With increasing ratio of 4-
HNE:PTEN there was a decrease in PTEN activity, with a significant inactivation found at a
1:1 ratio of 4-HNE:PTEN at 25 yM 4-HNE (Shearn et al., 2011). The data presented here
demonstrates a similar profile, showing a dose-dependent inactivation of PTEN-V5-His with
increasing acrolein treatments, from 0.2:1-20:1 acrolein:PTEN. However, there is not a
significant reduction in the phosphatase activity of PTEN until a 2:1 ratio of acrolein:PTEN,
which differs from the aforementioned 4-HNE data (Shearn et al., 2011). However, when
comparing the level of inactivation of PTEN by acrolein and 4-HNE, the inactivation of PTEN
in vitro by 10 uM acrolein was 40% and 10 yM 4-HNE was 57% (Covey et al., 2010). This
increased inactivation of PTEN by 4-HNE in comparison to acrolein at the same treatment
concentration explains the higher ratio of acrolein:PTEN required in this study to see a

significant inactivation, from a 1:1 to a 2:1 ratio of lipoxidant:PTEN (Covey et al., 2010). These
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observations demonstrate the importance of stating the ratios of lipoxidant:PTEN when
comparing data sets. The concentrations utilised by Shearn et al. ranged from 25 pM-10 yM
4-HNE, and Covey et al. used 10 pyM of acrolein and 4-HNE (Shearn et al., 2011, Covey et
al., 2010). These are considerably lower than the 10 uM-1 mM acrolein concentrations used
in this study, but the ratios of 0.2:1-20:1 acrolein:PTEN are on a par with the previous study
using 0.1-20:1 ratio of 4-HNE:PTEN (Shearn et al., 2011). Table 4.10 compares the
percentage inactivation of PTEN with acrolein or 4-HNE across the previous studies and the
current study, showing how the experimental conditions have resulted in lower treatment
concentrations but when similar ratios of treatment to PTEN are used, comparable inactivation
is seen. Whilst a 10 uM 4-HNE treatment of PTEN, at a ratio of 20:1, has previously produced
an 80% inactivation, a 10 pyM acrolein treatment at a ratio of 0.2:1 in this current study
produced a 6% inactivation (Table 4.10). When the acrolein treatment concentration is
increased to 1 mM to match a 20:1 ratio, the inactivation becomes comparable at 97% (Table
4.10). Taken together, the level of inactivation of PTEN-V5-His with acrolein is comparable to
previously reported data on in vitro inactivation of recombinant PTEN. There is some
disagreement between this current study and previous data indicating that the percentage
activity inactivation of PTEN is higher for 4-HNE than acrolein at the same concentration
(Table 4.10). At the same ratios of treatment to PTEN there is a higher inactivation of PTEN
by acrolein here than previously cited for 4-HNE. However, the treatment using 4-HNE was
performed for 30 minutes at RT, as opposed to 10 minutes at 37°C (Table 4.10). In addition,
the phosphatase activity assays used to evaluate the inactivation of recombinant PTEN
differed; the 4-HNE inactivation was measured using a PIP; lipid phosphatase activity assay
whilst the current study measuring acrolein inactivation used the OMFP phosphatase activity
assay, which is less specific (Shearn et al., 2011). In addition, the previous study used DTT to
quench the excess and unreacted 4-HNE, whereas in this current study the acrolein was
stabilised using NaBH. reduction (Shearn et al., 2011). This difference in experimental
conditions might explain the inconsistency (Table 4.10). It would be interesting to validate
these results from the OMFP activity assay with data using the PIP3; phosphatase assay. A
limitation in the use of the OMFP assay to quantify the effect of post-translational modifications
on the activity of PTEN is that whilst the mechanism of dephosphorylation is the same, there
has been a difference in the effect of residue mutation on the phosphatase activity of PTEN
for protein vs lipid substrates. A Gly129Glu mutation has been reported to inhibit the
recognition of PIP3 by PTEN, with protein phosphatase activity remaining intact (Myers et al.,
1998). Whilst this exact example is not relevant for any specific limitation to this study due to
the inability of acrolein to modify glycine residues, it does highlight a potential consideration of
the effect of non-catalytic residues for PTEN’s enzyme function and differences in the effect

on PTEN'’s catalysis of different phosphorylated substrates.

S.L. Smith, PhD Thesis, Aston University 2022. 117



Chapter 4 — Effect of Acrolein on the Activity and Structure of Recombinant PTEN

Table 4.10 Inactivation of Recombinant PTEN with Acrolein and 4-HNE

Stud Treatment Treatment Treatment Ratio of Inactivation
y Conc. Condition  Treatment:PTEN (%)
Covey
et al. Acrolein 10 uM Unknown Unknown 40
(2010)
Covey
etal. 4-HNE 10 pM Unknown Unknown 57
(2010)
Shearn 30 min
et al 4-HNE 10 uM RT 20:1 ~80
(2011)
. 10 min .
Current Acrolein 10 uM 37°C 0.2:1 6
. 10 min .
Current Acrolein 1T mM 37°C 20:1 97

Section 4.1.1 described the previous evidence for time-dependent inactivation of phosphatase
enzymes by acrolein and 4-HNE. The data here appears to contradict the hypothesis that
PTEN-V5-His would be inactivated by acrolein in a time-dependent manner, as PTEN is not
further inactivated by acrolein after 10 minutes. However, this can be explained by the length
of the acrolein treatment times used in this study as here acrolein-inactivation was investigated
over a range of minutes to hours. Previous investigations demonstrating time-dependent
inactivation of a cysteine-dependent phosphatase, PTP1B, used much shorter treatment times
of 1, 2 and 5 minute acrolein treatments (Seiner et al., 2007). This suggests that by the first
treatment time used here of 10 minutes, the time-dependency of acrolein inactivation of
phosphatase activity is lost and could explain the discrepancy with previously published data
on the mechanisms of acrolein inactivation being both time- and dose-dependent. The times
used in cellulo experiments showing time-dependent inactivation of PTEN by acrolein and 4-
HNE through an increase in pAkt, were over a range of minutes to hours (Covey et al., 2010,
Shearn et al., 2011). But the difference in experimental conditions means that these cannot

be directly compared to an in vitro treatment.

In addition to forming adducts, acrolein has the ability to cross-link proteins. Acrolein-induced
cross-linking of PTEN has not yet been reported, but the ability of 4-HNE to cross-link PTEN
has previously been investigated (Shearn et al., 2013). Treatment of recombinant PTEN 1:1
with 4-HNE produced multimeric forms of PTEN at 55-60, 120 and 180 kDa (Shearn et al.,
2013). The concurrent loss of intact PTEN that occurred with the loss of phosphatase activity
in this study could be explained by a loss of productive enzyme structure due to conformational
changes resulting from modification of key structural residues. This has been observed during

in vitro treatments of recombinant PTEN with hypochlorous acid (HOCI), where a strong
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correlation between loss of phosphatase activity and loss of monomeric PTEN-GST was
observed (Verrastro et al., 2018). At lower concentrations of acrolein, the most susceptible
residues are likely to be surface or active site residues, due to their respective accessibility
and reactivity. However, it has been suggested that due to the small size of acrolein it may
have the ability to penetrate the structure to buried residues (Sousa et al., 2019, Spickett and
Pitt, 2020). Modification of key structural residues could result in protein unfolding and
subsequent aggregation due to the exposure of hydrophobic residues (Verrastro et al., 2018).
There is some debate surrounding the number or proportion of residues requiring modification
before protein unfolding and aggregation can occur (Spickett and Pitt, 2020). The propensity
for aggregation is likely to alter for different modifications and for different proteins, but general
observations include an increase in hydrophobicity due to the introduction of carbonyl groups
during lipoxidation in addition to altering charge state when adducts are formed on basic
residues such as lysine, arginine and histidine (Spickett and Pitt, 2020). This is a potential
explanation for the complete abolishment of phosphatase activity at 10:1 and 20:1
acrolein:PTEN ratios in parallel with the loss of monomeric PTEN-V5-His and aggregate
formation. At 10:1 and 20:1 acrolein:PTEN ratios, the molecules of acrolein exceed PTEN'’s
number of cysteine residues, which increases the potential for less reactive residues such as
lysine, arginine and histidine to be modified by acrolein. Alongside increasing hydrophobicity,
lipoxidation of proteins has been shown to differentially alter the proportions of the secondary
structure conformations a helix and B sheet, where an increase in the proportion of 3 sheet
gave an increase in aggregation (Nieva et al., 2008, Perween et al., 2019, Spickett and Pitt,
2020).

In order to map acrolein-adducts to the structure of PTEN-V5-His, LC-MS/MS analysis was
performed following digestion of treated and untreated acrolein with multiple proteases. As
introduced in chapter 3, there are limitations with regards to use of trypsin where there is a
proline following a lysine and sequence coverage can be increased with the use of multiple
proteases. Previous studies have reported the use of Lys-C in the preparation of PTEN for
mass spectrometry (Lee et al., 2002). Lys-C has an advantage over trypsin as there are no
limitations by the presence of a subsequent proline (Jekel et al., 1983) and so the inclusion of
Lys-C would allow lysine sites to be cleaved despite the presence of a proline. However, as
Lys-C only cleaves at lysine residues, the resulting peptides are likely to be large in size,
reducing the efficiency of extraction from the gel and increasing the risk of being excluded
from LC-MS/MS analysis by the survey scan threshold due to the selection parameters.
Therefore, the use of Lys-C in conjunction with trypsin would produce shorter peptides and
allow cleavage at the KP site and the issue of the production of large peptides with Lys-C

would be resolved due to additional cleavage at arginine by trypsin. However, many of the
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gaps present in the sequence occur when there are lysine (K) and arginine (L) residues close
together, for example Lys125 and Lys128 in the P-loop. Due to the survey scan cut off limit of
350 Da, many of these would be too small to be detected, meaning that there would only be
limited sequence coverage improvement possible where a protease that cleaves at lysine
residues is used. Alternative digestions enzymes include Glu-C, which cleaves at glutamic
acid (E) when the digestion is performed in a basic buffer, such as ammonium bicarbonate, or
chymotrypsin which mainly cleaves at phenylalanine (F), tyrosine (Y), tryptophane (W) and
leucine (L). Glu-C is commonly used in a double digestion in combination trypsin, for the same
reasons discussed for Lys-C, where a single cleavage site often results in the production of
long peptides that are less suited for detection by LC-MS/MS. Chymotrypsin has the opposite
issue, where there are up to four potential cleavage sites, depending on the digestion buffer,
increasing the risk that very small peptides could be produced that are also less suitable for
detection by LC-MS/MS. However, the proteolytic efficiency of chymptrypsin is much lower
than that of trypsin, often resulting in 3+ missed cleavages per peptide during time limited
digestions. The results from the alternative digestions show that whilst there was some
cleavage at the KP site during the trypsin/Lys-C in-solution digestion, the efficiency was low,
whereas the orthogonal digestion in-solution with trypsin/Glu-C resulted in a Cys124 peptide
of optimal length for LC-MS/MS. In-solution digestion is the optimal method for digestion with
Glu-C, and permitted identification of modifications of the acrolein-treated PTEN as a whole
sample with both the monomeric and aggregate fractions present. This has some limitations
as the monomeric and aggregated PTEN are analysed together and so it is not be possible to
infer whether residue modifications are contributing to the cause of, or resulting from, unfolding
and aggregation of PTEN after acrolein treatment, from this data. However, as the design of
this double-digestion experiment was to detect the catalytic cysteine, and it was used in
conjunction with the original trypsin and alternative chymotrypsin in-gel digestions where the
modifications present in the monomeric and aggregate fractions were analysed separately.

And so for this study this limitation is not an issue.

Analysis of the modification of PTEN by 4-HNE beyond western blotting, as described in
section 1.2.6, was expanded further through the use of mass spectrometry (Shearn et al.,
2011, Shearn et al., 2013). At a 5:1 ratio of 4-HNE:PTEN, MALDI-TOF MS analysis showed a
mass shift of 156 Da for PTEN which corresponds to the molecular weight of 4-HNE and
provides further evidence that PTEN is able to be covalently modified by 4-HNE (Shearn et
al., 2011). However, as with the western blotting approach, although this method detects the
adduction of 4-HNE to PTEN, it is not possible to elucidate where PTEN is modified. In
addition, the authors stated that it is expected that both monomeric and multiply-modified

PTEN are present but these forms are not detected due to instrument resolution at that mass
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to charge ratio (Shearn et al., 2011). In a later study by the same group, this MS analysis was
expanded further to permit identification of specific PTEN residues that are modified by 4-HNE
(Shearn et al., 2013). LC-MS/MS analysis of PTEN treated with 4-HNE at 1:1, 5:1 and 10:1 4-
HNE:PTEN, with subsequent reduction with sodium borohydride before in-gel digestion with
trypsin, identified Michael addition adducts of 4-HNE with PTEN at several residues; Cys71,
Cys136, Lys147, Lys223, Cys250, Lys254, Lys313, Lys327 and Lys344 (Shearn et al., 2013).
The data presented in this current study corroborates this modification data for 4-HNE, where

acrolein was also found to modify these residues (Table 4.11).

However, when looking at the acrolein-modification data from the current study’s tryptic digest
alone, two modifications, Lys327 and Lys344, were not identified whilst an additional
modification site at Lys6 was (Table 4.11). Whilst Lys327 was not covered by the tryptic
digestion, Lys344 was but acrolein modification of this residue could not be confidently verified
using de-novo sequencing. However, acrolein-modification to Lys327 and Lys344 were
identified after in-gel digestion with chymotrypsin, where acrolein-modification to lysine
residues was easier to analyse due to the reduction in modification data from missed
cleavages. In addition, acrolein modification to both Lys327 and Lys330 were identified after
in-gel digestion with chymotrypsin but it is not possible to differentiate between modification at
these two sites. Two additional modification sites are identified with acrolein in comparison to
the previous study with 4-HNE at Cys296 and Cys304, which was identified after in-solution
digestion with trypsin and Glu-C. Although preliminary data during digestion with trypsin did
identify Cys304 as a potential modification site, this finding was discounted due to the lack of
convincing data during de-novo sequencing due to missing relevant peak assignments,
including the Cys304 peak and downstream residues peaks, in the LC-MS/MS data. There
was only one additional acrolein-modification site to PTEN (Lys6) in comparison to 4-HNE
when comparing the tryptic digestion data alone. The additional modifications to Cys83,
Cys296 and Cys304 by acrolein were not confidently identified until orthogonal digestion of
PTEN was carried out. Interestingly, all of the 4-HNE modifications presented in Table 4.11
were identified at a 1:1 ratio of 4-HNE:PTEN, but at the same ratio of acrolein:PTEN only
Cys71 and Cys250 were identified. There were differences in the experimental conditions,
where the 4-HNE treatment was conducted for 30 minutes at 37°C whilst the acrolein
treatment was for 10 minutes a 37°C. The longer treatment time in the 4-HNE study in
comparison to the current study could explain the presence of additional modification sites at
the same lipoxidant:PTEN ratio. In order to determine whether this was the cause of the
increase in modification sites at lower 4-HNE:PTEN ratios, LC-MS/MS analysis would need to
be conducted on PTEN treated with acrolein for longer incubation times. The limited availability

of 4-HNE at the equal molar ratio used by Shearn et al. (2013) suggests that the modifications
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may be present across the pool of modified PTEN, rather than on each PTEN molecule. The
use of intact mass analysis would be interesting to identify the number of modifications per

protein molecule.

Table 4.11 Modification of Recombinant PTEN with Acrolein and 4-HNE Identified using LC-MS/MS

Treatment
Residue (s corn et al, 2013 A Curront Study)
Trypsin Trypsin Chymotrypsin Trypsin/Glu-C
K6 X
C71 X X X X
C83 X
C136 X X
K147 X X X
K223 X X
C250 X X X
C296 X
C304 X
K313 X X
K327/330 X X
K344 X X

One limitation of the LC-MS data is that PTEN is purified and stored under reducing conditions
to preserve catalytic activity. This could increase the number of free cysteine thiol groups that
are able to react with acrolein (Afonso et al., 2018). Although, the PTEN was reacted with
acrolein in the absence of DTT and there was there was identification of specific cysteine
residues modified at the lower acrolein treatment concentrations, so it was possible to
conclude that certain cysteine residues are more susceptible to modification by acrolein.
Future analysis could include computational molecular modelling of the aldehyde-modified
residues, in a similar way to that done for HNE by Shearn et al. (2013). In this study it was
thought that LC-MS/MS analysis and subsequent comparison of the acrolein-modified
residues of the monomeric and aggregate bands might give insight into the modified residues
that could be responsible for the aggregation of PTEN-V5-His. However, there are only two
additional modifications present in the monomeric fraction, Cys136 and Lys344. The lack of
solvent accessibility of Cys136 suggests that the identification of this residue could be a result
of the unfolding allowing access for acrolein, rather than the cause. Instead of modification to
key residue sites for maintaining structure, this data set suggests that it is the proportion of
modified residues, rather than modification of specific residues themselves, that caused the
aggregation of PTEN-V5-His after treatment with the higher acrolein modifications. The

proportion of acrolein-modification could be identified by quantification and comparison of the
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proportion of unmodified to modified peptide at each treatment concentration, for example
using software such as Progenesis QI for proteomics. A further limitation of this data set is
that only the monomeric and aggregate band were taken, where it is possible that additional
bands of cross-linked PTEN-V5-His could be present. Further work could include completion
of the western blot analysis of the acrolein-treated PTEN-V5-His against acrolein to identify
any intermediate bands, as conducted by Shearn et al. (2011) against 4-HNE and as was

attempted in this chapter.

In both the previous study by Shearn et al. (2013) and this current study, no modification to
the catalytic cysteine was found by 4-HNE or acrolein, respectively, despite the theoretical
vulnerability of the catalytic cysteine and the confident detection of Cys124 containing peptides
in this study. The explanation of the loss of phosphatase activity identified by Shearn et al.
(2013) after treatment with 4-HNE was proposed to be due to steric hindrance of the active
site by 4-HNE maodification to Cys71 and Lys327. This provides a potential explanation for the
loss of phosphatase activity of PTEN after treatment with acrolein, as both Cys71 and Lys327
were also found to be modified by acrolein. A consideration in the use of this theory to explain
acrolein’s inhibition of phosphatase activity is that the carbon chain of 4-HNE is longer by 5
carbons (Figure 4.13), potentially giving 4-HNE a greater effect at steric hindrance of the active
site than acrolein. An alternative explanation is that the reactive aldehyde groups of both
acrolein and 4-HNE are capable of forming crosslinks. Despite the differences in the carbon
chain length of 4-HNE, the length of the reactive a,B-unsaturated aldehyde groups are the
same, which therefore gives 4-HNE and acrolein the same range for crosslinking (Figure 4.13).
The distance of neighbouring lysine residues to Cys124 was measured using Mol* (PDB). The
distance between a thiol-group sulfur of a cysteine residue and the nitrogen of a lysine residue
that are crosslinked by acrolein is a maximum of 5.2 Angstroms (A), with the maximum
distance between the residues respective alpha carbons being 14.2 A. PTEN contains two
active site lysine residues, Lys125 and Lys128, with distances to Cys124 of 4.89 A and 8.48
A, respectively, which are within a reasonable distance of each other to permit crosslinking
via acrolein. These measurements were taken using the crystal structure of PTEN (PDB:
15DR (Lee et al., 1999)) with PDB viewer (Sehnal et al., 2021).

Acrolein crosslinking has been previously identified in a study of the effect of acrolein on chain
B of bovine insulin using SDS-PAGE and mass spectrometry (Ishii et al., 2007). The use of
SDS-PAGE identified the monomeric, adduct and cross-linked forms of chain B of bovine
insulin at ratios of 1:1 or 1:2 protein:acrolein (Ishii et al., 2007). Subsequent mass spectrometry
analysis identified in multiple acrolein-bridges from lysine residues and the N-terminal amine

of phenylalanine to other residues, such as histidine and lysine residues (lIshii et al., 2007). A
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limitation of the LC-MS/MS data analysis in this chapter is that the focus was on the
identification of adducts with acrolein rather than acrolein-crosslinks. Future investigation
could include the use of alternative search parameters in Mascot during LC-MS/MS data
analysis to include an acrolein linker could be used to search for any sites of crosslinking, with
particular focus on Cys124, and molecular modelling of any potential cross-link sites. This is
challenging due to the number of potential cross-linking sites. A consideration during the
search for acrolein cross-links where PTEN-V5-His is used, is the possibility that the C-
terminal histidine tag could participate in cross-linking with proximal lysine and histidine
residues, where these crosslinked peptides would not be identified through Mascot searches
without modification to the search database to include the C-terminal tag sequence. Whilst
this is likely not an issue in the search for Cys124 crosslinks due to the distance between
Cys124 and Val403 and the small size of the reactive aldehyde group of acrolein, it is
consideration into the overall propensity for this recombinant PTEN protein to aggregate in
comparison to wild type PTEN. This could be further investigated by the comparison of
aggregation on treatment of tagged- and untagged-PTEN by SDS-PAGE and western blotting

against acrolein.
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Figure 4.13 Structure of Acrolein and 4-HNE
The structure of acrolein and 4-HNE are shown with the reactive aldehyde group and its distance is highlighted in
green.

In conclusion, the data presented in this study both corroborates and expands on previous
investigations into the effect of lipoxidation on PTEN. Lipoxidation of PTEN-V5-His with
acrolein showed a dose-dependent inactivation of phosphatase activity of PTEN-V5-His that

mirrored previously-cited data for 4-HNE. Whilst previous inactivation of recombinant PTEN
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with 4-HNE were shown to be time-dependent this was between 0 and 10 minutes and the
results presented here only test the time-independence of acrolein inactivation of PTEN-V5-
His above 10-minutes. To test any time-dependence of PTEN inactivation with acrolein,
shorter treatment times of than those that were used in this study would be required.
Treatment of PTEN-V5-His with higher treatment concentrations at >4:1 ratio of acrolein:PTEN
induced aggregation. These aggregates appeared as higher molecular weight aggregates at
the top and bottom of the stacking gel and suggest that higher ratios of acrolein:PTEN results
in an increase in acrolein modifications. Digestion of acrolein-treated PTEN-V5-His and the
use of tandem mass spectrometry permitted the mapping of acrolein modification sites for
each treatment concentration. Modification sites closely match previous results from
investigation into 4-HNE, and modification to key residues such as the resolving cysteine,
Cys71, were identified. Optimisation of the digestion of PTEN-V5-His with a range of
proteases, both in-gel and in-solution, increase the sequence coverage of the protein beyond
what was achieved with trypsin alone. Trypsin/Glu-C in-solution digestion permitted the
confident identification of the catalytic cysteine; however, no acrolein modification to the
catalytic cysteine was found which could be due to accessibility. The in-gel digestion with
chymotrypsin increased the proportion of lysine residues that were covered by the sequence
whilst simultaneously providing peptide digest products with non-terminal lysine residues so
that any modified peptide found could be more easily verified and also allowed comparison to
the unmodified peptide. This chapter further characterises the effect of acrolein on the
structure and phosphatase activity of PTEN-V5-His, providing the foundation of the next
chapter by identifying a suitable acrolein concentration for the affinity pull down assays. The
treatment concentration was chosen as 2:1 acrolein:PTEN with a treatment time of 10-
minutes, as whilst it caused an inhibitory effect on the phosphatase activity and acrolein-
modification to multiple residues was found, at this concentration no aggregated PTEN was
identified. This permits a route to investigate whether acrolein modification to PTEN causes a
change in its interactome, whilst ensuring these changes are not non-specific binding to

unfolding or aggregation of the protein.
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Chapter 5 — Effect of Acrolein on the Global Interactome of
Recombinant PTEN

5.1 Introduction

5.1.1 Protein Interactomes and the Effect of Post-translational modification

A protein-protein interaction (PPI) is defined as the selective binding of one protein to another
through specific binding domains, forming regulated networks of multi-protein complexes (De
Las Rivas and Fontanillo, 2010). PPIs are dynamic and these interactions can change in
response to different physiological and pathophysiological cellular states (Westermarck et al.,
2013, Snider et al., 2015). A protein may come into contact with many proteins by chance,
and will have an interaction with proteins that are involved in protein synthesis and quality
control, and these are not considered a specific PPl (De Las Rivas and Fontanillo, 2010). A
PPl is a specific and intentional interaction between two proteins that can be stable or transient

in nature (De Las Rivas and Fontanillo, 2010).

Interactions between proteins can be regulated by post-translational modification (PTM), as
well as mutation (Spickett et al., 2006, Li et al., 2013). PTM can alter localisation which has
an indirect effect on the possible interactions of the modified protein (Yakubu et al., 2019,
Wang et al., 2022). PTM can control PPIs by altering the binding affinity between proteins
through modification of interaction sites, acting to directly increase or decrease binding of an
interaction partner or indirectly alter binding through structural changes to the protein induced
by the PTM (Seet et al., 2006, Duan and Walther, 2015, Wang et al., 2022).

5.1.2 Methods to Identify Post-translational Modification-Associated Protein-Protein
Interactions
There are two main routes to study protein-protein interactions. The first is the use of low-data
content methods such as co-immunoprecipitation (ColP) and western blotting, often in
hypothesis-driven investigations for a specific interaction pair. The second route is to use high-
data content methods such as affinity pull down assays (APD) coupled with mass
spectrometry and the yeast-2 hybrid assay (Y2H) (Smith et al., 2021). Originally, the Y2H
assay was a low-throughput method used to study single interacting pairs of proteins, but this
method has been scaled up to screen entire genomes (Fields and Song, 1989, Fields, 2005).
The strategies that can be employed to study the effect of PTM on PPls have previously been
reviewed (Wang et al., 2022). Mass spectrometry is a useful technique for this application as
it can be used to map PTM to specific residues and identify potential interacting proteins
(Yakubu et al., 2019). To uncover PTM-dependent PPlIs, the target PTM first needs to be
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replicated under experimental conditions. Endogenous approaches include induction of the
PTM under known conditions, giving uncontrolled modification at any susceptible residue,
target specific delivery of an agent or the use of genetic code expansion or mutation to
incorporate a mimic of the PTM at a specific site of interest (Wang et al., 2022). Exogenous
approaches to introduce PTM can include the recombinant expression and purification of the
protein of interest and in vitro treatment (Verrastro et al., 2016). Difficulties in capturing PTM-
associated interactors lie in the specific induction of the desired PTM, the preparation of a
homogenous pool of modified target protein and the potentially transient or non-covalent
nature of the resulting PPl (Wang et al., 2022).

Whilst ColP and APD are both chromatography-based techniques, the Y2H assay is a genetic
transcription-factor based system. ColP involves incubation of cellular lysates (prey) with an
antibody against the protein of interest (bait), before enrichment of the sample for both the
target protein and its interaction partners by immobilisation of the antibody-bound protein
(complex) on a Protein A or G resin. Whilst there have been several developments to APD,
broadly it involves the expression of a recombinant protein of interest with a tag before
performing one or more chromatography steps against the tag to pull down the protein of
interest and its interactors. This removes the requirement for a specific antibody against the
protein of interest, as there is an extensive library of tags and complementary affinity resins
available for use. The expression can be in cellulo, whereby the protein of interest (bait) is
expressed in situ, and as such is exposed to potential interactors, and the APD is performed
directly upon cell lysis (Herlevsen et al., 2007, Maddika et al., 2011, Ahn et al., 2008,
Gunaratne et al., 2011). Alternatively, the protein of interest (bait) can be expressed in an
alternative expression system before purification and exposure to cell lysates (prey) in vitro
(Crockett et al., 2005, Verrastro et al., 2016). Once the protein of interest and any interacting
proteins have been isolated, the latter needs to be identified. Liquid chromatography with
tandem mass spectrometry (LC-MS/MS) allows not only identification of the interactors, but
also relative quantification of their abundance. Quantification gives a route to identify potential
non-specific interactors, which would be present in similar abundance in the control
experiment (e.g. a tag or resin-only pull down). The advantages and disadvantages of using
LC-MS/MS for identification of interactors after APD has previously been reviewed (Kaake et
al., 2010, Westermarck et al., 2013). The Y2H assay makes use of a transcription factor with
two functional domains that can be expressed separately on the target protein of interest (bait)
and any potential protein interactors (prey), for a reporter gene (Keegan et al., 1986). Whilst
there are a variety of transcription factors and reporter genes that can be applied to this
technique, the most common example is the Gal4 transcription factor, consisting of a DNA-

binding domain and an activator domain that can be expressed as a recombinant protein with
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the bait and prey, respectively, and the reporter gene LacZ (Fields and Song, 1989, Briickner
et al., 2009). When the two Gal4 transcription factor domains are brought into close proximity,
if the bait and prey are interactors, there is activation of expression of LacZ resulting in an

observable colour change in the presence of X-gal (Fields and Song, 1989).

With high-data content methods there is a high risk of identification of false-positive interactors
and efforts have been made to reduce this risk. One strategy involves the use of additional
isolation steps, either in parallel, for parallel affinity purification (PAP), or in tandem, for tandem
affinity purification (TAP) (Rigaut et al., 1999, Ong et al., 2002). Whilst both techniques make
use of a recombinant protein with two different tags, PAP uses two one-step purifications in
parallel whilst TAP uses one two-step purification in tandem (Ong et al., 2002, Rigaut et al.,
1999). By utilising two affinity isolation steps, the stringency of the binding is increased and
the risk of identifying non-specific interactors that are binding to the resin support is decreased.
However, as TAP requires performing two purification steps in tandem there is an increased
risk of loss of weaker interactors (Berggard et al., 2007, Gunaratne et al., 2011). This
decreases the risk of false-positive interactors but also increases the risk of false-negative
interactors where weaker true positive interactors may be lost, and in this way TAP may be
less effective than PAP. The advantages and limitations of these APD techniques have been
extensively reviewed (Formosa et al.,, 1991, Rigaut et al., 1999, Berggard et al., 2007,
Westermarck et al., 2013, Rao et al., 2014, Adelmant et al., 2019).

These high-data content techniques can produce a vast set of potential interactors but as there
is a risk of false-positive identification of interactions, the use of more than one technique is
recommended in the capture and validation of an interactor of interest (Berggard et al., 2007,
Smith et al., 2021, Wang et al., 2022). Often, high-data content approaches are combined with
low-data content approaches once potential interactors have been identified, which enables
validation of the interaction. It is well documented that there is an issue with the false-positive
discovery rate, as well as the lack of reproducibility, in the high-data content approaches of
Y2H (von Mering et al., 2002, Mehla et al., 2017) and APD (Zhang et al., 2008, Smith et al.,
2021). Recently, many efforts have been made to characterise and reduce the source of false
positive identifications (Banks et al., 2015, Peng et al., 2016, Xing et al., 2016, Tian et al.,
2017, Yugandhar et al., 2019, Hong et al., 2019). Beyond the aforementioned experimental
techniques, ‘dry’ in silico and bioinformatic approaches have been applied to identify potential
interactors by comparing expression, function and sequence homology and applying a
confidence score based on the level of similarity and ranking potential interaction partners
based on these parameters (Suthram et al., 2006). However, none of these techniques are a

complete solution.
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5.1.3 PTEN'’s Interactome

As an antagonist of the AKT pathway, understanding the role of PPIs in the regulation of PTEN
and the subsequent effect of these interactions on the activity of PTEN is important. PTEN
has additional PIP; phosphatase-independent functions, such as protein phosphatase-
dependent regulation of cell migration and the role nuclear PTEN in genomic stability (Hopkins
et al., 2014, Leslie et al., 2007, Ho et al., 2019). As such, searching for novel interactors is
also of importance for the non-canonical functions of PTEN. The BioGrid identifies, at the time
of writing, 476 published physical interactions for PTEN (Stark et al., 2006) (Supplementary
Table 4). There are 7 previously published high-data content specifically on the analysis of
PTEN’s interactome using physical approaches, outlined in Table 5.1 (Gorbenko et al., 2004,
Crockett et al., 2005, Herlevsen et al., 2007, Gorbenko et al., 2010, Maddika et al., 2011,
Gunaratne et al., 2011, Verrastro et al., 2016). In each of these cases, APD or Y2H assays
have identified between 12-400 per study, with 1-4 from each study validated with
physiological functions hypothesised (Table 5.1). The validation methods varied from ‘wet’
techniques using surface plasmon resonance (SPR) or ColP and western blotting, to a ‘dry’
technique using in silico data alignment (Table 5.1). Functional consequences of the
interaction were further investigated by some studies, using cell migration assays and
fluorescence microscopy (Table 5.1). We have recently published a review evaluating the
approaches that have been used to investigate the protein interactome of PTEN (Smith et al.,
2021). Figure 5.1 highlights the different routes of investigation from bait preparation to
interactor validation for both Y2H and affinity pull down based investigations into PTEN’s
interactome (Smith et al., 2021).
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Table 5.1 Summary of the Content PTEN Interactome Studies (modified from Smith et al. (2021))

Publication  Authors (DOI) Condition Isolation Identification Method  Validation Method  No. of Potential No. of Validated
Date Method Interactors Interactors
2004 Gorbenko et N/A Y2H Restriction analysis & Mating Assay 43 1

al. (2004) DNA sequencing
2005 Crockett et al. N/A APD LC-MS/MS In vitro & in silico In vitro: 79 42
(2005) In silico data alignment In silico: 349
2007 Herlevsen et Human APD LC-MS/MS Reciprocal APD & 400 1
al. (2007) Bladder Western Blot
Cancer
2008 Ahn et al. N/A APD LC-MS/MS Co-IP, 93 1
(2008) Western Blot,
Fluorescence
Microscopy &
RT-PCR
2010 Gorbenko et N/A Y2H Restriction analysis & Co-IP, 12 1
al. (2010) DNA sequencing Western Blot &
SPR
2011 Gunaratne et N/A PAP- LC-MS/MS Co-IP, 100 4
al. (2011) SILAC Western Blot &
TAP Cell Migration
Assay
2011 Maddika et al. N/A TAP LC-MS/MS Co-IP 34 1
(2011)
2016 Verrastro et al. Oxidation APD LC-MS/MS Western Blot 97 4
(2016)
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Figure 5.1 An overview of the steps involved in high-throughput investigations of the
interactome of PTEN (reproduced with permission from Smith et al. (2021))

5.1.4 Redox-Sensitive Interactors of PTEN

As discussed in 1.2.6 PTEN is regulated by several post-translational modifications. Redox
plays an important role in the regulation of PTEN and oxidative modification alters critical
resides for conformation and catalysis. The effect of oxidative modification on PTEN’s
interactome has been investigated, using both low-data content and high-data content

approaches.

Low-data Content PTEN Interactome Investigations

PTEN is reversibly inactivated by oxidation, with subsequent formation of an intramolecular
disulfide bond between the resolving (Cys71) and catalytic (Cys124) cysteine (Lee et al.,
2002). Thioredoxin, glutaredoxin, peroxiredoxin and annexin A2 are all redox regulatory
proteins that have been found to have a role in reducing this disulfide bond and re-activating
PTEN. Thioredoxins and peroxiredoxins are families of redox proteins with a role in
maintaining a reducing cellular environment and protecting cells from oxidative damage (Lee
et al., 2013, Perkins et al., 2015). The redox regulation of PTEN by thioredoxins and
peroxiredoxins has previously been reviewed (Nguyen Huu et al., 2021, Zhang et al., 2020).
Annexins are calcium-dependent phospholipid binding proteins that have been shown to be
upregulated under conditions of oxidative stress, with a regulatory role in several diverse

cellular processes (Madureira et al., 2011).

Thioredoxin-1 (Trdx-1) plays a major role in the reduction and re-activation of PTEN, and whilst
both Trdx-1 and glutaredoxin co-immunoprecipitated with PTEN, Trdx-1 was found to be more
efficient than glutaredoxin (Lee et al., 2002). There was a delay in reduction of oxidised PTEN
on exposure to a Trdx-1 inhibitor but not a glutaredoxin inhibitor, indicating that Trdx-1 is
important for PTEN reduction (Lee et al., 2002). Trdx-1 has been shown to bind to PTEN in a

redox-dependent manner, where an increase in binding is seen on oxidation of Trdx-1, via an
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intermolecular disulfide bond between Cys212 of PTEN and Cys32 of Trdx-1 (Meuillet et al.,
2004). Further evidenced has since been obtained for the relationship between Trdx and
PTEN (Schwertassek et al., 2014, Song et al., 2007, Sadeghirizi et al., 2016). Peroxiredoxin-
1 (Prdx-1) has also been shown to form a complex with PTEN resulting in the protection of its
phosphatase activity during mild oxidative stress (Cao et al., 2009). This protection was lost
during high oxidative stress where a decrease in the interaction between Prdx-1 and PTEN
was identified (Cao et al., 2009). Levels of annexin A2 (Anxa2) are upregulated on cellular
exposure to H20, and co-expression studies have shown that Anxa2 binds to PTEN via its
redox-sensitive cysteine (Cys8), and upregulates the phosphatase activity of PTEN (Castaldo
et al., 2019). A reduction of Anxa2 resulted in a concurrent increase in Akt activation and on
introduction of an alanine mutation at its Cys8, inhibition of Akt activation was lost (Castaldo
et al., 2019).

High-data Content PTEN Interactome Investigations

We have recently reviewed the high-data content investigations into the interactome of PTEN
(Smith et al., 2021). Of each of the 7 interactome studies, one investigated the effect of
oxidation on the interactome of PTEN (Verrastro et al., 2016). This is an important
investigation as key regulators of PTEN interact with PTEN in an oxidation-dependent manner
(Verrastro et al., 2016). Recombinant PTEN-GST with and without prior treatment with H2O»
was used to isolate interacting proteins by APD (Verrastro et al., 2016). Tandem mass
spectrometry was then used to identify any changes in the interactome on oxidation; 97 total
potential interactors were identified with 14 found to vary with oxidation state (Verrastro et al.,
2016). Four of these interactors were validated using western blot analysis. The interactions
of Prdx-1, Trdx-1 and Anxa2 with PTEN were found to vary with oxidation state and all three
showed an increase in binding to oxidised PTEN (Verrastro et al., 2016). DNA damage binding
protein 1 (DDB1) was also validated as a novel interactor, but there was no difference in

binding with redox state (Verrastro et al., 2016).

Whilst Trdx-1 had previously been shown to increase binding under oxidative conditions, as
described above, an increase in binding on oxidation contradicted the previous data for Prdx-
1 interaction with PTEN, as described in section above, whereby decreased binding of Prdx-
1 was seen under conditions of oxidative stress (Cao et al., 2009). This conflicting data can
be explained by the differences in experimental approaches. Where Cao et al. (2009) treated
whole cells and subsequently performed a ColP against PTEN, Verrastro et al. (2016) treated
purified recombinant PTEN-GST and performed an APD against untreated whole cell lysates.
The decrease in interaction between Prdx-1 and PTEN was hypothesised to be due to

oxidation of Prdx-1 at Cys51, where oxidation of Prdx-1 would not be expected under the
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experimental conditions of Verrastro et al. (2016), as only the PTEN bait protein was subjected
to oxidative stress (Cao et al., 2009). The effect of oxidation was not tested as part of the low-
data content investigation into Anxa2 binding to PTEN, where ColPs were performed against
PTEN overexpressing WT or mutant Anxa2 which lead to the conclusion that Anxa2 binds to
PTEN through its Cys8 (Castaldo et al., 2019). As described above, the cellular levels of
Anxa2 are upregulated under conditions of oxidative stress (Madureira et al., 2011). This
upregulation could lead to higher levels of Anxa2 identified as binding to PTEN under
conditions of oxidative stress; however, as discussed for the Prdx-1-PTEN interaction,
Verrastro et al. (2016) only oxidised the PTEN bait protein while the prey lysate proteins were
untreated. These experimental conditions mean that the elevation in Anxa2 levels under
oxidative stress are not a consideration in the observation of increased Anxa2 binding to
oxPTEN in this study (Verrastro et al., 2016).

5.1.5 Aims and Hypotheses

The previous high- and low- data content investigations provide evidence for the effect of
oxidation on PPl with PTEN and highlight the relevance of studying the effect of post-
translational modification on the interactome of PTEN. Whilst the effect of lipoxidation on the
interactome of PTEN has not yet been studied, there is evidence to support the hypothesis
that lipoxidation could also have an effect on PPI beyond the general definition of lipoxidation
as a PTM. Zorrilla et al. (2019) summarise the different approaches used for various targets
and lipoxidation products that have previously been used to study the effect of protein-protein
interactions, amongst other areas. Targets have included the G-proteins Rho p21, H-Ras, as
well as the transcription factor c-Jun, for the lipid oxidation product 4-HNE, using methods
such as size exclusion chromatography (SEC) with SDS-PAGE and APD with western blotting.
In addition, previous studies provide empirical evidence that lipoxidation by 4-HNE has an
effect on the structure and activity of PTEN (Covey et al., 2010, Shearn et al., 2011, Shearn
et al., 2013). The work described in Chapter 4 of this thesis shows that PTEN is inactivated
by acrolein and there are residues across the length of the protein that are susceptible to
modification by acrolein. Taken together, the previous evidence that 4-HNE has an effect on
PPIs of other targets, as well as a direct effect on the structure of PTEN, in addition to the
work presented in this thesis demonstrating a similar inactivation and structural modification
of PTEN by acrolein, lead to the hypothesis that modification by acrolein will have an effect on
the protein-protein interactors of PTEN. The first aim of this chapter was to optimise an APD
protocol to allow immobilisation of PTEN, on-column treatment with acrolein, and subsequent
exposure to whole cell lysate from untreated mammalian cells to capture PTEN interactors.

The second aim was to apply this protocol to analyse the interactors captured by the untreated
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and acrolein-treated bait PTEN using LC-MS and Mascot to identify interactors and

Progenesis QI for proteomics to quantify the change in abundance across both.
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5.2 Methods

5.21 Preparation of Recombinant PTEN Bait

PTEN-V5-His was expressed in BL21 (DE3) E. coli and purified as described in Chapter 3.
PTEN-V5-His was buffer exchanged into APD binding buffer (25 mM NaPO, pH 8.0 with 150
mM NaCl and 1 mM DTT) using a PD-10 column, as per manufacturing instructions. If the
resulting protein concentration was less than 0.5 mg/ml, PTEN-V5-His was concentrated to
>0.5 mg/ml using a 10 kDa 0.5 ml VivaSpin centrifugal concentrator pre-rinsed in APD binding

buffer, as per manufacturer instructions.

5.2.2 Preparation of HCT-116 Lysate Prey

HCT-116 cells were grown in complete McCoy’s 5a media (McCoy’s 5a with 10% (v/v) fetal
bovine serum (FBS), 100 U/ml penicillin and 100 pug/ml streptomycin) in a 37°C incubator with
5% CO.,. The cells were grown to 80% confluence before harvesting as described in section
2.21. The harvested cells were washed twice with PBS by pelleting the cells using
centrifugation at 1,000 x g for 5 minutes before re-suspension of the cell pellet in PBS. The
cells were counted as described in 2.2.2 and diluted in PBS to a concentration of 5 x 108
cells/ml and 1 ml aliquots were prepared for a total of 5 x 108 cells per aliquot. The cells were

pelleted by centrifugation at 1,000 x g for 5 minutes and the cell pellets were frozen at -20°C.

One aliquot of 5 x 10° cells was thawed on ice per pull down and the pellets were resuspended
in 250 pl of lysis buffer (25 mM NaPO4 pH 7.4 with 150 mM NaCl, 1% Triton X-100, 5% glycerol
and 1X cOmplete™ EDTA-free protease inhibitor cocktail (Merck, UK)). The cell suspensions
were pooled and homogenised using a needle and syringe, before incubating at 4°C for 30
minutes on an end-over-end rotator. The lysate was centrifuged at 13,000 x g for 10 minutes

at 4°C and the supernatant was quantified using the BCA Assay as described in section 2.3.2.

5.2.3 Pull Down Assay Optimisation

Comparison of Batch Purification and Spin Column Formats for APD

A 50% slurry of HisSelect Nickel Affinity Resin (Merck, UK) in APD binding buffer was
resuspended and 40 ul was transferred to a spin column or an microcentrifuge tube, to give a
final column volume (CV) of 20 pl. For the spin column format, wash steps involved
resuspending the resin in each wash with gentle vortexing and centrifugation at 1,000 x g for
1 minute at 4°C to collect the fraction in the collection tube. For the batch purification format,
wash steps involved resuspending the resin in each wash with gentle vortexing and
centrifugation at 1,000 x g for 5 minutes at 4°C before collecting the fraction by aspiration of

the supernatant. For both pull down formats the resin was washed with 3 x 5CV APD elution
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buffer (25 mM NaPO4 pH 8.0 with 150 mM NaCl and 250 mM imidazole) and 3 x 10CV APD
binding buffer. The binding capacity of the resin is described as 15 mg/ml, which for 20 ul of
resin gives a theoretical binding capacity of 300 ug of protein. Therefore 300 ug of PTEN-V5-
His, prepared as in section 5.2.1, was added to the resin bed and the volume was made up to
600 pl with APD binding buffer. The prepared PTEN-V5-His was incubated with the resin for
2h at 4°C on an end-over-end rotator and the flow-through was collected. To wash away
unbound protein, the resin was washed with 3 x 5CV APD binding buffer and the washes were
collected. To elute the bound protein, the resin was incubated with 10CV of APD elution buffer

for 5 minutes at RT. The fractions were quantified using the NanoDrop spectrophotometer.

Optimisation of Imidazole Concentration during Recombinant PTEN Bait Protein Immobilisation

300 pg of PTEN-V5-His was immobilised on 20 pl of HisSelect Nickel Affinity Resin in APD
binding buffer as described in the section above. To minimise non-specific interactions of the
HCT-116 lysate, it was necessary to include imidazole during the prey exposure step. Previous
APD experiments with a recombinant PTEN-His protein included the use of 50 mM imidazole
(Crockett et al., 2005), with 1 mM imidazole being used in the purification protocol described
in 3.2.3. In order to test the effect of imidazole concentration on the elution of PTEN-V5-His
and the resin was washed with 3 x 10CV APD binding buffer with 1 mM, 10 mM and 50 mM
imidazole. The washes were collected and quantified using the NanoDrop spectrophotometer.
To elute any remaining protein, the resin was incubated with 10CV of APD elution buffer for 5

minutes at RT.

Optimisation of the Imidazole Concentration during HCT-116 Lysate Protein Exposure

A 50% slurry of HisSelect Nickel Affinity Resin in APD binding buffer was resuspended and
40 pl was transferred to a spin column to give a column volume of 20 ul. The resin was washed
with 3 x 5CV APD elution buffer and 3 x 10CV APD binding buffer. HCT-116 lysate was
prepared as per section 5.2.2 and 800 ug was added to each spin column and the volume
was made up to 600 ul with APD binding buffer with a final concentration of 0 mM, 1 mM, 10
mM or 50 mM imidazole. The lysate was incubated with the resin overnight at 4°C on an end-
over-end rotator before collection of the flow through by centrifugation. The resin was washed
with 3 x 10CV APD binding buffer and the bound protein was eluted by incubation with 10CV
APD elution buffer at RT for 5 minutes. The eluate was quantified using the NanoDrop

spectrophotometer.
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5.2.4 Pull Down Assay with Untreated and Acrolein-treated Recombinant PTEN

300 pg of PTEN-V5-His was immobilised on 20 pl of HisSelect Nickel Affinity Resin in APD
binding buffer as described in the section above, in a spin column format. The PTEN-V5-His
was incubated with the resin for 2h at 4°C on an end-over-end rotator and the flow through
was collected. To wash away unbound protein, the resin was washed with 3 x 5CV APD
binding buffer. For the 2 bead-only pull downs, 600 ul APD binding buffer was added in place
of the PTEN but the rest of the pull down protocol remained the same, with the inclusion of an
untreated bead-only pull down and an 0.1 mM acrolein-treated bead-only pull down. To
equilibrate the resin in 5 mM imidazole and remove any remaining DTT from the APD binding
buffer, the resin was washed with 3 x 5CV APD wash buffer (25 mM NaPO. pH 8.0 with 150
mM NaCl and 5 mM imidazole). Three spin columns, two with bound PTEN-V5-His and one
bead-only control, was then treated with acrolein at RT for 1h on an end-over-end rotator. The
acrolein treatment was 0.1 mM acrolein in 600 pl of APD treatment buffer (25 mM NaPO4 pH
8.0 with 150 mM NacCl), to give ratio of approximately 2:1 acrolein:PTEN. For the untreated
bead-only control and the untreated PTEN, APD wash buffer was used in place of the acrolein
treatment. Initially a shorter treatment time of 10 minutes was used, but LC-MS/MS analysis
of the eluted PTEN-V5-His protein band suggested that the level of modification was lower
than that of the in vitro acrolein treatments of PTEN-V5-His conducted statically at 37°C, as
described in Chapter 4. One of the acrolein-treated PTEN-bound spin columns was treated
with NaBH. to reduce and stabilise any acrolein modifications, giving a treatment-only control
with no exposure to mammalian lysate. The sample was incubated with 5 mM NaBH4 at RT
on an end-over-end rotator for 30 minutes before collecting the treatment flow through,
washing with 3 x 10CV APD wash buffer and eluting with 2 x 2.5CV APD elution buffer for 5
minutes at RT on a shaker. For the remaining 4 spin columns, with untreated and acrolein-
treated bead-only control or immobilised PTEN, the treatment flow through was collected and
excess treatment was removed by washing the resin with 3 x 10CV APD wash buffer. HCT-
116 lysate was prepared as per section 5.2.2 and 800 pyg was added to the 4 spin columns
and the volume was made up to 600 ul with APD binding buffer with a final concentration of 5
mM imidazole. The lysate was incubated with the resin overnight at 4°C on an end-over-end
rotator, before collection of the lysate flow through by centrifugation. The resin was washed
with 3 x 10CV APD binding buffer and the bound protein was eluted by incubation with 10CV
APD elution buffer at RT for 5 minutes. The eluate was quantified using the NanoDrop

spectrophotometer.
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5.2.5 Proteomic Analysis of the Effect of Lipoxidation on PTEN’s interactome

SDS-PAGE Analysis of the Pull Down Fractions

The APD fractions were analysed by reducing SDS-PAGE on a 12% polyacrylamide gel as
per section 2.3.3. For in-gel digestion, 15 ug of the PTEN and bead-only pull downs and 5 ug
of the NaBHs-reduced PTEN control were run at 50V for 30 minutes and 100V for 30 minutes
on a 12% polyacrylamide gel, so that the samples only ran a short way into the resolving gel.
For each of the pull downs the lanes were cut into 9 equal slices. For the NaBH4-reduced
PTEN-control the monomeric band and the aggregate band were also excised. The bands

were frozen at -20°C for storage.

In-gel Digestion and LC-MS/MS analysis

The bands were thawed at RT for in-gel digestion with trypsin, as per section 2.4.2. The in-gel
digest samples were analysed using LC-MS/MS, as per 2.4.4, where the experimental
triplicates for each band were run back-to-back with a blank run between the equivalent bands
from the different pull down and 2 blank runs between different bands. The pull down eluate
bands were analysed using Progenesis QI for proteomics and the acrolein-treated PTEN
treatment control bands were analysed using Mascot as per Table 5.2. The Mascot search
identified peptides were filtered using an ion score of 40 to reduce the number of peptides
identified with poor quality data. The peptide data with the highest ion score for each Mascot
identified modification was checked visually to ensure that Mascot had assigned the correct

peaks.

Table 5.2 Parameters chosen for Mascot searches for Acrolein Modification Analysis

Setting Parameters Chosen

Taxonomy Mammalia

Database SwissProt

Fixed Modifications None
Carbamidomethyl (C), Oxidation (M), Acrolein Michael

Variable Modifications addition (reduced) (C, K & H) and Acrolein Schiff base
(reduced) (K)

Enzyme Trypsin

Maximum Missed Cleavages 1

Peptide Charge +2, +3, +4

Peptide Tolerance + 0.5 Da

MS/MS lons Search v

Data Format Mascot generic

MS/MS Tolerance + 0.5 Da

Merge MS/MS? Yes
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Quantitative Analysis with Progenesis QI for Proteomics
Each of the 9 pull down bands were analysed separately using Progenesis Ql as per Chapter

2. The Mascot search parameters used are outlined in Table 5.3.

Table 5.3 Parameters chosen for Mascot searches for Interactor Analysis

Setting Parameters Chosen
Taxonomy Mammalia
D SwissProt 2021_03 (565,254 sequences; 203,850,821
atabase :

residues)
Fixed Modifications Carbamidomethyl (C)
Variable Modifications Oxidation (M)
Enzyme Trypsin
Maximum Missed Cleavages 1
Peptide Charge +2, +3, +4
Peptide Tolerance +0.5Da
MS/MS lons Search v
Data Format Mascot generic
MS/MS Tolerance + 0.5 Da

For each band, any non-human proteins and contaminating keratin proteins were removed
from the identification list. The separate band analyses for the pull downs were then
recombined to give a full lane for each experiment and allow comparison between the
untreated and acrolein-treated replicates for the PTEN pull downs and the bead-only controls.
For the recombined samples, any proteins that did not meet the threshold criteria were filtered
out. The threshold was as follows; unique peptides >2, confidence score >50 and a p value <
0.05. For the bead only control, the threshold did not include the p value of <0.05 out of caution
to ensure any non-specific resin interactors were removed from the protein ID list of the pull
downs. When the p value threshold was applied to the bead-only controls, only a limited
number of proteins were identified due to the high variability of the proteins present in the
bead-only control, likely due to the large amount of resin that is free for binding and the non-

specific nature of the interactions.

Western Blot Analysis of the Pull Down Fractions

The lysate (20 ug) and elution fractions (5 ug) for each pull down were resolved by SDS-PAGE
using a 10% polyacrylamide gel, as per section 2.3.3. Western blot analysis was performed
as per section 2.3.4 with the following amendment: the transfer was performed at 4°C at 30 V
for 16 hours. The blots were blocked in 5% Milk in TBS-T for 1 hour at RT and probed overnight
at 4°C with 1:1000 dilution of Rabbit Anti-HECTD1 pAb (PA568176, Invitrogen, UK) in 5% Milk
in TBS-T.
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5.3 Results

5.3.1 Increasing the Concentration of Imidazole in the Affinity Pull Down Buffers
Reduces Non-specific Binding to the Nickel Resin
Affinity pull downs are commonly performed using a batch purification technique or a spin
column format. To reduce the volume of free resin and maximise the amount of bait
immobilised onto the nickel resin support, reaching the maximum binding capacity was of the
resin was desired. As described above, the maximum binding capacity for HisSelect Nickel
Affinity gel resin, as specified by the manufacturer, is 15 mg/ml of resin. The 20 ul of resin
used per pull down would theoretically have the capacity to bind 300 ug of his-tagged protein.
Due to the differences in binding capacity and affinity of resins to different his-tagged proteins,
it would be reasonable to expect that the theoretical binding capacity might be different than
the experimental binding capacity and, where the experimental binding capacity is less there

could be loss of protein in the flow-through step when applying the maximal amount of protein.

To quantify the experimental binding capacity of the resin, the flow through was collected and
the amount of PTEN-V5-His that did not bind quantified, before comparing this to the protein
present in the eluate to determine any losses. Due to the nature of a batch purification with
the low speeds at which the resin is centrifuged and the required aspiration of the fractions for
each wash step, it was anticipated that the batch purification would show the highest loss of
bait protein due to accidental aspiration of resin. Figure 5.2A shows a comparison of the
PTEN-V5-His that was detected in the flow-through and elution fractions of the bait
immobilisation performed using spin columns (SC) or microcentrifuge tubes (batch
purification). Whilst the spin column showed a minimal loss of the bait protein, with >95% of
the PTEN-V5-His applied to the resin detected in the flow through and eluate, the batch
purification method was much less efficient, showing a loss of protein across the purification
with <70% of the PTEN-V5-His applied detected in the flow through and elute (Figure 5.2A).
The spin column was determined to be the most appropriate format for the affinity pull down

assays, as loss of protein due to resin loss across the wash steps was prevented.

Due to the known interaction between nickel resin and histidine-rich proteins, it was necessary
to find the optimal concentration of imidazole required in the loading buffer. The aim was to
reduce non-specific binding of HCT-116 lysate proteins, and thereby reducing the number of
false positive interactors identified, whilst retaining the PTEN-V5-His on the resin. The amount
of PTEN-V5-His present in each of the washes with increasing imidazole, from 0-50 mM, was
quantified to determine the effect on the retention of PTEN-V5-His. As the concentration of

imidazole increased the amount of PTEN-V5-His eluted during each wash increased (Figure
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5.2B). Whilst there was no additional PTEN-V5-His eluted with 1 mM imidazole in comparison
to the control, there was elution of a proportion of PTEN-V5-His with 10 mM and 50 mM (Figure
5.2B). On application of 250 mM imidazole, there was further elution of PTEN-V5-His,
indicating that some bait protein remained bound after the 50 mM imidazole wash (Figure
5.2B). This pattern of bait protein loss is mirrored in both the spin column and batch purification
format, with a lower overall amount of protein eluted in the batch purification, matching the

results shown in Figure 5.2A.
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Figure 5.2 Comparison of APD Techniques and the Effect of Imidazole on PTEN-V5-His Immobilisation to
Nickel Affinity Resin.

(A) 300 pg of purified PTEN-V5-His was immobilised onto 20 pl of nickel resin in a spin column and a batch
purification format before eluting in the presence of a high imidazole concentration. The amount of bait protein that
was found in both the flow through and the elution fraction were expressed as a percentage of the total amount
applied to the resin (n=3; Mean + SEM). (B) 300 ug of purified PTEN-V5-His was immobilised onto 20 pl of nickel
resin in a spin column and a batch purification format before washing with a series of wash buffers with increasing
imidazole concentration and elution in the presence of 250 mM imidazole. The amount of bait protein in each fraction
was quantified using the Nanodrop 2000 (n=3; Mean + SEM).

To measure the effect of increasing imidazole concentration on the non-specific binding of
HCT-116 proteins to nickel resin, lysate was incubated with the resin in the presence of
increasing imidazole to mimic the prey incubation step of an APD. With increasing imidazole
concentration, there was a decrease in the amount of protein detected in the elution fractions
due to a decrease in non-specific binding (Figure 5.3A). There was less protein detected in
the elution fraction of lysate incubated with 1 mM imidazole in comparison to the 0 mM control
and no detectable protein in the elution fractions of lysate incubated with 10 and 50 mM
imidazole (Figure 5.3A). To visualise the prey protein binding with each imidazole
concentration, the lysate, flow-through and elution fractions were analysed using SDS-PAGE
(Figure 5.3B). Figure 5.3B confirms the results from Figure 5.3A and shows that whilst in the
presence of 0 and 1 mM imidazole there is some non-specific protein binding to the nickel
resin, no detectable protein can be seen in the presence 10 and 50 mM imidazole, showing

minimal non-specific binding at these imidazole concentrations.
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Figure 5.3 Quantification and SDS-PAGE Analysis of the Effect of Imidazole on Non-Specific Binding of
HCT-116 Lysate Proteins to Nickel Resin.

(A) 900 pg of HCT-116 cell lysate was incubated with 20 pl of nickel resin in a spin column overnight at 4°C in the
presence of increasing imidazole concentration before elution with 250 mM imidazole. The amount of prey protein
that was in each elution fraction was quantified using the Nanodrop 2000 (n=3; Mean + SEM). (B) A representative
SDS-PAGE gel of the fractions obtained from the imidazole optimisation, where 30 g of lysate and flow through
and 30 pl eluate was resolved on a 12% polyacrylamide gel and stained with Coomassie Blue.

Figure 5.3 suggests that the most effective imidazole concentration to eliminate non-specific
binding, and therefore the risk of identifying false positive PTEN interactors, is 10 mM.
However, in combination with Figure 5.2, which shows the effect of increasing imidazole
concentration on PTEN-V5-His retention, it appears that 10 mM imidazole is too high as there
is a significant elution of PTEN-V5-His at this concentration. Due to the long overnight
incubation times with the lysate during the pull down, it was important to identify concentrations
that would minimise the loss of bait during this step. Whilst 1 mM imidazole did not cause a
significant loss of bait protein (Figure 5.2B), there was only a small reduction in the prevention
of non-specific binding by lysate proteins in comparison to 0 mM imidazole (Figure 5.3). A trial
pull down was performed in the presence of 1, 2, 5 and 10 mM imidazole in order to determine
whether any intermediate concentrations between 1 mM and 10 mM would provide a
compromise between bait protein retention and prevention of non-specific binding of lysate
proteins. There was minimal difference in the reduction of non-specific binding between 1 and
2 mM imidazole and between 5 and 10 mM imidazole (data not shown). To capitalise on the
protection provided by the use of higher imidazole concentrations during the prey incubation
step, whilst minimising the loss of bait, 5 mM imidazole was chosen as a suitable intermediate

concentration.
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5.3.2 Acrolein Treatment did not have an Adverse Effect on the Affinity Pull Down
Assays
It was important to monitor the pull downs and ensure that the protein in each fraction, from
bait binding, treatment, prey exposure and elution, was consistent between replicates. The
pull down fractions were quantified (Table 5.4) and visualised using SDS-PAGE (Figure 5.4).
Visualisation of the ‘bait flow-through’ lanes for the pull downs with untreated PTEN (Figure
5.4A) and acrolein-treated PTEN (Figure 5.4B) as well as the acrolein-treated PTEN treatment
control (Figure 5.4E), showed that bait protein is present in the flow through and a small
amount is detected in the washes, seen as a 60 kDa band. The average loss of bait protein in
the flow-through and bait wash steps for the untreated, acrolein-treated pull downs and the
acrolein-treated PTEN treatment control were in line with the losses of bait protein during
optimisation (Table 5.4). Figure 5.2 shows that for the spin column format an average of 38%
of bait was found in the flow-through, corresponding to an average of 114 ug out of the 300
Hg of PTEN applied to the resin. There was minimal loss in the treatment incubation or wash
steps, with a very small or no detectable band at 60 kDa in the treatment lanes (Figure 5.4A,
B and E) and a very low to undetectable amount of protein in the treatment fractions (Table
5.4). Taken together the loss of bait protein in the flow-through and wash steps is acceptable,

with most of the PTEN-V5-His protein binding to the resin.

In each of the pull downs, the vast majority of the lysate proteins flowed through and minimal
loss of prey or bait protein in the prey wash steps, shown by no detectable bands in the prey
wash lanes of Figure 5.4A, B, C and D and minimal protein quantified (Table 5.4). This
confirmed that the imidazole concentration identified during the APD optimisation steps
outlined in sections 5.3.1 and 5.3.2 was low enough to successfully retain the bound PTEN-
V5-His. In comparison to the amount of eluted protein from the bait optimisation in section
5.3.1, there is a lower amount of protein present in the pull down assay eluates. During
optimisation, an average of 58% of the bait protein was detected in the eluates, which
corresponds to 174 ug of PTEN-V5-His, compared to an average of 121 ug and 104 ug for
the untreated and acrolein-treated PTEN pull downs (Table 5.4). This could be due the loss
during the additional treatment steps or the longer exposure to imidazole in comparison to the
wash steps in Figure 5.2. However, the amount of protein eluted was consistent across the
untreated and acrolein-treated pull downs and respective bead-only controls, which was the

most important consideration.

Despite application of identical amounts of bait protein to the nickel resin and a comparative

loss of protein in each of the bait and treatment fractions, quantification of the elution fractions

S.L. Smith, PhD Thesis, Aston University 2022. 143



Chapter 5 — Effect of Acrolein on the Global Interactome of Recombinant PTEN

showed that there was less protein present in the acrolein-treated PTEN treatment control

elution fractions in comparison to the acrolein-treated PTEN pull down assays (Table 5.4).

Due to the risk of aggregation during acrolein-treatment due to protein modification, the

stacking gel was retained during staining to allow detection of aggregate bands. However,

whilst there were some higher molecular weight bands indicating some cross-linking, there

was no aggregated protein detected in the stacking gel (Supplementary Figure 2). The lower

amount of total protein eluted in the treatment control could suggest aggregation on the

column, but as this is not occurring in the acrolein-treated PTEN pull downs where the same

acrolein treatment was used, this was attributed to the additional NaBH. reduction step.

Table 5.4 Quantification of the Total Protein in the Fractions collected during the Pull Down Assays

Total Amount of Protein (ug)
(Average + SEM (n=3))

Fraction Pull Down Bead-only Control Treatment
Control
0 uM 100 uM 0 uM 100 uM 100 uM
Acrolein Acrolein Acrolein Acrolein Acrolein
Bait Flow- 74.4 +
through 69.2+11.4 80.0+13.9 N/A N/A 210
Bait Wash 38.3+1.5 37.2+34 N/A N/A 40.2 +6.0
Treatment
Flow- 85+19 70+1.2 N/A N/A 85+1.9
through
Treatment 5, g 17406 N/A N/A 30+17
Wash
Prey
Flow- 583.9 % 579.1+192.2 536.6+181.2 585.0+ 180.6 N/A
169.8
through
Prey 240+240 23.6+23.6 23.7 +23.7 24.4 + 24.4 N/A
Wash
Elution 121.3+18.4 103.6 + 9.8 155+25 16.7+29 458 + 3.2
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Figure 5.4 SDS-PAGE Analysis of the Fractions Obtained During Nickel Affinity Pull Down Assays with and
without Acrolein Treatment of PTEN-V5-His.

The fractions obtained for the untreated PTEN pull down (A), the acrolein-treated PTEN pull down (B), the untreated
bead-only pull down (C), the acrolein-treated bead-only pull down (D) and the treatment control (E) were analysed
using a 12% polyacrylamide gel stained with Coomassie Blue. The bait refers to the purified PTEN-V5-His
immobilised onto the nickel resin support and the prey refers to HCT-116 lysate proteins. Flow-through refers to the
fractions obtained after bait exposure, treatment or prey exposure which include any proteins that did not bind or
were eluted in each of these steps. The wash fractions refer to the fractions obtained during the washes performed
after each incubation and treatment step, when washing away any unbound bait or prey proteins or excess acrolein,
if present. The elution fraction refers to the final fraction that was eluted from the resin using a high concentration of
imidazole. For (A) and (B), the elution fraction contained the PTEN-V5-His and any interacting proteins from the
HCT-116 lysate. For (C) and (D), the elution fraction contained any proteins from the HCT-116 lysate that bound
non-specifically to the nickel resin. For (E), the elution fraction contained only acrolein-treated PTEN-V5-His.

To increase the protein coverage during LC-MS/MS, the pull down elution fractions were
resolved using SDS-PAGE prior to in-gel digestion. This gave an element of separation of the
different proteins present in the sample based on their molecular weight and gel mobility. The
purpose of this separation was to lower the complexity of the sample during LC-MS/MS

analysis and give lower abundance proteins a better chance of being detected. If the sample
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was not resolved on a gel prior to digestion, the huge amount of bait PTEN protein present in
the sample pool could have caused lower abundance proteins not to be detected, as during
MS/MS analysis the selection parameters for peptide fragmentation were the top 10 most
abundant peptides during each scan. Figure 5.5 shows a representative SDS-PAGE image of
the proteins present in each of the pull-downs. To increase the amount of protein present in
each gel slice, and increase the likelihood of capturing lower abundance proteins in the
interactor identification step, the amount of protein per lane was increased in comparison to
Figure 5.4, where only visual comparison was desired. As expected, in the untreated and
acrolein-treated pull downs the PTEN-V5-His band at 60 kDa was very strong, with some
additional higher and lower molecular weight bands corresponding to both non-specific resin
interactors as well as potential specific PTEN interactors. In the untreated and acrolein-treated
bead-only pull downs, there was no band at 60 kD as expected as no PTEN was added as
bait, but there were some higher molecular weight bands corresponding to non-specific
binding of the HCT-116 lysate proteins to the resin. As expected from the quantification results
in Table 5.4, visualisation of the acrolein-treatment control showed that the PTEN-V5-His band
at 60 kDa was much smaller in size and the higher molecular weight (>180 kDa) aggregate

bands were even more apparent.

<+—— PTEN-V5-His

PTEN Pull Downs Bead-only Pull Down

Figure 5.5 Representative SDS-PAGE Analysis of the Proteins Obtained from the Elution Fractions during
the Pull Down Assay.

20 pg of the elution fractions of the untreated and acrolein-treated pull-down assays, 2 g of the untreated and
acrolein-treated bead-only controls and 5 g of the acrolein-treated PTEN treatment control were resolved ona 12%
polyacrylamide gel stained with Coomassie Blue. A blank lane was left between samples to minimise any cross-
over between the different samples. The PTEN pull downs and bead-only pull down lanes were excised into 9 bands,
where for the treatment control only the 60 kDa PTEN band and the aggregate band at the stacking gel was excised.
In-gel digestion with trypsin was performed on each band and the digests were taken forward for LC-MS/MS
analysis.
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5.3.3 Acrolein Treatment of Immobilised PTEN=V5-His Successfully Modified
Susceptible Residues
Due to the changes in experimental format, whereby the PTEN-V5-His was immobilised onto
a nickel resin support and the acrolein treatment was performed at RT on an end-over-end
rotator for 1h in comparison to a static incubation at 37°C for 10 minutes, as described in
section 5.2.4, an acrolein-treated PTEN treatment control was included. The treatment control
involved immobilisation and acrolein treatment of PTEN with an additional NaBH4 reduction
step but there was no exposure to prey proteins and the PTEN was incubated with an
equivalent wash buffer. This allowed identification of acrolein modified residues to ensure that
the treatment was successful. Table 5.5 details the modifications identified for the PTEN-V5-
His treatment control. In comparison to the total acrolein modifications identified in Chapter 4,
all modifications identified in the treatment control were also identified in the original analyses.
There were 3 acrolein modifications mapped to the 2:1 acrolein:PTEN monomeric PTEN band
in Chapter 4, C71, C83 and C250. Acrolein modification to K6 was identified previously in
Chapter 4, but at higher treatment concentrations of 10:1 and 20:1 acrolein:PTEN. The
identification of this modification at a lower treatment concentration could be explained by the

longer treatment time.

Table 5.5 Acrolein Modification of Immobilised PTEN-V5-His Identified by LC-MS/MS
Modified

Resi Modified Peptide Modification
esidue

K6 M.TAIIKEIVSR.N Michael addition
C71 K.IYNLCAER.H Michael addition
C83 R.HYDTAKFNCR.V Michael addition
C250 K.FMYFEFPQPLPVCGDIK.V Michael addition

5.3.4 PTEN-specific Interactors were Identified from the Affinity Pull Down Assays
The PTEN-specific interactors were identified using Mascot and quantified using Progenesis
QI for proteomics, using the thresholding parameters outlined in section 5.2.5. Figure 5.6
shows the reduction in protein hits as the thresholds are applied, giving 60 potential specific
PTEN interactors that were found in both the untreated and acrolein-treated pull down assays
but not in either the untreated or acrolein-treated bead-only controls. Comparison of the 60
identified proteins against the BioGRID database highlighted a high number of novel potential
interactors with PTEN, where out of 60 specific PTEN interactors, only 5 proteins had
previously been identified as interactors of PTEN using physical evidence in the BioGRID
database (Stark et al., 2006).
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Figure 5.6 Overview of the Number of Proteins Obtained during the Pull Down Assays with and without
Acrolein.

5.3.5 PTEN-specific Interactors Showed a Change in Abundance Between the
Untreated and Acrolein-treated PTEN Pull Downs

Interactors were categorised as showing a difference in affinity where there was a >2-fold
difference in abundance in the pull down with untreated compared to acrolein-treated PTEN.
Interactors with <2-fold difference in abundance were categorised as showing no change in
affinity between treatments. Previous high-data content PTEN interactome studies comparing
interactors with untreated and oxidised PTEN or a wild-type and G20E mutant set this
threshold >2 and >2.5-fold change in abundance (Verrastro et al., 2016, Gunaratne et al.,
2011). Whilst 22 of the 60 PTEN-specific protein interactors showed no difference in
abundance between the acrolein-treated and the untreated pull downs, 19 interactors showed
a higher abundance in the untreated pull down and 19 showed higher abundance in the
acrolein-treated pull down. Table 5.6 lists the 38 PTEN-specific interactors that showed a
change in abundance, along with their threshold parameter values for unique peptides,
confidence score and Anova (p), their fold change and in which pull down they showed the
highest abundance. Supplementary Table 3 lists the 123 PTEN-specific interactors that were
identified, including those that did not meet the threshold parameters.
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Table 5.6 PTEN-Specific Interactors Identified by the Pull Down Assay that met the Threshold Parameters and Showed a Change in Abundance between the Acrolein-
treated and Untreated Pull Down Assays

Accession' Protein Name Unique Confidence Anova (p)® Max. Fold Highest
Peptides®@ Score® Change Abundance

ACSF2_HUMAN Medium-chain acyl-CoA ligase 7 114.47 0.0011 6.6 Control
ACSF2, mitochondrial

AMOT_HUMAN* Angiomotin 4 69.52 0.0072 5.1 Control

AN32E_HUMAN Acidic leucine-rich nuclear 175.92 0.0179 2.9 Control
phosphoprotein 32 family member E

BOLA2_HUMAN BolA-like protein 2 2 116.63 0.0163 3.2 Control

BRD2_HUMAN Bromodomain-containing protein 2 8 655.25 0.0064 2.1 Control

CADH6_HUMAN Cadherin-6 3 79.62 0.0399 4.1 Treated

CHD3_HUMAN Chromodomain-helicase-DNA-binding 3 152.11 0.0430 2.6 Treated
protein 3

CHD7_HUMAN Chromodomain-helicase-DNA-binding 5 276.41 0.0212 4.7 Treated
protein 7

CHD9_HUMAN Chromodomain-helicase-DNA-binding 2 335.78 0.0319 28.6 Treated
protein 9

COA7_HUMAN Cytochrome c oxidase assembly 2 155.81 0.0069 18.9 Treated
factor 7

CWC22_HUMAN Pre-mRNA-splicing factor CWC22 24 1118.15 0.0060 2.0 Treated
homolog

EIF3I_HUMAN Eukaryotic translation initiation factor 3 161.87 0.0106 25 Control
3 subunit |

FLNC_HUMAN Filamin-C 21415 0.0133 5.5 Control

HDGR2_HUMAN Hepatoma-derived growth factor- 4 384.18 0.0222 2.3 Control
related protein 2

HECD1_HUMAN E3 ubiquitin-protein ligase HECTD1 34 1847.88 0.0372 5.1 Treated

IQEC2_HUMAN IQ motif and SEC7 domain-containing 3 71.58 0.0038 3.1 Treated
protein 2
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IQGA2_HUMAN Ras GTPase-activating-like protein 2 178.05 0.0189 24 Treated
IQGAP2

LYSC_HUMAN Lysozyme C 2 53.91 0.0011 6.9 Treated

PPR29 HUMAN Protein phosphatase 1 regulatory 2 60.63 0.0083 2.8 Treated
subunit

RIC8A_HUMAN Synembryn-A 3 72.54 0.0016 5.9 Control

RL22L_HUMAN 60S ribosomal protein L22-like 1 2 281.25 0.0077 2.7 Control

RL37A_HUMAN 60S ribosomal protein L37a 3 195.39 0.0024 7.6 Control

RM12_HUMAN 39S ribosomal protein L12, 2 122.66 0.0207 2.0 Treated
mitochondrial

RS29 _HUMAN 40S ribosomal protein S29 4 203.77 0.0064 21.7 Control

RT4_HUMAN 28S ribosomal protein S14, 3 261.1 0.0445 6.5 Control
mitochondrial

RT24_HUMAN 28S ribosomal protein S24, 2 65.48 0.0001 210.5 Control
mitochondrial

SRP09_HUMAN Signal recognition particle 9 kDa 4 241.46 0.0003 7.7 Control
protein

THS7A_HUMAN Thrombospondin type-1 domain- 5 115.89 0.0093 3.0 Treated
containing protein 7A

TIM50_HUMAN Mitochondrial import inner membrane 4 198.77 0.0227 2.1 Treated
translocase subunit TIM50

TSR1_HUMAN Pre-rRNA-processing protein TSR1 4 243.71 0.0117 2.7 Treated
homolog

UBR4_HUMAN E3 ubiquitin-protein Iigase UBR4 12 712.75 0.0077 4.4 Treated

S.L. Smith, PhD Thesis, Aston University 2022. 150



Chapter 5 — Effect of Acrolein on the Global Interactome of Recombinant PTEN

USP9X_HUMAN* Probable ubiquitin carboxyl-terminal 24 2754.68 0.0170 15.8 Control
hydrolase FAF-X

VP13B_HUMAN Vacuolar protein sorting-associated 3 74.47 0.0251 15.8 Treated
protein 13B

Key:

1: SwissProt Protein ID

@: The number of unique peptides used for quantification

£: The protein confidence score for each protein assigned by Mascot

$: The p-value generated by Progenesis QI for proteomics

*: Previously identified as a PTEN interactor with physical evidence in the BioGRID database (Stark et al., 2006).
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There were no specific interactors that met the threshold criteria that were found only in the
control or acrolein-treated pull down, where any fold changes were seen up to between 2 and
210-fold. This was to be expected as the aim during acrolein-treatment was to elicit acrolein
modification of residues whilst avoiding such extensive modification that the protein becomes
completely unfolded. Figure 5.7 highlights some of the interesting PTEN-specific interactors
identified during the affinity pull downs. Whilst acrolein-modification to PTEN did not alter the
affinity to the two signalling proteins highlighted in Figure 5.7, they are potentially novel PTEN
interactors that have not previously been identified in the BioGRID database (Stark et al.,
2006). Interestingly, similar isoforms of MAPK2, MAPK1, MAP2K3 and MAP2K6, have
previously been identified as interactors of PTEN. Ubiquitination is an important regulatory
mechanism of PTEN, as discussed in section 1.2.6, and some of the PTEN interactors with
the highest number of identifications are proteins involved in ubiquitination, such as the
ubiquitin protein ligases, NEDD4 and WWP2, and the ubiquitin specific peptidases, USP13
and USP7 (Stark et al.,, 2006). RBBP6, HECTD1 and UBR4 are ubiquitin protein ligases
identified in this current study that have not previously been identified as an interactor of PTEN
(Stark et al., 2006). Whilst HECTD1 and UBR4 showed a large fold-change in abundance in
the acrolein-treated pull down, the abundance of RBBP6 was unchanged. An alternative
isoform of RBBP6, RBBP5, has previously been reported as a PTEN interactor (Stark et al.,
2006).
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Figure 5.7 Comparison of the Maximum Fold Change in Abundance of Interactors of Interest between
Control and Acrolein-treated PTEN.
A= fold change in the acrolein-treated PTEN pull down, U = fold change in the untreated PTEN pull down.
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5.3.6 Validation of an Acrolein-sensitive Interactor using Western Blotting

To validate one of the specific interactors of interest, western blot analysis was performed with
the elution fractions of the APDs probing for HECTD1. HECTD1 is a ubiquitin ligase involved
in the regulation of protein degradation via the ubiquitination pathway. HECTD1 was chosen
as an interactor of interest due to role of ubiquitination in the regulation of PTEN, and the
previous evidence of other E3 ubiquitin ligases as specific interactors of PTEN with functional
roles in its regulation and localisation, as described in section 1.2.6. The expected molecular
weight for HECTD1 is 290 kDa. Due to the issues that can arise during the transfer of a protein
of this size and to ensure that HECTD1 can be detected, a trial western blot transfer was
performed. The membranes were stained with Ponceau S confirm protein transfer before
probing for the target proteins (Figure 5.8A). There were clear pink bands across the length of
the blot which confirmed the successful transfer of proteins <200 kDa. Strategies to improve
the transfer of higher molecular weight proteins can include the use of longer transfer times or
the inclusion of SDS in the transfer buffer. Trial transfers of HCT-116 lysate proteins were
conducted in the presence and absence of SDS and the membrane and gel were stained with
Ponceau S and Coomassie Blue, respectively, post-transfer to check for transfer of proteins
from the gel to the membrane (Supplementary Figure 3). The post-transfer Coomassie stain
of the gels confirmed that in the presence of SDS (Supplementary Figure 3A) higher molecular
weight proteins are more efficiently eluted from the gel than in the absence of SDS
(Supplementary Figure 3B) as there are fewer bands in the upper part of the gel. However,
the Ponceau S staining of the membrane showed that no bands were present after transfer
with SDS (Supplementary Figure 3C), whilst there were bands across the length of the
membrane when transferred without SDS (Supplementary Figure 3D). This could be due to
inhibition of protein binding to the membrane by SDS. A shorter transfer time at a higher
voltage was also tested, which showed a similar profile of results whereby when the transfer
was performed in the presence of SDS there was more efficient elution of higher molecular
weight proteins from the gel but the protein did not bind to the membrane (Supplementary

Figure 4).

Trial western blots were performed against HECTD1 and a/B-tubulin. The use of a/B-tubulin
as a control was due to its size of 50 kDa, which is favourable for an effective transfer, and its
high cellular abundance. The membrane was stained with Ponceau S to check for efficient
transfer (Figure 5.8). The membrane was probed with either HECTD1 (Figure 5.8B) or a/3-
tubulin (Figure 5.8C). Western blot analysis against HECTD1 in HCT-116 lysates was
performed as per section 2.3.4, with no amendments due to the lack of improvement in transfer
of high molecular weight proteins with the trialled changes above. Probing for HECTD1 (Figure
5.8B) gave multiple bands ranging from 80 kDa to <50 kDa. Identification of multiple bands
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can be explained by non-specific binding or, as the bands are a lower molecular weight than
the target protein, protein degradation during lysis and clarification. Probing for a/B-Tubulin
(Figure 5.8C) gave bands at 50 kDa, which is the correct molecular weight for the protein. The
same lysate was used for both blots and there are no lower molecular weight bands identified
when probing for a/B-Tubulin. In addition, the lysis and clarification of the lysate was performed
in the presence of protease inhibitors, which inhibits corresponding proteases, at 4°C, which
drastically reduces the activity of the proteases not covered by the inhibitors in the cocktail.
Taken together, this suggests that there should not have been not an issue with protein
degradation during lysis and clarification. The appearance of multiple bands could be due to
the relatively long exposure time of 2.5 minutes, in comparison to the exposure time for the
o/B-tubulin of 12 seconds. This is likely explained by the relative abundances of both proteins,
as a/B-Tubulin is routinely used as a loading control due to its high abundance in cells,
whereas it could reasonably be expected that the abundance of HECTD1 would be much

lower.
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Figure 5.8 Western Blot Analysis of HCT-116 WT lysate against HECTD1 and o/B-Tubulin.

Increasing amounts of a HCT-116 lysate was analysed by Western Blot. After transfer ovemight at 30V, the blots
were stained with Ponceau S (A). The blots were blocked with 5% Milk/TBS-T overmnight before probing for HECTD1
using a Rabbit Anti-HECTD1 polyclonal Ab (B) or a/B-Tubulin using an Anti-a/3-Tubulin polycloncal antibody (C).
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As the planned use for the antibody was against the APD samples, where the sample would
be enriched for PTEN and, therefore its interacting partners, it would be expected that
HECTD1 would be present in these samples at comparatively higher concentrations than a
whole lysate. The elution fractions from the control APD performed with untreated PTEN and
acrolein-treated PTEN were analysed by western blot alongside the HCT-116 lysate used for
the pull downs (Figure 5.9). Figure 5.9A confirms transfer of the lysate and APD elution
fractions, with a clear band in the elution lanes for PTEN at approximately 60 kDa. There is
no band for HECTD1 at 280 kDa in the HCT-116 lysate lane, which is likely due to a low
abundance of the protein in whole cell lysate. There is also no band in the control APD elution
lane, but there is a band at >170 kDa in the acrolein APD elution lane which matches the
correct molecular weight for HECTD1 (280 kDa). Whilst the quantification results from
Progenesis QI identified HECTD1 in both the control and acrolein-treated PTEN APDs, there
was a clear increase in the abundance of HECTD1 in the acrolein APD in comparison to the
control, where the maximum fold change was 5.1 (Table 5.6). This could explain why instead
of seeing a band in both the control and the acrolein APD elution fractions, there is no visible
band in the control APD sample and a faint band visible in the acrolein APD sample. The
results from Figure 5.9B do not exactly match the quantification results from Progenesis Ql as
no HECTD1 was detected in the untreated elution. The differences could be explained by
consideration to the differences in the techniques used, where on digestion there is no
disadvantage conveyed by the large size of HECTD1 by LC-MS/MS but there are difficulties
in analysis of large proteins by western blot. There is also a band at 60 kDa corresponding to
the bait protein, PTEN-V5-His, which would not be expected due to the specificity of the anti-
HECTD1 Ab and the absence of an anti-PTEN Ab. This could be due to the high concentration
of PTEN in the sample in combination with the polyclonal nature of the anti-HECTD1 Ab, which

could cause non-specific binding.
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Figure 5.9 Representative Western Blot Analysis of a Potential Acrolein-Sensitive PTEN Interactor; HECTD1
20 pg of HCT-116 lysate and 5 g of the elution fractions collected from the control and acrolein-treated APDs were
analysed by Western Blot. After transfer overnight at 30V, the blots were stained with Ponceau S (A). The blots were
blocked with 5% Milk/TBS-T overnight before probing for HECTD1 with a Rabbit Anti-HECTD1 polyclonal Ab (B).
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54 Discussion

To investigate any changes in PTEN’s interactome due to lipoxidative modification, the third
aim of this thesis was to capture and identify interactors of untreated and acrolein-treated
PTEN. To achieve this, APD conditions were identified by optimisation of the chromatography
to allow immobilisation and treatment of PTEN-V5-His whilst minimising any non-specific
binding on subsequent exposure to HCT-116 lysate proteins. This involved testing APD
formats as well as the formulation of the chromatography buffers, where the effect of
increasing imidazole concentration was characterised for both the retention of the immobilised
PTEN-V5-His and the prevention of non-specific binding of HCT-116 lysate proteins. Once the
optimal conditions were identified, APDs were performed using untreated and acrolein-treated
PTEN-V5-His, with the inclusion of an appropriate treatment control to characterise the
acrolein modification of PTEN-V5-His in this format, as well as bead-only controls to identify
any non-specific interactors with the resin. Interactors were analysed using LC-MS/MS after
an in-gel tryptic digest and identified using Mascot before comparison of their relative

abundance across the different treatment conditions using Progenesis QI for proteomics.

The first key finding for this chapter was the conditions for the APD, where a spin-column
format was identified as the most suitable for APD, with more complete washes and a reduced
loss of bound protein from the practical difficulties that can occur when aspirating resin. 5 mM
imidazole concentration was identified as suitable for use during prey-exposure, with a
compromise on maximising PTEN-V5-His retention whilst ensuring reduction of non-specific
binding. The second key finding was that, whilst there were common interactors of both
untreated and acrolein-treated PTEN-V5-His that showed no change in abundance, a
significant proportion of interactors showed a change in abundance across the two treatment
conditions. HECTD1, an E3 ubiquitin ligase, was identified as an interactor of interest that
showed an increase in abundance in the acrolein-treated APD and this interaction was

validated using Western Blotting

The strategy developed in this thesis to capture of protein interactors of PTEN involved the
use of a recombinant PTEN-V5-His protein, expressed in E. coli and purified using IMAC as
described in Chapter 3, as the bait protein with subsequent exposure to prey HCT-116 lysate
prey proteins in vitro. An alternative approach could have been a direct APD of recombinant
PTEN expressed in mammalian cells. There were two main considerations during the
development of the experiment: the source of PTEN and the method for introduction of

acrolein modifications. The approaches to preparation of recombinant PTEN and the
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execution of a pull down assay used in previous high-data content PTEN interactome studies
using APD are outlined in Table 5.7 (modified from Smith et al. (2021)).

Table 5.7 Summary of APD Methods for Bait Preparation and PPI Isolation (modified from Smith et al.

(2021))
Study Assay Fusion Tag size Pull Down Conditions
Protein (amino Resin Expression
acids) Host
Crockett et al. Invitro PTEN- 6 Nickel-Agarose  E. coli (not
(2005) APDA His" specified)
Herlevsen et Direct PTEN- 31 Anti-HA Mammalian
al. (2007) APDB HA@C Agarose (UMUC-3)
Ahn et al. Direct PTEN- 31 Anti-PTEN Murine (NIH
(2008) APDB HA@V monoclonal 3T3)
antibody-
conjugated
agarose
Gunaratne et PAPC- Wild type: 243 Anti-FLAG or Mammalian
al. (2011) SILACP PTEN- Anti-GFP (LN299 & U87)
FLAPZY
TAPE Mutant: Anti-GFP & Anti-
G20E S-protein
PTEN-
FLAPY
Maddika et al. TAPE PTEN- 61 Streptavidin- Mammalian:
(2011) SFB¥ Sepharose & (293T)
Anti-S-protein
Agarose
Verrastro et al. In vitro PTEN- 211 Glutathione E. coli (DH5q)
(2016) APDA GST*N Agarose
Key:
Assay type

A: In vitro Affinity Pull Down (APD) — Recombinant PTEN expressed and purified from E.
coli before exposure to mammalian cell lysates in vitro

B: Direct Affinity Pull Down (APD) — Recombinant PTEN expressed in mammalian cells
before direct APD from the host cell lysate.

C: Parallel affinity purification (PAP)

D: Stable Isotope Labelling of Amino Acids in Cell Culture (SILAC)

E: Tandem Affinity Purification (TAP)

Tags

I: Polyhistidine tag

@: Haemagglutinin (HA) tag

£: FLAG-Green Fluorescent Protein (GFP)-S-protein (FLAP) tag
$: S-protein—-FLAG-Streptavidin-binding peptide (SFB) tag

%: Glutathione—-S-Transferase (GST) tag

C: C-terminal tag

N: N-terminal tag

U: Unknown tag location
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All 6 studies made use of a recombinant PTEN protein with one or more tags which gave a
route to its capture using a complementary chromatography resin against the tag. This
approach removes the requirement of a specific PTEN antibody, used for untagged PTEN,
which gives the ability to scale more easily at a reduced cost. However, Ahn et al. (2008) used
an anti-PTEN antibody conjugated resin, rather than an anti-HA resin. As discussed in Chapter
3, there are advantages and disadvantages to the use of tags as well as the choice of
expression system in recombinant protein production. Briefly, whilst a tag is required for this
downstream application, the size, number, and characteristics of the tag(s) and their potential
effect on interactions needs to be considered. The location of the tag, whether it is on the C-
or N-terminus of a protein, could also have an effect. Larger tags, such as a GST tag or a
FLAP tag, have an increased risk of affecting the 3D structure of PTEN and the accessibility
of any binding sites that are in its proximity. Larger tags could be expected to have an
increased number of potential interactors themselves, although this limitation can be
addressed by the use of a tag-only control pull down to identify specific interactors of the tag
and subsequently eliminating duplicates from the list of potential interactors identified in the
protein-tag pull down. Smaller tags have the advantage in that they are less likely to have an
effect on the overall 3D structure of the protein. When considering the use of a tagged
recombinant protein in a pull down that incorporates induction of a post-translational
modification, it is important to note that the tag may also be modified if it contains vulnerable
residues. This highlights the importance of selecting a tag with a suitable size and composition

of a tag of the downstream applications.

Whilst all affinity tags that are used in the production of recombinant proteins and their
downstream applications rely on a specific interaction between the tag and the resin, some
resins have a higher specificity than others (Zhao et al., 2013). When considering the use of
a His-tag, whilst the tag is small, the resin specificity is lower as there is a risk of non-specific
binding by histidine rich proteins to the resin. This limitation can be reduced by the use of a
bead-only control, as performed in this chapter, to identify resin interactors. The recombinant
PTEN used here has a V5 tag and in addition to a his-tag. The V5 tag is a small bacteriophage
epitope that is 14 amino acids long with a sequence of GKPIPNPLLGLDST. Whilst the his-tag
is commonly used for purification or affinity capture, the V5 tag is often used for detection
(Kimple et al., 2013). Capture of the V5 tag is through a specific antibody, and there is a
limitation when probing in conjunction with mammalian lysates as cross reactivity has been
reported (Kimple et al., 2013). Although it was not done in this current study, the presence of
both the his-tag and the V5-tag in PTEN-V5-His would provide the opportunity to use TAP or
PAP. As described in section 5.1.2, TAP and PAP are developments on the original APD

approach and can help to reduce false positive resin-specific interactors. Weak and transient
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interactors are harder to capture using chromatography techniques, such as APD or ColP,
due the required wash steps to remove unbound protein and this is exacerbated with the use
of tandem affinity purification, where two purifications are performed back-to-back. TAP
reduces the overall rate of false positives but also increases the risk of false negatives, where

PAP provides a compromise on this (Table 5.8).

Table 5.8 Advantages and Disadvantages of Affinity Chromatography Methods for PPl Isolation
(reproduced with permission from Smith et al. (2021))

Identifies: False False
Method Direct Indirect Weak Transient p(()rs;tsl;;es rz:q]allt\;eps
interactors interactors interactors interactors bias) purification)

Affinity Pull
Down N N N N N l
Tandem
Affinity N4 N ! ! l 1
Purification
Parallel
Affinity N4 N v v l l
Purification

When performing small-scale chromatography, it is possible to use either a spin column,
where there is an insert with a fixed filter that permits complete separation of buffer/sample
from the resin during centrifugation, or a tube where separation is achieved by centrifugation
and subsequent aspiration of the supernatant. The lack of manual aspiration when using a
spin column not only speeds up the process but it also reduces loss of resin and achieves a
better separation between different stages of the chromatography as each wash is completely
removed. Although the design of these APD experiments included the use of a resin-only
control, as discussed above, it was important to identify a suitable concentration of imidazole
to reduce non-specific binding. The IMAC resin used here could not tolerate any imidazole in
the binding buffers when used in a batch purification format, but as the PTEN-V5-His was
already purified it was not necessary to include any in the binding buffer, nor use any low
concentration imidazole washes as a clean-up step prior to acrolein treatment and prey
exposure. This is a benefit as the purity and amount of PTEN-V5-His was identical across the
different pull down conditions, reducing technical variation between the treatment conditions.
A previous interactome study using PTEN-His used 50 mM imidazole in the APD binding and
wash buffers, with 300 mM imidazole used in the elution buffer (Crockett et al., 2005). The
use of 50 mM imidazole in the binding and wash buffers is much higher than the 1 mM
imidazole used in the original purification strategy in Chapter 3, and the 5 mM imidazole
determined as optimal for use during APD in this chapter. This could be explained by the

differences in binding affinity for different resins, where some nickel affinity resins have a
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higher tolerance for the presence of imidazole. Different recombinant proteins could also have

different availability for resin binding depending on their tertiary structure.

The expression system used determines the type of APD performed, where production in E.
colirequires purification prior to exposure to mammalian cell lysates to study mammalian PPls,
overexpression directly in the mammalian cell of interest removes this additional step. There
are considerations on the effect of production of the protein of interest in a prokaryotic system
instead of a eukaryotic system, due to a lack of post-translational modification machinery
(Sahdev et al., 2008, Baeshen et al., 2015, Tripathi and Shrivastava, 2019). However, as
mentioned previously recombinant PTEN expressed in E. coli has been used in a wide range
of studies, including those into its structure, phosphatase activity, and interactome (Li and
Sun, 1997, Myers et al., 1997, Maehama and Dixon, 1998, Lee et al., 1999, Redfern et al.,
2008, Heinrich et al., 2015, Crockett et al., 2005). But, the majority of the high-throughput
interactome studies have expressed PTEN in mammalian cells (Herlevsen et al., 2007, Ahn
et al., 2008, Gunaratne et al., 2011, Maddika et al., 2011). Although expression of PTEN in E.
coli produces an active protein suggesting correct conformation for catalysis, post-
translational modification status is important for interactions and the disadvantage this may
give would be on a protein-by-protein basis. Expressed and purified PTEN requires an in vitro
pull down where mammalian cells are lysed separately and the bait is exposed to whole
lysates in vitro. More physiological interactors might be expected on direct pulldown from
mammalian cells where the recombinant protein is expressed in situ, due to the importance of
localisation and spatiotemporal control of protein expression on PPls (Westermarck et al.,
2013). However, on lysis of the cells in a direct pull down, there will be also be a mix of proteins
from different subcellular compartments and so binding of non-physiological interactors is

remains a risk with this technique (Berggard et al., 2007).

Crucially to this thesis, a direct pull down is more suitable to interactome studies into the effect
of mutation on the interactome of PTEN, as this is introduced at a genetic level, rather than
post-translational modification. This approach has previously been used by Gunaratne et al.
(2011) for wild type PTEN and a cancer-associated mutant, G20E. As discussed in section
5.1.2, there are several difficulties in induction of post-translational modification endogenously
and the treatment of whole cells is unlikely to yield the same protein modification profile as in
vitro treatment due to the presence of other cellular proteins. Instead of targeted modification
to the protein of interest, any susceptible residue on any cellular protein could be modified and
the level of modification could be hard to monitor and reproduce. This is because without the
use of specialist techniques, as reviewed by Wang et al. (2022) and discussed in section 5.1.2,

the target protein would not be directly modified giving a lack of control of the extent of
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modification. Other cellular proteins would also be modified adding another layer of complexity
in unravelling the cause behind a change in individual interactions, as both the bait and the
prey would be modified. Beyond this, treatment of whole cells with acrolein has been shown
to alter signal transduction by reduction of activity of key signalling proteins, such as protein
kinases and phosphatases, as well as induction of oxidative stress and mitochondrial
disruption (Moghe et al., 2015). Taken together, whole cell treatment and direct APD would
provide a broader investigation into the effect of acrolein on whole cell interactions, rather than
just the effect of acrolein-modification on PTEN'’s interactome. The approach of this current
study, using a previously purified recombinant PTEN and treating on-column directly before
the pulldown, provided a targeted investigation into the effect of acrolein-modification on
PTEN’s interactome. This rationale has previously been justified by Verrastro et al. (2016) in

their high-data content study of the effect of oxidation on the interactome of PTEN.

The profile of residue modification and overall structural change on the in vitro treatment of
PTEN-V5-His with acrolein from Chapter 4 allowed identification of an acrolein treatment ratio
that would modify PTEN residues whilst avoiding aggregation. The threshold for this was a
significant decrease in phosphatase activity and acrolein modification of residues with no
significant aggregation when visualised by SDS-PAGE. This is important as the aggregation
of PTEN-V5-His was seen on increasing acrolein concentration, as discussed in Chapter 4,
and unfolding of proteins and exposure of buried hydrophobic regions would lead to
aggregation and non-specific binding (Frutiger et al., 2021). This would prevent targeted
identification of a change of binding resulting from the introduction of acrolein modifications,
which is the aim of this Chapter. The modified residues identified in the treatment control
identified by LC-MS/MS closely matched those presented in Chapter 4, giving confidence to
the reproducibility of acrolein modification across in vitro formats, as well as confirming that

there was successful acrolein modification to PTEN during the treatment pull down.

The aim of this thesis was to identify changes to the interactome of PTEN on exposure to
acrolein, rather than profiling the complex of proteins present in the different pull downs. It is
worth considering that not all proteins identified using APD will be direct interactors with the
bait protein, known as binary interactors, and instead may be linked by other interactors,
known as complex interactors (Teng et al., 2015). It is not possible from this LC-MS/MS data
to differentiate between binary and complex interactors (Bader and Hogue, 2002, Teng et al.,
2015). Computational efforts to assess interaction partner networks identified by APD and
label-free LC-MS/MS experiments have recently been reviewed (Nesvizhskii, 2012, Armean
et al., 2013, Tian et al., 2017). The focus of this study was the fold-change in the abundance

of individual interactors for untreated and acrolein-treated PTEN. To achieve this, the relative

S.L. Smith, PhD Thesis, Aston University 2022. 162



Chapter 5 — Effect of Acrolein on the Global Interactome of Recombinant PTEN

abundance of the identified proteins were measured using a label-free quantification
approach. Alternatively, there are several labelling methods that can be used to quantify the
relative or absolute abundance of interactors such as isotopic, isobaric and chemical labelling
(Liu and Zhang, 2018, Bantscheff et al., 2007). These different labelling approaches have
previously been reviewed (Ong and Mann, 2005, Bantscheff et al., 2007, Oeljeklaus et al.,
2009). Label-free quantification uses a comparison of either signal intensity or the number of
peptide spectra to determine the relative abundance of a protein between samples (Bantscheff
et al., 2007). Whilst removing the requirement for labelling, label-free approaches are more
prone to variation as the samples from different experiments are analysed separately, whereas
the use of labels permits the mixing of different samples prior to mass spectrometry analysis
(Lindemann et al., 2017). Isotope-based techniques can involve the use of isotope labelled
protein or peptide standards during analysis (Ong and Mann, 2005). Alternatively, peptides of
interest can be directly labelled, enzymatically, chemically or metabolically, prior to analysis to
give a detectable mass shift (Ong and Mann, 2005). Stable isotope labelling by amino acids
in cell culture (SILAC) involves the incorporation of unlabelled or labelled amino acids in vivo
through supplementation of cell culture medium with a normal or heavy isotopic form of a
specific amino acid that the medium was originally deficient in (Ong et al., 2002). The SILAC
approach was used by one of the high-data content PTEN interactome studies introduced in
section 5.1.2, where the authors sought to identify changes in the interactome of wild-type
PTEN and a G20E mutant (Table 5.1) (Gunaratne et al., 2011). The ratio of the signal intensity
of the peptide pairs (labelled and unlabelled) were used to compare the relative abundance of
different peptides across different samples, where in the aforementioned study the control
cells were grown in light medium with the normal isotope and the G20E mutant was grown in
the heavy isotope medium (Gunaratne et al., 2011). A label-free approach has also been used
by a previous PTEN interactome study to quantify the changes in abundance of interactors on
oxidation of PTEN with H.O, (Verrastro et al., 2016).

The data from this interactome study builds on previous attempts to characterise changes in
PTEN’s interactome under different (patho-)physiological conditions through the use of APD
coupled with label-free mass spectrometry to quantify changes in abundance. It is clear that
there is a change in the interactome of PTEN on acrolein modification, demonstrated by the
changes in abundance of proteins between the different treatment conditions. However, it is
not possible to elucidate from this data what residue modifications are responsible for changes
in binding, only to infer that acrolein modification brings about these changes. The changes
could be through direct modification of a residue within a binding site for an interactor, or
through changes in the overall conformation brought about by the modification. Further

experiments would be required to uncover the cause. One approach could be mutation of each
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of the identified acrolein-modified residues, one-by-one, to an amino acid that cannot be
modified by acrolein. These variants could be expressed and purified as per this study with in
vitro pull downs alongside wild type PTEN to see if the interaction still occurs. However, this
would only uncover the mechanism of binding where a single modification fell in a specific
protein binding site for example, whereas general conformational changes as a result of one
or more modifications would be harder to identify as a specific cause. The nature of a high-
data content study is to probe for new interactors on a proteome-wide scale, and as such it is
not possible within the scope of this thesis to characterise each interactor that showed a
change in abundance on acrolein modification. This difficulty is highlighted by the collective
data from previous high-data content interactome studies of PTEN, where >1000 proteins
were identified as potential interactors but only 54 of these were validated with a second

technique and only 3 had a functional role proposed (Figure 5.10) (Smith et al., 2021).
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Figure 5.10 The number of potential PTEN interactors, validated PTEN interactors and interactors with a
proposed functional role for the interaction with PTEN.

Key: *: a novel PTEN interactor; 1: an interactor with increased binding to oxidised PTEN; C: an interactor shown to
bind to PTEN’s C-terminal domain; N: an interactor shown to bind to PTEN’s N-terminal domain; G20E: an interactor
specific for the G20E PTEN mutant; WT: an interactor specific for wild-type PTEN, not the G20E mutant.
(Reproduced with permission Figure from Smith et al. (2021)).

Whilst the results from the APD with untreated and acrolein-treated PTEN showed a low
number of interactors that have previously been identified as PTEN interactors using physical
high-data content approaches, the percentage is comparable to the level of single evidence
interactors on BioGRID (Stark et al., 2006). Supplementary Table 4 lists the previous
interactors of PTEN that have been identified as physical interactors in high-data content

studies and out of the 476 total interactors, only 42 have more than one identification, with
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only 2 interactors having >2 identifications. This has a single interactor evidence rate of 91%,
closely matching the single interactor hit in this pull-down study of 90%. Of the 476 interactors
listed on BioGRID, 30 of these have also been identified using low-data content studies and,
of these, 15 have >1 piece of evidence and 9 have >2 pieces of evidence. This highlights the
low rate of reproducibility of high-data content studies with the same protein, which is a well-
recognised issue with high-data content, proteome-wide interactome studies, as discussed in
section 5.1.2. False positive discovery rate of APD is estimated to be between 10-40%, which
can be measured by the application of computational validation, and the reproducibility rate is
between 60-85%, measured by the percentage similarity of biological replicates (Gavin et al.,
2011). Computational methods that can be used to assess the reliability of a PPI are based
on topological information, as introduced in section 5.1.2, and proteins are ranked according
to similarities in gene ontology (GO) and other protein properties (Dong and Provart, 2018).
Regarding the reproducibility of the APDs performed in this current study, when considering
proteins that were identified in 2/3 replicates the rate of reproducibility was 65%-71%, which

dropped to 38-52% when considering proteins present in all 3 replicates.

A key aspect of proteome-wide high-data content studies is the validation of potential
interactors. Due to the high number of potential interactors that can be identified by APD and
Y2H assays, it is not possible to validate each one. Instead, interactors of interest can be taken
forward for further binding analysis and functional studies. Ubiquitination has a key role in the
regulation of PTEN. Polyubiquitination has been shown to target PTEN for proteasomal
degradation (Wang et al., 2007) and monoubiquitination plays a role in PTEN'’s localisation
(Trotman et al., 2007). At the time of writing, NEDD4 and WWP2, two E3 ubiquitin ligases,
have the highest number of interactor identification out of the 549 published physical
interactions for PTEN, with identification in 17 and 16 independent studies, respectively (Stark
et al., 2006). Although there is little overlap between the previous and current study in terms
of E3 ligase identification (Figure 5.11), this is representative of the issue in reproducibility for
high-data content interactome studies as discussed above. Although there is extensive
evidence of the PTEN/NEDD4 and PTEN/WWP1 interactions, most of these studies were low-

data content, and the other E3 ligases have been cited to a much lower extent (Figure 5.11).
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Figure 5.11 A diagram showing the E3 ubiquitin ligases that have been identified as potential interactors of
PTEN, in previous high- and low-data content studies (blue) and the current study (green).

Key: Number: Number of previous identifications, *: Present in the current study’s beadome, 1: Increased abundance
in the acrolein-treated sample, =: Equal abundance across both treatments.

In conclusion, APD with untreated and acrolein-treated PTEN identified a number of
interactors that had a change in abundance between the treatments. HECTD1 is a novel E3
ubiquitin ligase that has showed a higher abundance in the acrolein-treated PTEN sample. A
limitation of the data presented in this chapter is only evidence of an in vitro interaction
between PTEN and HECTD1, where no functional analysis was attempted. This reinforces
the role of high data-content studies in opening new lines of investigation. For the
PTEN/HECTD1 interaction it would be key to first demonstrate this in the cell, as was
attempted in Chapter 6 with the ColP experiment, before moving to any functional assays.
There are several techniques that can be employed to validate and characterise an interaction
and this is explored in more detail in the next chapter. ColP, SPR and functional studies, such
as the cell migration assay, have been employed in previous PTEN interactome studies (Table
5.1). The work described in the next chapter sought to use ColP as a secondary validation
technique to confirm this interaction in cellulo. In order to further characterise the effect of
acrolein on the interactome of PTEN, further pull downs could be performed with acrolein-
treated prey or acrolein-treated bait and prey. The (patho-)physiological context of a cell has
a drastic effect on PPl and so does PTM. By separating these investigations it is intended to
provide a more comprehensive understanding of why changes in interactions occur during

lipoxidation.
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Chapter 6 — Effects of Acrolein on the Function of PTEN In
Cellulo

6.1 Introduction

6.1.1 Approaches to Assessment of Cell Viability

There are several molecular mechanisms through which acrolein can exert a toxic effect on
mammalian cells, including apoptosis (Moghe et al., 2015). There are various approaches to
monitoring cell viability, from dye-exclusion staining to spectrophotometry-based assays, and
these techniques have previously been reviewed (Adan et al., 2016, Kamiloglu et al., 2020).
Dye-exclusion staining relies on the uptake of a dye, such as trypan blue, by dead cells
whereas the dye is excluded from living cells (Kamiloglu et al., 2020). This technique requires
membrane damage, meaning intermediate cytotoxicity and sublethal treatment concentrations
cannot be detected, as well as being a low-throughput technique requiring cell counting
(Kamiloglu et al., 2020). Colourimetric assays, including the 3-(4,5-dimethylthiazol-2-yl)-2,5
diphenyl tetrazolium bromide (MTT) and 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-
tetrazolium-5-carboxanilide (XTT) assays, are simple to perform, high-throughput and widely
accessible (Kamiloglu et al., 2020). These tetrazolium-based assays rely on the metabolic
activity of cells to convert a substrate into a detectable product that is then measured by
absorbance at a particular wavelength by spectrophotometry, and this substrate-product
conversion is proportional to the number of viable cells present (Aslantirk, 2018). Sensitivity
can be improved through the use of fluorometric assays, such as the resazurin assay and,
where real-time viability assessment is required, luminometric assays can be used (Kamiloglu
et al., 2020). Beyond access to the required equipment and the desired sensitivity, the most
important consideration when attempting to characterise the loss of cell viability on
endogenous treatment, is that the assay does not interfere with the treatment compound or

vice versa (Aslanturk, 2018).

Developed in 1983 to measure cytotoxicity, cell proliferation or activation, the basis of the MTT
assay is the reduction of MTT to formazan, an insoluble purple crystal, which is solubilised by
the addition of an organic solvent before detection (Mosmann, 1983, Berridge et al., 2005).
However, the ability of the MTT assay to assess proliferation accurately has been contested,
due to the measurement of cellular metabolism rather than specific markers of proliferation
(Riss et al., 2013). The most accepted explanation of the uptake of MTT by cells is the
facilitation of its transfer across the cell membrane by its amphiphilic and lipophilic nature and
the positive charge of its tetrazole ring (Berridge et al., 2005, Stockert et al., 2018). However,
endocytosis of MTT has also been proposed (LU et al., 2012, Liu et al., 1997). Whilst original
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studies attributed the reduction of MTT at the mitochondria by mitochondrial dehydrogenases,
formazan has since been localised to the endoplasmic reticulum, cytosol and plasma
membranes (Stockert et al., 2018, Ghasemi et al., 2021). The primary location of MTT
reduction is now thought to be at the endoplasmic reticulum by NAD(P)H-dependent
oxidoreductase enzymes and dehydrogenases associated with the glycolytic pathway
(Berridge et al., 2005, Stockert et al., 2018). MTT can also be reduced non-enzymatically by
reductants such as ascorbic acid, cysteine and glutathione (Stockert et al., 2018). Formazan
is lipophilic and forms intracellular granules that are localised to cell membranes, lipid droplets
and, through exocytosis, presents as needle-like aggregates at the cell surface (Liu et al.,
1997, Diaz et al., 2007, LU et al., 2012, Stockert et al., 2018). Whilst there are several
considerations to the use of MTT as a cell viability assay, with remaining questions on the
exact mechanisms of MTT internalisation and reduction, the MTT assay has previously been

used to successfully measure cytotoxicity of acrolein for several different cell lines (Table 6.1).

Table 6.1 Previous Studies Utilising the MTT Assay to Test Acrolein Cytotoxicity on Mammalian Cell Lines

Study Cell Line Acrolein Conc. (M) Treatment Time (hours)
Luo et al. (2005) PC12 1-100 24
Mohammad et al. (2012) HepG2 2.5-100 24
Shah et al. (2015) HepG2 40-120 24
HelLa
Wang et al. (2016) AB49 25-250 24
Chen et al. (2016a) H41IEC 30 24
Luo et al. (2018) EAhy926 25-400 24
Yin et al. (2020a) LO2 10-100 24
Gupta et al. (2021) hCSFs 10-150 4
. SW480
Tsai et al. (2021) HCT-116 0-100 24

6.1.2 Effect of Oxidation and Lipoxidation on PTEN’s Regulation of the Akt Signalling
Pathway
Oxidative stress has multiple effects on the PI3K/Akt signalling pathway and this has recently
been reviewed in the context of cancer (Koundouros and Poulogiannis, 2018). Specific
reviews have previously been conducted on effect of redox regulation of the PI3K/Akt
signalling pathway through inactivation of PTEN (Leslie, 2006, Zhang et al., 2020). Due to the
focus of this thesis on PTEN, the direct effect of oxidative modification to PTEN on the
PI3K/Akt signalling pathway will be expanded further here. The effect of oxidative stress on
the regulation of the PI3K/Akt signalling pathway by PTEN has been demonstrated by
observable increases in the cellular levels of the second messenger PIP3, PTEN’s
physiological substrate, or phosphoryalated Akt (pAkt), a serine/threonine kinase that is

activated on binding by PIP3; (Georgescu, 2010).
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Insulin can stimulate the activation of the PI3K/Akt signalling pathway and on stimulation of
HEK293 cells with insulin an increase in PIP; was seen, but on concurrent overexpression of
PTEN these levels decreased (Maehama and Dixon, 1998, Manning and Cantley, 2007). Even
without insulin stimulation, transfection with the phosphatase-inactive Cys124Ser PTEN
mutant resulted in an increase in PIP3 (Maehama and Dixon, 1998). This was supported by
an additional study where transfection of HEK293 cells with wild type PTEN showed a
decrease in the amount of PIP3, but an increase in PIP; was seen on transfection with a
Cys124Ser PTEN mutant (Myers et al., 1998). These observations were the cornerstone of
the identification of PIP3 as the physiological substrate of PTEN and highlight the dependence
of PTEN on Cys124 for its PIP3; phosphatase activity and subsequent negative regulation of
the PI3K/Akt signalling pathway, and as such the levels of PIP; and pAkt (Maehama and
Dixon, 1998). As discussed in section 1.2.6, PTEN’s Cys124 is vulnerable to oxidative
modification and H>O»-oxidation reversibly inactivates PTEN by formation of a disulfide bond
between Cys124 and Cys71 (Lee et al., 2002). Both exogenous treatment with H-O, and
stimulation of endogenous oxidant production by peptide growth factors resulted in a reduction
of PTEN'’s phosphatase activity with an increase in PIP3 and pAkt (Leslie et al., 2003, Kwon
et al., 2004). As introduced in section 1.2.6 and explored further in Chapter 4, PTEN is also
vulnerable to modification by lipid oxidation products and both acrolein and 4-HNE have been
shown to modify and inactivate PTEN (Covey et al., 2010, Shearn et al., 2011, Shearn et al.,
2013). Exogenous treatment of several mammalian cell lines (MCF7, HEK293 and HepG2)
cells with 4-HNE and acrolein showed an accompanying increase in pAKT with the inactivation
of PTEN (Covey et al., 2010, Shearn et al., 2011). Endogenous production of acrolein, as a
by-product of spermine oxidase and myeloperoxidase catalyses, has replicated this effect,
resulting in acrolein modification of PTEN with a concurrent increase in pAKT (Al-Salihi et al.,
2015, Uemura et al., 2017).

6.1.3 Protein-Protein Interaction (PPI) Validation

There are several methods that can be used to validate PPls, such as visualisation of co-
localisation, spectroscopy, quantitative binding studies or secondary identification using ColP
with western blotting (Berggard et al., 2007). Approaches to visualising co-localisation with
microscopy have previously been reviewed as a method of PPI validation (Yakubu et al.,
2019). Immunofluorescence can be visualised with microscopy to determine the subcellular
location of the two interactors with the use of fluorophore-conjugated antibodies against
primary antibodies that directly bind to the proteins of interest, if a specific antibody or a tag
are available (Miyashita, 2015, Yakubu et al., 2019). This provides evidence for the validity of
a proposed PPI, as for two proteins to interact they would require similarities in subcellular

localisation (Snider et al., 2015, Yakubu et al., 2019). There is a risk when choosing to probe
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for recombinant versions of the proteins of interest, as the presence of a tag can affect the
localisation of the protein and cause differences in subcellular distribution in comparison to its
endogenous counterpart, resulting in exposure to potentially non-physiological protein
interactors (Berggard et al., 2007, Yakubu et al., 2019). Fluorescence resonance energy
transfer (FRET) allows visualisation of protein-protein interactions with microscopy, through
the use of donor- and acceptor-fluorophore conjugation to respective binding partners
(Yakubu et al., 2019). The emission spectrum of the donor-fluorophore is selected to overlap
with the absorption spectrum of the acceptor-fluorophore, such that fluorescence is seen on
excitation of the donor-fluorophore when it is within close proximity to the acceptor-
fluorophore, for example during a PPl (Ma et al., 2014, Yakubu et al., 2019). In combination
with fluorescence and confocal microscopy, PPls can be detected and monitored in vivo and
in real-time with FRET (Yakubu et al., 2019). A similar but related approach relies on the use
of bioluminescence, for bioluminescence resonance energy transfer (BRET), where a
luciferase protein is the donor and a fluorescent protein is the acceptor (Yakubu et al., 2019).
Other approaches to fluorescence microscopy, including but not limited to fluorescence
lifetime imaging microscopy (FLIM) and fluorescence correlation spectroscopy, can also be

used to visualise PPl in cellulo (Hink et al., 2002).

Spectroscopy can be used to validate an interaction and one interaction partner can be titrated
against a fixed concentration of the other to estimate binding kinetics (Berggard et al., 2007).
Circular dichroism (CD) spectroscopy uses absorbance at far or near ultraviolet (UV) and
visible light regions to analyse protein conformation in solution (Greenfield, 2006). The
resultant change in absorption that accompanies the change in protein conformation on PPI
can be monitored to quantify the interaction (Zhou et al., 2016). Whilst CD spectra in the far
UV regions, between 190-250 nm, result from the protein backbone amides and as such are
sensitive to changes in secondary structure, spectra in the near UV and visible light regions
result from aromatic residues and disulfide bonds and are sensitive to a proteins tertiary
structure (Greenfield, 2006, Zhou et al., 2016). Resolution can be improved to an atomic level
with the use of nuclear magnetic resonance (NMR) to elucidate binding interfaces, binding
kinetics and conformational changes on protein-protein interaction (Purslow et al., 2020). The
frequency of electromagnetic radiation absorption, on orientation of the NMR-active nuclei of
an isotopically labelled protein by a strong magnetic field, is sensitive to changes in the local
environment, for example, on introduction of another nuclei on interaction with a protein or
ligand (Purslow et al., 2020, O'Connell et al.,, 2009). This is known as chemical shift
perturbation (CSP) and whilst this NMR technique can identify intermolecular binding

interfaces between proteins, it does not reveal their relative orientation (O'Connell et al., 2009).
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Other NMR techniques can be applied to elucidate structural changes and binding interfaces,

which have been reviewed recently by Purslow et al. (2020).

Binding studies can measure affinity as well as the association and dissociation rates of two
interacting proteins, which is useful for validating a direct interaction as well as characterising
the transient or stable nature of the interaction (Berggard et al., 2007). SPR involves
immobilisation of one binding partner, the ligand, through covalent coupling to a surface and
the rate of binding of its proposed interaction partner, the analyte, is measured by monitoring
changes to the refractive index at the surface medium (Douzi, 2017, Drescher et al., 2018).
Whilst no tag is required, removing any risk of introduction of changes to the ligand’s structure,
the proteins are binding in a non-physiological context where one is immobilised, rather than
both being free in solution (Berggard et al., 2007). Similar in concept to APD, ColP involves
the binding of the target of interest with a complementary antibody and subsequent capture
on a protein A or G resin before identification of interaction partners using mass spectrometry

or western blotting (Yakubu et al., 2019).

6.1.4 Aims and Hypotheses

The aim of this chapter was to investigate the effect of acrolein on PTEN'’s activity and
interactions in cellulo. The ability of acrolein to inactivate PTEN in cellulo and upregulate the
levels of pAkt has been previously documented, as introduced above (Al-Salihi et al., 2015,
Uemura et al., 2017, Covey et al., 2010, Shearn et al., 2011). To ensure that PTEN-V5-His
would be sufficiently modified without becoming completely unfolded, it was necessary here
to determine sublethal acrolein concentrations. Once sublethal concentrations of acrolein
were identified, these treatments could then be applied exogenously and any increase in pAKT
could be monitored to characterise any upregulation of the Akt pathway and to infer a loss of
PTEN activity in cellulo. Chapter 5 demonstrated a change in PTEN’s interactome on acrolein
modification of PTEN, with an E3 ubiquitin ligase, HECTD1, identified as a novel interactor of
PTEN. The HECTD1-PTEN interaction was preliminarily validated with western blotting as a
protein interactor that increased in abundance for acrolein-treated PTEN. But, it is well
established that interactions identified in vitro need to be corroborated with further evidence
and this can be achieved by validation of the interaction using ColP, among other methods as

described above.
The first aim of this chapter was to validate the optimal MTT assay conditions to monitor loss

of cell viability for HCT-116 cells and apply this to quantify the loss of cell viability with exposure

to increasing concentrations of acrolein. The second aim of this chapter was to treat HCT-116
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cells with increasing, sublethal concentrations of acrolein and probe the lysates for Akt and
pAkt, using a/B-tubulin as a loading control, to identify if, and at what acrolein concentration,
there is an upregulation of activated Akt, pAkt, that correlates with a loss of PTEN activity. The
third aim of this chapter was to use lysates from acrolein-treated HCT-116 cells for ColP
against PTEN, to validate the novel PTEN-HECTD1 interaction using western blotting as well
as confirm the increase in binding under lipoxidative modification. Several hypotheses are
associated with these aims. Firstly, it was hypothesised that with increasing concentrations of
acrolein there will be a decrease in the cell viability of HCT-116 cells and that on treatment of
HCT-116 cells with sub-lethal concentrations of acrolein there will be an increase in pAKT.
Secondly, it was hypothesised that ColP using untreated and acrolein-treated HCT-116 cells

would show an increase in HECTD1 in the treated sample.
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6.2 Methods
6.21 MTT Assay and Optimisation

HCT-116 cells were grown to 70-80% confluence before harvesting with trypsin as described
in section 2.2.3. Cells were pelleted by centrifugation at 1000 x g for 10 minutes at RT. The
cell pellet was resuspended in complete McCoy’s 5a Media and cells were counted using
trypan blue. Cells were diluted to 5 x 108 cells/ml or 5 x 10° cells/ml for the two standard curves
and 1 x 10° cells/ml for the treatment wells. Standard curves were prepared with 1:2 serial
dilution with 100 pl 5 x 10° cells/ml or 5 x 105 cells/ml with 100 pl media to produce standard
curves starting with 5 x 10° cells/well and 5 x 10* cells/well, respectively. Treatment wells were
seeded with 100 pl 1 x 10% cells/ml to give 1 x 10* cells/well. The plate was covered and
incubated for 24 hours at 37°C and 5% CO.. Old media was aspirated and 100 pl of fresh
complete McCoy’s 5a media was added to the standard curves whilst 90 ul of fresh complete
McCoy’s 5a media and 10 pl of fresh 10X acrolein treatments prepared in PBS was added to
treatment wells. Acrolein treatment concentrations were as follows; 0 uM, 5 yM, 10 yM, 50
MM, 100 uM. 200 M, 500 uM and 1000 uM. The plate was swirled for 10 seconds to mix
before incubation at 37°C and 5% CO2 for 1h or 24h. The treatments and media were
aspirated and each well was washed with 100 pl of PBS. 90 pl of McCoy’s 5a media (Phenol,
Antibiotic and Serum-free) (Cytiva, UK) and 10 pl of sterile filtered 5 mg/ml MTT in PBS was
added to each well and the plate was incubated for 3 hours at 37°C and 5% CO2. Initially, the
MTT was solubilised by addition of 100 ul of acidified SDS (10% SDS in 10 mM HCI) and
incubation overnight at 37°C and 5% CO.. The plate was shaken for 5 seconds and the
absorbance was read at 570 nm. Low absorbance values for even the highest cell
concentrations in combination with the observation of a plateauing standard curve suggested
that the MTT was not fully solubilised. The solubilisation protocol was changed to incorporate
the use of an alcohol based MTT solubilisation solution and a physical resuspension step. 100
ul of acidified IPA with detergent (10% SDS and 40 mM HCI in isopropanol) was added to
each well and the cells were resuspended using a multichannel pipette before incubation for

30min at RT on a shaker and the absorbance was read at 570 nm.

6.2.2 Trial Immunoprecipitation of PTEN and a,B-tubulin from HCT-116 and MCF-7
cells

HCT-116 WT, HCT-116 PTEN null (-/-) and MCF-7 cells were grown to 70-80% confluence

before harvesting with trypsin. Cells were pelleted by centrifugation at 1000 x g at RT for 10

minutes. The pellet was washed twice in PBS before resuspension in PBS. The cells were

counted with a trypan blue exclusion before dilution to 2 x 10° cells/ml in PBS. The cells were
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aliquoted into 1 ml aliquots and centrifuged at 1,000 x g at 4°C for 10 minutes before aspiration

of the supernatant. The pellets were frozen at -20°C for later use.

The pellets of 2 x 107 cells were thawed on ice before addition of 1 ml ice-cold lysis buffer (25
mM NaPOQO, pH 7.4 with 150 mM NaCl, 1% Triton X-100, 5% glycerol, 1 mM DTT, 2 mM EDTA,
1X cOmplete™ EDTA-free protease inhibitor cocktail (Merck, UK) and 1X PhosSTOP™
phosphatase inhibitor cocktail (Roche, UK)). The pellet was homogenised in the lysis buffer
with a needle and a syringe, and the lysates were incubated on an end-over-end rotator for
30 minutes at 4°C. The lysates were centrifuged at 16,000 x g for 20 minutes at 4°C and the
supernatants were transferred to a new tube. The lysates were quantified using the BCA assay
to quantify an average protein concentration from a 1:5 and a 1:10 dilution, as per section
2.3.2.

Immunoprecipitation (IP) was performed by diluting 200 ug of lysate to 200 pl in lysis buffer
for a final protein concentration of 1 mg/ml in a spin column. Initial IPs were conducted either
with 1:100 or 1:200 Rabbit Anti-PTEN polyclonal Ab (#9552, Cell Signaling Technology, USA)
and one IP with no Ab added as a bead-only control. The IPs, with and without Ab, were
incubated on an end-over-end rotator at 4°C for 18h before addition of 40 ul of a Protein A
Sepharose (Cytiva, UK) prepared as a 50 % slurry in lysis buffer (20 ul resin in total). The IPs
were incubated on an end-over-end rotator at 4°C for 3 hours before centrifugation at 1,500 x
g for 5 minutes at 4°C. The flow through was collected and the resin was washed 3 times with
10 column volumes (CV) of lysis buffer before centrifugation at 1,500 x g for 5 minutes at 4°C
and the washes were collected. The resin was resuspended in 2 x 25 pl 1X Laemelli Buffer
per 20 ul resin and the resin was incubated on a shaker for 10 min at RT. The eluate was
collected by centrifugation at 1,500 x g for 5 minutes. 20 yl of eluate from each IP was analysed
using Western Blotting as per section 2.3.4. The blot was performed against PTEN by initially
probing with Rabbit Anti-PTEN polyclonal Ab (#9552, Cell Signaling Technology, USA) and a
Mouse Anti-Rabbit IgG (Conformation Specific)-HRP conjugated monoclonal secondary
antibody so that only the native antibody using during Western Blot analysis is recognised,
and not the antibody present in the IP sample. This was to ensure that any band observed
was specifically PTEN, as the molecular weight for both PTEN and an IgG heavy chain is
approximately 50 kDa and enable confirmation that the IP was precipitating endogenous
PTEN. The blot was washed, exposed and imaged as described previously. The blot was then
stripped with a mild stripping buffer (0.2 M glycine pH 2.2 with 0.1% SDS and 1% Tween 20)
at RT for 3 x 10 minutes before equilibration with PBS for 2 x 10 minutes and TBS-T for 2 x 5
minutes. The blot was re-blocked in 5% Milk/TBS-T for 1h at RT before re-probing with Goat
Anti-Rabbit IgG-HRP polyclonal secondary antibody 1:1000 in 5% Milk/TBS-T for 1 hour at RT

S.L. Smith, PhD Thesis, Aston University 2022. 174



Chapter 6 — Effects of Acrolein on the Function of PTEN /n Cellulo

to recognise the antibody present in the ColP sample. This analysis enabled confirmation that
the antibody was being captured by the Protein A Sepharose, in the case that no PTEN band

was detected.

The first trial IP used HCT-116 WT lysates with and without a 1:100 dilution of 1:100 Rabbit
Anti-PTEN polyclonal Ab (#9552, Cell Signaling Technology, USA). Due to difficulty in
detecting PTEN in the IP samples, subsequent experiments included IPs against PTEN and
a/B-Tubulin. Lysates alone from several cell types were also analysed using Western Blot
analysis for PTEN and a/B-tubulin. The following improvements were also made to the
Western Blot analysis procedure to improve detection of low abundance proteins: the transfer
step was performed overnight at 30V when more than 1 blot was transferred at one time, the
use of Thick Blot Filter Paper (BioRad, USA) and the use of freshly purchased Clarity™ HRP
Substrate (BioRad, USA).

6.2.3 Co-immunoprecipitation of Endogenous PTEN and HECTD1 from Untreated and
Acrolein-treated HCT-116 Cells
HCT-116 cells were grown to 70-80% confluency before harvesting with trypsin. Cells were
pelleted by centrifugation at 1,000 x g at RT for 10 minutes. The pellet was resuspended in
complete McCoy’s 5a media and cells were counted. Cells were diluted to 5 x 10° cells/ml in
complete McCoy’s 5a media. Two 150 mm cell culture plates were seeded with 10 ml cells
and 20 ml complete McCoy’s 5a media, to give 5 x 108 cells/plate in 30 ml of media and the
plate was incubated for 48h at 37°C with 5% CO,. Old media was aspirated and 27 ml of
complete McCoy’s 5a media and 3 ml of PBS or 1 mM acrolein in PBS, to give a final
concentration of 100 uM acrolein, was added to the plate. The plate was incubated for 1 hour
at 37°C with 5% CO.. The treatments were removed and each well was washed with 5 ml of
ice-cold PBS three times. 1.5 ml of ice-cold lysis buffer (25 mM NaPO4 pH 7.4 with 150 mM
NaCl, 1% Triton X-100, 5% glycerol, 1 mM DTT, 2 mM EDTA and 1X cOmplete™ EDTA-free
protease inhibitor cocktail (Merck, UK)) was added to each plate on ice. The plates were
scraped and the lysate was transferred to pre-cooled microcentrifuge tubes. The lysates were
incubated on an end-over-end rotator for 30 minutes at 4 °C. The lysates were centrifuged at
16,000 x g for 20 minutes at 4°C and the supernatants were transferred to a new tube. The

lysates were quantified using the BCA assay at a 1:5 dilution.
Two ColPs were prepared for the untreated and acrolein-treated lysate samples. The ColPs

were performed as in section 6.2.2 but scaled up to 500 ug of lysate. In addition to this, a pre-
clearing step was included prior to the addition of antibody by incubating 600 ug lysate in 600
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ul lysis buffer with 120 pl of Protein A Sepharose (Cytiva, UK) prepared as a 50% slurry in
lysis buffer (60 ul resin in total) for 30 minutes at 4°C on an end over end rotator in an
microcentrifuge tube. The samples were centrifuged at 12,000 x g for 5 minutes to pellet the
resin and 500 pl of supernatant was transferred to a spin column. Once the lysates had been
pre-cleared, to one of the ColPs for each lysate either no Ab was used as a bead-only control
or 1:100 Rabbit Anti-PTEN polyclonal Ab (#9552, Cell Signaling Technology, USA) was
added. The remaining steps of the ColP were performed as per section 6.2.2 and 3 x 15 pl of
eluate from each ColP was analysed using Western Blotting as above, probing for PTEN using
Rabbit Anti-PTEN polyclonal Ab (#9552, Cell Signaling Technology, USA), Rabbit IgG using
a Goat Anti-Rabbit IgG-HRP polyclonal antibody (ThermoScientific, UK) and HECTD1 using
Rabbit Anti-HECTD1 pAb (PA568176, Invitrogen, UK).

6.2.4 Mammalian Cell Lysis Optimisation for Western Blotting

HCT-116 cells were grown to 70-80% confluency before harvesting with trypsin. Cells were
pelleted by centrifugation at 1,000 x g at RT for 10 minutes. The pellet was resuspended in
complete McCoy’s 5a media and cells were counted. Cells were diluted to 5 x 10° cells/ml in
complete McCoy’s 5a media. Each well of a 6-well plate was seeded with 0.5 ml cells and 2.5
ml complete McCoy’s 5a media, to give 2.5 x 10° cells/well and the plate was incubated for 48
hours at 37 °C with 5% CO.. Each well was washed with 500 pl of ice-cold PBS three times.
100 pl of ice-cold 1X Laemelli Buffer or ice-cold lysis buffer (25 mM NaPO4 pH 7.4 with 150
mM NaCl, 1% Triton X-100, 5% glycerol, 1 mM DTT, 2 mM EDTA, 1X cOmplete™ EDTA-free
protease inhibitor cocktail (Merck, UK) and 1X PhosSTOP™ phosphatase inhibitor cocktail
(Roche, UK)) was added to each well on ice. The wells were scraped and the lysate was
transferred to pre-cooled microcentrifuge tubes. The lysates in 1X Laemelli Buffer were
sonicated on ice using a handheld sonicator and an MSF-1 probe at 50% amplitude for 3 x 5
second bursts with a 10 second rest in between. The lysates in lysis buffer were incubated on
an end-over-end rotator for 30 minutes at 4 °C. The lysates were centrifuged at 16,000 x g for

20 minutes at 4 °C and the supernatants were transferred to a new tube.

The lysates in lysis buffer were quantified using the BCA assay at a 1:5 dilution. SDS-PAGE
analysis was performed by loading 20 pl of lysates in 1X Laemelli buffer and 20 pg of lysate
in lysis buffer and resolving on a 10% polyacrylamide gel at 50V for 30 minutes and 100V for
1 hour 15 minutes. Western Blot analysis was performed as above. The blot was incubated
overnight on a shaker at 4°C with Rabbit Anti-PTEN polyclonal antibody (Ab) (#9552, Cell
Signaling Technology, USA) prepared 1:1000 in 5% Milk/TBS-T before washing and
subsequent incubation with Goat Anti-Rabbit IgG-HRP (ThermoScientific, UK) 1:1000 in 5%
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Milk/TBS-T for 1 hour at RT on a shaker. The blot was washed then exposed and imaged.
The blot was then stripped with a mild stripping buffer (0.2 M glycine pH 2.2 with 0.1% SDS
and 1% Tween 20) at RT for 3 x 10 minutes before equilibration with PBS for 2 x 10 minutes
and TBS-T for 2 x 5 minutes. The blot was re-blocked in 5% Milk/TBS-T for 1h at RT before
re-probing overnight at 4°C with Rabbit Anti-a/B-Tubulin Ab (#2148, Cell Signaling
Technology, USA) prepared 1:1000 in 5% Milk/TBS-T. The blot was washed in TBS-T and
incubated with Goat Anti-Rabbit IgG-HRP (ThermoScientific, UK) 1:1000 in 5% Milk/TBS-T for

1 hour at RT on a shaker before subsequent washing and exposure.

6.2.5 Acrolein Treatment of HCT-116 Cells for Western Blot Analysis

A 6-well plate was seeded with HCT-116 cells at 2.5 x 10° cells/well as above in section 6.2.4
and incubated at 37°C with 5% CO; for 48 hours. Old media was aspirated and 2.7 ml of fresh
complete McCoy’s 5a media and 300 pl of fresh 10X acrolein treatments prepared in PBS was
added to each well. Acrolein treatment concentrations were chosen based on the results from
the MTT cell viability assay. The acrolein treatment concentrations that didn't have an
observable effect on cell viability were taken forward and were as follows; 0 uM, 5 uM, 50 uM,
100 uM and 200 uM acrolein. The plate was incubated for 1 hour at 37°C with 5% CO.. The
treatments were removed and each well was washed with 500 pl of ice-cold PBS three times.
100 pl ice-cold lysis buffer (25 mM NaPO4 pH 7.4 with 150 mM NaCl, 1% Triton X-100, 5%
glycerol, 1 mM DTT, 2 mM EDTA, 1X cOmplete™ EDTA-free protease inhibitor cocktail
(Merck, UK) and 1X PhosSTOP™ phosphatase inhibitor cocktail (Roche, UK)) was added to
each well on ice. The wells were scraped and the lysate was transferred to pre-cooled
microcentrifuge tubes. The lysates were incubated on an end-over-end rotator for 30 minutes
at 4°C. The lysates were centrifuged at 16,000 x g for 20 minutes at 4°C and the supernatants

were transferred to a new tube.

The lysates in lysis buffer were quantified using the BCA assay at a 1:5 dilution. SDS-PAGE
analysis was performed with 20 pg of lysate from each treatment concentration on 4 x 10%
polyacrylamide gel. Western Blot analysis was performed as above, with the following
amendments. Where 4 blots were transferred at once the transfer was performed at 4 °C at
30V for 16h. The blots were blocked in 5% BSA in TBS-T for 1 hour at RT and probed overnight
with one of the following antibodies prepared 1:1000 in 5% BSA in TBS-T; Rabbit Anti-Akt
(pan) Ab (#4691, Cell Signaling Technology, USA), Rabbit Anti-Akt (phosSer403) Ab (#9271,
Cell Signaling Technology, USA) or Rabbit Anti-a/B-Tubulin Ab (#2148, Cell Signaling
Technology, USA).
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6.2.6 Statistical Analysis

Data from three experimental replicates with three variables was analysed using GraphPad
Prism 8.0 to perform one-way ANOVA analysis with the Geisser-Greenhouse correction,
correcting for multiple comparisons using the Tukey test. Data from three experimental
replicates with two variables was analysed using GraphPad Prism 8.0 to perform a paired T-
test with a confidence level of 95 % with statistical significance defined as P < 0.05. The P
value style was as follows: 0.1234 (ns), 0.0332 (*), 0.0021 (**), 0.0002 (***), <0.0001 (****).

Raw data is shown as mean values + SEM.
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6.3 Results

6.3.1 The Use of Acidified IPA as an MTT Solubilisation Solution Increases the
Absorbance in Comparison to the use of Acidified SDS
A standard curve was performed at two cell densities to model the effect of a loss of cell
viability. It is important to seed the plate with an appropriate cell density that after incubation
with MTT and subsequent solubilisation of formazan the absorbance falls within the linear
range and the error bars are small to allow differences in cell viability to be detected. The initial
strategy of using acidified SDS resulted in a very low absorbance for both of the serial dilutions
performed, 5 x 10% and 5 x 10* cells/well (Figure 6.1A). Changing to an acidified IPA
solubilisation with a physical resuspension step increased the absorbance dramatically
(Figure 6.1A). For both solubilisation agents the two serial dilution densities showed a similar
profile of increasing absorbance, where for the 5 x 10° cells/well serial dilution there was a
steep increase between 0-1 x 10° cells/well, with a plateau at cell densities greater than 1 x
10° cells/well (Figure 6.1A). The error bars are large for the 5 x 10° cells/well serial dilution
solubilised in acidified IPA, indicating that the cell concentration is too high and it would not
be possible to detect the differences in cell density accurately, making it unsuitable to detect
small changes in cell viability. The 5 x 10* cells/well serial dilution was the most suitable
standard curve concentration, where the absorbance was between 0.1 and 1 mAU and the
error bars are very small before the plateau for >1 x 10 cells/well indicating that small changes
in cell number, and therefore cell viability, would be detected. Therefore, the absorbances for
<1.25 x 10* cells/well were plotted separately to assess the linearity of the data (Figure 6.1B).
Whilst there was a slight plateau effect between 0.63 x 10* cells/well and 1.25 x 10* cells/well,
linear regression analysis using Prism 9 calculated the R? value was 0.9729 and so the

seeding density for the acrolein treatments was chosen as 1 x 10* cells/well (Figure 6.1B).
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Figure 6.1 Effect of Acidified IPA vs Acidified SDS in the Solubilisation of MTT when Assaying for Cell
Viability

A) MTT assay standard curves were produced from a serial dilution of two different HCT-116 cell concentrations of
5 x 108 cellsiwell and 5 x 10* cells/well and the MTT solubilisation was performed with acidified IPA or acidified SDS.
B) A smaller range of the standard curve from a starting concentration of 5 x 10* cells/well and solubilised with
acidified IPA was identified as below 1.25 x 10* cells/well to test for linearity. The absorbance values were plotted
against each cell concentration and a trendline was plotted. (n=3, Mean + SEM)

6.3.2 Acrolein Treatment has a Dose- and Time-dependent Effect on Cell Viability
The effect of increasing acrolein concentration on the cell viability of HCT-116 cells after a 1-
and 24-hour treatment was analysed using the MTT assay. For the 1-hour treatment, there
wasn’t a significant decrease in cell viability until 0.5 mM acrolein (Figure 6.2A), where for the
24-hour treatment there was a significant decrease in cell viability from 50 uM acrolein (Figure
6.2A). Interestingly, after a 1-hour treatment with 5 and 10 uM acrolein there appeared to be
a slight increase in cell viability but it was not statistically significant. A 1-hour treatment with
100 yM was chosen as a suitable acrolein concentration for the subsequent co-
immunoprecipitation experiments to validate HECTD1 as an interactor of PTEN, where there
was no significant decrease in cell viability after 1 hour and it matches the treatment
concentration used by previous PTEN-lipoxidation studies, where cells were treated with 100
MM 4-HNE was used to treat HepG2 cells (Shearn et al., 2011).
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Figure 6.2 Effect of Acrolein Treatment on the Cell Viability of HCT-116 cells after 1 and 24 hours
An MTT assay was performed for 1 x 10* cells/well treated with increasing acrolein concentrations for 1 hour (A) and
24 hours (B), before solubilisation with acidified IPA. (n=3, Mean + SEM)

6.3.3 Immunoprecipitation of Endogenous PTEN from HCT-116 cells

Once a suitable acrolein treatment concentration was identified using the MTT assay, it was
necessary to test the immunoprecipitation (IP) of PTEN from the HCT-116 cells prior to IP
from untreated and acrolein-treated HCT-116 cells as a validation step for the data presented
in Chapter 5. As a control, an IP against PTEN was performed with both HCT-116 wild type
(WT) and PTEN knockout (-/-) cells. Lysates from HCT-116 WT and -/- cells were incubated
with increasing concentrations of rabbit anti-PTEN polyclonal Ab and the PTEN/Ab complex
was captured with protein A sepharose resin. A control IP was performed without the addition
of Ab to detect any non-specific binding to the resin. The samples were analysed using
western blot and probing for PTEN, to assess the successful binding of the anti-PTEN Ab to
endogenous PTEN, and for rabbit Ab, to assess for successful capture of the rabbit anti-PTEN.
Purified PTEN-GST was used as a positive control for the western blot detection of PTEN. A
band at approximately 80 kDa, corresponding to PTEN-GST, was seen in the control lane
which confirmed the successful transfer and detection of PTEN. Whilst no band for
endogenous PTEN, at approximately 60 kDa, would be expected in the HCT-116 -/- lysate or
IP eluates, due to the knockout of PTEN in the cell line, or the HCT-116 WT IP without the
addition of PTEN Ab, there was also no PTEN bands in the HCT-116 WT lysate or the IPs
using the anti-PTEN Ab (Figure 6.3A). Figure 6.3B shows a band at approximately 50 kDa
which corresponds to the heavy chain of the anti-PTEN antibody and demonstrates successful
capture, and subsequent elution, of the antibody from the lysates by the protein A resin. The
successful detection of the PTEN-GST control on the western blot probing for PTEN suggests
that there is no issue with the recognition of PTEN with the antibody, as the same primary

antibody was used for both the western blots and the IP.
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Figure 6.3 Initial IP of PTEN showed successful binding of the anti-PTEN Ab to the Protein A resin but no
observable detection of PTEN.

IP against PTEN was performed with an overight incubation of 1:100 dilution of Rabbit Anti-PTEN polyclonal Ab in
200 pl of HCT-116 WT and -/~ lysate at 1 mg/ml in 200 pl, with bead-only controls included where no antibody was
added to the lysates. A) Westem Blot analysis was performed for PTEN using a Rabbit Anti-PTEN polyclonal primary
antibody and a Mouse Anti-Rabbit IgG (Conformation Specific)-HRP monoclonal secondary antibody to detect only
native IgG. B) After stripping and re-blocking, the blot was re-probed for Rabbit IgG using a Goat Anti-Rabbit-HRP
conjugate polyclonal secondary antibody to detect the denatured IgG in the ColP samples.

To ensure that the IP protocol was suitable for the capture of a target protein by its
corresponding Ab to allow subsequent isolation of the protein/Ab complex using protein A
chromatography, the IP was repeated for PTEN but an additional IP was performed against
a/B-tubulin in parallel. Whilst the abundance of PTEN varies between cell lines (Ghandi et al.,

2019), a/B-tubulin is routinely used as loading control for western blotting due to its relatively
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high cellular abundance. This was performed for both HCT-116 WT and -/- cells, where a
successful a/B-tubulin IP would be expected for both cell lines but PTEN should only be
detected in the IP using HCT-116 WT cells. Fractions from the IPs were visualised using SDS-
PAGE (Figure 6.4). Most of the proteins from the lysates did not bind to the protein A
Sepharose and are detected in the flow-through, as expected, and unbound protein was
successfully washed away during the wash steps (Figure 6.4A and B). There is non-specific
binding to the protein A Sepharose resin as there are bands detected in the eluate of the
control IP with no Ab (Figure 6.4A and B). Due to the non-specific binding of lysate proteins,
the low amount of protein present and the similar size of each of the target bands, where the
Ab heavy chain, endogenous PTEN and a/B-tubulin are all approximately 50 kDa, it was
necessary to perform western blot analysis against the target proteins to determine successful

capture by the Ab.
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Figure 6.4 SDS-PAGE Analysis of the PTEN and a/B-Tubulin IP Fractions

IPs against PTEN were performed with an overnight incubation of 1:100 dilution of Rabbit Anti-PTEN polyclonal Ab
or 1:100 dilution of Rabbit Anti-a/B-Tubulin polyclonal Ab in 200 pl of HCT-116 WT lysate or HCT-116 -/- lysate at 1
mg/ml, with bead-only controls where no antibody was added to the lysates. Fractions collected during the IPs were
analysed by SDS-PAGE for both the HCT-116 WT IPs (A) and the HCT-116 -/~ IPs (B).

When probing for PTEN, western blot analysis of the eluates from the IPs performed with
HCT-116 WT and -/- cells against PTEN and a/B-tubulin, no bands for PTEN were detected
other than the control band for PTEN-GST (Figure 6.5A). Whilst no band for PTEN would be
expected in the HCT-116 -/- lysate or the IP eluates for WT and -/- against a/B-tubulin, a band
at 50 kDa for endogenous PTEN would be expected in the HCT-116 WT lysate and the eluate
from the WT IP against PTEN. Probing for a/B-tubulin showed a strong band at 50 kDa in the
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HCT-116 WT and -/- lysates, with a stronger band in the anti-a/B-tubulin IP eluates, indicating
successful isolation of a/B-tubulin during the IP. There was a weak band present in the anti-
PTEN IP eluates, as well as in one of the control IPs with no Ab, which could be explained by
non-specific binding of a/B-tubulin to the protein A Sepharose resin. Taken together with the
results from Figure 6.3, where the heavy chain of the anti-PTEN Ab was detected but there
was no observable detection of PTEN, the IP protocol successfully isolates a target protein.
This could be explained by a low endogenous level of PTEN in the WT cells and/or poor
detection of PTEN during western blotting, as although there was a band corresponding to the
purified PTEN-GST, 0.5 ug was loaded which is a relatively large amount of protein for western
blot detection.
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Figure 6.5 Western Blot Analysis of the PTEN and a/B-Tubulin ColP Elution Fractions

ColP against PTEN was performed with an overnight incubation of 1:100 dilution of Rabbit Anti-PTEN polyclonal Ab
or 1:100 dilution of Rabbit Anti-a/B-Tubulin polyclonal Ab in HCT-116 WT or -/- lysate at 1 mg/ml in 200 pl, with bead-
only controls included where no antibody was added to the lysates. Elution fractions were analysed by Western Blot.
A) Western Blot analysis was performed for PTEN using a Rabbit Anti-PTEN polyclonal primary antibody and a
Mouse Anti-Rabbit IgG (Conformation Specific)}-HRP monoclonal secondary antibody to detect only native IgG. B)
After stripping and re-blocking, the blot was re-probed for o/B-Tubulin using a Rabbit Anti-o/B-Tubulin polyclonal Ab
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and a Mouse Anti-Rabbit IgG (Conformation Specific}-HRP monoclonal secondary antibody to detect only native
I9G.

6.3.4 Detection of Endogenous PTEN in HCT-116 Lysate and Optimisation of Lysis for
Western Blot Analysis
After improvements were made to the western blot protocol, as described in section 6.2.3,
detection of PTEN and a/B-tubulin in mammalian cell lysates was tested. Two lysis buffers,
1X reducing SDS-PAGE loading dye and a mammalian lysis buffer, were tested in parallel to
determine the optimal lysis conditions for western blot detection. Figure 6.6A shows a strong
band at 80 kDa, corresponding to PTEN-GST, in the western blot positive control. There is a
weak band at 50 kDa corresponding to endogenous PTEN for both the MCF-7 and HCT-116
WT lysates, whilst no band was detected in the HCT-116 -/- lysate (Figure 6.6A). The intensity
of the band was slightly higher for the cells lysed in lysis buffer, indicating a more efficient lysis
(Figure 6.6A). There was also a slight increase in intensity of the endogenous PTEN band in
the MCF-7 lanes in comparison to the HCT-116 WT lanes, indicating a slightly higher
abundance of PTEN in MCF-7 cells. The blot was stripped and re-blocked before probing for
a/B-tubulin (Figure 6.6B). There was a band at 80 kDa in the PTEN-GST control lane, which
can be explained by insufficient stripping of the anti-PTEN antibody prior to incubation with
a/B-tubulin and re-exposure (Figure 6.6B). There was a band at 50 kDa in all lysate lanes,
across all three cell lines, with a slight increase in band intensity for the lysates in lysis buffer,

mirroring the results from Figure 6.6A.
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Figure 6.6 Western Blot Analysis of the Detection of PTEN and a/B-Tubulin Under Different Lysis Conditions
Two wells of a 6-well plate were seeded with 2.5 x 105 cells/well of HCT-116 WT, -/- or MCF-7 cells and the plate
was incubated for 48 hours at 37°C and 5% COx2 before lysis with either 1X Laemelli Buffer or lysis buffer. Western
Blot analysis was performed with 20 pl of lysates in 1X Laemelli Buffer and 20 ug of lysates. A) Western Blot analysis
was performed for PTEN using a Rabbit Anti-PTEN polyclonal primary antibody. B) After stripping and re-blocking,
the blot was re-probed for o/3-Tubulin using a Rabbit Anti-a/B-Tubulin polyclonal Ab.

6.3.5 Repeat IP of Endogenous PTEN from HCT-116 WT and MCF-7 Cells

Figure 6.6 showed successful detection of endogenous PTEN, confirming the expression of
PTEN in HCT-116 WT cells, as would be expected, and a clear improvement in the detection
of PTEN during western blot analysis was seen. IP of PTEN was performed for MCF-7 and
HCT-116 WT cells, with a control IP without Ab, and the eluates were analysed by western
blot for PTEN and Rabbit IgG (Figure 6.7). A clear band at 80 kDa was seen in the PTEN
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positive control, corresponding to PTEN-GST (Figure 6.7A). Whilst there was a faint band at
60 kDa corresponding to endogenous PTEN in the MCF-7 lysate, no band was observed in
the HCT-116 WT lysate (Figure 6.7A). The absence of observable endogenous PTEN in the
HCT-116 WT lysate contradicts the results in Figure 6.6A, where endogenous PTEN is
detected in both HCT-116 WT and MCF-7 lysates, despite equal loading of 30 ug of lysate.
Despite this, a 60 kDa band is visible in the IP eluates from both MCF-7 cells and HCT-116
WT cells, demonstrating the presence of endogenous PTEN in both cell lysates and
successful capture and isolation during the IP (Figure 6.7A). The membrane was stripped, re-
blocked and probed for Rabbit IgG as validation for capture of the Ab and an additional band
at 50 kDa is observed in both eluates, corresponding to the heavy chain of the Ab used in the
IP (Figure 6.7B). Despite stripping the membrane after the first exposure, the PTEN bands
are still visible, indicating insufficient stripping of the PTEN antibody.
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Figure 6.7 Western Blot Analysis of PTEN IP from HCT-116 WT and MCF-7 Cells

IP against PTEN was performed with an overnight incubation of 1:100 dilution of Rabbit Anti-PTEN polyclonal Ab in
200 pl of HCT-116 WT lysate or MCF-7 lysate at 1 mg/ml, with bead-only controls included where no antibody was
added to the lysates. Elution fractions were analysed by Western Blot. A) Western Blot analysis was performed for
PTEN using a Rabbit Anti-PTEN polyclonal primary antibody and a Mouse Anti-Rabbit IgG (Conformation Specific)-
HRP monoclonal secondary antibody to detect only native IgG. B) After stripping and re-blocking, the blot was re-

probed for Rabbit IgG using a Goat Anti-Rabbit-HRP conjugate polyclonal secondary antibody to detect the
denatured IgG in the IP samples.
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6.3.6 ColP of Endogenous PTEN from Untreated and Acrolein-treated HCT-116 Cells

As endogenous PTEN could now be detected in the lysate and the IP eluates, colP was
performed on untreated cells and cells treated with 100 uM acrolein. Due to the non-specific
binding demonstrated by SDS-PAGE analysis of the control IP where no Ab was used in
Figure 6.4, a pre-clearing step was added to the protocol to remove any proteins with non-
specific binding to the resin. There was no observable protein detected in the eluates of the
control IPs, where no Ab was added to the lysates, for both the untreated and acrolein-treated
cells indicating that the pre-clearing step was successful in reducing non-specific binding
(Figure 6.8A and B). The eluates for the PTEN IPs showed a clear band at approximately 50
kDa, which is likely to be the heavy chain of the PTEN Ab, but very little other protein (Figure
6.8A and B). An additional elution step was performed to confirm that all protein was eluted,
but minimal extra protein was detected in this fraction (Figure 6.8A and B). The first elution
fraction was taken forward for western blot analysis for PTEN, Rabbit IgG and HECTD1
(Figure 6.9).
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Figure 6.8 SDS-PAGE Analysis of the PTEN ColP Fractions from Untreated and Acrolein-Treated HCT-116
Lysates

Two 150 mm cell culture plates were seeded with 5 x 105 cells/plate of HCT-116 WT cells and the plate was
incubated for 48 hours at 37 °C and 5% CO:.. Plates were untreated or treated with 100 uM acrolein for 1 hour before
lysis. ColPs for PTEN was performed with an overnight incubation of 1:100 dilution of Rabbit Anti-PTEN polyclonal
Ab in 500 pl of HCT-116 WT lysate at 1 mg/ml, with bead-only controls included where no antibody was added to
the lysates. Fractions collected during the ColPs were analysed by SDS-PAGE for both the HCT-116 WT untreated
ColP (A) and the HCT-116 WT 100 uM acrolein-treated ColP (B).
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The lysates from the untreated and acrolein-treated cells used for the ColPs were analysed
by Western Blot for PTEN and Rabbit IgG to confirm successful IP of PTEN and HECTD1 to
assess the ColP of HECTD1 (Figure 6.9A). The western blot for PTEN confirmed the presence
of endogenous PTEN in the lysates from the untreated and acrolein-treated cells, where there
appeared to be a slight increase in intensity on acrolein-treatment of cells (Figure 6.9A: Anti-
PTEN). As expected, there was no band with anti-Rabbit IgG as this is not expressed
endogenously in human cells (Figure 6.9A: Anti-Rabbit IgG). There was no observable band
at 290 kDa, the expected molecular weight of HECTD1, with anti-HECTD1 Ab in either the
untreated or treated cell lysates (Figure 6.9A: Anti-HECTD1). This could be due to a low
endogenous expression of HECTD1, as HECTD1 was successfully detected in Chapter 5
during the APD using recombinant PTEN and HCT-116 cell lysates, where the concentration
of HECTD1 would be higher than in the original lysate. There were no bands present in either
of the elution fractions from the bead-only control, where the ColP was performed with the
omission of the PTEN Ab, demonstrating no detectable non-specific binding to the resin of
PTEN or HECTD1 (Figure 6.9B: Anti-PTEN, Anti-Rabbit IgG and Anti-HECTD1).

The ColP elution fractions from the untreated and acrolein-treated cells did not show a clear
band for endogenous PTEN when probing with the anti-PTEN Ab (Figure 6.9C: Anti-PTEN).
There was some higher molecular weight bands and a band at around 40 kDa in the acrolein-
ColP, which could be non-specific binding of the anti-PTEN Ab during the western blot process
in combination with overexposure of the membrane, where there are visible white patches due
to drying out of the membrane (Figure 6.9C: Anti-PTEN). The heavy chain of the anti-PTEN
Rabbit Ab is detected in both the elution fractions, indicating the successful capture of the
antibody (Figure 6.9C: Anti-Rabbit IgG). There was also no detection of HECTD1 in either of
the elution fractions, which could be explained by an issue during the ColP as PTEN was also
not detected (Figure 6.9C: Anti-HECTD1). The ColP with untreated and acrolein-treated cells
was only performed once due to time restraints and so no firm conclusion can be drawn from
this set of results as to the validity of the PTEN-HECTD1 interaction and its potential

upregulation on acrolein exposure.
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Figure 6.9 Western Blot Analysis of PTEN ColP from HCT-116 WT and MCF-7 cells

Two 150 mm cell culture plates were seeded with 5 x 105 cells/plate of HCT-116 WT cells and the plate was
incubated for 48 hours at 37 °C and 5% CO.. Plates were left untreated or treated with 100 uM acrolein for 1 hour
before lysis. ColPs against PTEN was performed with an overnight incubation of 1:100 dilution of Rabbit Anti-PTEN
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polyclonal Ab or 1:100 dilution of Rabbit Anti-a/B-Tubulin polyclonal Ab in 500 pl of HCT-116 WT lysate at 1 mg/ml
in 500 pl, with bead-only controls included where no antibody was added to the lysates. Fractions collected during
the ColPs were analysed by Western Blot using Rabbit Anti-PTEN polyclonal Ab, Rabbit Anti-a/B-Tubulin polyclonal
Ab, Rabbit Anti-HECTD1 polyclonal Ab for the HCT-116 WT untreated and 100 uM acrolein-treated lysates (A) and
untreated and 100 uM acrolein-treated bead-only ColP control (B) and PTEN ColPs (C).

6.3.7 Acrolein Treatment Increases the Level of pAkt whilst levels of total Akt Remain
Stable
Due to the observation of a loss of PTEN activity on exposure to acrolein in Chapter 4, to
analyse the in cellulo effect of acrolein on the Akt pathway, the amount of active pAKT was
analysed using Western Blot. Using the results from the MTT assay in Figure 6.2, HCT-116
cells were treated with increasing acrolein concentrations below the level at which there was
a significant decrease in cell viability for 1 hour. The lysates from the treated cells were probed
for panAKT, AKT phosphorylated on Ser403 and a/B-tubulin was used as a loading control
(Figure 6.10A). Whilst there was no observable change in the levels of panAKT on increasing
acrolein concentration (Figure 6.10A: AKT (pan)), there was an observable increase in the
levels of phosphorylated AKT (Figure 6.10A: AKT (pSer403). There was also no observable
change in the levels of a/B-tubulin, which confirmed equal loading across each of the treatment
concentrations, attributing the increase in acrolein concentration to the cause of an increase
in pAkt levels, rather than unequal sample loading. Densitometry analysis was performed and
the intensity of the AKT and pAKT bands were normalised to the a/B-tubulin control (Figure
6.10B). Normalisation confirmed that whilst there was a minimal change in the levels of AKT
or a/B-tubulin, there was an increase in pAKT as the acrolein concentration increases, where
there is a large difference between 5 and 50 uyM acrolein, this plateaus between 50 and 200

MM acrolein (Figure 6.10B).
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Figure 6.10 Western Blot Analysis of the Detection of Akt, phosphoAkt (Ser403) and o/B-Tubulin with
Increasing Acrolein Treatment Concentration

A 6-well plate was seeded with 2.5 x 10° cells/well of HCT-116 WT and the plate was incubated for 48 hours at 37°C
and 5% CO:2 before treatment with increasing concentrations of acrolein for 1 hour at 37°C. The cells were washed
in PBS and lysed before quantification with the BCA assay. 20 ug of lysates was resolved by SDS-PAGE and
western blot analysis was performed using Rabbit Anti-Akt polyclonal Ab, Rabbit phosphoAkt (Ser403) polyclonal
Ab and Rabbit a/B-Tubulin polyclonal Ab (A). The bands were analysed by densitometry using ImageJ and the band
abundance was normalised to the a/B-Tubulin control bands. The change in abundance of Akt, phosphoAkt
(Ser403) and o/B-Tubulin at increasing acrolein concentrations was calculated by expressing the abundance as a
percentage of the untreated control for each blot (n=3; Mean + SEM).
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6.4 Discussion

The work presented in this thesis preceding this chapter characterised the effect of acrolein
on PTEN'’s activity, structure, and interactions in vitro. The aim of this final chapter was to
investigate the in cellulo effects of acrolein. The effect of whole cell exposure to acrolein on
PTEN’s activity was investigated indirectly through analysis of the PI3K/Akt signalling pathway
and the effect on PTEN'’s interactome was attempted directly by trialled investigation of the
HECTD1-PTEN interaction using ColP. To achieve this, the effect of acrolein on the cell
viability of HCT-116 cells was quantified using the MTT assay and sublethal acrolein
concentrations were taken forward to treat HCT-116 cells to analyse the effect on the levels
of activate pAkt by western blotting and densitometry analysis. ColP of PTEN from both HCT-
116 cells and MCF-7 cells was trialled to test the successful IP of endogenous PTEN before
attempting to incorporate a whole cell sublethal acrolein treatment, determined from the cell
viability data. ColP was performed on untreated and acrolein-treated HCT-116 cells to attempt
to validate the HECTD1-PTEN interaction in cellulo and identify any changes in the abundance
of this interaction on exposure to acrolein. However, this ColP was unsuccessful in
precipitating endogenous PTEN from both the untreated and acrolein-treated cells, meaning

that no conclusions could be drawn from this data set.

The first key finding for this chapter was the optimal protocol for the MTT assay, by finding the
appropriate HCT-116 cell seeding density and an effective formazan solubilisation solution
strategy. The identified MTT protocol was then used to quantify any loss of cell viability on
treatment with acrolein for 1 and 24 hours. A loss of cell viability on increasing acrolein
concentration was seen at both time points, but there was an increased loss of cell viability at
lower acrolein concentrations at the longer time point, indicating a greater loss of cell viability
with increasing length of exposure. The second key finding was that on treatment of HCT-116
cells with sublethal acrolein concentrations, there was an increased abundance of pAkt whilst
the levels of inactive Akt remained stable, indicating an upregulation of the PI3K/Akt signalling

pathway.

As introduced in section 6.1.1, the principle of the MTT assay is that metabolism of viable cells
is proportional to cell viability and as such, the assay relies on the ability to detect a
decrease/increase in metabolism with a decrease/increase in the number of viable cells
present (Aslantlrk, 2018). Despite there being several studies using the MTT assay to assess
the cytotoxicity of a range of compounds for HCT-116 cells, it was still necessary to confirm
the appropriate seeding density under these laboratory conditions. The plateau effect that

occurs for increasing numbers of cells per well has been reported as a result of over-
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confluence which can causes changes in the local environment due to media exhaustion which
can affect cellular metabolism (Carrefio et al., 2021). The linear range of three different cancer
celllines, GL21, U87 and SHSY5Y, have previously been tested and the maximal cell numbers
of the linear range was determined as between 1.2 and 3.0 x 10* cells/well (Carrefio et al.,
2021). A narrow range of seeding densities, between 0.1 and 2.5 x 10* cells/well, have
previously been cited for HCT-116 cells, and the seeding density used here of 1 x 10 cells/well
fits within this range (Grbovi¢ et al., 2013, El Khoury et al., 2016, Liu et al., 2017, Oliveira et
al., 2020, Kim and Park, 2020, Yaacoub et al., 2021, Fu et al., 2021, Tsai et al., 2021). As
performed in this current study, each of the aforementioned studies included a 24-hour
incubation step prior to the MTT assay. This step was included here for practical reasons, to
give the cells time to adhere to the plate and allow the well washes and media changes to be
completed with manual aspiration. This removes the requirement for centrifugation which
minimises the risk of cell loss during washes and allows the assay to proceed quickly. This
24-hour incubation step also gives the cells time to recover from the harvest and seeding
preparation steps. In addition to falling within the linear range of absorbance, the importance
of performing this assay during the log phase of cell proliferation has been raised (van Meerloo
et al., 2011). This could have been verified by performing a growth curve, where the MTT
assay is performed at different time points from the point of cell seeding (van Meerloo et al.,
2011).

There are several adaptations that can be made to the MTT protocol depending on the
application. The concentration of MTT and the MTT incubation time can vary, from between
0.1-0.5 mg/ml and 2-4 hours. The effect of increasing MTT concentration and incubation time
on the final absorbance has previously been tested, where a plateau was reached with both
increases (Ghasemi et al., 2021). Whilst the MTT incubation time has varied from 1-4 hours
for previous studies using HCT-116 cells, the final concentration of MTT was consistent at 0.5
mg/ml (El Khoury et al., 2016, Grbovi¢ et al., 2013, Liu et al., 2017, Kim and Park, 2020). Here,
the acrolein treatment was removed and the cells were washed with PBS prior to the addition
of MTT. This was done to ensure that there was no interference of continued acrolein exposure
during incubation with and reduction of MTT and, as such, the viability data could be correlated
to a specific treatment time that could be taken forward for further experiments. The excess
MTT was not removed prior to the addition of the solubilisation reagent, as unreduced MTT
does not interfere with the absorption, and this absence of an MTT wash step follows the
original protocol developed by Mosmann (1983) (Ghasemi et al., 2021). One consideration for
the inclusion of a wash step prior to formazan solubilisation is the potential for organic solvents
to precipitate serum proteins in media (Young et al., 2005). However, here a serum- and

phenol-red free media was used during the MTT incubation step, and the inclusion of the PBS
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wash step post-acrolein treatment would have removed any excess serum-containing media
before addition of the MTT. Another consideration is that the presence of extracellular
formazan crystals has previously been proposed as a potential route for the overestimation of
cell viability where MTT has been reported to be reduced by cell culture media (Young et al.,
2005) and as such could introduce a source of false positive data (Stockert et al., 2018). This
is easily mitigated by the inclusion of ‘blank’ wells, as was done here, where MTT is incubated
with media in the absence of any cells and this background absorbance can then be
subtracted from the absorbance of the wells containing cells. Importantly, there are several
other hypotheses for the appearance of extracellular formazan: release of intracellular
formazan by exocytosis (Liu et al.,, 1997), damage to the cell membrane by the crystals
(Bernas and Dobrucki, 2004) or as a result of other molecular interactions (Diaz et al., 2007).
The loss of this exported formazan during a post-MTT incubation wash step could result in an
underestimation of cell viability and, where there may be damage to cellular membranes after
cytotoxic treatments, this effect could be exacerbated at higher treatment concentrations or
longer treatment times. By excluding a wash step prior to solubilisation, both the intracellular
and extracellular formazan will be solubilised and will contribute to the absorption values and

estimation of cell viability (Ghasemi et al., 2021).

With regard to the formazan solubilisation strategy, as introduced above there is a
consideration in the use of organic solvents in the presence of serum proteins, due to their
propensity to precipitate and the potential interference of these precipitates on absorption
(Young et al., 2005) and the use of a mildly acidic solution in the presence of phenol red, which
without pH adjustment would interfere with the absorption due to its absorption at 570 nm
(Mosmann, 1983). As described above, the media used here during the MTT incubation step
was serum- and phenol-red free, this was not a consideration for this study. However, both
HCIl and SDS were included in both solubilisation solutions trialled in this study, and so could
have minimised the risk of absorbance interference by the presence of phenol red and serum.
As the MTT incubation step was always performed in the absence of serum, the effect of the
lack of serum on metabolism during the MTT incubation step was not assessed here.
However, as this was constant across all treatment concentrations, it would not have affected
the percentage loss of cell viability calculated here. The key considerations during
solubilisation were to ensure that the formazan was sufficiently solubilised, to minimise well-
to-well variation that may occur on uneven solubilisation, and ensure that the absorbance was
in a detectable range. The lipophilic nature of formazan renders it insoluble in aqueous
solutions (Riss et al., 2013). The original MTT protocol used acidified isopropanol (Mosmann,
1983), and other early strategies made use of other organic solvents, such as DMSO and

dimethylformamide (DMF), often in combination with HCI or SDS, however more recent
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studies have cited the successful use of aqueous buffers, such as acidified SDS (LU et al.,
2012). The studies cited here applying the MTT assay to HCT-116 cells have used both
acidified IPA and DMSO as the solubilisation solutions (El Khoury et al., 2016, Grbovic et al.,
2013, Liu et al., 2017, Kim and Park, 2020, Tsai et al., 2021). Due to formazan’s insolubility in
aqueous solutions, solubilisation in acidified isopropanol would be expected to yield a higher
absorbance, which was mirrored by the results in this current study where the absorbance for
the highest cell number was over 2-fold higher when solubilised in acidified isopropanol in
comparison to acidified SDS. Although there was an additional practical change, where the
cells were manual resuspended with acidified isopropanol, where in SDS the wells were only
mixed by shaking and then incubated statically overnight, which likely would have also
increased the absorbance. Alternative tetrazolium-based colourimetric assays include the
MTS and XTT assays, which have benefits over the MTT assay as the formazan produced is
soluble in aqueous solutions (Adan et al., 2016), and these different approaches are reviewed
by Kamiloglu et al. (2020).

The data presented in this thesis describes a dose- and time-dependent loss of cell viability
for HCT-116 cells. This dose-dependent loss of cell viability on exposure to acrolein is
confirmed by previous MTT assays performed for a variety of cell lines. To allow comparison,
the previously cited cell viabilities for a defined acrolein concentration of 100 uM and a defined
time point of 24 hours was chosen and the data is presented in Table 6.2. With the exception
of Luo et al. (2018) for EAhy926 cells, the loss of cell viability was <55%, with the majority of
cell lines cited as having <25% cell viability after a 24 hour treatment with acrolein (Table 6.2).
This severe loss of cell viability seen by 5/6 of the studies is mirrored by the results of this
current study, where a 24-hour treatment with 100 uM acrolein resulted in a cell viability of
11%. Minor differences in cell viability for the same treatment conditions could be explained
by differences in the cell line, or practical variations in seeding density and confluency of the
cells. However, the previous cell viability of HCT-116 cells after treatment for 24 hours with 0-
100 uM acrolein is much higher than reported here, between 45-55% cell viability for 100 yM
acrolein (Tsai et al., 2021). The only experimental difference is the seeding density, which was
10x lower at 1 x 102 cells/well. The opposite phenomena might be expected, where there could
be a greater effect of acrolein when treating lower cell densities due to a comparatively higher
acrolein concentration per cell. Interestingly, the profile of cell viability for the 24 hour treatment
conducted by Tsai et al. (2021) more closely matches the profile for the 1 hour treatment
conducted in this current study, where there is an initial increase in cell viability at low levels
of acrolein between 0-10 yM, before decreasing to and beyond the cell viability of the control
as the acrolein concentration increases. However, cell viability after a 1-hour treatment with

100 uM acrolein in this current study is much higher at 85%, where for the cited study is

S.L. Smith, PhD Thesis, Aston University 2022. 199



Chapter 6 — Effects of Acrolein on the Function of PTEN /n Cellulo

between 45-55%, which would be expected due to the longer treatment time (Tsai et al., 2021).
Other studies have evaluated the cytotoxicity of acrolein-derived compounds, such as
cinnamaldehyde-analogues, on HCT-116 cells, using the MTT assay (Chew et al., 2010, Omar
et al., 2020).

Table 6.2 Previous Cell Viability for Different Cell Lines after Treatment with 100 uM Acrolein for 24 hours
using the MTT Assay

Study Cell Line Cell Viability (%)
Luo et al. (2005) PC12 8
Mohammad et al. (2012) HepG2 10-20*
HelLa 15-25*
Luo et al. (2018) EAhy926 >90
. HBE 10-20*
Yin et al. (2020b) Caco-2 25.35*
Yin et al. (2020a) LO2 29
Tsai et al. (2021) HCT-116 45-55*
Current HCT-116 11

Key:
*. Approximation of cell viability from the graphical figure from each study, where the cell
viability for 100 uM acrolein treatment was not specifically stated

Whilst the effect of acrolein on the cell viability of HCT-116 cells in this study was analysed to
determine sub-lethal concentrations of acrolein for further experiments, it would have been
interesting to further characterise the mechanisms through which acrolein caused cell death.
As the MTT assay relies on the cell metabolism to infer the number of viable cells and acrolein
is known to cause mitochondrial dysfunction (Moghe et al., 2015), in future work it would be
beneficial to assess cell death through a mitochondria-independent experiment alongside the
cell viability assay. Previous efforts to characterise further the mechanism through which
acrolein induces cell death have included determination of the type of cell death, necrosis or
apoptosis, by probing for apoptosis markers. Markers of apoptosis assessed by the studies in
Table 6.2 include DNA fragmentation, upregulation of caspases and exposure of annexin V at
the cell surface (Mohammad et al., 2012, Yin et al., 2020b). DNA fragmentation has been
identified using ELISA, staining with propidium iodide and visualisation with microscopy or
quantification using flow cytometry (Luo et al.,, 2005, Mohammad et al., 2012, Yin et al.,
2020b). Upregulation of caspases has been identified by western blotting for inactive pro-
caspases and active cleaved caspases (Mohammad et al., 2012, Wang et al., 2016, Luo et
al., 2018, Yin et al., 2020b, Yin et al., 2020a). Exposure of annexin V has been quantified
using flow cytometry (Yin et al., 2020a, Yin et al., 2020b). Acrolein has been identified to
induce cell death by both apoptosis and necrosis; Luo et al. (2005) and Mohammad et al.

(2012) identified necrosis as the main mechanism of cell death whereas Wang et al. (2016)
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identified apoptosis as the main mechanism of cell death. Luo et al. (2018), Yin et al. (2020a)
and Yin et al. (2020b) did not seek to identify necrosis but identified induction of apoptosis by
acrolein. Tsai et al. (2021) focused on the oncogenic transformation induced by acrolein,
rather than characterisation of a loss of cell viability. Further characterisation of the effect of
acrolein on cells has included quantification of ROS generation to determine induction of
oxidative stress, assessment of mitochondrial dysfunction by quantification of membrane
potential and assessment of the downstream signalling effects by western blotting for cell
signalling proteins (Luo et al., 2005, Mohammad et al., 2012, Wang et al., 2016, Luo et al.,
2018, Yin et al., 20204, Yin et al., 2020b).

With regard to the in cellulo effect of acrolein on PTEN'’s activity, this has been inferred by the
levels of the phosphorylated active form of Akt (pAkt), as discussed in section 6.1.2, and this
can be measured by western blot analysis probing for Akt and pAkt alongside a loading
control. Outside of the context of PTEN, activation of the MAPK pathway by acrolein has been
analysed by western blot analysis of HCT-116 cells treated with 5 uM acrolein for 3-24 hours,
and 2.5-10 uM acrolein for 24 hours. This has included analysis of Akt and pAkt, alongside
other signalling proteins involved in the MAPK pathway. The levels of Akt remained stable with
increasing treatment time with 5 uM acrolein, and, whilst there was no increase in the levels
of pAkt after a 3-hour treatment, an increase was seen at 8 hours and 24 hours acrolein
treatment (Tsai et al., 2021). An increase in pAkt was seen for lower acrolein concentrations
(<5 uM) after a longer treatment of 24 hours, however this was accompanied by an increase
in AKT and would require normalisation to confirm activation of AKT (Tsai et al., 2021). All
acrolein concentrations used in the previous study were sublethal and this was determined by
the MTT assay (Tsai et al., 2021). The correlation of pAkt with alkylation or inactivation of
PTEN has previously been reported after treatment with acrolein (Covey et al., 2010), 4-HNE
(Shearn et al., 2011, Covey et al., 2010), an o/B-enone, A12PGJ, (Covey et al., 2010) and
spermine oxidase, which induces endogenous acrolein production (Uemura et al., 2017). This
supports the correlation of the in vitro results from Chapter 4, which showed modification and
inhibition of PTEN’s phosphatase activity, with the activation of the Akt pathway identified in
this current Chapter, and strengthens the hypothesis that acrolein inhibits PTEN’s ability to
modulate the Akt pathway. The detection of acrolein-modified PTEN from cell lysates, in
addition to probing for Akt and pAkt, would have further strengthened this data set and this
has previously been achieved by tagging alkylated PTEN by a biotin-conjugated tagging
method and detecting by western blot (Covey et al., 2010, Uemura et al., 2017) or through
biotin-labelling of alkylated PTEN and subsequent pull down with streptavidin (Shearn et al.,
2011). This could be taken one step further by the investigation of endogenous PTEN'’s
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phosphatase activity, through pulldown of PTEN from treated cells and subsequent

measurement of phosphatase activity of the immunoprecipitates (Spinelli and Leslie, 2016).

There are several approaches to the validation of protein-protein interactions identified in vitro
by affinity pull down assay, as introduced in section 6.1.3. Co-immunoprecipitation involves
the use of a specific antibody and Protein A or G resin to capture a target protein and any
interacting proteins, including direct and indirect interactors (Lin and Lai, 2017). Co-
immunoprecipitation is a common affinity method for both the identification and validation of
protein-protein interactions and this approach has been used to validate PTEN interactors by
4 of the 7 previous high data content PTEN interactome studies detailed in Table 5.1. There
are several different variations of coimmunoprecipitation, where the bait can be endogenous
or overexpressed and the specific antibody can be against a target protein or a tag, when the
bait is a fusion protein. The antibody can be applied to whole lysates for capture in cellulo or
to purified protein for capture in vitro and there is an option to immobilise the antibody to
Protein A or G resin prior to bait exposure, or apply a separate resin binding step once the
antibody has been exposed to the bait. The approaches to coimmunoprecipitation of the

previous PTEN interactome studies are detailed in Table 6.3.

Table 6.3 Methods for Coimmunoprecipitation of PTEN from Mammalian Cell Lines from Previous PTEN
Interactome Studies

Study Bait Bait Source Prey Prey Source

Ahn et al. . HelLa
(2008) Wild Type PTEN  Endogenous proteins Endogenous
Gorbenko et  Purified GST- '(Eg\‘fgg)‘("‘#zsse 4 Purified (Eg\‘fgg;"‘isse din
al. (2010) FABP4 . b PTEN-His °XP

in E. coli) E. coli)
Gunaratne et U87MG
al. (2011) PTEN-FLAP Endogenous proteins Endogenous
Maddika et Wild Type PTEN Endogenous 293T Endogenous
al. (2011) PTEN-FLAP 9 proteins 9

Whilst these studies utilised co-immunoprecipitation as a validation technique for specific
potential interactors that were identified by other biochemical means, such as affinity pull
down, there were differences in the source of PTEN and prey proteins. Whilst Ahn et al. (2008),
Gunaratne et al. (2011) and Maddika et al. (2011) performed the co-immunoprecipitation from
whole cell lysates containing both the bait and prey proteins with subsequent capture of the
bait/prey complexes by binding with specific antibodies and precipitating with specific resin,
Gorbenko et al. (2010) performed the co-immunoprecipitation with purified fusion proteins of
both PTEN and the potential interactor, FABP4. Whilst the use of purified protein allows a
specific and targeted investigation to confirm the capability of FABP4 to interact with PTEN,
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this does not validate this interaction in a physiological context and there is consideration to
the effect of a tag, as has been previously discussed in Chapter 3 and 5. This is also a
consideration for the co-immunoprecipitation approach used by Gunaratne et al. (2011),
where although the co-immunoprecipitation was performed with whole cell lysates, this was
from a mammalian cell line (U87MG) stably expressing PTEN-FLAP. Briefly, the inclusion of
a tag may influence proteins subcellular localisation and conformation as well as accessibility
of native binding sites and the potential introduction of new binding sites on the tag itself.
Overexpression has the advantage in that there will be a higher yield of target protein and, as
not all cell lines express PTEN with equal abundance (Ghandi et al., 2019), this may improve
detection of low abundance interactors. Due to the difficulties described in this chapter in the
detection of the PTEN precipitated from HCT-116 cells with an anti-PTEN antibody, transient
transfection of a PTEN fusion protein could have solved this practical issue. However,
increasing the amount of target protein above native levels may lead to the detection of
interactions at a non-physiological level. This is highlighted by a discrepancy in the results
from two of the high data content PTEN interactome studies. Initially NEDD4-1 was identified
as a ubiquitin ligase for PTEN (Ahn et al., 2008) but it was later found that ubiquitination of
PTEN was unaffected in cells with a NEDD4-1 deficiency and WWP2 was the lead ubiquitin
ligase for PTEN (Maddika et al., 2011). This difference in experimental findings was suggested
to be due to the use of overexpression of NEDD4-1 by Ahn et al. (2008), where Maddika et al.
(2011) utilised physiological levels of NEDD4-1, causing an initial exaggeration of the
relationship of NEDD4-1 and its requirement to regulate PTEN (Fouladkou et al., 2008). The
role of NEDD4-1 and WWP2 in the ubiquitination of PTEN has more recently been directly
compared, identifying both as ubiquitin ligases of PTEN and confirming the previous
exaggeration of the reliance of PTEN ubiquitination and NEDD4-1 as WWP2 was identified as
more active in terms of PTEN ubiquitination (Chen et al., 2016b). At the time of writing, there
has been 14 identifications of NEDD4-1 and 13 identifications of WWP2 as interactors of
PTEN (Stark et al., 2006).

Whilst on improvement of western blot detection, PTEN was detected after trial
immunoprecipitations from HCT-116 and MCF-7 cells with the anti-PTEN antibody, and the
studies outlined in Table 6.3 demonstrate that endogenous PTEN can be successfully
precipitated from several other mammalian cell lines, the final immunoprecipitation of
endogenous PTEN from lysates of untreated and acrolein-treated HCT-116 cells was
unsuccessful as PTEN was undetectable in the eluates. Therefore, the novel PTEN-HECTD1
interaction could not be validated from these results. Due to time constraints, this experiment

could not be repeated, and so whilst this does not provide any evidence against the PTEN-
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HECTD1 interaction, there is no additional in cellulo evidence for this interaction or any

upregulation of it on acrolein treatment from this experimental data.

Future work to validate the proposed novel interaction between HECTD1 and PTEN would
involve successful co-immunoprecipitation of HECTD1 with PTEN to confirm the interaction in
cellulo. To overcome the issues with detection of PTEN, as mentioned above, transient
expression of recombinant PTEN could be used to increase the amount of PTEN in the cell,
with consideration to the potential interference of overexpression discussed above. Future
work could also involve SPR to quantify the binding kinetics and it would be interesting to
compare this to other proven E3 ligase interactors to add strength to proposition of HECTD1
as a specific interactor of PTEN. It would also be important to demonstrate co-localisation, to
confirm whether this interaction is likely to take place under physiological conditions, as SPR
would only provide evidence that the proteins can interact. As described in section 6.1.3, co-
localisation could be achieved by fluorescence microscopy of endogenous HECTD1 and
PTEN. Beyond proof of a physical interaction, a functional role of the interaction needs to be
investigated. Previous efforts to demonstrate a functional interaction of NEDD4 and PTEN
have included an in vitro ubiquitination assay by performing a western blot for a tagged
ubiquitin with isolated PTEN from wildtype and NEDD4 knockout strains (Fouladkou et al.,
2008). Another approach was a biochemical assay involving the incubation of recombinant
PTEN with two recombinant enzyme components of the ubiquitination system, the E1
activating enzyme and the E2 conjugating enzyme, and mammalian cell lysate to provide the
E3 ligase enzyme, before pull down of the PTEN and western blot for ubiquitin (Wang et al.,
2007). This could be adapted for future experiments with HECTD1, by replacing the
mammalian lysate for a specific recombinant HECTD1 E3 ligase, to demonstrate a specific
functional interaction in vitro. These potential future experiments could be performed
alongside other known PTEN E3 ubiquitin ligases as a positive control, in the event that the
PTEN-HECTD1 interaction is validated. This would also help to establish the importance of
HECTD1 amongst the other E3 ubiquitin ligases that have been shown to have a functional
interaction with PTEN.

Once the PTEN-HECTD1 interaction has been validated, there needs to be comparison with
acrolein-treated PTEN to investigate the new hypothesis that the HECTD1 interaction
increases with acrolein-modified PTEN as a method of clearance. First a difference in
interaction needs to be demonstrated, and this investigation could take the form of the in vitro
binding kinetics analysis, such as SPR, of purified PTEN and HECTD1 to establish whether
acrolein-treatment of PTEN alters this. As for a functional change, it would be important to

conduct the in vitro ubiquitination experiments for the two conditions. The polyubiquitination
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of PTEN could be compared between PTEN isolated from untreated and acrolein-treated cells
using the in vitro ubiquitination assay described above. To determine whether HECTD1
specifically has a role in this, comparison could be with wild type or HECTD1 knockout cells,
mirroring the approach by Fouladkou et al. (2008) for NEDD4, or overexpression of HECT1
and a catalytic mutant, mirroring the approach by Maddika et al. (2011) for WWP2.
Alternatively, the polyubiquitination levels of untreated and acrolein-treated recombinant
PTEN could be compared using an adapted version of the biochemical assay developed by
Wang et al. (2007), as described above. The in vitro polyubiquitination assays could be
performed in combination with western blotting for PTEN in whole cell lysates to establish
whether this has a functional effect in downregulating the amount of PTEN. This would give
insight into whether the HECTD1 interaction targets PTEN for proteosomal degradation, as
has been shown for NEDD4 (Wang et al., 2007), and whether this is increased on acrolein
exposure. If the interaction between HECTD1 and PTEN is upregulated when PTEN is
modified by acrolein, this could suggest a mechanism of clearance of acrolein-modified PTEN
by the cell. However, as is discussed further in Chapter 7, there is a limited amount of data for
the role of the ubiquitin-dependent pathway on degradation of oxidatively modified proteins,
where the majority of the degradation is through the ubiquitin-independent pathway (Jung et
al., 2014). The downregulation of PTEN by proteosomal degradation would cause an
upregulation of the Akt pathway, which has wide implications for cell survival and metabolism,

as discussed in section 1.2.3.

In conclusion, the final experimental chapter of this thesis provides further evidence of the
detrimental effect of acrolein on HCT-116 cell viability and the application of sublethal acrolein
treatments provided further evidence of the upregulation of the PI3K signalling pathway by

reactive aldehydes.
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7.1 Knowledge Gap and Key Findings

The role of reactive oxygen species and protein oxidation in the regulation of signal
transduction is a key area of interest, with well-established mechanisms of activation and
inactivation of signalling proteins, known as redox signalling. The role of redox reactions in the
regulation of PTEN is well established, with extensive characterisation of the effect of reactive
oxygen species, such as H>Og, on its activity and structure (Zhang et al., 2020). Beyond this,
there have been investigations into the effect of oxidation on PTEN’s interactome, with
changes in its interactions with key reducing proteins, such as thioredoxin and peroxiredoxin,
during conditions of oxidative stress (Meuillet et al., 2004, Cao et al., 2009, Verrastro et al.,
2016). Reactive oxygen species can modify both proteins and lipids, including cell membrane
unsaturated fatty acids (Schopfer et al., 2011). As described in 1.1.2, oxidation of lipids
initiates the production of primary and secondary lipid oxidation products that can covalently
modify proteins, in a process called lipoxidation. With consideration to the localisation of
PTEN, where its primary function takes place at the cell membrane, and the vulnerability of its
catalytic cysteine for attack by electrophilic species such as reactive carbonyls, there is
potential for lipoxidation to be an alternative regulatory mechanism. An early study challenged
PTEN with several electrophilic species, from reactive aldehydes and ketones to a,3-enones,
and provided evidence of the inactivation of PTEN on modification by these species (Covey
et al., 2010). Later studies focused on the effect of 4-HNE, with characterisation of the profile
of modification and the extent of inactivation in vitro and in vivo in mouse models (Shearn et
al., 2011, Shearn et al., 2013). Whilst evidence of PTEN adduction and inactivation by acrolein
have been published, the mechanism of inactivation and the effect on PTEN’s structure and
interactions had not yet been investigated (Covey et al., 2010, Al-Salihi et al., 2015, Uemura
et al., 2017).

Underpinning all the in vitro experiments was the use of purified recombinant PTEN, PTEN-
V5-His, the production of which is presented in Chapter 3. The first research aim of this thesis
was to characterise the effect of acrolein on PTEN’s phosphatase activity. The two objectives
to meet this were to use an in vitro phosphatase assay, presented in Chapter 4, and western
blotting for in cellulo analysis of the Akt pathway, presented in Chapter 6. Monitoring the effect
of increasing acrolein treatment ratios and treatment time on PTEN’s catalytic activity using
the OMFP phosphatase assay quantified the dose-dependent inactivation of PTEN by
acrolein. Visualisation of the amount of pAkt in comparison to Akt on cellular exposure to

increasing concentrations of acrolein was used to monitor any upregulation of the Akt pathway
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to infer a loss of activity of endogenous PTEN. The second research aim was to characterise
the structural changes that occurred to PTEN on exposure to acrolein. The objectives for this
were to use two biochemical techniques, SDS-PAGE, to first visualise any structural changes
such as cross-linking and aggregation, and then LC-MS/MS to map any acrolein modifications
to PTEN’s structure, presented in Chapter 4. By characterising the structural changes that
occurred at each treatment ratio, these changes could be correlated to any inactivation of
phosphatase activity. It was also necessary to characterise the extent of modification, cross-
linking and aggregation to ensure that the appropriate conditions could be taken forward to
meet the third and final aim, which was to investigate whether acrolein modification to PTEN
would affect its interactions. Use of the APD format gave the opportunity to incorporate a
targeted treatment step after the PTEN bait was immobilised, prior to cell lysate exposure, but
it was important to avoid using treatment ratios that could cause significant unfolding as this
could cause non-specific interactions. LC-MS/MS was used to identify the interactors present
in each treatment condition and the use of label-free quantification identified a significant
proportion of interactors that varied in abundance, presented in Chapter 5. A novel interactor
with increased abundance in the pull down with acrolein-treated PTEN, HECTD1, was taken
forward for validation in cellulo using coimmunoprecipitation from untreated and acrolein-
treated HCT-116 cells, presented in Chapter 6. This first required quantification of the any
change in cell viability on exposure of HCT-116 cells, so that sublethal concentrations could
be used for the cell treatment. There were practical difficulties in the detection of PTEN in the
IP samples, and so there was no further evidence for the PTEN-HECTD1 interaction from this

attempted experiment.

7.2 Inactivation of PTEN by Acrolein In Vitro and In Cellulo

One of the major findings in this thesis was the dose-dependent inactivation and aggregation
of PTEN by acrolein. This was achieved by taking forward the recombinant PTEN (PTEN-V5-
His), produced in Chapter 3, for in vitro treatment with acrolein. The key findings from Chapter
4 were the inactivation and aggregation of PTEN by acrolein in a dose-dependent manner and
the identification of acrolein modifications across the structure of PTEN. With confidence that
NaBH, reduction did not affect PTEN’s phosphatase activity, the acrolein modifications could
be stabilised by reduction and the enzyme activity could be analysed under optimal conditions
in the presence of DTT. PTEN-V5-His treated with increasing concentrations of acrolein for
10 minutes, 1 hour and 4 hours was assayed for phosphatase activity using OMFP as a
substrate. The raw data showed that with increasing time and increasing treatment ratios,
PTEN’s activity was reduced, which matched the original hypothesis that acrolein would cause

a time- and dose-dependent inactivation of PTEN. Closer examination revealed that with

S.L. Smith, PhD Thesis, Aston University 2022. 207



Chapter 7 — General Discussion

increasing time there was also a loss of activity of the control, indicating that the treatment
conditions alone were also causing a reduction in activity. This was due to the absence of DTT
during the treatment resulting in inactivation of PTEN by oxidation that was not reversed by

the short DTT exposure prior to the initialisation of the activity assay.

Normalisation of the specific activity to each treatment control, known as the percentage
activity, revealed that whilst there was a dose-dependent loss of activity, there was no
significant difference in activity of PTEN with increasing exposure time to acrolein. This did
not match the original hypothesis which was based on previously published data showing
further inactivation of PTEN by 4-HNE as the time increased over a range of 5 minutes to 2
hours (Shearn et al., 2011). On reflection, the time-dependent loss of activity for 4-HNE was
demonstrated in cellulo by monitoring Akt/pAkt levels and this is a vastly different approach to
an in vitro study with a one-on-one treatment and a direct enzyme assay for activity, as
performed here (Shearn et al., 2011). Even if there had been expansion of the other work
presented by Shearn et al. (2011), where endogenous PTEN was isolated from treated cells
and assayed directly for activity, the indirect nature of the treatment means that differences in
the time to inactivate would again be reasonably expected. A limitation of this current data set
is that the shortest treatment time is 10 minutes, where previous in vitro functional studies for
recombinant PTP1B, another cysteine-dependent phosphatase, used much shorter acrolein
treatment times from 1-5 minutes (Seiner et al., 2007). Future work could involve expanding
the activity analysis to shorter treatment times to capture the data for time-dependent
inactivation of PTEN by acrolein. As the more electrophilic aldehyde, acrolein has highest
reactivity and it has been reported that acrolein reacts between 110-150 times faster with GSH
than 4-HNE (Esterbauer et al., 1975, Esterbauer et al., 1991). With this, the original hypothesis
stands in that acrolein will inactivate PTEN in a time-dependent manner, but this could be

defined to a time-dependency over seconds-minutes rather than minutes-hours.

Statistical analysis revealed that a 10-minute treatment with acrolein significantly inactivated
PTEN at a 2:1 ratio of acrolein:PTEN, with a complete inactivation of activity at >10:1
acrolein:PTEN. This dose-dependent loss of activity matches the original hypothesis and
comparison to previous literature identified a similar level of inactivation for equivalent
treatments, whilst also highlighting the importance of reporting the ratios of protein:aldehyde
in order to allow accurate comparison across different data sets (Shearn et al., 2011). This
loss of activity was mirrored in cellulo for sublethal concentrations of acrolein, where there was
an increase in pAkt, with the levels of Akt remaining the same. Future work could involve
monitoring the levels of pAkt for shorter exposure times, to identify how quickly this

upregulation of the Akt pathway is seen. A limitation of this is that the effect on acrolein on
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PTEN's activity was not measured directly, but as described before an increase in pAkt over
Akt has been cited several times previously for this use (Maehama and Dixon, 1998, Leslie et
al., 2003, Kwon et al., 2004, Covey et al., 2010, Shearn et al., 2011). As PTEN’s physiological
substrate, measurement of cellular levels of PIP3 would be a more targeted analysis of the
effect of acrolein treatment on PTEN'’s activity, and this approach has also been used
(Maehama and Dixon, 1998, Myers et al., 1998). The most targeted analysis would be the
precipitation of endogenous PTEN and measurement of its activity in vitro, as done by Spinelli
and Leslie (2016). Future visualisation of any changes in the localisation and levels of PTEN
using fluorescence microscopy and western blotting would also be interesting, as post-

translational modification has been shown to play a key role in both.

Further analysis of the in vitro acrolein-treated PTEN focused on the two distinct fractions
visualised by SDS-PAGE, the monomeric fraction and the aggregate fraction, but intermediate
cross-linking was not monitored or further analysed. The aggregation of PTEN is in-line with
the original hypothesis that acrolein would cause protein cross-linking, however it was
expected that there would be a higher proportion of intermediate cross-linked protein bands
in comparison to the high molecular weight aggregate band. Inspection of the intermediate
molecular weight range between the 60 kDa monomeric PTEN band and the aggregate bands
of the stacking gel did reveal faint bands at around 120 and 180 kDa. However, further
characterisation by western blot or mass spectrometry would be required for confident
identification of any cross-linked PTEN, due to the presence of co-purified E. coli proteins
which would also be expected to cross-link on exposure to acrolein. A limitation of using SDS-
PAGE to analyse protein conformation is that only large changes that affect size or protein
mobility can be detected. Identification of smaller changes in structure and conformation would
have required techniques such as circular dichroism (CD) or fourier transform IR (FTIR)

spectroscopy.

The initial LC-MS/MS analysis of PTEN in Chapter 3 provided a baseline of sequence
coverage that could be expected during future experiments when attempting to map acrolein
modifications to the structure of PTEN. Despite difficulties in getting full coverage of PTEN’s
active site due to the lack of cleavage at Lys102/Pro103 when digesting with trypsin, digestion
with trypsin gave a high sequence coverage of 81% which was sufficient to confirm PTEN’s
identity and validate the actual protein sequence of the expressed PTEN against the
theoretical protein sequence. Experimental procedures used to identify sites of oxidative and
lipoxidative modification have included the use of various proteases. Lys-C was used in the
original paper establishing the mechanism of inactivation of PTEN by oxidation through the

formation of a disulfide bond between Cys71 and Cys124 (Lee et al., 2002). Trypsin alone as
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well as trypsin with chymotrypsin was used the previous lipoxidation study to map PTEN 4-
HNE modifications, and trypsin with Lys-C was used in a later paper mapping PTEN HOCI
modifications (Shearn et al., 2013, Verrastro et al.,, 2018). Both Shearn et al. (2013) and
Verrastro et al. (2018) described difficulty in getting complete sequence coverage of the
catalytic site, even where an orthogonal digestion was used. The advantage conveyed by the
approach used in this thesis is that as different proteases were used to target different residues
and so the total sequence coverage for the acrolein-treated PTEN was very high.
Chymotrypsin digestion increased the coverage of lysine rich areas and uncovered two
additional lysine modifications, where double digestion with Trypsin/Glu-C in solution

increased the coverage of the catalytic site.

Due to acrolein’s highest reactivity with the thiol groups of cysteine residues, as discussed in
section 1.1.2, it was hypothesised that acrolein would modifies PTEN’s cysteine residues first,
with lysine residues being modified at increased treatment ratios. At the lowest treatment
concentrations Cys71, Cys83 and Cys250 were identified across the different proteolytic
digestions, with additional cysteine residues and lysine residue modifications found at >4:1
acrolein:PTEN. Due to the susceptibility of the catalytic cysteine of cysteine-depedent
phosphatase, such as PTEN, to oxidative and lipoxidative modification, as discussed in
section 1.2.6, it was hypothesised that the loss of activity would be accompanied by an
increase in acrolein modification to Cys124. However, despite the successful effort to increase
the sequence coverage at the catalytic site, there was no evidence of modification to Cys124
by acrolein in Chapter 4. It was concluded that the loss of activity could be due to the loss of
PTEN in a productive enzyme conformation, which is supported by correlation of the
percentage loss of monomeric PTEN with the percentage loss of activity in Chapter 4, or due
to cross-linking of Cys124 with proximal lysine residues, the determination of which would

require further inspection of the LC-MS/MS data for acrolein cross-links.

The aggregation of acrolein-treated PTEN-V5-His could be caused by protein unfolding due
to modification of key structural residues or due to the extent of modification, where increased
hydrophobicity from an increased number of acyl groups on acrolein adduction, could cause
proteins to unfold (Spickett and Pitt, 2020). Both would result in a loss of a productive enzyme
conformation and so the formation of aggregates would be accompanied by a reduction in
activity. This study involved the identification of modified residues, but no quantification was
attempted which may have allowed further insight into the cause of the aggregation. It would
be interesting apply the use of Progenesis QI for proteomics to the modified peptides and
analyse the level of modification between the monomeric and aggregate bands and between

the different treatment ratios. In combination with the required future work mentioned above
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to search the LC-MS/MS data for cross-links and identify changes in conformation using more
sensitive techniques. With this, the mechanism of inactivation of PTEN by acrolein could be

more confidently proposed.

7.3 Acrolein-treated PTEN showed Changes in its Interactome

Previous PTEN interactome studies have utilised different approaches to affinity pull down
assays (Table 5.1). Out of the 6 studies, two used an in vitro pull down approach here whereby
purified recombinant PTEN was used as bait (Crockett et al., 2005, Verrastro et al., 2016),
while the remaining 4 used a direct affinity pull down where the recombinant PTEN was
immobilised from cell lysate (Herlevsen et al., 2007, Ahn et al., 2008, Gunaratne et al., 2011,
Maddika et al., 2011). The advantage of using purified and characterised PTEN-V5-His as bait
in an APD is that differences between the baits across different pull downs were minimised so
that the only difference was the treatment. This minimises any changes in interactor
abundance due to differences in the bait, for example a different profile of co-purified
impurities, or amount of protein. This is less of a consideration when the aim of the study is to
identify potential novel interactors without any comparison between two pull down conditions,
or where more stringent resins/pull-down conditions are used, such as parallel or tandem
affinity purification, which reduce the amount of non-specific resin interactors (Ahn et al., 2008,
Gunaratne et al., 2011, Maddika et al., 2011).

The primary aim of the pull-down assay was to identify interactors that demonstrated a
difference in abundance for untreated and acrolein-treated PTEN samples, but there was the
potential for novel interactors that showed no change to be identified. Even though non-
specific resin interactors would be expected to be the same for both conditions, it was
necessary to optimise the pull-down chromatography conditions to minimise non-specific prey
binding to increase the confidence in the identified interactors. The bead-only control identified
interactors that were present in the absence of the PTEN bait protein, and as such are likely
to be non-specific resin interactors. This is important for resins with a higher risk of non-specific
binding, such as IMAC and nickel resin, but remains important for all interactome studies

where the identification of false positives remains one of the biggest disadvantages.

The structural data from Chapter 4 provided insight on the effect of increasing acrolein
treatment ratios on the structure PTEN, in terms of modification. This gave confidence that
there would be potential for a change in interactions and also provided the opportunity to select
a treatment ratio that would modify residues but minimise the risk of unfolding and aggregation

to keep the acrolein-treated PTEN in a monomeric, monomeric format. Chapter 5 revealed
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that whilst there were several common interactors between untreated PTEN and acrolein-
treated PTEN, a significant proportion of the identified interactors showed a change in
abundance across the two conditions. There were no specific interactors that met the
threshold parameters that were only present in the untreated or acrolein-treated PTEN
pulldowns, which was expected due to the design of the experiment where PTEN was only
moderately modified and the threshold for a change in abundance was 2-fold increase or
decrease in abundance. By setting a threshold for the specific interactors that are identified in
the PTEN pull down, the risk of taking forward false positive interactors is reduced. The change
in interactor abundance across the treatment conditions met the original hypothesis that
acrolein modification would cause changes in PTEN’s interactome, although the scope of this
hypothesis was very broad. Previously, PTEN mutations that change the size or property of
the residue have been identified as a cause of changes in interactor binding (Smith and Briggs,
2016), and this theory can be extended to post-translational modifications. It was hypothesised
that acrolein modification of PTEN would cause changes in its interactome as lipoxidative
modifications change residue properties by increasing their hydrophobicity through the
introduction of a carbonyl group and through changes in charge state on adduction to basic
Lys, Arg and His residues or the thiolate form of Cys (de Graff et al., 2016, Spickett and Pitt,
2020). However, the biggest limitation of this study is that it is not possible to infer from this
data the cause of a change in interaction, whether it is due to modification at a binding site or
a change in PTEN’s conformation due to the acrolein modifications. Future work could include
in silico modelling of the binding interface between PTEN and a potential interactor to help
elucidate whether individual modified residues are the cause of the change in binding, but this

is only viable to do for a small subset of the identified proteins.

Inspection of the list of interactors highlighted several E3 ubiquitin ligases as having a higher
abundance in the acrolein-treated PTEN pull down, with HECTD1 showing the highest fold
change. As discussed in Chapter 6, beyond the successful validation of an interaction in
cellulo, future demonstration of the functional nature of this interaction using additional
techniques to quantify the binding kinetics, visualise any co-localisation and validate the ability
of HECTD1 to ligate ubiquitin to PTEN. The evidence of an increase in binding of HECTD1
with acrolein-treated PTEN created a new hypothesis that this interaction could be a potential
adaptive response of the cell to remove acrolein-modified PTEN under conditions of oxidative
stress. However, previous literature describes the majority of the degradation of oxidatively
damaged proteins as being ubiquitin-independent through the 20S proteasome, with evidence
that conditions of oxidative stress inhibit the 26S proteasome, the ubiquitin-dependent system
(Jung et al., 2014, Raynes et al., 2016). At low to moderate levels of oxidative modification,

proteins may have a reduction or inactivation of activity accompanied by low level protein
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unfolding that exposes hydrophobic regions, facilitating the proteins proteasomal degradation
by the 20S proteasome (Jung et al., 2014). More extensive oxidative modification causes a
protein to become completely unfolded which facilitates protein aggregation, with or without
covalent crosslinking, and these aggregates are more resistance to proteasomal degradation
(Jung et al., 2014). Removal of mildly/moderately oxidised proteins is an adaptive response
that prevents further modification and the formation of aggregates, which acts as a protection
against their accumulation (Jung et al., 2014). However, there has been some evidence that
the ubiquitin-dependent pathway does play a role in the degradation of 4-HNE-modified
proteins (Botzen and Grune, 2007), so a similar role could be true for acrolein-modified
proteins. Due to this literature surrounding the inactivity of ubiquitin-dependent proteasome in
the degradation of oxidised proteins, it could also be interesting in the future to compare this
HECTD1 interaction with several modification states, from unmodified to extensively modified
PTEN. The downregulation of PTEN by proteosomal degradation would cause an upregulation
of the Akt pathway, providing a second mechanism beyond the direct inactivation of PTEN’s
phosphatase activity. This correlates with the in cellulo data presented in Chapter 6 which saw
an increase in pAkt on acrolein exposure to cells, which was used in combination with the data
in Chapter 4 to infer a loss of activity of PTEN. But, as discussed previously, this was an
indirect measurement and so there could be a number of reasons to this upregulation,
including a reduction in cellular PTEN. The further characterisation of the nature and function
of the potential PTEN/HECTD1 interaction fits with the future work previously proposed to
investigate whether acrolein treatment affects the amount of endogenous PTEN present in the
cell and whether acrolein-modification of PTEN can be seen exposure of whole cells to

acrolein.

7.4 Conclusion and Future Directions

The work presented in this thesis provides further characterisation of the effect of acrolein on
PTEN’s activity, structure, and interaction. As such, the three research aims of this thesis were
met, with demonstration of the inactivation, aggregation and modification of PTEN by acrolein
exposure, in addition to changes in its interactome. The inactivation of PTEN by acrolein in a
dose-dependent manner was demonstrated in vitro and in cellulo, building upon previously
limited evidence of the effect of acrolein on PTEN. However, further work needs to be done to
characterise any time-dependency of this inactivation and this could be achieved by testing
shorter time points. Acrolein modifications were demonstrated in vitro across the structure of
PTEN, with induction of aggregation at higher treatment concentrations. This in vitro analysis
provided a foundation of evidence for the modification of PTEN by acrolein and a profile of the

most vulnerable residues, but this should be expanded in cellulo to demonstrate adduction of
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PTEN in mammalian cells. The modification data presented here matches previous evidence
for 4-HNE, highlighting a similar profile of inactivation of reactive aldehydes, despite their
difference in size. Future modelling of the modified residues could help to elucidate the
mechanism of inactivation, in combination with higher resolution structural analysis for the
conformational changes. Acrolein modification resulted in changes in PTEN's interactome and
particular interest was taken in the upregulation of the interaction between PTEN and the E3
ubiquitin ligase, HECTD1. Further validation is required to confidently state HECTD1 as an
interactor of PTEN, and this could include completing the attempted ColP of PTEN with

HECTD1, along with more functional analysis, such as ubiquitination assays.

In conclusion, there are several routes to exposure to acrolein, including oxidative stress, and
several mechanisms through which acrolein exerts its cellular toxicity (Moghe et al., 2015),
Acrolein exposure is implicated across several pathophysiological conditions, including those
related to tumourogenesis. This includes recently published data implicating diet-associated
acrolein in the activation of the Akt pathway in colorectal cancer (Tsai et al., 2021). Changes
in the activity, structure and interactome of key signalling molecules, such as PTEN, by
acrolein has wide implications for cell survival and metabolism. Further elucidation of the
molecular mechanisms through which acrolein can affect these key signalling proteins is
important in providing an understanding of how and why these observable cellular effects

occur.
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