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Thesis Abstract 

 

Lipoxidation of proteins by lipid peroxidation products (LPPs) has emerged as an important 
mechanism regulating protein function, stability, and subcellular localization. Some LPPs can 
inhibit the crucial redox-sensitive tumour-suppressor Phosphatase and Tensin Homolog 
(PTEN). PTEN regulates metabolism, cell survival and proliferation, mainly by inhibition of 
the PI3K/Akt signalling pathway, and through non-canonical functions, depending on its 
subcellular localization. Nonetheless, the effects of only a few LPPs, including acrolein, 4-
hydoxynonenal (HNE), and oxidized prostaglandins on PTEN and its downstream signalling 
have been reported and potential effects on its subcellular localization remain unknown.  
 
The project therefore aimed to determine the effects of the LPPs 4-hydroxyhexenal (HHE) 
and 1-palmitoyl-2-(9-oxo-nonanoyl)-sn-glycero-3-phosphocholine (PONPC), a reactive 
truncated phospholipid, on PTEN function, localization and its downstream signalling. In this 
work, the in vitro assessment of human recombinant PTEN activity using 3-O-
methylfluorescein phosphate (OMFP) showed a time- and concentration-dependent 
decrease in PTEN phosphatase activity, which correlated with PTEN aggregation. Although 
sites of adduction of PONPC could not be determined, tandem mass spectrometry (LC-
MS/MS) analysis of HHE-treated human recombinant PTEN identified sixteen sites of 
adduction on PTEN cysteine, lysine, and histidine residues, suggesting that inhibition of 
PTEN activity could be the consequence of its lipoxidation. Immunofluorescence of PTEN in 
MCF-7 cells suggested that HHE and PONPC could lead to accumulation of PTEN in the 
nucleus and at the membrane, respectively. While preliminary data suggested that PTEN 
expression levels remained unchanged and that Akt expression levels were unchanged with 
HHE but decreased with PONPC, levels of phospho-Akt (Ser473 and Thr308) were 
generally elevated in a time- and concentration-dependent manner with HHE and PONPC 
treatments in HCT116 and MCF-7 cells, with a few exceptions. This suggested that HHE and 
PONPC could regulate cell signalling in an Akt-dependent manner and have important 
functional and biological effects, possibly via lipoxidation of PTEN.   
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1. Chapter 1 – General Introduction 

 

1.1. Oxidative Stress Leads to Lipid Peroxidation 

1.1.1. Origin of Oxidative Stress  

Oxidative stress is a driver or mediator of various pathological conditions, particularly 

neurodegenerative diseases such as Alzheimer’s disease, cardiovascular diseases, cancer 

and inflammation (Reuter et al., 2010, Bonda et al., 2010, Giustarini et al., 2009). It is 

characterized by an imbalance between oxidant species, such as reactive oxygen species 

(ROS) or reactive nitrogen species (RNS), and antioxidant defences. ROS are either free 

radicals, containing unpaired electrons on oxygen, or similar non-radical compounds. 

Superoxide anions (O2·-) are the most common ROS found under physiological conditions 

(Burton and Jauniaux, 2011). They are formed through leakage of electrons on to molecular 

oxygen in the mitochondrial respiratory chain or the electron transport chain within the 

endoplasmic reticulum.  

However, formation of ROS and RNS is also possible through enzymatic reactions (Burton 

and Jauniaux, 2011). For instance, the family of nicotinamide adenine dinucleotide 

phosphate (NADPH) oxidases (NOX), comprising seven members, serves as the primary 

enzymatic source of ROS in many cell types, each exhibiting distinct tissue distributions and 

activation mechanisms (Panday et al., 2015). They are responsible for the production of O2·- 

by transferring one electron from NADPH to oxygen. Additionally, the oxidase form of 

xanthine dehydrogenase generates O2·- during xanthine or hypoxanthine oxidation. 

Dismutation of O2·- forms hydrogen peroxide (H2O2), a non-radical ROS, either without 

catalysis or through the action of superoxide dismutase. Nitric oxide (·NO), a major RNS, 

emerges from the oxidation of L-arginine to form the intermediate N-hydroxy-L-arginine and 

further oxidation of this intermediate occurs to produce ·NO and L-citrulline, both of which 

oxidation steps are catalysed by the nitric oxide synthase (NOS) (Forman et al., 2002, Di 

Meo et al., 2016). Common ROS and RNS are listed in Table 1.1. 
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Table 1.1. Common reactive oxygen and nitrogen species. 

ROS RNS 

Name 
Chemical 

formula 
Description Name 

Chemical 

formula 
Description 

Superoxide O₂•⁻ Free radical Nitric oxide NO• Free radical 

Hydroxyl radical •OH Free radical Nitrogen dioxide •NO2 Free radical 

Peroxyl radical ROO• Free radical Peroxynitrite ONOO⁻ Non-radical 

Carbonate radical CO3•⁻ Free radical Dinitrogen dioxide N2O2 Non-radical 

Hydroperoxyl 

radical 
HO2• Free radical 

Dinitrogen 

tetraoxide 
N2O4 Non-radical 

Hypochlorous acid HOCl Non-radical 
 

Hydrogen peroxide H₂O₂ Non-radical 

Based on Chiurchiù and Maccarrone, 2011.  

Detoxification systems are in place in cells to remove these ROS and RNS. As discussed 

previously, superoxide dismutase catalyses the dismutation of O₂•⁻ in H2O2, which can be 

removed by catalase in peroxisomes or glutathione (GSH) peroxidase and thioredoxin (Trx) 

peroxidase. Disulfide bonds are formed on GSH and Trx molecules, respectively, which can 

be reduced to thiols by GSH and Trx reductases at the expense of NADPH. Additionally, 

peroxiredoxins which, similarly to Trx peroxidase, utilise a reactive cysteine residue to 

reduce H2O2 and protect cells from oxidative stress. On the other hand, removal of RNS is 

not thought to be an enzymatic process, although peroxynitrite (ONOO-) was found to be a 

substrate for GSH peroxidase as well (Forman et al., 2002, Di Meo et al., 2016). Additionally, 

radicals can be scavenged by endogenous antioxidants such as glutathione, uric acid and 

pyruvate or antioxidants from nutritional sources such as ascorbic acid, tocopherols and 

carotenoids (Chiurchiù and Maccarrone, 2011). 

1.1.2. Redox Signalling 

Redox signalling is an essential process where ROS and RNS serve as signalling second 

messengers to regulate a variety of biological functions. It depends on the reaction between 

an oxidant (electrophile that attracts electrons such as ROS and RNS) and a nucleophile 

(that can share electrons). Cysteine, tyrosine (ionized), tryptophan, histidine and methionine 

residues in proteins are generally the nucleophiles involved in redox signalling. However, the 

thiolate form of cysteine residues is particularly targeted by oxidants as its pKa, typically 

around 8.3 for free cysteine, can be lowered by the specific environment allowing 

deprotonation to the thiolate ion, therefore enhancing its nucleophilic properties (Forman et 

al., 2014).  

The Kelch-like ECH-associated protein 1 (Keap1)-nuclear factor erythroid 2–related factor 2 

(Nrf2) plays a critical role in maintaining redox homeostasis in eukaryotic cells (Li et al., 

2018a, Au et al., 2024, Sun et al., 2016, Tu et al., 2019). In physiological (unstressed) 
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conditions, a homodimer of Keap1 allows ubiquitination and proteasomal degradation of Nrf2 

(Furukawa and Xiong, 2005, Zhang and Hannink, 2003). However, under oxidative stress, 

an intermolecular disulfide bond is formed between the two monomers, modifying the 

conformation of Keap1 (Wakabayashi et al., 2004, Dinkova-Kostova et al., 2002, Fourquet et 

al., 2010). Upon conformational change of Keap1, Nrf2 is freed, leading to its stabilization 

and accumulation in the nucleus where it regulates the expression of a variety of genes 

dependent on the antioxidant response element, thereby influencing the physiological and 

pathological effects of oxidant exposure (Zhang and Hannink, 2003, Ma, 2013). Another 

stress-induced pathway is the hypoxia-inducible factor (HIF) pathway. HIF-1α is 

hydroxylated by prolyl hydroxylases (PHDs) in normoxic (unstressed) conditions, leading to 

its degradation (Jaakkola et al., 2001). In hypoxic (stressed) conditions, mitochondrial 

dysfunction and ROS inhibit PHDs via alteration of PHDs’ cofactor Fe2+ oxidation state, and 

HIF is stabilized, promoting its nuclear translocation (Koh et al., 2008) and regulation of 

genes that modulate metabolic pathways, bioenergetics and processes relevant to cancer 

onset and progression (Benita et al., 2009). Therefore, by adding this cellular signalling to 

the GSH and Trx/Trx reductase systems, cells are generally equipped to control redox 

homeostasis.  

Although ROS play physiological roles via redox signalling as described above, an excessive 

generation of free radicals, mainly caused by environmental stressors and xenobiotics, can 

overpower these protective systems and cause oxidative damage within the cells by 

interacting with proteins, membranes and DNA. Such oxidative modifications of 

macromolecules are associated to the onset or progression of many diseases such as 

cardiovascular diseases, neurodegenerative diseases, cancer, inflammation, or ageing-

related diseases (Rahal et al., 2014, Pizzino et al., 2017). Indeed, generation of ROS and 

RNS during oxidative stress impact essential signalling pathways such as the nuclear factor 

kappa-light-chain-enhancer of activated B cells (NF-κB) pathway, the mitogen-activated 

protein kinase (MAPK) pathway, the p53 pathway and phosphatidylinositol-3-kinase 

(PI3K)/Akt pathway (Lingappan, 2018, Rezatabar et al., 2019, Shi et al., 2021, Mukherjee et 

al., 2022), amongst others, linking oxidative stress to diseases.  

1.1.3. Lipid Peroxidation and Formation of Lipid Peroxidation Products 

By reacting with membranes, free radicals are able to oxidize lipids within the bilayer through 

a mechanism called lipid peroxidation. It is well established that non-enzymatic lipid 

peroxidation takes place in three stages: initiation, propagation, and termination (Mohd Fauzi 

and Spickett, 2015, Gueraud et al., 2010, Reis and Spickett, 2012, Sousa et al., 2017, Porter 

et al., 1995, Yin et al., 2011) (Figure 1.1). Initiation consists in the formation of a lipid radical 
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(R•) by loss of a hydrogen atom, caused by its abstraction by an initiator free radical. 

Phospholipids containing di-unsaturated or polyunsaturated fatty acids (PUFAs) are 

particularly vulnerable to radical attack, and one of the favoured oxidation targets for ROS, 

because of the low carbon-hydrogen bond energies exhibited by hydrogen atoms on 

methylene groups adjacent to double bonds. The formation of the lipid radical allows 

molecular oxygen to react with it to form a peroxyl radical (ROO•). The ROO• species 

formed is also a reactive radical which allows the second step in the peroxidation of lipids, 

the propagation. The newly formed peroxyl radical can abstract a hydrogen atom from 

another bis-allylic carbon-hydrogen bond to yield to a lipid hydroperoxide (ROOH) and a new 

lipid radical R•, thus propagating the radical chain reaction to multiple lipid molecules. The 

termination step is achieved either by combination of radical species forming non-radical 

phospholipid products, by intervention of antioxidants such as β-carotene or α-tocopherol or 

by formation of breakdown products, which are most often reactive electrophilic molecules.  

 

Figure 1.1. Non-enzymatic lipid peroxidation mechanism. 

Adapted from Mohd Fauzi and Spickett, 2015. 
 

1.1.4. The Diversity of Lipid Peroxidation Products  

Cell membranes contain a variety of lipids that can be peroxidized including sphingolipids, 

glycerophospholipids, which can be esterified by an array of different PUFAs, and 

cholesterol (Harayama and Riezman, 2018). In addition to this diversity of targets, the 

mechanism of lipid peroxidation itself is complex, resulting in the formation of heterogeneous 

mixture of compounds. Peroxidation of ω-6-PUFAs (e.g. arachidonic acid and linoleic acid) 

and ω-3-PUFAs (e.g. α-linolenic acid, eicosapentenoic acid and docosahexenoic acid) 

esterified to phospholipids can be followed by rearrangement, fragmentation or cyclization, 

consequently giving rise to a plethora of oxidized lipids including intact oxidized 

phospholipids and short-chain or long-chain breakdown products, for which the reactivity will 

depend on their structure (Reis and Spickett, 2012, Sousa et al., 2017, Porter et al., 1995, 
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Yin et al., 2011, Porter, 1984). Well known short-chain lipid peroxidation products (LPPs) 

include α,β-unsaturated aldehydes such as 4-hydroxy-2-nonenal (HNE), 4-hydroxy-2-

hexenal (HHE), acrolein and 4-oxo-2-nonenal (ONE), dialdehydes such as malonaldehyde 

(MDA), short alkanals, and ketones (Poli et al., 1985, Davies et al., 2020, Shibata et al., 

2006). Long-chain peroxidation products are also diverse, including keto, hydroxy, epoxy, 

keto-hydroxy, hydroperoxide, di-hydroxy, ketohydroperoxide, keto-di-hydroxy, hydroxy-

hydroperoxide and tri-hydroxy derivatives of fatty acyl chains (Reis et al., 2007).  

Proposed mechanisms for fragmentation of lipid peroxidation intermediates are Hock 

cleavage involving protonation of the hydroperoxide and rearrangement of a C-C to C-O 

bond that leads to an unstable carbonium subsequently hydrolysed (Pryor and Porter, 1990, 

Spickett, 2013) and β-scission, in which an alkoxy radical readily breaks into an alkyl radical 

species and a carbonyl compound through cleavage of a C-C bond at the β-position (Loidl-

Stahlhofen et al., 1994, Murakami and Ishida, 2017) (Figure 1.2). 

 

Figure 1.2. Hock cleavage and β-scission mechanisms.  

(A) A hydroperoxide is protonated to yield an unstable carbonium by loss of water and subsequently 
undergoes rearrangement of a C-C bond to a C-O bond allowing Hock cleavage. (B) An alkoxy radical 
undergoes a radical rearrangement resulting in β-scission. Hock cleavage is energetically 
unfavourable compared to β-scission. 
 

Peroxidation of arachidonic acid, either free or esterified to phospholipids can also lead to 

the formation of more complex products such as isoprostanes (Roberts and Morrow, 1997, 

Morrow et al., 1992), isoleukotrienes (Harrison and Murphy, 1995), and isolevuglandins 

(Davies et al., 2020, Salomon et al., 1997). Peroxyl radical derivatives of arachidonic acid 

undergo cyclization to a 5-membered ring and reduction after addition of O2 to produce 

isoprostanes (Roberts and Morrow, 1997), while levuglandins are formed by cyclization of 

peroxyl radicals in an isoprostane-like pathway followed by cleavage of the resulting 5-

membered ring (Salomon, 2005a). Cholesterol is an additional target of lipid peroxidation 
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and its oxidation by free radicals produces several biologically active products including 7α- 

and 7β-hydroperoxycholesterol, 7α-hydroxycholesterol and 7-ketocholesterol (Yoshida et al., 

2007). Table 1.2 illustrates the diversity of structures of LPPs.   

Importantly, modification of DNA and proteins can occur through reaction with these reactive 

electrophilic LPPs, leading to DNA carbonylation or covalently modified proteins in a process 

called protein lipoxidation.   
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Table 1.2. Type and structure of lipid peroxidation products.  

Family Name Structure 

Alkanals Hexanal  

Dialdehydes 
Malonaldehyde (MDA) 

 

Glyoxal  
 

α,β-unsaturated 
aldehydes 

Acrolein 
 

4-hydroxy-2-nonenal (HNE) 

 

4-hydroxy-2-hexenal (HHE) 
 

 

4-oxo-2-nonenal (ONE) 
 

 

Fatty acid 
derivatives 

5-Hydroxyeicosatetraenoic acid  

 

 
 

Oxidized 
phospholipids 

1-palmitoyl-2-(5′-oxo-valeroyl)-
sn-glycero-3-phosphocholine 

(POVPC) 
 

1-palmitoyl-2-(9-oxo-nonanoyl)-
sn-glycero-3-phosphocholine 

(PONPC) 

 

 

Isoleukotrienes Leukotriene A4 

 
 

Isolevuglandins 
Iso[10] Levuglandin D2 

 

 
 

Isoprostanes 
12 series F2-isoprostane  

 

 

Prostaglandin 
derivatives 

Δ12-prostaglandin J2  
(Δ12-PGJ2) 

 

15-deoxy- Δ12,14-prostaglandin 
J2 (15d-PGJ2) 

 
 

Oxidized 
cholesterol 

7-ketocholesterol 
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1.2. Protein Lipoxidation 

1.2.1. Chemistry of Protein Lipoxidation 

Protein lipoxidation has emerged as an oxidative post-translational modification (PTM). 

Aldehydic by-products of lipid peroxidation are electrophiles and can therefore react with 

nucleophiles (Shibata and Uchida, 2019). Electrophiles can act as potent modifying agents, 

with reaction rates comparable to or even exceeding those of oxidants like H2O2. They are 

often present at higher concentrations and are less effectively neutralized by protective 

systems compared to H2O2. As a result, electrophiles may cause similar or greater levels of 

nucleophilic modifications than highly reactive oxidants, particularly because oxidants are 

typically generated in very low concentrations in most in vivo environments (Sauerland and 

Davies, 2022). Side chains of cysteine, histidine and lysine residues in proteins are 

nucleophile sites where adduction can occur, with cysteine thiolates (side chain with a 

deprotonated sulfhydryl group) being the favoured target for reaction because of their high 

nucleophilicity (Vasil'ev et al., 2014), while reaction with an amine is favoured only when 

unprotonated (Skulj et al., 2019). To a lesser extent, the amino groups of N-terminal 

residues and the side chain of arginine residues can react with electrophiles but are less 

reactive than sulfhydryl thiolate groups of cysteine residues, the primary amine of lysine and 

the imidazole ring of histidine residues (Zhao et al., 2012).  

Two main mechanisms lead to the formation of adducts: Schiff’s base formation and Michael 

addition (Figure 1.3). Schiff’s bases are formed by the condensation of a primary amine and 

an active carbonyl group by nucleophilic addition to yield a hemiaminal, and subsequent 

dehydration to generate an imine (Sani et al., 2018), while Michael additions involve a 

nucleophilic attack on the β-carbon of an α,β-unsaturated carbonyl followed by protonation 

of the α-carbon (Baker et al., 2007). Both reactions are reversible, and particularly Schiff’s 

base formations which can be easily reversed in aqueous solutions (Lin et al., 2005b, 

Salomon, 2005b). Aldehydes and ketones can react with lysine’s and arginine’s side chains 

to form Schiff’s base products, although only products of the reaction with the lysine’s 

primary amine or the amine of the N-terminal residue of the protein are relatively stable 

(Spickett and Pitt, 2020). The arrangement of the three functions (aldehyde at C1, alkene at 

C2-C3 double bond and alcohol at C4 position) in substituted α,β-aldehydes makes the 

electrophilic carbon C3 particularly reactive (Gueraud et al., 2010, Sousa et al., 2017). Thus, 

α,β-unsaturated carbonyls can form Schiff’s bases by reaction with the carbonyl group, but 

the β-carbon is more likely to be involved in the reaction with nucleophiles by Michael 

addition (Spickett and Pitt, 2020). In addition to the adduction of LPPs, proteins can undergo 
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cross-linking through reaction with bifunctional electrophiles (Perry et al., 2013, Sanchez-

Gomez et al., 2010).  

Although the nucleophilicity of the amino acid side chain and the reactivity of the 

electrophile, as stated previously, are major factors influencing the propensity of an adduct 

to form, the stability of the product, the surface accessibility of the nucleophile and the pH of 

the intracellular compartment will also impact the possibility of adduction (Vasil'ev et al., 

2014, Spickett and Pitt, 2020). 

 

Figure 1.3. Mechanisms of formation of lipid peroxidation products.  

(A) This depicts the Schiff’s base formation with reaction between a primary amine (lysine or arginine 
side chains) and a carbonyl (here, an aldehyde). (B) This shows the Michael addition reaction 
between amino acid side chains (X = lysine, cysteine, histidine or arginine side chain) and an α,β-
unsaturated aldehyde. 
 

1.2.2. Detection Strategies of Protein-Oxidized Lipid Adducts 

Colorimetric methods using reagents that react with aldehydes have been widely used to 

detect protein adducts such as derivatization of carbonyl groups formed by oxidative 

modifications with 2,4-dinitrophenylhydrazine (DNPH) or thiobarbituric acid reactive 

substances (TBArS). However, these reagents are not specific for lipoxidation as they can 

additionally detect direct oxidation of amino acid residues. Moreover, they will not detect all 

lipoxidation adducts but only the ones which have preserved carbonyl moieties after 

adduction (e.g. Michael adducts). Although the development of antibodies targeting specific 
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aldehydes, such as MDA, HNE, acrolein, HHE, 4-hydroperoxynonenal and 4-hydroxy-2E,6Z-

dodecadienal, and protein-LPPs adducts have allowed a more specific recognition of 

proteins undergoing lipoxidation, the number of targets remains poor compared to the 

number of lipoxidation-derived adducts that can exist in complex samples and can have off-

target binding (Afonso and Spickett, 2019). Direct labelling of protein adducts with reactive 

LPPs is also possible with the use of labelled analogues of oxidized or electrophilic lipid 

species. The conjugation of radioactive moieties, biotin or fluorescent labels to reactive 

species have made the visualization and separation of adducted proteins easier but the 

introduction of these moieties, which are usually bulky, can interfere with the reactivity of the 

conjugated electrophilic species (Aldini et al., 2015a). These methods are often not specific 

enough to understand the site-specificity of protein lipoxidation, which has led to the 

development of mass spectrometric strategies which are now the primary measurement 

technology for the detection and precise identification of lipoxidation products. 

A wide variety of strategies have been used for mass spectrometry (MS) analysis of protein 

lipoxidation. Typically, MS analysis is based on the generation of ions from the molecules of 

interest using matrix-assisted laser desorption/ionization (MALDI) or electrospray ionization 

(ESI), and ESI is often coupled to liquid chromatography (LC) for the separation of 

molecules within a complex sample. Tandem mass spectrometry (MS/MS), commonly based 

on collision induced dissociation (CID), is performed to confirm the nature and the site of 

adduction. Modified peptides can be identified based on the mass shift compared to the 

unmodified peptide, which is directly related to the mass of the bound reactive lipid 

peroxidation product (Vasil'ev et al., 2014, Aldini et al., 2015a). MS approaches often follow 

bottom-up or top-down strategies, analysing peptide products of enzyme digestion or intact 

proteins respectively (Cassidy et al., 2021). Additionally, mass spectrometry can take 

advantage of non-MS methods to allow more specific and targeted analysis by enrichment of 

adducted proteins or peptides or derivatization of carbonyls. Derivatization with DNPH was 

shown to be a suitable tool in localizing the site of modification using mass spectrometry, 

especially where the DNPH reagent serves as a matrix in the MS analysis. Derivatization 

with biotin hydrazine tags, Girard’s P reagent (which introduces positive charges to the site 

of adduction) or solid phase hydrazine reagent, for instance, have been previously used for 

enrichment of lipoxidation products by avidin affinity chromatography, strong cation 

exchange chromatography and capture on hydrazide-coated glass beads, respectively 

(Colzani et al., 2013). Recently, an approach using click chemistry was found to be helpful in 

identifying the protein targets of covalent binding of reactive molecules. Chemically modified 

versions of electrophilic molecules containing an alkyne group can be used in cells to 

covalently modify their protein targets. The resulting adducted proteins can then be captured 
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using azide-derivatized agarose beads as azide compounds react with alkyne to form 1,2,3-

triazole rings via copper-catalyzed click chemistry and subsequently analyzed by LC-MS 

(Sauerland et al., 2023).  

1.2.3. Consequences of Protein Lipoxidation and Implication in Diseases 

Lipoxidation can result in activation or inactivation of the targeted protein. There is much 

evidence of inhibition of protein activity by adduction of electrophiles, which is often time- 

and concentration-dependent, and may be either direct (binding to the catalytic residue) or 

indirect (conformational modification of the active site or binding pockets) (Sousa et al., 

2019, Shearn et al., 2011b, Martyniuk et al., 2011, Fritz et al., 2011, Covey et al., 2010, 

Camarillo et al., 2016, Schopfer et al., 2010). In contrast, a few LPPs have also been shown 

to activate proteins, for instance, acting as ligands of the peroxisome proliferators-activated 

receptor γ (PPARγ), forming adducts with the cysteine located in the ligand binding pocket, 

thus activating the protein (Schopfer et al., 2010, Shiraki et al., 2005). In addition to 

participating in the inhibition of activity, conformational changes can lead to protein unfolding 

due to the exposure of hydrophobic residues that are normally buried (Scharf et al., 2013). 

This results in the activation of the unfolded protein response (Vladykovskaya et al., 2012). 

Another consequence of conformational changes is an increase in the level of β-sheets, well 

known for their involvement in protein aggregation, which inhibits the action of the 20S 

proteasome, hence preventing the degradation of aggregation products and leading to cell 

death (Shringarpure et al., 2000, Nieva et al., 2008, Kapphahn et al., 2007). Furthermore, 

the subcellular localization of proteins can be modified when subjected to lipoxidation, either 

through interplay with PTMs such as palmitoylation or by inhibition of protein-protein 

interactions necessary to determine the protein localization (Zorrilla et al., 2019). In fact, the 

interactome of the targeted protein might be affected by conformational changes following 

lipoxidation, modifying either protein-protein interactions (Mol et al., 2019) or protein-DNA 

interactions (Voitkun and Zhitkovich, 1999). Figure 1.4 provides a summary of the 

consequences of protein lipoxidation.  

Despite the evidence of protein damage, the effects of protein lipoxidation on the system or 

disease are not always negative. Indeed, especially in the case of cancers, protein 

lipoxidation can not only result in increased malignancy, cancer progression and recurrence, 

and a compensatory cytoprotective response, but also antiproliferative effects and 

decreased metastatic activity (Martin-Sierra et al., 2019). This discrepancy in effect is 

believed to be related to the concentration of LPPs in cells; while low levels of LPPs would 

induce cell signalling and response to stress, high levels of LPPs would lead to pathological 

states or even cell death (Ayala et al., 2014). Protein lipoxidation is involved in regulating cell 
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signalling involved in stress responses. Notably, protein lipoxidation leads to the activation of 

the stress-induced Keap1-Nrf2 signalling pathway, which mediates the antioxidant 

transcriptional response to oxidative and electrophilic stress, as well as the heat shock 

response pathway, which protects cells from heat, oxidative and other forms of proteotoxic 

stress (Patinen et al., 2019). However, the redox-sensitive signalling pathways discussed 

previously, namely the NF-κB pathway, MAPK pathway, p53 pathway and the PI3K/Akt 

pathway were also found to be regulated by LPPs through protein lipoxidation. These 

pathways regulate essential cellular processes and their dysregulation is generally linked to 

diseases, particularly inflammation, ageing-related disorders and cancers (Barrera et al., 

2018, Su et al., 2019). 

 

Figure 1.4. Consequences of protein lipoxidation.  

Reproduced with permission from Viedma-Poyatos et al., Protein Lipoxidation: Basic Concepts and 
Emerging Roles, Antioxidants, 2021.  
 

In the canonical NF-κB signalling pathway, stimuli such as lipopolysaccharides, tumour 

necrosis factor α (TNFα), and interleukin-1 activate their receptors. This triggers a signalling 

cascade that leads to the activation of inhibitor of nuclear factor kappa-B kinase (IKK) 

subunit β within the IKK complex, which phosphorylates nuclear factor of kappa light 

polypeptide gene enhancer in B-cells inhibitor alpha (IκBα) at Ser32 and Ser36. This 

phosphorylation causes IκBα to be polyubiquitinated and degraded by the proteasome. As a 

result, NF-κB dimers (formed by RelA, or p65, and p50) are freed to translocate to the 

nucleus, where they activate the transcription of target genes (Hoesel and Schmid, 2013). In 

HeLa cells, 15-deoxy-Δ12,14-prostaglandin J2 (15d-PGJ2) reduced NF-κB activity without 

affecting the degradation of IκBα or nuclear translocation, indicating a direct effect on NF-κB. 

15d-PGJ2 inhibited the DNA-binding ability of p50 (NF-κB subunit) by covalently binding to 
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Cys62 (Cernuda-Morollón et al., 2001, Straus et al., 2000). Additionally, HNE was found to 

lead to the same consequences but through a different mechanism: HNE could block 

phosphorylation and degradation of IκBα by inhibiting IKK activity through lipoxidation (Ji et 

al., 2001). However, multiple studies showed contradictory evidence. The contradictory 

effects of HNE on this pathway were extensively reviewed by Timucin and Basaga. In some 

cases, the NF-κB pathway was activated, in others it was inhibited. Although it is generally 

accepted that differential effects of LPPs are linked to their concentrations, the discrepancy 

in effects of HNE on the NF-κB pathway appeared at similar concentrations and it seemed to 

be rather cell type-dependent (Timucin and Basaga, 2017).  

The mitogen-activated protein kinase (MAPK) pathway consists mainly of three separate 

MAP kinase cascades in mammalian cells, which all include signal initiation followed by a 

cascade of phosphorylation from MAPK kinase kinase (MAPKKK), to MAPK kinase 

(MAPKK), to MAPK. MAPK translocate to the nucleus to activate their substrates and lead to 

gene expression regulating proliferation, differentiation, inflammation, apoptosis and stress 

responses. These cascades are referred to as the extracellular-signal-regulated kinases 

(ERK) pathway, the c-Jun-N-terminal kinase (JNK) pathway and the p38 pathway, which are 

the MAPKs in these cascades (Zhang and Liu, 2002). In mouse embryonic fibroblasts (wild-

type or lacking glutathione-S-transferase (GST)), HNE resulted in the activation of JNK, ERK 

1/2 and p38 MAPKs, correlating with an increase in HNE-protein adducts, effects that were 

exacerbated in cells lacking GST, which showed it to play a protective role against LPP-

induced stress (McElhanon et al., 2013). Additionally, H-Ras, which initiates the Raf-MEK-

ERK pathway, was found to be activated by 15d-PGJ2 following lipoxidation of the protein on 

Cys184 (Renedo et al., 2007, Oliva et al., 2003).  

The p53 protein is one of the most renowned tumour suppressor proteins. It plays a crucial 

role in preventing cancer by interacting with multiple signalling pathways that regulate 

essential cellular processes like cell division, genomic stability, apoptosis, autophagy, 

immune responses, and tumour microenvironment regulation. When functioning normally, 

p53 binds to specific DNA sequences and induces the expression of genes that help prevent 

cancer. Under stress, p53 activates programmes such as cell cycle arrest, DNA repair, and 

apoptosis, suppressing tumour growth. However, inactivation of p53 function promotes 

cancer progression, invasion, and metastasis by allowing unchecked cell proliferation and 

survival (Marei et al., 2021). 15d-PGJ2 could also form adducts on p53, at Cys277, resulting 

in accumulation of p53 in MCF-7 cells but the DNA binding and transcriptional activity of the 

adducted p53 were significantly reduced (Kim et al., 2010a). In contrast, HNE inhibited SK-

N-BE cell proliferation by increasing the expression of p53, p53-like proteins (p63 and p73) 
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and p53 target proteins which modulate cell cycle progression and apoptosis (Laurora et al., 

2005).  

Most importantly in the context of this project, LPPs were proposed to be regulators of the 

PI3K/Akt pathway, which plays important roles in cell metabolism, growth, proliferation, and 

survival (Manning and Toker, 2017, Osaki et al., 2004, Hemmings and Restuccia, 2012). 

Most of the evidence suggests that the PI3K/Akt pathway can be activated by lipoxidation-

induced inhibition of Phosphatase and Tensin Homolog (PTEN), an important tumour-

suppressor negatively regulating this pathway by preventing Akt phosphorylation (Shearn et 

al., 2013, Shearn et al., 2011b, Covey et al., 2010, Covey et al., 2007, Smith, 2022, Suh et 

al., 2018). However, as often observed with LPPs, opposite effects have also been reported, 

where Akt signalling was decreased in response to HNE. HNE selectively led to 

phosphorylation of Akt2 (one of three isoforms of Akt) in insulin-dependent stimulation of the 

Akt2 pathway in HepG2 cells, but downstream signalling of Akt was inhibited. This 

inactivation of phosphorylated Akt was due to HNE-Akt2 covalent adducts, which were 

mapped to His196, His276 and Cys311 (Shearn et al., 2011a).  

1.3. The Tumour Suppressor Phosphatase and Tensin Homolog 

Deleted on Chromosome 10 (PTEN) 

1.3.1. The Structure and Isoforms of PTEN  

PTEN (also named MMAC1/TEP1) is a dual specificity protein phosphatase that was 

discovered in 1997 and classified as a tumour suppressor because of its frequent loss of 

expression in cancer (Li and Sun, 1997, Li et al., 1997, Liaw et al., 1997, Myers et al., 1997, 

Steck et al., 1997). PTEN structure was first elucidated by Lee et al. in 1999. It consists of 

403 amino acid residues and has 2 main domains (Figure 1.5): a N-terminal phosphatase 

domain (residues 15–185) containing the active site defined by the signature motif 

HCXXGXXR, including the catalytic Cys124, responsible for its phosphatase activity and a 

C-terminal C2 domain (residues 186–351) that allows membrane recruitment and binding 

(Lee et al., 1999). These two domains are flanked by disordered region that were not 

included in the original crystal structure of PTEN: a N-terminal sequence (residues 1-14) 

constituting the phosphatidylinositol-(4,5)-bisphosphate (PIP2)-binding domain (PBD) 

(Walker et al., 2004) and a C-terminal tail (residues 352-403) that contains PEST sequences 

(rich in proline (P), glutamic acid (E), serine (S) and threonine (T)) and a PDZ-binding motif 

(Georgescu et al., 1999).  

The N-terminal PBD domain consists of a 14 residues-long sequence (MTAIIKEIVSRNKR) 

containing multiple basic residues that determine PTEN’s binding to anionic lipids of the 
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membrane and its phosphatase activity through an allosteric mechanism (Campbell et al., 

2003, Walker et al., 2004). It is a disordered region that folds upon binding to the membrane 

into an α-helix, facilitating the formation a lipid-binding pocket for its substrate (Wei et al., 

2015, Redfern et al., 2008). Recently, it was suggested that the PBD exists in multiple 

conformations, including the α-helix conformation observed in previous studies, which can 

affect catalytic residues, suggesting a role in regulation of PTEN functions (Dawson et al., 

2022).  

The N-terminal phosphatase domain consists of a five-stranded β-sheet surrounded by two 

α-helices on one side and four on the other. The phosphatase active site pocket for 

phosphatidylinositol-(3,4,5)-triphosphate (PIP3) is surrounded by the “P” loop (residues 123–

130), the “WPD” loop (residues 91–94) and the “TI” loop (residues 167–168), which form its 

walls. The “P” loop consists of a HCXXGXXR motif present in the active sites of protein 

tyrosine phosphatases (PTPs) and dual specificity protein phosphatases (Lee et al., 1999). 

In this motif, the catalytic cysteine Cys124, and Arg130 residues are essential for catalysis 

(Lee et al., 1999, Mighell et al., 2018) while His123 and Gly127 contribute to the “P” loop 

conformation (Lee et al., 1999). The Lys125 and Lys128 in this motif are basic residues and, 

together with the Lys93 in the “WDP” loop, they confer a highly basic character to the active 

site pocket, giving a favourable environment for binding of the negatively charged substrate 

PIP3 (Lee et al., 1999). The catalysis of PIP3 dephosphorylation by PTEN’s catalytic Cys124 

involves two successive steps: the formation of a phosphoenzyme intermediate, where 

Cys124 in the active site becomes thiophosphorylated, followed by the hydrolysis of the 

phosphoenzyme intermediate through the action of Asp92 in the WPD loop (Xiao et al., 

2007). Additionally, the phosphatase domain contains the "arginine loop", which spans 

residues 35–42. This loop creates a positively charged region on the phosphatase domain 

that is crucial for membrane binding and serves as contact point for the phosphatase 

domain's interaction with membranes (Masson et al., 2016). 

The C-terminal C2 domain folds into a β-sandwich structure consisting of two antiparallel β-

sheets with two short α-helices intervening between the strands. Two additional basic 

regions situated in the C2 domain, the CBR3 loop (residues 259–269), containing five lysine 

residues (conferring a net +5 positive charge to this sequence), and the solvent exposed 

Cα2 helix (residues 327–335), containing three lysine residues, are essential to membrane 

binding by electrostatic interactions with membrane anionic lipids (Lee et al., 1999, Shenoy 

et al., 2012, Yasui et al., 2014, Campbell et al., 2003). Interestingly, membrane binding 

increases the β-sheet content of the domain, suggesting that the interaction of these regions 

could lead to folding events (Redfern et al., 2008). These basic amino acids of the C2 

domain face the same direction and are near the phosphatase active site (Lee et al., 1999). 



Chapter 1 – General Introduction 

32 
O. Langlois, PhD Thesis, Aston University, 2024. 

They form a membrane-binding regulatory interface and interact with the inhibitory 

phosphorylated C-terminal tail, regulating PTEN function (Nguyen et al., 2014). It also has 

been proposed that a C2 domain-phosphatase domain association could facilitate PTEN 

positioning for catalysis of dephosphorylation of PIP3 (Das et al., 2003).  

The C-terminal tail is considered intrinsically disordered (Malaney et al., 2013). It is essential 

to the tumour-suppressor role of PTEN as mutations in this region lead to loss of 

phosphatase activity. Two PEST sequences (residues 350–375 and 379–396) and a PDZ 

binding motif (residues 401-403, TKV) were identified in the C-terminal tail of PTEN 

(Georgescu et al., 1999). PEST sequences are polypeptides enriched in proline, glutamic 

acid, serine and threonine residues serving as proteolytic signals for rapid degradation of 

proteins exerting these sequences (Rechsteiner and Rogers, 1996). However, the PEST 

sequences in PTEN do not follow this rule as they are associated with enhanced PTEN 

stability and their deletion was shown to lead to decreased PTEN expression levels via rapid 

degradation (Georgescu et al., 1999). PDZ binding motives are short recognition modules for 

protein-protein interaction and organization of cell signalling assembly (Harris and Lim, 

2001). This motif allows PTEN to interact with proteins. For instance, it was shown that the 

PTEN-microtubule-associated serine and threonine kinase 2 interaction was mediated by the 

PDZ binding motif of PTEN and the formation of this complex could modify PTEN subcellular 

localization (Terrien et al., 2012). The C-terminal tail has a critical role in regulating the 

conformation of PTEN: phosphorylation of the C-terminal tail causes a conformational 

change that masks the PDZ binding domain, reducing the ability of PTEN to bind to PDZ 

domain-containing proteins (Vazquez et al., 2001). In conjunction with the PBD, the C-

terminal tail allows PTEN to switch from an “open” to “closed” conformation. This mechanism 

depends on the phosphorylation state of the C-terminal tail and regulates membrane 

association and full activation of PTEN (Malaney et al., 2013, Rahdar et al., 2009, Nussinov 

et al., 2021).   
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Figure 1.5. Structure and functional domains of PTEN.  

(A) shows the crystal structure of PTEN, highlighting the N-terminal phosphatase domain in blue, the 
catalytic P-loop in yellow and the C-terminal C2 domain in red. This crystal structure does not 
represent the intrinsically disordered regions of PTEN (N-terminal PBD, sequence 286–309 and C-
terminal tail). Reproduced with permission from Lee at al. (1999). (B) shows a schematic of PTEN 
domains. Numbers correspond to the position of residues. 
 

PTEN has two isoforms that differ from the canonical form by extension of the N-terminus. 

The first discovered isoform, PTENα (also called PTEN-Long), is produced by alternative 

translation at the initiation codon CUG which is 5’ of and in-frame with the canonical 

translation initiation codon AUG. PTENα extends canonical PTEN’s N-terminus by 173 

amino acids, leading to a 576 amino acid-long protein (Hopkins et al., 2013). PTENβ, the 

second isoform, is also translated from an alternative initiation codon 5’ of and in-frame with 

the canonical initiation codon but only extends the N-terminus by 146 residues to canonical 

PTEN, leading to a 549 amino acid-long protein (Liang et al., 2017). Additionally, PTEN can 

form functional homodimers in solution, which are stabilized by its unphosphorylated C-

terminal tails (Heinrich et al., 2015).  

1.3.2. Subcellular Localization of PTEN and Associated Functions 

Initially, PTEN was thought to localize exclusively in the cytoplasm and to associate 

transiently with the plasma membrane by electrostatic interactions with phosphatidylserines 

(Shenoy et al., 2012, Bononi and Pinton, 2015). However, several additional localizations of 

the protein have been reported more recently, including the nucleus and nucleolus, the 

mitochondria surface, mitochondria-associated-membranes and the endoplasmic reticulum. 

Additionally, PTEN can be secreted and enter neighbouring cells where it can be active 

(Bononi and Pinton, 2015). In different cell compartments, PTEN exerts different functions 
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(Figure 1.6). PTENα was found to be co-localized with the canonical PTEN at the 

mitochondria and also secreted, and PTENβ was predominantly found in the nucleus 

(Hopkins et al., 2013, Chow and Salmena, 2020). 

In the cytoplasm, PTEN transiently associate with the plasma membrane. When associated 

with the membrane, PTEN dephosphorylates PIP3 to yield PIP2 (Maehama and Dixon, 

1998, Ramaswamy et al., 1999). Through this lipid phosphatase activity, PTEN acts as an 

inhibitor of the phosphoinositide-3-kinase signalling pathway, which is involved in the 

oncogenic processes of cell survival, proliferation, migration and growth. Akt, the principal 

effector of the pathway, requires PIP3 for its activation by phosphorylation and PTEN down-

regulates the abundance of PIP3, thereby down-regulating activation of Akt (Fumarola et al., 

2014). This function corresponds to the canonical function of PTEN, categorizing it as a 

tumour suppressor. PTEN also exerts a non-canonical protein phosphatase activity against 

serine, threonine and tyrosine phosphoproteins (Besson et al., 1999). In the cytoplasm, 

PTEN can block cell migration by dephosphorylating the focal adhesion kinase (FAK) 

protein, stop the cell cycle in the G1 phase with a phosphatase-mediated down-regulation of 

cyclin D1 and directly dephosphorylate an array of proteins involved in cell motility and 

migration thereby inhibiting their function. Interestingly, PTEN may auto-dephosphorylate 

phosphorylation sites on its own C-terminal sequence to auto-regulate its activity (Chow and 

Salmena, 2020).  

In the nucleus, the phosphatase shows additional functions that support its tumour 

suppressor role. PTEN can be associated with the centromere protein-C, a component of the 

kinetochore involved in centrosome separation, and regulates the expression of Rad51, 

which reduces DNA damage in order to maintain chromosomal stability and control DNA 

repair (Shen et al., 2007). Furthermore, PTEN enhances the tumour-suppressive activity of 

the anaphase-promoting complex (APC)-APC/C activator protein (CDH1) in a phosphatase-

independent manner by directly interacting with anaphase-promoting complex/cyclosome 

(APC/C) and promoting its association with CDH1 (Song et al., 2011). Interestingly, 

recombinant PTEN harbouring a genetically-engineered nuclear localization signal (NLS), 

which artificially forced PTEN to adopt a nuclear localization, was able to dephosphorylate 

Akt as a pool of activated Akt exists in the nucleus; although to a lesser extent than wild-type 

PTEN, which can access both cytoplasmic and nuclear Akt (Trotman et al., 2007).  

Nuclear PTEN mainly contributes to the maintenance of genome integrity and to the control 

of DNA replication, chromatin organization and cell cycle, functions that are relevant to its 

tumour-suppressor role. DNA instability is a consequence of various incidents including DNA 

replication errors, unequal chromosome segregation, natural decay of DNA and exposure to 
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genotoxic agents and cells have evolved to tackle this using a multitude of preventive 

mechanisms and damage responses to maintain genome integrity (Wang and Lindahl, 

2016). PTEN was found to be essential to genome integrity by associating with centrometric 

protein C, a centromere-specific binding protein that allows linkage between centromere and 

kinetochore (Shen et al., 2007) and by dephosphorylating the mitotic kinesin motor EG5, 

promoting its interaction with microtubules and centrosomes to ensure proper chromosome 

segregation (He et al., 2016). PTEN seems to maintain chromatin structure by interacting 

with histones H1 and HP1α (Gong et al., 2015, Chen et al., 2014). It was also proposed that 

PTEN could play a role in DNA double-strand break (DSB) repair by regulating transcription 

levels and recruitment to DNA damage sites of Rad51, a major component of the 

homologous recombination-directed repair pathway (Shen et al., 2007, Bassi et al., 2013, 

Ma et al., 2019, Hou et al., 2019), although another report contradicted this and suggested it 

could be cell type-dependent (Sinha et al., 2020). In this context, Bassi et al. reported an 

impaired homologous recombination-directed DNA repair in PTEN-deficient cells and cells 

lacking a nuclear version of PTEN modified by small ubiquitin-like modifier (SUMO) at the 

lysine 254 (Lys254). This group found that the SUMO-PTEN was necessary for Rad51 

recruitment to the DNA damage site and foci formation in response to DNA DSBs and this 

was negatively regulated by the protein kinase Ataxia telangiectasia mutated (ATM) which 

phosphorylates PTEN on serine 398 (Ser398) leading to its exclusion from the nucleus 

(Bassi et al., 2013). This phosphorylation of PTEN by ATM was more recently shown to 

promote PTEN interaction with the mediator of DNA damage checkpoint 1 (Zhang et al., 

2019), which plays a critical role in DNA damage checkpoint response by working with 

histone H2AX to promote recruitment of repair proteins to the sites of DNA breaks (Stewart 

et al., 2003). DNA DSBs lead to di-methylation of PTEN at Lys349 by nuclear receptor 

binding SET domain protein 2, which allows recruitment of PTEN to DNA damage sites and 

repair of DSBs partly through dephosphorylation of γH2AX (Zhang et al., 2019).  

The nucleus/cytoplasm partitioning of PTEN varies throughout the cell cycle, and nuclear 

PTEN levels are particularly high during the G0-G1 phase of the mitosis when cells are not 

actively dividing (Ginn-Pease and Eng, 2003). This was explained by the role of nuclear 

PTEN in cell cycle arrest where it down-regulates phosphorylation of MAPK to diminish 

nuclear levels of cyclin D1 (Radu et al., 2003, Chung and Eng, 2005), which, when 

accumulated in the nucleus during the G1 phase, promotes the transition to the S phase 

leading to cell cycle progression (Baldin et al., 1993). Nuclear PTEN directly enhances the 

activity of APC/C in a phosphatase-independent manner by promoting its association with 

CDH1 (Song et al., 2011). APC/C-CDH1 complex controls mitosis including mitotic exit and 

maintenance of the G1 phase (Li and Zhang, 2009), corroborating the role of PTEN in cell 
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cycle arrest. Aside from G0-G1, PTEN plays a role in decatenation of DNA in G2 and M 

phases through stabilization of TOP2A, a DNA topoisomerase (Kang et al., 2015), and 

controls the DNA replication process by dephosphorylating minichromosome maintenance 

complex component 2 at serine 41 (Ser41) and restricts replication fork progression under 

replicative stress (Feng et al., 2015).  

PTEN localized in cell organelles shows additional functions. PTEN localized at the 

endoplasmic reticulum (ER) directly competes with F-box/LRR-repeat protein 2 for binding to 

the type 3 IP3 receptor (ER membrane channel), leading to the inactivation of Akt and 

transfer of Ca2+ from the ER to the mitochondria, resulting in Ca2+-dependent apoptosis 

(Bononi et al., 2013). Finally, it was suggested that PTEN in mitochondria could regulate 

mitochondrial oxidative phosphorylation states and bioenergetics (Comelli et al., 2018). 

However, the role of PTEN in cell organelles is not yet well understood.  

 

Figure 1.6. Simplistic schematic of PTEN’s various functions. 

Signalling in red shows the canonical function of PTEN via dephosphorylation of PIP3. Signalling in 
orange shows non-canonical functions of PTEN. Created with BioRender.com. PIP2: 
phosphatidylinositol-4,5-bisphosphate, PIP3; Phosphatidylinositol-3,4,5-trisphosphate; PI3K: 
Phosphoinositide 3-kinase; PDK1: phosphoinositide-dependant kinase 1; mTOR: mammalian target 
of rapamycin; Akt: protein kinase B; FAK: focal adhesion kinase. 
 
 
 
 
 

1.3.3. Focus on the Role of PTEN in the PI3K/Akt Pathway 
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Phosphoinositide 3-kinases (PI3Ks) are plasma membrane-associated proteins that 

phosphorylate the 3′-hydroxyl group of phosphatidylinositides (PtdIns). They are divided into 

class I, II and III: class I PI3Ks are heterodimers constituted of a catalytic subunit p110 and a 

regulatory subunit p85; class II PI3Ks are monomeric proteins called PI3K-C2α, PI3K-C2β 

and PI3K-C2γ; and class III is a heterodimer of VPS34 with the myristoylated, membrane-

associated VPS15. While the myotubularin (MTM) family phosphatases MTM1 and MTMR2 

remove the 3′ phosphate from PtdIns(3)P phosphorylated by class II and class III PI3Ks, 

PTEN is responsible for the hydrolysis of the 3’-phosphate group phosphorylated by class I 

PI3Ks (Thorpe et al., 2015). In the absence of activating signals, p85 interacts with p110, 

inhibiting p110 kinase activity. Upon receptor tyrosine kinase or G-protein coupled receptor 

activation by insulin, growth factors, cytokine or hormones, class I PI3Ks are recruited to the 

plasma membrane, where p85 inhibition of p110 is relieved and p110 phosphorylates PIP2 

to generate PIP3 (Thorpe et al., 2015, Hemmings and Restuccia, 2012, Osaki et al., 2004, 

Yang et al., 2019). PIP3 is a second messenger that recruits kinases with a pleckstrin 

homology domain (PH-domain) to the membrane. Therefore, PIP3 recruits the central 

effector of the pathway, Akt, and its activating kinase phosphoinositide-dependant kinase 1 

(PDK1), allowing PDK1 and mammalian target of rapamycin complex 2 (mTORC2) to 

phosphorylate Akt on Thr308 and Ser473, respectively, leading to its activation (Denley et 

al., 2009, Manning and Toker, 2017, Guertin et al., 2006, Baffi et al., 2021). Additionally, 

Ser473 can be phosphorylated by DNA-activated protein kinase (DNA-PK), leading to its full 

activation (Feng et al., 2004).  

Once active, Akt phosphorylates downstream signalling proteins to enable glycolysis, cell 

cycle progression, proliferation, cell growth and survival, processes involved in oncogenesis 

(Georgescu, 2010). It phosphorylates mouse double minute 2 homolog (MDM2) on serine 

166 and 186, increasing the nuclear localization and stability of MDM2, which, in turn, 

decreases p53 levels and transcriptional activity to prevent cell senescence in stress 

conditions (Chibaya et al., 2021, Mayo and Donner, 2001). Akt also plays a role in the NF-κB 

signalling. Akt stimulates IKK activity by phosphorylation on Thr23 in the IKKα subunit. This 

leads to an IKK complex-mediated activation of the NF-κB transcription factor which 

stimulates oncogenic transformation induced by Akt (Bai et al., 2009). It was also shown that 

the mammalian target of rapamycin complex 1 (mTORC1)-associated protein Raptor is 

required for the ability of Akt to induce NF-κB activity (Dan et al., 2008). While mTORC1 is 

inhibited by tuberous sclerosis complex 1 and 2 (TSC1 and TSC2), activated Akt 

phosphorylates TSC2 to inhibit the TSC1/2 GAP activity toward the small GTPase Rheb, 

which is required to activate mTORC1. Therefore, Akt participates in the activation of 

mTORC1 (Bhaskar and Hay, 2007). The activated mTORC1 promotes cell growth primarily 
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through the activation of key anabolic processes: biosynthesis of macromolecules, including 

proteins, lipids, and nucleotides to build the biomass underlying cell, tissue, and organismal 

growth (Ben-Sahra and Manning, 2017). Activated Akt also inhibits three key downstream 

effectors: forkhead box O (FOXO); glycogen synthase kinase-3 (GSK3); and Bcl2- 

associated agonist of cell death (BAD). FOXO plays a key role in inhibiting cell growth and 

promoting apoptosis by triggering the expression of various pro-apoptotic proteins from the 

Bcl2 family, which target mitochondria, stimulating the production of death receptor ligands 

like Fas ligand and tumour necrosis factor-related apoptosis-inducing ligand, and increasing 

the levels of several cyclin-dependent kinase inhibitors. Through its interaction with p53, 

FOXO also acts as a significant tumour suppressor across different types of cancers. 

Phosphorylation of FOXO by Akt inhibits transcriptional functions of FOXO and therefore 

contributes to cell survival, growth and proliferation (Zhang et al., 2011). GSK3, a 

serine/threonine kinase, was first recognized for its role in regulating insulin-dependent 

glycogen synthesis. It has since been found to participate in various cellular processes such 

as differentiation, growth, motility, and apoptosis. Dysregulation of GSK-3 is associated with 

several human diseases, including Alzheimer's disease, type 2 diabetes, and cancer (Forde 

and Dale, 2007). Several kinases can phosphorylate GSK3. Amongst them, Akt 

phosphorylates GSK3 on Ser9 (for GSK3β) or Ser21 (for GSK3α) and inhibits its activity, 

leading to increased glycogen synthesis (Cross et al., 1995). BAD function, promoting cell 

death, is modulated by phosphorylation at two sites, serine 112 (Ser-112) and serine 136 

(Ser-136). Akt phosphorylates BAD at Ser136, which correlates with cell survival (Datta et 

al., 1997). 

PTEN acts as a negative regulator of this pathway and biological processes induced by 

activation of Akt. Indeed, PTEN dephosphorylates PIP3 into PIP2, blocking the signalling 

cascade by opposing the action of PI3K and negatively regulating the activation of Akt (Sun 

et al., 1999, Xiao et al., 2007, Stambolic et al., 1998, Maehama and Dixon, 1998), 

downregulating the above oncogenic processes. This is particularly important as studies 

have shown that cells lacking wild-type PTEN from PTEN-deficient mice (Stambolic et al., 

1998), from gliomas (Haas-Kogan et al., 1998), or from patients with Cowden disease 

(Myers et al., 1998) have elevated levels of PIP3 associated with increased activity of Akt. 

This indicated that PTEN mainly exerts its tumour-suppressor function by negatively 

regulating the oncogenic PI3K/Akt pathway. Figure 1.7 shows a simplified PI3K/Akt 

signalling pathway, highlighting the role of PTEN. Considering the essential role of this 

pathway in protein synthesis, metabolism, cell growth, cell survival, cell proliferation and 

migration and cell cycle progression, PTEN dysfunction can contribute to the onset or 

development of multiple disorders such as Cowden syndrome, Proteus syndrome, 
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Bannayan–Riley–Ruvalcaba syndrome, and Lhermitte–Duclos disease (Blumenthal and 

Dennis, 2008) or various cancers (Ali et al., 1999, Alimonti et al., 2010, Ashrafizadeh et al., 

2020, Lynch et al., 1997, Perren et al., 2000, Steck et al., 1997). Therefore, tuning of its 

functions is necessary to maintain cellular homeostasis.  

 

Figure 1.7. Schematic of the PI3K/Akt signalling pathway in which PTEN acts as a negative 
regulator.  

Altered with permission from P.D. Leiphrakpam and C. Are (2024). PIP2: phosphatidylinositol-4,5-
bisphosphate, PIP3; Phosphatidylinositol-3,4,5-trisphosphate; Akt: protein kinase B; BAD: Bcl2- 
associated agonist of cell death; ERK: extracellular signal-regulated kinase; FOXO: forkhead box O; 
GSK3: glycogen synthase kinase-3, KRAS: kirsten rat sarcoma virus; MAPK: mitogen-activated 
protein kinase; MEK: mitogen-activated protein kinase kinase: MDM2: mouse double minute 2 
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homolog; mTOR: mammalian target of rapamycin; mTORC1: mammalian target of rapamycin 
complex 1; mTORC2: mammalian target of rapamycin complex 2; NF-κB: nuclear factor-kappa B; 
PDK1: phosphoinositide-dependent kinase 1; PI3K: phosphatidylinositol 3-kinase; RAF, rapidly 
accelerated fibrosarcoma; TSC1/2: tuberous sclerosis proteins 1/2.  
 

1.3.4. Regulation Mechanisms  

1.3.4.1. Regulation of PTEN Subcellular Localization 

PTEN subcellular localization is tightly regulated between the cytoplasmic and nuclear 

compartments. A short sequence at the N-terminal region of PTEN (residues 19–25) was 

found to build a cytoplasmic localization sequence (CLS) that is essential for cytoplasmic 

localization and retention. Mutations of residues within this sequence preserve lipid 

phosphatase activity and induce nuclear localization with a concomitant loss of growth-

regulatory functions (Denning et al., 2007). Initially, it was believed that PTEN did not contain 

a NLS or nuclear export signal (NES) (Li et al., 1997, Trotman et al., 2007), sequences that 

direct proteins to or out of the nucleus through a nuclear pore complex (Lu et al., 2021), and 

was therefore thought to be a cytoplasmic protein that could enter the nucleus by diffusion 

(Liu et al., 2005a). However, although PTEN indeed lacks a traditional NLS, Chung et al. 

discovered four NLS-like sequences in PTEN. Amongst those, combinations of the 

sequences between residues 266-269 (KKDK) and 159-164 (RTRDKK) or 233-237 

(RREDK) were fundamental for nuclear import of PTEN by major vault protein in MCF-7 cells 

(Chung et al., 2005). Soon after, nuclear exclusion motifs and a nuclear localization domain 

at the N-terminus of PTEN sequence were discovered: a sequence between residues 1-32 

was found to lead to PTEN accumulation in the nucleus in human glioblastoma U87MG 

cells, which was mediated by an importin-related nuclear transport mechanism dependent 

on importin α proteins and the activity of the Ras-related nuclear protein Ran-GTPase (Gil et 

al., 2006). This combined evidence suggests that the nuclear import of PTEN is mediated via 

multiple pathways.  

A few PTMs were found to regulate the nuclear localization of PTEN, including the addition 

of ubiquitin and SUMO. Indeed, monoubiquitination of the lysines at the 289 th position 

(Lys289) and at the 13th position (Lys13) was found to be essential for PTEN nuclear import 

(Trotman et al., 2007). Additionally, SUMOylation of PTEN on Lys254, Lys266 and Lys289 

also promotes its nuclear localization as SUMOylation-deficient PTEN mutants were 

excluded from the nucleus (Bassi et al., 2013, González-Santamaría et al., 2012), although 

Huang et al. showed that SUMOylation of Lys254 or Lys266 contributes to membrane 

binding (Huang et al., 2012). The nuclear import of ubiquitinated PTEN was found to be 

endosomal and dependent on Ras-related protein Rab5 and E3 ligase adaptor protein 

Ndfip1, where Ndfip1 binds to PTEN and regulates PTEN ubiquitination via the Nedd4 family 
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of E3 ubiquitin ligases (Li et al., 2014, Howitt et al., 2015, Howitt et al., 2012, Mund and 

Pelham, 2010). On the other hand, nuclear export of PTEN is regulated by the herpesvirus-

associated ubiquitin protease (HAUSP, also called USP7), which induces de-ubiquitination 

of PTEN and results in exclusion of PTEN from the nucleus (Song et al., 2008) as well as 

ATM, as described previously. The exclusion of PTEN from the nucleus during the G1-S 

transition can also result from a feedback regulation by the PI3K/Akt/mTOR pathway via 

S6K1/2 (Liu et al., 2007).  

The open/closed conformational state of PTEN is particularly important for its membrane and 

nuclear localization. Phosphorylation of serine/threonine clusters (residues Ser380, Thr382, 

Thr383, Ser385) in the C-terminal region of PTEN leads to a closed conformation with the C-

terminal region associating with the core region at the surface. However, when this 

serine/threonine cluster is dephosphorylated, the C-terminal region dissociates from the core 

region, which leads to an open conformation of PTEN. In the open conformation, a 

membrane-binding regulatory interface, composed of the catalytic site, the calcium binding 

region 3 loop and the Cα2 loop, becomes accessible and stimulates the recruitment of PTEN 

to the plasma membrane (Nguyen et al., 2014, Nguyen et al., 2015, Vazquez et al., 2001, 

Das et al., 2003, Vazquez et al., 2000) and phosphorylation of Ser380 negatively regulates 

nuclear localization of PTEN (Chang et al., 2008). This, on the other hand, also makes 

Lys13 accessible for mono-ubiquitination, which promotes the transport of PTEN to the 

nucleus (Trotman et al., 2007, Kato et al., 2020). Interaction with the scaffold proteins MAGI-

1b, MAGI-2, and MAGI-3 via the PDZ-binding motif leads to translocation to the membrane 

(Kotelevets et al., 2005, Subauste et al., 2005, Wu et al., 2000) and PTEN can also be 

translocated to the membrane by the RhoA-associated kinase (ROCK) through 

phosphorylation at Thr223, Ser229, Thr319 and Thr321 in the C2 domain (Li et al., 2005). 

The regulation of PTEN localization is correlated to the regulation of its functions, especially 

in the case of translocation to the membrane, which enhances its activity towards PIP3 and 

its contribution in inhibiting the PI3K/Akt pathway.  

1.3.4.2. Regulation of PTEN Activity 

PTEN activity can be regulated by its level of expression. Activation of the PI3K pathway by 

insulin and other growth factors regulates PTEN expression by controlling its mTOR-

dependent translation. This negative feedback regulation is characterized by induction of 

PTEN expression, which limits the duration of the signal and prevents overactivation of the 

pathway (Mukherjee et al., 2021). PTEN gene expression is positively regulated by early 

growth response protein 1 (Virolle et al., 2001), PPARγ (Patel et al., 2001), Myc proto-

oncogene (Kaur and Cole, 2013), p53 (Stambolic et al., 2001) and transcriptional factor 
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activating transcription factor-2 (Shen et al., 2006). On the other hand, it is negatively 

regulated by the NF-κB (Xia et al., 2007) and transforming growth factor β (Chow et al., 

2010, Chow et al., 2008a, Chow et al., 2008b) signalling pathways and by c-Jun (Hettinger 

et al., 2007) and the hairy and enhancer of split-1 (Gao et al., 2015) transcription factors. 

Additionally, miRNAs (small non-coding single-stranded RNAs that modulate gene 

expression) affect PTEN expression through PTEN mRNA silencing and protein level 

reduction (Hong et al., 2010, Jin et al., 2013).  

The open/closed model of PTEN described in section 1.3.4.1 is important for PTEN’s 

function. Indeed, PTEN’s action on PIP3 requires membrane binding. In the closed 

conformation, phosphorylation of PTEN’s C-terminal tail causes it to bind to the phosphatase 

and C2 domains, preventing membrane binding and keeping PTEN inactive. Upon 

dephosphorylation, PTEN adopts an open conformation, releasing the tail and allowing 

membrane association through electrostatic interactions between the C2 domain and 

negatively charged lipids like phosphatidylserine and selective interactions with PIP2 via the 

N-terminal PBD. This open state activates the phosphatase domain and promotes PTEN's 

tumour-suppressive function, suggesting that phosphorylation-dependent intramolecular 

interactions tightly regulate PTEN activity (Rahdar et al., 2009, Vazquez et al., 2001, 

Vazquez et al., 2000, Georgescu et al., 1999). These residues are phosphorylated by the 

protein kinase CK2 (Torres and Pulido, 2001).  

Other kinases including ROCK and GSK3β regulate phosphorylation levels of PTEN. GSK3β 

phosphorylates PTEN at Ser362 and Thr366 as part of a negative feedback loop of the 

PI3K/Akt signalling pathway (Al-Khouri et al., 2005, Jang et al., 2013). Phosphorylation was 

shown to generally be a PTM linked to the inactivation of PTEN in cancer cells (Silva et al., 

2008, Nakahata et al., 2014). However, when PTEN is translocated to the membrane by the 

ROCK-induced phosphorylation at Thr223, Ser229, Thr319 and Thr321, its phosphatase 

activity is increased (Li et al., 2005). Phosphorylation is not the only PTM responsible for 

regulation of PTEN. In contrast to monoubiquitination, which directs PTEN to the nucleus, 

polyubiquitination of PTEN by the E3 ubiquitin-protein ligase NEDD4-1 triggers its 

degradation via the proteasome (Wang et al., 2007, Amodio et al., 2010, Hong et al., 2014). 

Additional E3 ligases were also proposed to fulfil this role: the NEDD4-like E3 ubiquitin-

protein ligase (Maddika et al., 2011), X-linked inhibitor of apoptosis protein (Van Themsche 

et al., 2009) and E3 ubiquitin-protein ligase CHIP (Ahmed et al., 2012). On the other hand, 

deubiquitination stabilizes and actively regulate PTEN (Yuan et al., 2015, Zhang et al., 2013, 

Christine et al., 2022). Acetylation also plays a key role in regulating PTEN activity and 

function. The histone acetyltransferase PCAF interacts with PTEN and acetylates Lys125 

and Lys128 in response to growth factor stimulation, which inhibits PTEN activity as these 
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sites are within the phosphatase domain (Okumura et al., 2006). Additionally, PTEN is 

acetylated by p300-CREB-binding protein at Lys402, located in the C-terminal PDZ domain-

binding motif. This modification impacts PTEN's interactions with other proteins, further 

influencing its function (Ikenoue et al., 2008). 

Finally, protein-protein interactions play a key role in regulating PTEN function. The 

formation of PTEN homodimers at the plasma membrane was found to lead to the full 

activation of its phosphatase activity towards PIP3 (Heinrich et al., 2015, Papa et al., 2014). 

The formation of complexes with membrane-associated guanylate kinase (MAGI)-1b, MAGI-

2, and MAGI-3 that bind to PTEN’s PDZ binding motif help stabilize and recruit PTEN to 

membrane complexes, where PTEN dephosphorylates PIP3, thus contributing to the 

negative regulation of the PI3K/Akt signalling pathway (Kotelevets et al., 2005, Subauste et 

al., 2005, Wu et al., 2000). The interaction between mammalian disks large homologue 1 

and PTEN has been shown to enhance PTEN's tumour suppressor function and promote 

axonal myelination in Schwann cells. This interaction likely prevents PTEN degradation and 

increases its stability (Cotter et al., 2010). On the other hand, proteins such as PIP3 Rac 

exchanger 2a (PREX2a), shank-interacting protein-like 1 (SIPL1), and α-mannosidase 2C1 

(MAN2C1) have been identified as negative regulators of PTEN. These proteins suppress 

PTEN’s lipid phosphatase activity, leading to increased levels of phosphorylated Akt, thus 

activation of the PI3K/Akt pathway (Fine et al., 2009, He et al., 2010, He et al., 2011). 

PREX2a binds to PTEN on the C2 domain and C-terminal tail but not the PDZ-binding motif 

and PTEN inhibition is achieved via PREX2a’s DHPH domain (Fine et al., 2009), SIPL1 was 

found to interact with the N-terminal portion of PTEN through its ubiquitin-like domain (He et 

al., 2010) and MAN2C1 binds to PTEN by means of multiple domains in the C-terminal 

portion of the protein but the binding site on PTEN was not identified (He et al., 2011).  

1.3.4.3. Redox Sensitivity of PTEN 

As described previously, PTEN contains several residues in domains important for its 

function, including the catalytic cysteine (Cys124) and the multiple lysines in the “P” loop and 

C2 domain that facilitate substrate binding and membrane association. The nucleophilic 

character of these residues makes them potential targets for oxidative damage and 

lipoxidation by electrophilic LPPs (Forman et al., 2014). Furthermore, the catalytic region of 

PTEN is homologous to that of PTPs. The catalytic cysteine of protein tyrosine 

phosphatases usually exhibits a low pKa, thus enhancing its nucleophilicity (Karisch and 

Neel, 2013) and making it a preferential target for oxidants and electrophilic lipids.  

The first evidence of PTEN oxidative damage was shown by Lee et al. in 2002. In this study, 

they showed that PTEN could be inactivated in vitro by H2O2 through the formation of a 
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disulfide bond between the catalytic cysteine Cys124 and Cys71, and H2O2, in cells, could 

lead to a shift in PTEN electrophoretic mobility, as described in vitro, suggesting that this 

disulfide bond could form in cells as well. The inhibition of PTEN function was reversible by 

reduction of the oxidized PTEN, notably by Trx which directly interacted with PTEN to reduce 

the disulfide bond and restore PTEN’s function (Lee et al., 2002). Oxidative inhibition of 

PTEN was later confirmed in cells; H2O2-treated Swiss 3T3 cells lost PTEN activity in a 

dose-dependent manner. Furthermore, the basal level of PIP3 increased after treatment with 

H2O2 in U87MG cells expressing PTEN, correlating with increased activation of Akt, while 

this was not true for cells lacking PTEN, suggesting that the accumulation of PIP3 was due 

to PTEN inhibition, making it unable to negatively regulate Akt activation (Leslie et al., 2003). 

RNS are also able to modify PTEN by S-nitrosylation. Nitric oxide (NO•) was found to 

suppress PTEN phosphatase activity and trigger its proteasomal degradation, effects that 

seemed to be the result of S-nitrosylation on Cys83 (Kwak et al., 2010, Numajiri et al., 2011). 

Although the subcellular localization of PTEN is tightly regulated by multiple factors as 

described previously, evidence showed that H2O2-induced oxidative stress leads to a nuclear 

accumulation of PTEN (Chang et al., 2008, Choi et al., 2013). Additionally, mRNA levels of 

the PTEN gene in HepG2 cells were found to be decreased in stress conditions (Kim et al., 

2013), suggesting that oxidative stress could play a role in regulation of PTEN expression 

levels. However, this was true for treatments with superoxide radicals and serum deprivation 

but not for H2O2 treatments (Kim et al., 2013). It seems that the oxidative sensitivity of PTEN 

could be highly influenced by oxidative stress levels. Inactivation of Akt has previously been 

observed at low levels of oxidative stress, where PTEN did not undergo significant thiol 

oxidation, but a further increase in H2O2 levels led to oxidation and inhibition of PTEN and 

correlated activation of Akt (Tan et al., 2015). In fact, increased oxidative stress can either 

inhibit or enhance Akt phosphorylation. This differential response depends on a combination 

of effects on multiple proteins involved in the PI3K/Akt pathway: Akt, PTEN and protein 

phosphatase 2A (PP2A), a phosphatase that dephosphorylates Akt (Piguet and Dufour, 

2011). At low levels, oxidation of Akt, but not the phosphatases PTEN or PP2A, caused a 

decline in Akt phosphorylation; whereas the thiol oxidation of Akt, PTEN and PP2A 

increased Akt phosphorylation at higher levels. (Tan et al., 2015). This was illustrated in a 

study by Yu et al. that contrasted with the effects of oxidative stress described previously. In 

this study, Parkinson’s disease toxins-induced intracellular and mitochondrial H2O2 (which 

was most likely produced at lower concentrations than the H2O2 treatments administered in 

previous studies) activated PTEN and inactivated Akt, leading to apoptosis of neuronal cells 

(Yu et al., 2023).  
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Another aspect of PTEN regulation by oxidative stress emerged recently: the regulation of its 

interactome. Verrastro et al. compared the protein interactions of the reduced and oxidized 

forms of PTEN. In this study, fourteen interactors were over 2.5 times more abundantly 

bound to oxidized PTEN compared to its reduced form, including redox-sensitive and redox-

insensitive proteins. Peroxiredoxin-1 and thioredoxin, proteins involved in protecting against 

oxidative damage, were interacting more with oxidized PTEN, suggesting a redox status-

dependent interaction. Interestingly, multiple proteins involved in functioning of the actin 

cytoskeleton as well as DNA repair, chromosomal segregation and genomic stability were 

found to interact more strongly with oxidized PTEN (Verrastro et al., 2016). Although this 

study provided some insights into the modification of PTEN interactome in oxidative 

conditions, the interactors were identified from unstressed HCT116 cell lysates interacting 

with purified PTEN reduced or oxidized in vitro and the modification of PTEN’s interactome 

could vary significantly in an oxidative context in cells.  

The growing recognition of protein lipoxidation as a signalling mechanism increased the 

interest in such modifications in redox-sensitive proteins. Adduction of PTEN by HNE was 

previously reported (Shearn et al., 2013, Covey et al., 2010), as well as adduction of 

acrolein, 15d-PGJ2 and Δ12-prostaglandin J2 (Δ12-PGJ2) (Covey et al., 2010, Suh et al., 

2018, Smith, 2022). Shearn et al. showed in 2011 that physiologically relevant 

concentrations of HNE could activate Akt (increased phosphorylation of Ser473 and Thr308) 

in a time- and concentration-dependent manner and through a PI3K-dependent mechanism 

in HepG2 cells and primary hepatocytes. Michael addition of HNE to PTEN, leading to its 

inhibition, was found to be the link between exposure to HNE and Akt activation (Shearn et 

al., 2011b). Two years later, the same group further examined PTEN lipoxidation and Akt 

activation in ethanol-fed mice. Redox balance was found to be impaired in this model, 

leading to PTEN lipoxidation and inhibition, and subsequent activation of Akt2 (one of the 

Akt isoforms) in liver. Treatment of a recombinant human PTEN with HNE led to the 

discovery of 9 sites of adduction on the protein (Cys71, Cys136, Lys147, Lys223, Cys250, 

Lys254, Lys313, Lys327 and Lys344). Among those, Cys71 and Lys327 were suggested to 

be particularly relevant to PTEN function as their modification may limit the substrate access 

to the active site or alter the association of PTEN with the membrane and thioredoxin-1, 

respectively. Interestingly, the catalytic cysteine could not be detected (Shearn et al., 2013). 

Acrolein, HNE, 15d-PGJ2  and Δ12-PGJ2 were also found to covalently modify and inactivate 

PTEN in MCF-7 cells, increasing Akt and/or β-catenin signalling and cell proliferation (Covey 

et al., 2010, Suh et al., 2018). The site of adduction of 15d-PGJ2 on PTEN was identified in 

vitro and in MCF-7 cells to be Cys136, which correlated with the ROS-independent activation 

of Akt (Suh et al., 2018). Sites of adduction of acrolein on PTEN were also identified. Most of 
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them were similar to the ones observed with HNE. However, four additional residues were 

identified as adducted by acrolein: Lys6, Cys83, Cys296 and Cys304. Cys71, Cys136 and 

Cys327 appeared to mediate the loss of activity, suggesting similar mechanisms for 

inactivation of PTEN function (Smith, 2022). In the same study, modification of PTEN 

interactome upon acrolein treatments was investigated for the first time using the same 

method as Verrastro et al. Notably, E3 ubiquitin ligases were more abundantly bound to 

acrolein-modified PTEN, suggesting a possible role of the proteasome in regulating the 

existence of such LPP-modified PTEN (Smith, 2022).   

1.4. Research Aims and Hypotheses 

The identification of PTEN’s redox-sensitivity initiated the investigation of the effects of lipid 

peroxidation products on PTEN’s function and interactome and consequences on the 

PI3K/Akt pathway. However, only a small subset of LPPs, including the small reactive 

aldehydes HNE and acrolein and the cyclopentenones 15d-PGJ2 and Δ12-PGJ2, were 

investigated (Shearn et al., 2013, Shearn et al., 2011b, Covey et al., 2010, Suh et al., 2018, 

Smith, 2022) and the mechanisms underlying their effect on PTEN and its downstream 

signalling remain elusive.  

This project therefore aimed to investigate the effects of HHE and PONPC on PTEN and its 

downstream signalling, broadening the range of type of LPPs studied in the context of PTEN 

lipoxidation by including an oxidized phospholipid for the first time. It was hypothesized that 

HHE and PONPC, like HNE, acrolein, 15d-PGJ2 and Δ12-PGJ2, could modulate PTEN 

activity and influence critical biological processes associated with PTEN, particularly the 

PI3K/Akt pathway. Notably, the structural similarity between HHE and HNE, both possessing 

α-β-unsaturated aldehyde functional groups, suggests a potential parallel impact on PTEN 

function. LPPs that can lead to PTEN lipoxidation were shown to interfere with PTEN’s ability 

to regulate the activation of Akt kinase. Therefore, the effects of HHE and PONPC on 

PTEN’s downstream signalling were evaluated in cancer cell lines using western blotting to 

determine the activation (phosphorylated) state of Akt with the hypothesis that like previously 

reported LPPs, HHE and PONPC could lead to activation of the pathway.  

Additionally, PTEN is a protein that is localized in different cell compartments. Its functions 

depend on this subcellular localization and it was shown that oxidative stress could lead to a 

nuclear accumulation of PTEN (Chang et al., 2008). Surprisingly, the effects of LPPs on 

PTEN subcellular localization have never been studied and filling this knowledge gap is 

essential to understand how they can regulate PTEN functions. Treating cells with HHE and 

PONPC and analysing PTEN subcellular localization using confocal microscopy would allow 

determination of changes in PTEN distribution, with the hypothesis that HHE and PONPC 
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could modify PTEN localization through different mechanisms. PTEN localization could be 

modified by either direct interaction with key residues involved in PTEN’s subcellular 

targeting or, in the case of PONPC, by trapping PTEN at the membrane by covalent binding 

as described by the “lipid whisker model” where the aldehydic function at the end of the 

truncated fatty acyl chain of oxidized lipids could protrude in the cytoplasm while the second 

fatty acyl chain of the lipid is anchored to the plasma membrane. This was performed in 

order to provide more insights into the molecular mechanisms underlying PTEN's 

localization changes in response to oxidative stress and lipid peroxidation products, which 

could correlate with the potential changes in the PI3K/Akt signalling pathway in cells 

exposed to HHE and PONPC with the hypothesis that altered PTEN localization due to HHE 

and PONPC exposure would affect its ability to regulate the PI3K/Akt pathway. 

Finally, the identification of specific covalent modifications by LPPs is necessary to identify 

mechanisms regulating the biological effects observed under LPP exposure. Therefore, the 

last aim of this study was to map sites of adduction of HHE and PONPC on PTEN sequence, 

which could possibly identify essential residues involved in PTEN’s function or localization 

regulation and explain the biological effects of these LPPs. Based on the structural similarity 

between HNE and HHE, it was expected that HHE would covalently modify similar residues 

to those discovered to be adducted by HNE in the study by Shearn et al. (Shearn et al., 

2013). However, the adduction of PONPC onto PTEN could differ as its size and amphiphilic 

nature could limit its accessibility and interaction to some parts of the protein.  
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2. Chapter 2 – General Materials and Methods 

 

2.1. Materials 

All materials were purchased from ThermoFisher Scientific (UK) or Merck (UK), unless 

stated otherwise. JpExpress404 PTEN was a gift from Ramon Parsons (Addgene plasmid 

#49420; http://n2t.net/addgene:49420; RRID:Addgene_49420) (Hopkins et al., 2013). 809 

pcDNA3 GFP PTEN was a gift from William Sellers (Addgene plasmid # 10759 ; 

http://n2t.net/addgene:10759 ; RRID:Addgene_10759) (Vazquez et al., 2001). The DNA 

maps and insert sequences of these plasmids encoding for a recombinant PTEN tagged with 

V5-tag and a polyhistidine (His)-tag or PTEN with a N-terminal GFP tag are detailed in 

Supplementary Figure 1 and Supplementary Figure 3, respectively. JpExpress404 PTEN 

was referred to as PTEN-V5-His plasmid DNA and pcDNA3 GFP PTEN was referred to as 

GFP-PTEN. HCT116 cells were obtained from Rudiger Woscholski’s lab at Imperial College 

London (UK). MCF-7 cells were obtained from James Brown’s lab at Aston University (UK). 

HHE was purchased from Cayman Chemical (USA) as a solution in ethanol and PONPC 

was purchased from Avanti® Polar Lipids (USA).  

2.2. Plasmid DNA Purification 

2.2.1. Bacterial Culture 

TOP10 E. coli cells containing JpExpress404 PTEN (PTEN-V5-His) plasmid (referred to as 

PTEN-V5-His plasmid) and DH5α E. coli cells containing pcDNA3 GFP-PTEN expression 

plasmid were obtained as a stab culture and were previously grown to produce glycerol 

stocks by Sarah L. Smith (Aston University) (Smith, 2022). To expand the plasmid, TOP10 

JpExpress404 PTEN and DH5α pcDNA3 GFP-PTEN cells were grown overnight (O/N) on 

Luria Broth (LB)-Agar plates containing 20 g/L LB and 12 g/L agar, supplemented with 100 

µg/mL ampicillin, in a stationary incubator (Lenton Thermal Designs, UK) at 37˚C. Single 

colonies were individually inoculated into 5 mL of sterile LB media (20 g/L) supplemented 

with 100 µg/mL of ampicillin and incubated in a MaxQ 8000 orbital shaker (ThermoFisher 

Scientific, UK) O/N at 37˚C and 220 rpm. The next day, TOP10 JpExpress404 PTEN cells 

were processed for plasmid DNA isolation (section 2.2.2). DH5α pcDNA3 GFP-PTEN cells 

from the primary culture were inoculated in 250 mL of sterile LB medium supplemented with 

100 µg/mL of ampicillin with a dilution of 1:200 to 1:500 and grown overnight in the orbital 

shaker at 37˚C, 200 rpm. 

2.2.2. Plasmid DNA Isolation 
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Following overnight incubation, either 0.6 mL or 3 mL of the TOP10 JpExpress404 PTEN 

culture were collected. The 0.6 mL portion underwent centrifugation at 17,000 x g for 30 

seconds at room temperature (RT), whereas a 1.5 mL aliquot of the 3 mL culture underwent 

initial centrifugation at 17,000 x g for 30 seconds at RT, the resulting supernatant was 

discarded, and the remaining culture was combined with the pellet for further centrifugation 

as above. Supernatants were then discarded, and cell pellets were resuspended in 600 µL 

of nuclease-free water (Promega, UK). Plasmid purification was carried out using the 

PureYield™ Mini Prep System (Promega, UK) according to the manufacturer's 

recommended protocol for DNA purification by centrifugation. 

DH5α pcDNA3 GFP-PTEN cells from the secondary culture were pelleted by centrifugation 

at 4700 g for 10 minutes and purification of GFP-PTEN plasmid DNA was performed using 

the PureYield™ Plasmid Maxiprep System (Promega, UK) that provided all the solutions 

used in the procedure, excluding isopropanol and 95% ethanol. Cell pellets were 

resuspended in Cell Resuspension Solution, Cell Lysis Solution was added, mixed by 

inverting and incubated 3 minutes at RT. Neutralization solution was added directly after 

incubation, mixed by inverting and the flocculant mixture was centrifuged at 4700 g for 40 

minutes (batch 1) or 14000 g for 20 minutes (batch 2). The lysate was filtered through a 

PureYield™ Clearing Column, then eluted through a PureYield™ Maxi Binding Column by 

centrifugation at 2000 g for 7 minutes (batch 1) or with a Vac-Mac™ vacuum manifold 

(Promega, UK) (batch 2). Endotoxin Removal Wash supplemented with isopropanol was 

added to the binding column and eluted by centrifugation at 2000 g for 6 minutes (batch 1) or 

using the Vac-Man™ vacuum manifold (batch 2). The column was washed with Column 

Wash supplemented with 95% ethanol solution by centrifugation at 2000 g for 5 minutes and 

left to dry for 30 minutes (batch 1) or under vacuum for 5 minutes using the Vac-Mac™ 

vacuum manifold. The bound plasmid DNA was eluted by centrifugating nuclease-free water 

through the column for 5 to 7 minutes at 2000 g. DNA concentration and purity were 

assessed by measuring the absorbance of the resulting solution at 260 nm and calculating 

the 260/230 and 260/280 (nm) ratios, respectively, using a NanoDrop 2000 (ThermoFisher 

Scientific, UK). The procedure given for GFP-PTEN plasmid batch 2 was also performed at 

+4˚C with all the solutions excluding the Cell Lysis Solution pre-cooled at +4˚C. 

2.3. DNA Quantification 

The quantification of the purified plasmid was conducted in triplicate using a NanoDrop 2000 

(ThermoFisher Scientific, UK) by measuring absorbance at 230, 260, and 280 nm using the 

elution buffer included in the PureYield™ Mini Prep System (Promega, UK) kit as a blank. 

The Nanodrop 2000 software automatically converted absorbance values to DNA 
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concentration in ng/mL. This conversion involved normalizing the path length to 1 cm from 1 

mm and modifying the Beer-Lambert equation C = (A × ε) / b with C = DNA concentration 

(ng/µL), A = absorbance at the measured wavelength (AU), ε = extinction coefficient of 50 

ng-cm/µL for double-stranded DNA an b = pathlength (cm), as per the manufacturer's 

specifications. 

2.4. Diagnostic Restriction Digestion 

EcoRI and XbaI restriction sites were chosen for the digestion of the PTEN-V5-His plasmid 

and EcoRI and HindIII were chosen for the digestion of the GFP-PTEN plasmid. PTEN-V5-

His plasmid DNA (0.2 µg/µL) was digested by EcoRI (0.2 U/µL) in 1X EcoRI+ buffer with 

bovine serum albumin (BSA) for linearization and a mixture of EcoRI (0.2 U/µL) and XbaI 

(0.2 U/µL) in 1X Tango buffer with BSA for double digestion O/N at 37˚C and subsequently 

set on ice. GFP-PTEN plasmid DNA (0.2 µg/µL) was digested by EcoRI (0.2 U/µL) in 1X 

EcoRI+ buffer with BSA and a mixture of EcoRI (0.2 U/µL) and Hind III (0.2 U/µL) in 1X 

Tango buffer with BSA for 90 minutes at 37˚C and subsequently set on ice. Gel 

electrophoresis was performed on a 1% agarose, tris-acetate-ethylenediaminetetraacetic 

acid (TAE) gel, loading 100 ng of plasmid DNA per well mixed with gel loading dye blue (6X) 

(New England BioLabs, UK) diluted to a final concentration of 1X with water. Electrophoresis 

was performed at 100 V for 60 to 90 minutes in TAE buffer (40 mM Tris, 20 mM acetate, 1 

mM ethylenediaminetetraacetic acid (EDTA), pH 8.6). DNA was stained with a SYBR Safe 

DNA Gel stain solution in TAE buffer. The stained gel was imaged and processed using a 

G:Box XR5 and GeneSys software (Syngene, UK). 

2.5. Expression of PTEN-V5-His in BL21 (DE3) E. coli Cells 

2.5.1. Bacterial Culture 

BL21 (DE3) E. coli cells containing PTEN-V5-His plasmid were streaked onto LB-agar plates 

supplemented with 100 µg/mL ampicillin and incubated O/N in a stationary incubator (Lenton 

Thermal Designs, UK) at 37˚C. Single colonies were individually inoculated into 10 mL of 

sterile LB media supplemented with 100 µg/mL ampicillin and incubated O/N in a MaxQ 

8000 orbital shaker (ThermoFisher Scientific, UK) at 20˚C, 180 rpm until the OD600 reached 

0.5-1.0. These primary cultures were used to inoculate secondary cultures with a 1:200 

dilution (V:V) in sterile LB media supplemented with 100 µg/mL ampicillin (50 mL for small 

scale expression aiming to compare PTEN-V5-His expression levels and 10 x 400 mL for 

large scale expression of PTEN-V5-His for purification). The secondary cultures were 

incubated for 3-5 hours in a MaxQ 8000 orbital shaker (ThermoFisher Scientific, UK) at 

37˚C, 220 rpm until an OD600 of 0.50-0.75 was reached. 
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2.5.2. Expression of PTEN-V5-His  

When the desired OD600 was reached, isopropyl β-D-1-thiogalactopyranoside (IPTG) was 

added to a final concentration of 0.5 mM and cultures were further incubated O/N at 20˚C, 

220 rpm in a MaxQ 8000 orbital shaker (ThermoFisher Scientific, UK), as optimized and 

described by Sarah L. Smith (Smith, 2022). The next day, cells were centrifuged at 4700 x g 

for 30 minutes at 4˚C. The supernatant was discarded, and cells were washed with ice cold 

50 mM NaPO4 pH 7.4, with 1 mM phenylmethylsulfonyl fluoride (PMSF). Cell pellets were 

obtained with centrifugation at 4700 x g for 30 minutes at 4˚C and stored at -20˚C until ready 

to be lysed.  

2.5.3. BL21 (DE3) Cell Lysis 

Pellets were thawed on ice for 1-2 hours and resuspended in 5 mL or 200 mL 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 dithiothreitol (DTT), 1 mg/ml lysozyme) for small scale (50 mL of culture) and 

large scale (2L of culture) PTEN-V5-His expression, respectively. The cell suspension was 

homogenized on ice using a Dounce homogenizer and incubated on a roller at 60 rpm, 4˚C 

for 2 hours. The lysate was sonicated on ice using a handheld sonicator with a MSF-7 probe 

at 50% amplitude in 10 second bursts with a 20 second rest in between, a total of 40 times, 

and centrifuged at 30,000 x g for 1 hour at 4˚C. The supernatant (whole lysate) was passed 

through a needle using a manual syringe to reduce its viscosity and filtered using a 0.45 µm 

syringe-filter (clarified lysate) on ice. 

2.6. PTEN-V5-His Purification 

2.6.1. Immobilized Metal Affinity Chromatography (IMAC) 

A purification column was assembled by placing 0.5 mL of HIS-Select® Nickel Affinity Gel 

(Millipore, Sigma-Aldrich, UK) between two porous polyethylene discs at the base of an 

empty 5 mL gravity flow column (Pierce, ThermoFisher Scientific, UK). The binding buffer 

(25 mM NaPO4 pH 8.0 with 500 mM NaCl, 0.1% Triton X-100, 1 mM PMSF, 1 mM DTT and 

imidazole), wash buffer (25 mM NaPO4 pH 8.0 with 500 mM NaCl, 1 mM PMSF, 1 mM DTT 

and imidazole) and elution buffer (25 mM NaPO4 pH 8.0 with 500 mM NaCl, 1 mM PMSF, 1 

mM DTT and 250 mM imidazole) were freshly prepared and used within 24 hours. For 

purifications using 1 or 5 mM imidazole, the binding buffer as well as the wash buffer 

contained 1 or 5 mM imidazole, respectively. For purification with a step gradient of 

imidazole, the binding buffer contained 1 mM imidazole, and various wash buffers were 

prepared with 2, 5, 10, 25, and 50 mM imidazole. All purification steps were conducted at RT 

using ice-cold buffers and solutions, unless otherwise specified. The resin was conditioned 
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by rinsing with 10 column volumes (CV) (5 mL) of ddH2O, followed by equilibration with 5 CV 

(2.5 mL) of elution buffer and 10 CV of binding buffer. To enhance lysate exposure to the 

nickel resin, the flow rate was adjusted to approximately 3 mL/min by partially obstructing the 

bottom of the gravity flow column with a 10 µL pipette tip. 

Imidazole was added to the clarified lysate to a final concentration of 1 mM, which was 

subsequently poured through the column and the flow-through was collected on ice. For 

purifications using 1 or 5 mM imidazole, 20 CV (10 mL) of binding buffer and 10 CV of wash 

buffer were consecutively added and allowed to flow through to remove unbound proteins 

and detergent from the binding buffer. The bottom of the column was capped and 1 CV (0.5 

mL) of wash buffer was added and incubated O/N at 4˚C. The following day, the wash buffer 

was allowed to flow through before adding 10 CV of elution buffer to elute PTEN-V5-His. 

This fraction was collected and set on ice. Post-elution buffer flow, the column underwent 

regeneration for subsequent applications as described below. For the purification involving a 

step gradient of imidazole, the same procedure was followed, with a modification in the wash 

step. Wash buffers containing 2, 5, 10, 25, and 50 mM imidazole were consecutively applied 

to the column as follows: 10 CV flowed through, and 1 CV was retained for a 30-minute 

incubation at 4˚C before being allowed to flow through. To address potential leached nickel 

and ensure complete reduction of the purified protein, EDTA and DTT were added to the 

elution fractions (purified PTEN-V5-His), reaching final concentrations of 1 mM and 10 mM, 

respectively. 

During the purification process with 1 mM imidazole, fractions of the flow-through were 

systematically collected at intervals of 1-3 CV. In contrast, for the purification using 5 mM 

imidazole, the entire fraction was collected for each step without subdivision. In the case of 

the purification involving a step gradient of imidazole, fractions of the flow-through were 

collected at intervals of 1-2 CV, except for the elution fraction, which was collected without 

subdivision. 

2.6.2. Column Regeneration and Recharging for Storage and Re-use 

Column regeneration was performed after each use and involved sequential steps as 

follows: 10 CV of double distilled water H2O were added and allowed to flow through for 

washing, followed by 5 CV of 6 M guanidine-HCl pH 7.5 to eliminate precipitated or 

denatured proteins. Subsequently, 2 CV of ddH2O were applied for additional washing. If the 

column appeared grey or brown, recharging of the column was performed as per 

manufacturer’s guidelines: 5 CV of 0.1 M EDTA pH 7.5 were used to remove reduced nickel 

from the resin, 2 CV of ddH2O were used for washing, and 2 CV of 10 mg/mL nickel(II) 

sulfate were employed to recharge the column. Equilibration was achieved by adding 5 CV 
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of equilibration buffer A (25 mM NaPO4 pH 8.0 with 500 mM NaCl and 250 mM imidazole) 

and 5 CV of equilibration buffer B (25 mM NaPO4 pH 8.0 with 500 mM NaCl). To store the 

column, 10 CV of double distilled water (ddH2O) were added and allowed to flow through, 10 

CV of 20% ethanol were added and allowed to flow through until approximately 2 CV 

remained on top of the resin. The column was capped and stored at 4˚C.  

2.6.3. Buffer-exchange and Concentration of the Elution Fraction 

The elution fraction was subjected to buffer-exchange into either storage buffer (25 mM 

NaPO4 pH 8.0 with 150 mM NaCl, 10 mM DTT and 1 mM EDTA) for short-term storage or 

reaction buffer (25 mM NaPO4 pH 7.4 with 150 mM NaCl) for use in assays using a PD-10 

desalting column (Cytiva, UK) following manufacturer’s instructions. The resulting buffer-

exchanged sample was concentrated using a 10 kDa molecular weight cut-off Pierce™ PES 

Protein Concentrator (ThermoFisher Scientific, UK). The concentrator was centrifuged at 

4700 x g at 4˚C while the protein concentration was monitored (as per section 2.9.1) until a 

volume to achieve a protein concentration > 1 mg/mL was reached.   

2.7. Mammalian Cell Culture 

Human colorectal carcinoma cells (HCT116) and human breast cancer cells (MCF-7) were 

grown in McCoy’s 5A (modified) medium or Dubecco’s Modified Eagle Medium (DMEM), 

respectively, supplemented with 10% foetal bovine serum (FBS), penicillin (100 units 

(U)/mL) and streptomycin (100 µg/mL) at 37˚C in an atmosphere of 95% air and 5% CO2. 

Confluent cells were subcultured every 2 to 3 days. For passages, cells were washed twice 

with phosphate-buffered saline (PBS) containing 137 mM NaCl, 2.7 mM KCl, 10 mM 

Na2HPO4 and 1.8 mM KH2PO4 (pH 7.4), incubated with prewarmed 0.25% trypsin-EDTA 

solution for 5 to 10 minutes at 37˚C, 5% CO2, and seeded at a cell density of ~2x104 

cells/cm2 for HCT116 and ~6x104 cells/cm2 in tissue culture-treated, non-pyrogenic, sterile 

flasks containing prewarmed fresh complete McCoy’s 5A (modified) medium for HCT116 

cells or DMEM for MCF-7 cells. All procedures were carried out under sterile conditions. For 

cell counting, cells were detached with 0.25% trypsin-EDTA as described previously and 

mixed with Trypan blue at a final concentration of 0.1–0.2%. Viable cells (unstained) and 

dead cells (blue) were manually counted on a haemocytometer under an inverted 

microscope to calculate cell density (cells/mL) and mortality (%). 

2.8. Preparation of HHE and PONPC Working Solutions  

HHE was purchased as a stock solution in ethanol at a concentration of 87.6 mM. PONPC 

was resuspended in ethanol for a 25 mM stock solution. For PTEN-V5-His treatments, 10X 
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solutions of HHE or PONPC were prepared in PTEN treatment buffer (25 mM sodium 

phosphate pH 7.4, 150 mM NaCl). For cell treatment, 10X solutions of HHE were prepared 

in PBS and used fresh or stored at -20˚C for short-term storage, while PONPC was prepared 

fresh, either at a 10X concentration in PBS for 3-(4,5-Dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assays or in complete medium at a 2X concentration for 

western blotting sample preparation. As a control, vehicle solutions of ethanol in either PBS 

or complete medium (at final concentrations ≤ 0.2%, corresponding to the highest 

concentration of ethanol in HHE or PONPC treatments) were prepared as a 10X or 2X stock. 

H2O2 was used as a positive control for oxidative stress by preparing a 100X solution (100 

mM) in PBS immediately before use. 

2.9. Protein Concentration Assessment 

2.9.1. Recombinant Protein Quantification 

The purified, buffer-exchanged, and concentrated samples were quantified in triplicates with 

a NanoDrop 2000 (ThermoFisher Scientific, UK) using the elution buffer, storage buffer or 

reaction buffer as blank, accordingly. The theoretical molecular weight and molar extinction 

coefficient of PTEN-V5-His were calculated to be 52 kDa and 45,270 M-1.cm-1, respectively, 

using the ExPASy ProtParam tool (Swiss Institute of Bioinformatics, Switzerland). Assuming 

that the samples were 100% PTEN-V5-His, the NanoDrop 2000 was set using the above-

mentioned parameters to calculate the protein concentration from the absorbance at 280 

nm, using the method provided in section 2.3, after automatic conversion of the molar 

extinction coefficient to a percent extinction coefficient in (g/100 mL -1.cm-1), as per 

manufacturer’s specifications.  

2.9.2. Cell Lysate Protein Concentration Assessment 

The total protein concentration was determined by the BCA assay using Pierce™ BCA 

Protein Assay Kit (ThermoFisher Scientific, UK) in a 96-well plate: 25 μL of sample, blank 

and standard BSA with a concentration ranging from 0 to 2000 μg/mL) were mixed with 200 

μL of reagent in triplicates. Plates were incubated 30 minutes at 37˚C and the absorbance 

was read at 562 nm after 10 minutes at RT. Average absorbance and standard deviation 

were calculated. A standard curve was constructed by applying linear regression to the 

plotted values of average absorbance of BSA. The linear regression was considered valid if 

the coefficient of determination (R2) was above 0.95. The average absorbance of the blank 

was subtracted to average absorbances of samples and their concentration was calculated 

using the equation of the linear regression. 
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2.10. Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis 

(SDS-PAGE) 

SDS-PAGE was performed with 8% or 10% acrylamide gels (resolving gel: 8% or 10% 

acrylamide, 375 mM Tris-HCl pH 8.8, 0.1% sodium-dodecyl-sulfate (SDS), 0.1% 

tetramethylethylenediamine (TEMED), 0.1% ammonium persulfate (APS); stacking gel: 4% 

acrylamide, 126 mM Tris-HCl pH 6.8, 0.1% SDS, 0.1% TEMED, 0.1% APS). Protein 

samples were mixed with water and 2X Laemmli buffer (125 mM Tris-HCl pH 6.8 with 4% 

SDS, 20% glycerol, 10% β-mercaptoethanol with 0.004% bromophenol blue) (Merck, UK) to 

give a final concentration of 1X, incubated at 95˚C for 5 minutes and cooled on ice. 

PageRuler Prestained protein ladder (ThermoFisher Scientific, UK) and samples were 

loaded into the wells of the gel and electrophoresis was performed using the Mini-

PROTEAN™ electrophoresis system (Bio-Rad, UK) in running buffer (25 mM Tris, 192 mM 

glycine and 1% (w/v) SDS, pH 8.3) for 30 minutes at 50 V and at 120 V until the dye front 

reached the bottom of the gel. Gels were washed for 10 minutes 3 times in ddH2O and 

incubated at least for 1 hour at RT in PageBlue Protein Staining Solution (ThermoFisher 

Scientific, UK) on a rocking shaker at 30 rpm. When protein bands were visible, gels were 

rinsed quickly with ddH2O and distained in ddH2O for at least 1 hour at RT on a rocking 

shaker at 30 rpm. Gels were imaged using a G:Box XR5 and GeneSys software (Syngene, 

UK). Images were processed with background subtraction using a rolling ball radius of 100 

pixels and analysed with densitometry analysis using the ImageJ software (NIH, USA). 

2.11. Mass Spectrometry Analysis 

2.11.1. In-gel Digestion 

Target bands from SDS-PAGE gels were excised and cut into pieces measuring 1-2 mm. 

For the analysis of endogenous PTEN from MCF-7 cells, bands at the expected molecular 

weight of migration of endogenous PTEN (55-60 kDa) into SDS-PAGE gels were excised 

and cut as previously described. The gel fragments underwent washing with 500 µl of 100 

mM ammonium bicarbonate (NH4HCO3) for 1 hour on a shaker, followed by 500 µl of 50% 

acetonitrile (ACN) with 100 mM NH4HCO3 for an additional hour on a shaker. To these gel 

pieces, 150 µl of 100 mM NH4HCO3 and 10 µl of 45 mM DTT were added before incubation 

at 60°C for 30 minutes. Subsequently, the samples were allowed to cool to room 

temperature for 10-20 minutes, followed by the addition of 10 µl of 100 mM iodoacetamide 

(IAA) and incubation in the dark for 30 minutes at RT. The buffer was then removed, and the 

gel pieces were washed with 500 µl of 50% ACN with 100 mM NH4HCO3 for 1 hour on a 

shaker. For dehydration and shrinking of the gel pieces, 50 µl of ACN was added and left for 
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10 minutes. After removing the solvent, the gel pieces were dried in a vacuum centrifuge 

(VacuFuge Plus, Eppendorf, UK) for 10 minutes at 30°C. Each gel piece received between 

10 and 40 µl of 20 µg/ml trypsin (prepared as per manufacturer’s instructions) and was 

overlaid with 25 mM NH4HCO3 to cover the gel pieces. The digestion mix was incubated at 

37°C O/N. After a brief centrifugation, all liquid samples were transferred to fresh 

microcentrifuge tubes. To enhance recovery of digested proteins, 20 µl of 5% formic acid 

was added to each gel piece and heated at 37°C for 20 minutes. This was followed by the 

addition of 40 µl of ACN to the gel pieces, heated at 37°C for another 20 minutes. The 

samples were subjected to vortex mixing between each of these steps. The solvent was 

pooled with the initial portion of the sample. Subsequently, the samples were dried in the 

vacuum centrifuge at 30°C, and the dried samples were stored at -20°C. 

2.11.2. High Performance Liquid Chromatography Coupled with Tandem 

Mass Spectrometry (HPLC-MS/MS) 

The dried peptides from either in-gel digestion or S-Trap™ sample processing were allowed 

to thaw at RT for 10 minutes before being re-suspended in 15-30 µL of liquid 

chromatography – mass spectrometry (LC-MS) grade H2O with 0.1% formic acid (FA) 

through vigorous vortexing, followed by transfer to autosampler vials. Samples underwent 

analysis using an M-class LC system (Waters, UK) linked to a 5600 TripleTOF mass 

spectrometer (Sciex, UK). A 5 µl sample was loaded onto a nanoEase M/Z Symmetry C18 

Trap column (180 µm x 20 mm) (Waters, UK) and washed at 15 µl/min for 4 minutes. The 

sample was then separated at 500 nl/min on a nanoEase M/Z Peptide C18 column (15 cm x 

75 µm) (Waters, UK) or a NanoEase M/Z HSS C18 T3 column (Waters, UK) at 35°C. 

Peptides were eluted using a 45-minute gradient from 1% to 45% high-performance liquid 

chromatography (HPLC) Solvent B (99.9% ACN with 0.1% FA) in HPLC Solvent A (1% ACN, 

0.1% FA in LC-MS H2O). Following a 4-minute wash with 90% HPLC Solvent B, the column 

was re-equilibrated with 1% Solvent B for 8 minutes before the next sample run. Tandem 

mass spectrometry was applied to the resolved peptides based on the parameters detailed 

in Table 2.1. 
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Table 2.1. Tandem Mass spectrometry parameters. 

Setting Parameter used 

Ion source Nanospray 

Spray Voltage 2.4 kV 

Source Temperature 150˚C 

Declustering Potential 100 V 

Curtain Gas 25 

TOF MS Survey Scan settings 

Mode Positive Mode 

Mass Range 350 – 1250 Da 

Accumulation Time 200 ms 

Sensitivity High 

MS/MS IDA Settings 

Number of ions selected 10 

Charge +2 to +5 

Dynamic Exclusion Time 30 s 

Energy Setting Rolling Collision Energy 

 



Chapter 3 – Expression and Purification of a Functional Recombinant PTEN 

58 
O. Langlois, PhD Thesis, Aston University, 2024. 

3. Chapter 3 – Expression and Purification of a Functional 

Recombinant PTEN 

 

3.1. Introduction 

Understanding the intricacies of cellular processes often hinges on the comprehensive study 

of proteins, typically requiring the expression and purification of recombinant proteins as a 

tool to investigate biological roles with precision. This is particularly useful for proteins with 

pivotal roles in cellular regulation such as PTEN, which is a key factor in cellular regulation, 

acting as a dual-specificity phosphatase and a tumour suppressor. Its role in modulating 

critical cellular processes, including cell cycle progression, apoptosis, and DNA repair, 

underscores its significance in maintaining cellular homeostasis (Shi et al., 2012). Since the 

first functional recombinant protein, somatostatin, was produced in 1977 using Escherichia 

coli cells (Itakura et al., 1977), the field has improved vastly to allow comprehensive study of 

proteins, from the use of different host organisms to the development of expression vectors 

with multiple combinations of replicons, promoters, selection markers, multiple cloning sites, 

and fusion protein or fusion protein removal strategies (Rosano and Ceccarelli, 2014).  

Despite the prevalent use of E. coli as a protein expression system, the repertoire of host 

organisms has expanded to include other bacteria, yeasts, filamentous fungi, insect cells, 

mammalian cells, transgenic animals and plants, and, more recently, cell-free systems 

(Demain and Vaishnav, 2009). The selection of an expression system is determined by the 

characteristics of the target recombinant protein – its size, complexity, cellular localization 

and essential PTMs. Additionally, practical considerations, such as ease of use and cost-

efficiency, contribute to the choice of the expression host. Although E. coli excels in the rapid 

and cost-effective expression of both prokaryotic and certain eukaryotic proteins, its 

limitations become apparent when dealing with complex proteins, such as those containing 

multiple disulfide bonds, eukaryotic membrane proteins, or large multi-domain assemblies 

and multi-subunit complexes, or containing crucial PTMs. Some glycosylated proteins can 

be active without the carbohydrate moiety and can therefore be produced in bacteria. 

However, if stability or proper folding requires proper glycosylation, this can often be 

provided by yeast, filamentous fungi, insect or mammalian cells. Additionally, the expression 

of proteins can be seen in the form of inclusion bodies in E. coli, resulting in incorrect folding 

and inactive proteins (Demain and Vaishnav, 2009, Schutz et al., 2023). Consequently, 

alternative hosts are often sought to overcome the constraints associated with E. coli 

expression, ensuring a more suitable expression system for the characteristics of the target 
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protein. Table 3.1 provides a comparison of the above-mentioned expression systems, with 

the exception of transgenic animals and plants, which are irrelevant for the small-scale 

protein expression discussed in this chapter (Rosano and Ceccarelli, 2014, Demain and 

Vaishnav, 2009, Chen, 2012, Terpe, 2006, Landeta et al., 2018, Schutz et al., 2023, 

Baghban et al., 2019, McKenzie and Abbott, 2018, Endo and Sawasaki, 2006).  

Table 3.1. Comparison of characteristics of different protein expression systems for 
expression of human recombinant proteins 

Expression 
system 

E. coli 
Other 

bacteria 
Yeasts 

Filamentous 
fungi 

Insect 
cells 

Mammalian 
cells 

Cell-free 
systems 

Speed Fast 
Moderate to 

Fast 
Moderate 

Moderate to 
Slow 

Moderate 
to Slow 

Moderate to 
Slow 

Very fast 

Ease of 
manipulation 

Easy Easy Easy 
Moderate 
(viscosity) 

Intricate Intricate Easy 

Cost Inexpensive Inexpensive Inexpensive Inexpensive Expensive Expensive Expensive 

Yields High High High 

High, but 
mostly after 

tedious 
optimization 

High 
expression 
levels, but 
harder to 
scale up 

Low 

High 
expression 
levels but 

in low 
volumes 

Protein size Small Small Flexible Flexible Flexible Flexible Flexible 

Processing of 
disulfide 
bonds / 
folding 

Limited 
(enhanced in 
periplasm or 

specific 
strains) 

Limited 

Yes / 
generally 

good 
folding 

Yes / proper 
folding 

Yes / 
proper 
folding 

Yes / proper 
folding 

Yes / 
Difficult 

Processing of 
post-

translational 
modifications 

Limited 
(notably 

glycosylation) 

Limited 
(notably 

glycosylation) 

Yes, but 
different 

from human 

Yes, but 
different from 

human 

Yes, but 
different 

from 
human 

Yes, most 
similar to 
human 

Depends 
on source 

of the 
extracts 

Production in 
inclusion 

bodies 
Yes No No No No No No 

Compartment-
alization 

No No Yes Yes Yes Yes Possible 

References 

(Rosano and 
Ceccarelli, 

2014, 
Demain and 
Vaishnav, 

2009, Schutz 
et al., 2023, 
Chen, 2012, 
Terpe, 2006, 
Landeta et 
al., 2018) 

(Demain and 
Vaishnav, 

2009, Chen, 
2012, Terpe, 

2006, 
Landeta et 
al., 2018) 

(Demain 
and 

Vaishnav, 
2009, 

Schutz et 
al., 2023, 

Baghban et 
al., 2019) 

(Demain and 
Vaishnav, 

2009) 

(Demain 
and 

Vaishnav, 
2009, 

Schutz et 
al., 2023, 
McKenzie 

and 
Abbott, 
2018) 

(Demain 
and 

Vaishnav, 
2009, 

Schutz et 
al., 2023, 
McKenzie 

and Abbott, 
2018) 

(Schutz et 
al., 2023, 
Endo and 
Sawasaki, 

2006) 

 

Recombinant wild-type PTEN and PTEN variants have been expressed extensively in E. coli 

(Das et al., 2003, Johnston and Raines, 2015b, Verrastro et al., 2016, Denning et al., 2007, 

Dey et al., 2008, Myers et al., 1998, Wang et al., 2007, Mehenni et al., 2005, Yim et al., 

2009, Redfern et al., 2008, Campbell et al., 2003, Shearn et al., 2011b, Hodakoski et al., 

2014, Myers et al., 1997, Johnston and Raines, 2015a, Arora and Ghosh, 2016, Zhang et 

al., 2022, Wei et al., 2015) and mammalian cells (Ramaswamy et al., 1999, Mosessian et al., 

2009, Vazquez et al., 2001, Takahashi et al., 2006, Lee et al., 2015, Briercheck et al., 2015, 
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Choi et al., 2013, Gil et al., 2006, Gu et al., 1998, Kotelevets et al., 2001, Koul et al., 2002, 

Myers et al., 1998, Denning et al., 2007, Dey et al., 2008, Adey et al., 2000, Wang et al., 

2007, Hodakoski et al., 2014, Mehenni et al., 2005, Yim et al., 2009, Zhang et al., 2022), but 

also successfully in yeasts (Fernandez-Acero et al., 2019, Rodriguez-Escudero et al., 2005, 

Andres-Pons et al., 2007, Kim et al., 2010b, Kim et al., 2011, Mehenni et al., 2005) and 

insect cells (Chen et al., 2016, Dempsey and Cole, 2018, Dempsey et al., 2021, Li et al., 

2018b, Liang et al., 2017). Although expression of PTEN in eukaryotic systems allowed 

elucidation of its localization as well as identification of PTEN PTMs and roles in cellular 

processes, the production and purification of PTEN and variants in E. coli has been 

particularly useful in the specific study of its lipid and protein phosphatase activities (Denning 

et al., 2007, Dey et al., 2008, Johnston and Raines, 2015b, Myers et al., 1998, Verrastro et 

al., 2016, Hodakoski et al., 2014, Campbell et al., 2003, Shearn et al., 2011b, Myers et al., 

1997, Johnston and Raines, 2015a). In these studies, PTEN was expressed as a fusion 

protein with polyhistidine (His)- or glutathione-S-transferase (GST)-tags. A multitude of other 

tags exist; for instance, Saraswat et al. (Saraswat et al., 2013) and Zhao et al. (Zhao et al., 

2013) published comprehensive reviews about them – but they will not be discussed in this 

chapter as the His- and GST-tags have been the most commonly used for expression and 

purification of PTEN in bacterial systems.  

These tags have been widely used for their ability to facilitate purification. Indeed, when 

placed either on the N- or C-terminus of the recombinant protein, they provide the 

opportunity to employ affinity chromatography techniques, offering a more straightforward 

purification process and greater purity of the isolated protein in a single step compared to 

general chromatography methods (Zhao et al., 2013, Jia and Jeon, 2016, Young et al., 

2012, Saraswat et al., 2013). His-tags are affinity tags consisting of multiple histidine 

residues (usually 6 His residues). Histidine demonstrates robust interactions with transition 

metal ions (Co2+, Ni2+, Cu2+, Zn2+) due to the electron-donating properties of the histidine 

imidazole ring, facilitating the formation of coordination bonds with these metal ions. As a 

result, immobilized metal-affinity chromatography (IMAC) can be easily used for purifying 

His-tagged recombinant proteins. This technique employs solid resins which have a metal 

chelating group available for metal binding, and the remaining coordination sites on the 

metal bind His residues attached to the recombinant protein. Upon binding of the His-tagged 

protein to the matrix and subsequent washing, elution of the target proteins is achieved 

through either a pH shift or the addition of free imidazole (competitive reagent) to the matrix, 

conducted under native or denaturing conditions. Utilizing native conditions and imidazole as 

the eluent typically results in biologically active purification products, as the His-tag's 

relatively small size and charge minimally impact protein activity. However, a significant 
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drawback of employing this strategy for protein purification is the potential occurrence of 

nonspecific binding. Naturally occurring metal-binding proteins and histidine and cysteine-

rich spots in proteins may exhibit affinity for the IMAC matrix, leading to their co-elution with 

the protein of interest. Additionally, non-specific hydrophobic interactions between proteins 

and the matrix can contribute to contamination of the recombinant protein. (Bornhorst and 

Falke, 2000, Saraswat et al., 2013). In contrast, GST-tags serve dual purposes in protein 

purification and enhancing the solubility of the recombinant protein (Young et al., 2012). GST 

is a cytoplasmic 26 kDa protein found in eukaryotic cells. While GST does not universally 

improve the solubility of proteins with intricate folding, it is anticipated that, owing to its 

considerable size, the solubility conferred by the GST moiety would extend to the fused 

recombinant protein. GST exhibits reversible, high-affinity but not specific binding to 

glutathione coupled to a sepharose matrix. Elution under mild, non-denaturing conditions is 

achieved by the introduction of reduced glutathione (competitive reagent) into the elution 

buffer, typically resulting in high yields and purity. However, the necessity of removing the 

GST moiety may arise depending on the application or properties of the target protein, which 

may be adversely affected by the inclusion of such a large tag, particularly its functionality. 

Consequently, this complicates the purification process, necessitating additional steps to 

cleave the GST from the protein and segregate the recombinant protein from the GST 

moiety (Harper and Speicher, 2011, Tossounian et al., 2024).  

The degree of purity of the target protein is usually a determinant factor for the success of 

downstream experiments (Raynal et al., 2014). Despite the convenience of His- and GST-

tags in streamlining protein purification, potential contamination by co-eluted proteins has 

been highlighted (Bornhorst and Falke, 2000, Harper and Speicher, 2011, Saraswat et al., 

2013), indicating the need for quality control measures before downstream experiments. 

This typically involves evaluating the purity, integrity, homogeneity, and functionality of the 

protein sample. Purity and integrity assessment can be readily performed using sodium 

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), enabling the separation 

and detection of proteins in the sample and providing an initial indication of sample purity. 

Coupled with MS analysis, which allows precise identification of the target protein and 

potential contaminants, these techniques offer comprehensive insights into sample 

composition (Raynal et al., 2014). When purification of the target protein is unsuccessful or 

shows contamination, optimization of the affinity chromatography process can be necessary. 

To ensure optimal binding of the target protein to the matrix, it is recommended to (1) 

remove insoluble materials and to reduce the viscosity of the lysate applied to the 

chromatography matrix to avoid physical constraints on the matrix, (2) avoid too high 

concentration or dilution of the proteins as aggregates tend to form at high concentrations 
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and binding rates and capture efficiency can be reduced with diluted proteins and (3) 

optimize the amount of resin used and the flow rate to increase binding efficiency. Following 

initial binding, proteins bound by nonspecific interactions can be effectively removed through 

a series of washing steps where concentration of salts, pH, concentration of surfactants and 

concentration of the competitive reagent used for elution can be optimized (Urh et al., 2009). 

Analyzing protein homogeneity can also be crucial in control quality of the purified sample, 

as aggregated proteins are generally non-functional, and the oligomerization state of the 

target protein, if necessary for its function, can significantly impact downstream experiments. 

Dynamic light scattering (DLS) and size exclusion chromatography (SEC) are commonly 

employed methods for this purpose. DLS measures Brownian motion and correlates it with 

particle size, providing information on sample homogeneity, while SEC separates molecules 

based on their hydrodynamic properties, facilitating the separation and quantification of 

aggregates, contaminants, and potentially different molecular arrangements of the protein of 

interest. These are simple and generally available methods and can be complemented by 

other techniques. Once the purity, integrity and homogeneity of the sample have been 

assessed, the activity of the target protein can be measured to ensure that the purified 

protein is functional (Raynal et al., 2014).    

PTEN phosphatase activity can be measured in vitro with purified PTEN using an array of 

different assays. The protein phosphatase activity of PTEN has been investigated numerous 

times in past studies. This can be achieved through the analysis of the phosphorylated state 

of artificially phosphorylated proteins or synthetic peptides (Dey et al., 2008, Zhang et al., 

2012, Myers et al., 1997). Additionally, the release of radiolabelled phosphate from 

radiolabelled phosphorylated synthetic peptides (Spinelli and Leslie, 2015) after incubation 

with purified PTEN can also be measured. Nonetheless, the lipid phosphatase activity 

remains to date the most studied activity using purified PTEN. The phosphatidylinositol 

phosphate phosphatase assays described by Maehama et al. (Maehama and Dixon, 1998, 

Maehama et al., 2000)  have become a standard practice for this and have been adapted by 

other groups over the years that followed (Spinelli and Leslie, 2015, Denning et al., 2007, 

Campbell et al., 2003, Shearn et al., 2011b, Koul et al., 2002, Dey et al., 2008). These 

allowed the assessment of PTEN lipid phosphatase activity by either measuring the release 

of inorganic phosphate (Pi) using malachite green (Geladopoulos et al., 1991) or by 

separating and quantifying lipid species on thin layer chromatography (Maehama and Dixon, 

1998, Koul et al., 2002) after reaction of purified PTEN with water-soluble PIPs in a reducing 

environment. As an alternative to the measurement of released Pi by malachite green, which 

is highly toxic (Srivastava et al., 2004), the use of radiolabelled PIPs have also been 

reported (Myers et al., 1998), which were later on included in vesicles to assess PTEN lipid 
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phosphatase activity in vitro in a model mimicking the plasma membrane environment 

(Spinelli and Leslie, 2015). However, these assays rely on end-point measurements and 

efforts have been made to achieve continuous monitoring of PTEN activity in vitro. Johnston 

et al. proposed in 2015 an indirect and continuous measurement of PTEN catalytic activity 

based on the reaction of Pi and 7-methyl-6-thioguanosine (MESG) through the catalysis of 

bacterial nucleoside phosphorylase to form ribose-1-phosphate and 7-methyl-6-thioguanine, 

taking advantage of the large absorbance difference of MESG and 7-methyl-6-thioguanine. 

By adding purified PTEN with a soluble version of its natural substrate PIP3 in presence of 

MESG and bacterial nucleoside phosphorylase, the release of Pi by the reaction of PTEN 

with PIP3 can fuel the reaction catalysed by the bacterial nucleoside phosphorylase and the 

formation of 7-methyl-6-thioguanine can be measured (Johnston and Raines, 2015a). In 

contrast, the 3-O-methylfluorescein phosphate (OMFP) assay utilizing the conversion of non-

fluorescent OMFP to fluorescent 3-O-methylfluorescein (OMF) by PTEN is a continuous and 

direct assay measuring PTEN phosphatase activity. Although OMFP is not a natural 

substrate of PTEN, it has been shown that, with a Km of 216 ± 14 µM, it was a suitable 

substrate for PTEN inhibition studies and PTEN drug screening (Mak and Woscholski, 

2015).   

The initial phase of this project focused on the generation of a purified PTEN protein, 

marking the foundational step toward addressing the impact of oxidized lipids HHE and 

PONPC on PTEN function and localization, along with identifying potential lipoxidation sites 

on PTEN. Recombinant PTEN not only offers a controlled experimental platform but also 

allows detailed biochemical and functional investigations. The objectives outlined in this 

chapter were to produce a functional recombinant human PTEN, PTEN-V5-His, using E. coli 

cells and refine the purification protocol to yield a product of adequate quantity and purity for 

subsequent analysis. The primary techniques involved in this endeavour included 

transformation of BL21(DE3) E. coli cells with a plasmid encoding for PTEN-V5-His and 

expression of the protein in these cells, followed by IMAC to purify PTEN-V5-His. Mass 

spectrometry analysis was performed to confirm the identification of human PTEN in the 

purified samples, followed by the assessment of phosphatase activity using the OMFP 

assay. While mass spectrometry demands relatively modest quantities of protein, the OMFP 

assay necessitates larger amounts, particularly when evaluating various treatment 

concentrations across multiple time points. Hence, ensuring sufficient protein yield for 

subsequent experimentation was critical. The successful production of active PTEN was 

imperative for assessing the impact of HHE and PONPC on PTEN's phosphatase activity in 

subsequent experiments. Moreover, the purity of the purified protein held significant 

importance, as contaminants could potentially interfere with PTEN's phosphatase activity, 
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providing misleading results. However, the risk of such interference could be mitigated 

through the identification of contaminants via mass spectrometry, thereby elucidating their 

identities and functions.  
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3.2. Materials and Methods 

3.2.1. Materials 

BL21 (DE3) E. coli competent cells were purchased from ThermoFisher Scientific. This 

strain carries the gene for T7 RNA polymerase under control of a lacUV5 promoter, allowing 

expression induction with IPTG. Mouse anti-PTEN (PTEN (26H9) Mouse mAb, #9556) and 

rabbit anti-PTEN (PTEN rabbit Ab, #9552) were purchased from Cell Signaling Technology 

(The Netherlands). The goat anti-mouse secondary antibody (goat anti-mouse IgG (H+L)- 

Horseradish Peroxidase (HRP) conjugate, #170-6516) was purchased from Bio-Rad (UK) 

and the goat anti-rabbit secondary antibody (Anti-Rabbit IgG (whole molecule)–Peroxidase 

antibody, #A6154) was purchased from Merck (UK).  

3.2.2. Plasmid DNA Purification 

PTEN-V5-His plasmid DNA was purified, quantified and checked for quality as described in 

General Materials and Methods, Sections 2.2 to 2.4. 

3.2.3. Transformation of BL21 (DE3) E. coli Cells with PTEN-V5-His Plasmid 

Competent cells of the E. coli protein expression strain BL21 (DE3) (Sigma-Aldrich, Merck, 

UK), underwent transformation with the JpExpress404 PTEN plasmid (PTEN-V5-His plasmid 

DNA) using the heat shock method. Thawed on ice, competent BL21 (DE3) cells were 

treated with 5, 20, or 80 ng of purified PTEN-V5-His plasmid DNA or nuclease-free water 

(Promega, UK) in a 50 µL volume. The BL21 (DE3) – plasmid DNA mixture was gently 

combined and incubated on ice for 30 minutes. The cells were subjected to heat shock at 

42˚C for 30 seconds and then incubated on ice for 2 minutes. Following this, 250 µL of 

Super Optimal broth with Catabolite repression (SOC) media (Sigma-Aldrich, Merck, UK) 

was added. The cell suspension was incubated in a MaxQ 8000 orbital shaker 

(ThermoFisher Scientific, UK) at 37˚C, 225 rpm for 1 hour. After the initial outgrowth, 50 µL 

or 200 µL of the resulting cultures were plated on LB-agar plates supplemented with 100 

µg/mL ampicillin and incubated for 15 hours in a stationary incubator (Lenton Thermal 

Designs, UK) at 37˚C. The colony-forming unit (CFU) was assessed the next day, and the 

transformation efficiency (TE) was calculated as follows: 

TE ( CFU μg⁄ )= 
CFU 

µg of DNA
×

culture volume (mL)

volume plated (mL)
 

Single colonies from each plate of BL21 (DE3) transformed with 5 and 20 ng of plasmid DNA 

and plated with 50 µL of culture were inoculated into 5 mL of sterile LB medium 

supplemented with 100 µg/mL ampicillin in duplicate. This culture was incubated in a MaxQ 
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8000 orbital shaker (ThermoFisher Scientific, UK) at 37˚C, 220 rpm until the optical density 

at 600 nm (OD600) reached 1, and glycerol stocks were produced by mixing the cultures 1:1 

(V:V) with 50% sterile glycerol and frozen at -80˚C. 

3.2.4. Expression of and Purification of PTEN-V5-His  

Expression and purification of PTEN-V5-His was performed as described in General 

Materials and Methods, section 2.5 and 2.6, respectively. Protein samples were quantified 

as described in General Material and Methods, section 2.9.1. 

3.2.5. Sodium-Dodecyl-Sulfate Polyacrylamide Gel Electrophoresis (SDS-

PAGE) 

SDS-PAGE was performed with 10% acrylamide gels as described in General Materials and 

Methods, section 2.10. 

3.2.6. Western Blotting of PTEN 

All steps were performed at RT on a rocking shaker at 30 rpm, unless stated otherwise. 

Proteins separated by SDS-PAGE were transferred onto a methanol-activated 

polyvinylidene fluoride (PVDF) membrane for 1 hour at 100 V on ice in transfer buffer (25 

mM Tris, 190 mM glycine and 20% methanol) using the Mini Trans-Blot® Cell system (Bio-

Rad, UK) after washing gel and membrane in ice-cold transfer buffer for 10 minutes. The 

membrane was subsequently reactivated with methanol. To check for transfer efficiency, the 

membrane was stained with Ponceau staining solution (0.2% (w/v) Ponceau Red in 5% (v/v) 

glacial acetic acid) and destained in ddH2O for 1 minute. The membrane was completely 

destained by washing further with ddH2O for 5 minutes and 3 times 5 minutes in Tris-

buffered saline-Tween 20 (TBS-T) (20 mM Tris pH 7.5 with 150 mM NaCl and 0.1% (v/v) 

Tween-20).  

The membrane was blocked in blocking solution (5% (m/v) skimmed milk powder in TBS-T) 

for 1 hour at RT and rinsed twice with TBS-T. The membrane was incubated with a solution 

of primary anti-PTEN antibody at a 1:1,000 dilution in blocking solution (for a mouse anti-

PTEN antibody (Cell Signaling Technology, The Netherlands)) or 5% BSA in TBS-T (for a 

rabbit anti-PTEN antibody (Cell Signaling Technology, The Netherlands)) for 1h at RT or O/N 

at 4°C. The membrane was washed 3 x 5 minutes before incubation with an appropriate 

HRP-conjugated secondary antibody in blocking buffer at a dilution of 1:3,000 for the goat 

anti-mouse antibody (Bio-Rad, UK) and 1:10,000 for the goat anti-rabbit antibody (Merck, 

UK). Subsequently, the membrane was rinsed and washed 3 x 10 minutes in TBS-T and 

placed in Tris-buffered saline (TBS, 20 mM Tris pH 7.5 with 150 mM NaCl) before imaging.  



Chapter 3 – Expression and Purification of a Functional Recombinant PTEN 

67 
O. Langlois, PhD Thesis, Aston University, 2024. 

To image the membrane, its surface was covered with SuperSignal™ West Pico 

Chemiluminescent Substrate (ThermoFisher Scientific, UK) or Clarity Western Enhanced 

Chemiluminescence (ECL) Substrate (BioRad, UK), prepared as per the corresponding 

manufacturer’s instructions, and incubated in the dark at RT for 5 minutes. The excess 

substrate was removed and the membrane was placed between two acetate sheets to be 

imaged using a G:Box XR5 and GeneSys software (Syngene, UK). Images were processed 

and analysed with densitometry analysis using the ImageJ software (NIH, USA). 

3.2.7. Mass Spectrometry Analysis of Purified PTEN-V5-His and Co-eluted 

Host Proteins 

3.2.7.1. In-gel Digestion and High performance liquid chromatography coupled 

tandem mass spectrometry (HPLC-MS/MS) 

In-gel digestion of target SDS-PAGE gel bands (contaminants or PTEN-V5-His) and HPLC-

MS/MS were performed as described in General Materials and Methods, section 2.11.1 and 

section 2.11.2, respectively. 

3.2.7.2. Protein Identification 

Protein identification was performed using Mascot Daemon (Matrix Science, USA), using the 

settings in Table 3.2, after MS/MS data files were converted to mzML files using 

ProteoWizard. Data was filtered to provide protein matches with > 2 significant unique 

peptide sequences using a significance threshold of p < 0.05 and with a preferred taxonomy 

for E. coli. Protein outputs with a taxonomy other than E. coli, with the exception of PTEN, 

were excluded from relevant protein matches.   

Table 3.2. Parameters chosen for Mascot searches.  

Setting Parameter used 

Taxonomy All entries 

Database SwissProt 

Fixed Modifications Carbamidomethyl (C) 

Variable Modifications Oxidation (M) 

Enzyme Trypsin 

Maximum Missed Cleavages 1 

Peptide Charge 2+, 3+ and 4+ 

Peptide Tolerance 0.5 Da 

MS/MS Ions Search Yes 

Data Format MzML 

MS/MS Tolerance 0.5 Da 

Instrument ESI-QUAD-TOF 

 

3.2.8. Protein Sequence Similarity Search  
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The protein sequence of human PTEN was searched for similarity against the protein 

sequences of identified contaminants using Basic Local Alignment Search Tool (BLAST, 

NIH, USA) with the Blast 2 sequences program (Altschul et al., 1997, Altschul et al., 2005) 

set to default parameters. Maximum number of target sequences was set to 100 and the 

word size was set to 3. The statistical significance threshold for reporting matches against 

PTEN sequence was 0.05. BLOSUM62 was used as a scoring matrix with existence gap 

costs of 11, extension gap costs of 1 and conditional compositional score matrix adjustment.  

3.2.9. Phosphatase Activity Assay (OMFP Assay)  

3-O-methylfluorescein phosphate (OMFP) was solubilised in DMSO to a stock concentration 

of 20 mM by sonication and stored in the dark at -20˚C in small aliquots to avoid repeated 

freeze-thaw cycles. Prior to the assay, the following reagents were prepared fresh and pre-

warmed to 30°C: 10X assay buffer (250 mM sodium phosphate, 1.5 M NaCl, pH 8.0), 

ddH2O, 100 mM DTT, and 10 mM EDTA. A standard curve for 3-O-methylfluorescein (OMF) 

was generated in triplicates at concentrations of 0, 0.1, 0.25, 0.5, 0.75, 1, 2.5, 5, 7.4, and 10 

µM in 1X assay buffer, with a final volume of 200 µl for each replicate. In triplicates, 20 µg of 

PTEN-V5-His (used within 24 hours post-purification) was prepared in a black, flat-bottomed 

96-well plate along with the OMF standards in 1X assay buffer with 10 mM DTT and 1 mM 

EDTA, reaching a final volume of 200 µl. The plate was manually mixed for 10 seconds and 

pre-warmed for 10-20 minutes at 30°C. Subsequently, 50 µl of OMFP reaction mix in 1X 

assay buffer was added to each well before measurement to reach either increasing 

concentrations of OMFP ranging from 1.3 µg/mL to 260 µg/mL or a fixed concentration of 

130 µg/mL. A positive control with 10 units of alkaline phosphatase was prepared in the 

same way and two negative controls, one without PTEN-V5-His but with OMFP (PTEN-

/OMFP+) and one with PTEN-V5-His but without OMFP (PTEN+/OMFP-) were used for 

background subtraction and control of PTEN-V5-His activity. Fluorescence measurements 

were performed using a FLUOstar Omega microplate reader and MARS Data Analysis 

Software (BMG Labtech, Germany). Gain adjustment was set to 90% of the fluorescence 

value of the highest standard concentration of OMF. The fluorescence was measured 

periodically for 20-35 minutes with 485 nm excitation (485BP1 filter) and 520 nm emission 

(EM520 filter) using, for each cycle, 20 flashes after shaking at 300 rpm for 3 seconds and 

settling for 0.5 seconds. Background hydrolysis of OMFP was eliminated from samples by 

subtracting fluorescence of the PTEN-/OMFP+ control at each time point and the increase in 

fluorescence through conversion of OMFP to OMF was calculated for each sample by 

subtracting the fluorescence at time 0 to the fluorescence at the last time of measurement. 

The increase in fluorescence was converted to the amount of OMF produced (in nmol) using 

the equation of the linear regression of the OMF standard curve and the specific activity of 
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PTEN-V5-His in each sample was calculated by dividing by the time of reaction (in minutes) 

and the amount of PTEN-V5-His (in mg). 

3.2.10. Statistical Analysis 

Data from multiple biological replicates, corresponding to independent purification batches, 

(n≥3) was analysed using GraphPad Prism 8.1.0 to perform one-way ANOVA analysis, 

correcting for multiple comparisons using the Tukey test with a 95% confidence interval. The 

P values were annotated as follows: P > 0.05 (ns), P ≤ 0.05 (*), P ≤ 0.01 (**), P ≤ 0.001 

(***), P ≤ 0.0001 (****). Data is shown as mean values ± SEM unless stated otherwise. 
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3.3. Results 

3.3.1. Purification of PTEN-V5-His plasmid DNA 

The plasmid DNA JpExpress404 PTEN (PTEN-V5-His plasmid DNA) encoding for a 

recombinant PTEN tagged with both a V5 tag and a histidine tag (6xHis) (the map and insert 

sequence of the plasmid was provided in Supplementary Figure 1) was purified from TOP10 

cells to allow transformation of BL21 (DE3) cells. Table 3.3. shows the DNA quantification in 

the purified PTEN-V5-His plasmid DNA purification samples, highlighting concentration, yield 

and purity. While the plasmid extraction from 0.6 mL of bacterial culture led to a DNA 

concentration of 31.0 ± 3.57 ng/µL (mean ± SEM), producing an average yield of 0.93 µg of 

DNA, extracting DNA from 3 mL of bacterial culture allowed a 5.8-fold increase in 

concentration with a final average DNA yield of 5.40 µg. The purity of the purified PTEN-V5-

His plasmid DNA was also increased with the volume of culture used for the extraction. 

Indeed, values of 1.8 for the 260/280 (nm) ratio, mainly showing purity of the DNA against 

proteins, and 2 – 2.2 for the 260/230 (nm) ratio, which becomes appreciably lower than 2 in 

event of contamination with proteins, guanidine-HCl (used for DNA isolations), EDTA, 

carbohydrates, lipids, salts, or phenol, are desirable (Lucena-Aguilar et al., 2016). Although 

the absorbance ratios 260/280 (nm) of DNA extractions from 0.6 and 3 mL were both 

approaching 1.8, the 260/230 (nm) for these DNA extractions varied between volumes of 

culture used for DNA extraction and using 0.6 mL of culture did not lead to an acceptable 

260/230 nm ratio compared to 3 mL of culture.    

Table 3.3. Quantification of the purified PTEN-V5-His plasmid DNA 

Volume of 
culture 

Concentration 
(ng/µL) 

Yield (µg) A 260/280 A 260/230 

0.6 mL 31.0 ± 3.57 0.93 1.72 ± 0.03 1.47 ± 0.10 

3 mL  180 ± 3.63 5.40 1.88 ± 0.02 1.98 ± 0.17 

Data shown as mean ± SEM. 

To verify the identity of the purified DNA, a restriciton digestion analysis was performed 

using a single digestion with EcoRI and a double digestion with the combination of EcoRI 

and XbaI enzymes. The total length of the PTEN-V5-His plamid was 5.3 kilobases (kb). The 

double digestion of this plasmid with EcoRI and XbaI led in theory to a long fragment of 4571 

base pairs and a short fragment of 763 base pairs, which was part of the sequence encoding 

the recombinant protein PTEN-V5-His (Supplementary Figure 1). In Figure 3.1, the 

linearized DNA obtained through a single digestion of the purified PTEN-V5-His plasmid 

DNA with EcoRI showed a single band at approximately 5.5 kb, while a double digestion with 

EcoRI and XbaI led to the formation of a long fragment at approximately 4.5 kb and a 

smaller one at approximately 750 bases, which corresponded to the expected bands. 
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Therefore, the purified DNA was identified as the JpExpress404 PTEN plasmid encoding for 

the recombinant protein PTEN-V5-His. However, the band of the uncut plasmid was found to 

migrate at a distance corresponding to a molecular weight of 8 – 9 kb, which was higher than 

the molecular weight of the linearized form of the plasmid DNA (5.3 kb). This implied that the 

purified plasmid DNA was not extracted under its supercoiled form but a more relaxed form, 

or even with an open-circular conformation.  

 

Figure 3.1. Representative restriction digest analysis of purified PTEN-V5-His plasmid DNA.  

Purified JpExpress404 PTEN plasmid DNA underwent digestion with either EcoRI (single digest) or a 
combination of EcoRI and XbaI (double digest). The uncut plasmid and digested DNA (from single 
and double digests) were separated by electrophoresis on a 1% SybrSafe-stained agarose gel. The 
theoretical lengths of the plasmid and digested fragments were 5.33 kb, 4.57 kb (long fragment), and 
763 bases (short fragment). Middle lanes of the gel were cut out. Kb: kilobases.  
 

Taken together, these data allowed the identification of the purified plasmid as 

JpExpress404 PTEN plasmid DNA (PTEN-V5-His plasmid DNA), which was extracted from 

TOP10 cells in sufficient quantities and purity for subsequent transformation of BL21 (DE3) 

cells for expression and purification of the recombinant PTEN, although the conformation of 

the purified plasmid was not supercoiled. 

3.3.2. The Transformation of BL21 (DE3) E. coli Cells with PTEN-V5-His 

Plasmid DNA Led to Differential PTEN-V5-His Expression 

To allow expression of PTEN-V5-His, BL21 (DE3) cells were transformed with purified 

plasmid A and plasmid B (PTEN-V5-His plasmid DNA from two distinct DNA extractions) 

using 5, 20, or 80 ng of DNA. The growth of colonies on selective LB-agar plates (containing 

ampicillin) was quantified post-transformation. All PTEN-V5-His plasmid DNA transformation 
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conditions supported colony growth (Table 3.4) with colonies of approximately 1-2 mm 

diameter, whilst the control with 0 ng of DNA used for transformation did not lead to bacterial 

growth, suggesting successful transformation and selection. Increasing the volume of 

bacterial culture from 50 µL to 200 µL led to a 4.8- and 4.4-fold increase in number of 

transformants for transformations with 5 ng of plasmid DNA and a 3.3- and 3.7-fold increase 

for transformations with 20 ng of plasmid DNA for plasmid A and plasmid B, respectively. 

However, transformation efficiencies (TE) were similar across volumes, plates and amount 

of DNA used for transformation but varied between plasmid A and B with near to a 2-fold 

decrease for plasmid B to the exception of transformations using 80 ng of DNA. 

Transformation with 80 ng of plasmid DNA resulted in highly confluent colonies, preventing 

the selection of single colonies, especially with a larger culture volume of 200 µL which 

showed fully confluent plates. 

Table 3.4. Colony count and transformation efficiency of BL21 (DE3) with PTEN-V5-His plasmid 
DNA.   

DNA 
(ng) 

Streaked culture 
volume (µL) 

Plasmid A Plasmid B 

Colony count TE (CFU/µg) Colony count TE (CFU/µg) 

0 200 No colony formed 

5 
50 28 3.36 × 104 16 1.92 × 104 

200 134 4.02 × 104 71 2.13 × 104 

20 
50 178 5.34 × 104 90 2.70 × 104 

200 594$ 4.46 × 104 332 2.49 × 104 

80 
50 670$ 5.03 × 104 612$ 4.59 × 104 

200 ND ND ND ND 

TE: transformation efficiency; $: confluent colonies; ND: not determined. 

As single colonies were identified on plates streaked with 50 µL of transformed bacteria with 

both purified plasmids A and B, two single colonies on each plate were randomly selected 

for culture (C1 and C2) to check for PTEN-V5-His expression. After induction of the 

expression of PTEN-V5-His in these cultures, western botting of PTEN in the bacterial whole 

lysates showed that all cultures expressed PTEN-V5-His, identified by the bands at 60 kDa 

(Figure 3.2.B). Interestingly, the molecular weight at which PTEN-V5-His migrated was 

higher (approximatively 60 kDa) than the theoretical molecular weight of the protein (52 kDa) 

and all cultures presented a second band at a lower molecular weight, which was not 

present in the control (purified PTEN-V5-His) and could correspond to mistranslated PTEN-

V5-His. The expression levels of PTEN-V5-His varied across the cultures; C1 of BL21 (DE3) 

transformed with 5 ng of the plasmid A (A-5-50-C1) and C2 of BL21 (DE3) transformed with 

20 ng of plasmid B (B-20-50-C2) showed the most relative PTEN abundance over total 

proteins (Figure 3.2.A) whilst C1 and C2 of BL21 (DE3) transformed with 20 ng of plasmid A 

and C2 of BL21 (DE3) transformed with 5 ng of plasmid B showed approximately a 2-fold 

decrease in relative PTEN abundance (Figure 3.2.C) compared to the above mentioned. 
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Figure 3.2. Quantification of PTEN-V5-His expression in transformed BL21 (DE3) cells.  

(A) Five µg of protein from whole lysates of transformed BL21 (DE3) after expression of PTEN-V5-His 
were separated by SDS-PAGE. (B) Proteins from the SDS-PAGE gel (A) were subjected to western 
blotting of PTEN using anti-PTEN (mouse) and HRP-conjugated anti-mouse antibodies and detected 
with SuperSignal™ West Pico Chemiluminescent substrate (ThermoFisher Scientific). (C) PTEN-V5-
His relative abundance to total proteins was quantified using a densitometry analysis (n=1).  
 

This data suggested that bacteria from the A-5-50-C1 and B-20-50-C2 cultures were the 

most suitable for over-expression of PTEN-V5-His in BL21 (DE3) cells. These were therefore 

chosen for further expression and purification of PTEN-V5-His.  

3.3.3. Optimization of PTEN-V5-His Purification Conditions 

PTEN-V5-His purification was initially performed with 1 mM imidazole in either the BL21 

(DE3) lysate and wash steps, followed by elution using 250 mM imidazole. The elution 

profile, depicted in Figure 3.3.A, revealed that the majority of proteins in the BL21 (DE3) 

lysate were eluted in the lysate flow-through, featuring the highest protein concentration of 5 

mg/mL. This fraction primarily contained proteins unable to bind to the nickel resin employed 

for the His-tagged PTEN purification. The remaining unbound proteins, not eluted in the flow-

through, were swiftly eluted with a binding buffer wash containing 0.1% Triton X-100 and 1 

mM imidazole. This was demonstrated by decreased protein concentration in the first three 

fractions (column volume = 2, 3, and 4) of the binding buffer wash, stabilizing around 0 

mg/mL for subsequent fractions. Washing with a buffer containing 1 mM imidazole without 
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Triton X-100 further depleted proteins from the purification column, reaching a maximum 

concentration of 0.96 mg/mL. Similar to the binding buffer wash elution profile, protein 

concentration in the next fraction stabilized around 0 mg/mL, indicating the absence of 

eluted proteins and suggesting that only bound proteins remained in the purification column. 

Figure 3.3.B illustrates the protein content of fractions in Figure 3.3.A highlighted in red. 

Bands in the lysate flow-through and binding buffer wash fractions 1, 2, and 3 were similar, 

suggesting comparable protein content, albeit in decreasing concentrations as the 

purification column underwent washing. The wash fraction (corresponding to column volume 

21 in Figure 3.3.A) displayed a predominant band at the expected molecular weight of 

PTEN-V5-His (~60 kDa), along with common bands from previous washes but with 

decreased intensity. This can be attributed to a proportional increase in PTEN-V5-His in this 

fraction, where the majority of unbound proteins had already been eluted. However, despite 

larger bands at the expected molecular weight of PTEN-V5-His in elution fractions 1, 2, and 

3 (using 250 mM of imidazole) in Figure 3.3.B, suggesting successful elution and enrichment 

of the target protein, numerous bands above and below the expected molecular weight of 

PTEN-V5-His indicated co-elution of multiple proteins, showing poor sample purity. 

Additionally, a band at the expected molecular weight of PTEN-V5-His was also observed in 

the regeneration sample corresponding to the column volume 42 on Figure 3.3.A), 

suggesting that PTEN-V5-His was not fully recovered during the elution step.  
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Figure 3.3. Purification of PTEN-V5-His using 1 mM of imidazole in washes and 250 mM of 
imidazole for PTEN-V5-His elution. 

(A) Fractions of the flow-through were collected every 1-3 column volumes (0.5-1.5 mL) throughout 
the purification process. The protein concentration of each fraction was measured using a NanoDrop 
2000 (ThermoFisher Scientific, UK) and (B) 5 µg of protein for selected fractions (highlighted in red on 
(A)) were separated by SDS-PAGE. MW: molecular weight. (n=1) 
 

To reduce contamination of PTEN-V5-His with co-eluted proteins and optimize imidazole 

concentration in washes, a step-gradient from 2 mM to 50 mM imidazole was tested to elute 

proteins from a BL21 (DE3) lysate expressing PTEN-V5-His, followed by a final elution with 

250 mM imidazole. Figure 3.4.A illustrates the elution profile of proteins from the BL21 (DE3) 

lysate expressing PTEN-V5-His. Similar to Figure 3.3.A, a majority of proteins were eluted in 

the lysate flow-through, reaching a concentration of 6.55 mg/mL, comprising proteins unable 

to bind to the nickel resin. The remaining unbound proteins were eluted within the first 6 

column volumes of the binding buffer wash, stabilizing around 0 mg/mL for subsequent 

fractions. Washing with a buffer containing 2 mM of imidazole further depleted proteins from 
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the purification column, reaching a maximum concentration of 0.85 mg/mL and stabilizing 

between 0 and 0.1 mg/mL. Washes with 5 mM and 10 mM imidazole did not lead to 

increased protein elution, suggesting depletion of unbound proteins from the purification 

column. An increase in protein concentration was observed in all fractions of the wash using 

25 mM imidazole (0.20 to 0.27 mg/mL), with another peak at 0.15 mg/mL for the wash using 

50 mM imidazole. Elution with 250 mM imidazole resulted in a protein concentration of only 

0.12 mg/mL, and the first fraction of column regeneration showed a concentration of 0.14 

mg/mL, stabilizing around 0 mg/mL. This indicated partial elution of bound proteins with 

washes using 25 mM and 50 mM imidazole, resulting in low protein content in the elution 

fraction. Additionally, protein detection in the regeneration phase indicated incomplete 

recovery of bound proteins during elution. 

To gain more insight in the protein content of these fractions, those exhibiting the highest 

protein concentration for each purification step (highlighted in red in Figure 3.4.A) were 

subjected to SDS-PAGE (Figure 3.4.B), and PTEN-V5-His was identified via western blotting 

(Figure 3.4.C). The protein content of the lysate flow-through and binding buffer wash looked 

similar to the whole lysate (clarified lysate) (Figure 3.4.B), showing that most of the proteins 

from the whole lysate were not able to bind to the nickel resin and were directly eluted. Faint 

bands in the clarified lysate and lysate flow-through identified PTEN, although the signal was 

insufficient for quantification of PTEN lost in the lysate flow-through. Washes with increasing 

imidazole concentrations showed distinct protein contents, with observed bands not 

necessarily at the same molecular weight. Only one band remained in the elution fraction at 

the expected molecular weight of PTEN-V5-His (Figure 3.4.B), indicating that proteins 

previously co-eluted with PTEN-V5-His were eluted at different imidazole concentrations, 

and all were eluted at 50 mM imidazole, leaving only PTEN-V5-His bound to the purification 

column for elution with 250 mM imidazole. PTEN-V5-His was identified in all washes from 10 

mM imidazole (Figure 3.4.C), suggesting that using washes with imidazole concentrations 

higher than 5 mM would result in protein loss in the wash, leading to decreased yield, 

although contaminants were still visible in samples using 10 mM, 25 mM, and 50 mM 

imidazole (Figure 3.4.B). Bands below the molecular weight of PTEN-V5-His were also 

identified in Figure 3.4.C in the 25 mM wash, 50 mM wash and elution fractions but not in 

other fractions, possibly corresponding to degradation products of PTEN-V5-His or mis-

translated protein still able to bind to the purification column.   
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Figure 3.4. Protein elution of BL21 (DE3) – PTEN-V5-His whole lysate using a step gradient of 
imidazole. 

(A) Elution profile of proteins from lysate of BL21 (DE3) expressing PTEN-V5-His. The proteins 
contained in the clarified lysate supplemented with 1 mM of imidazole were eluted of an IMAC column 
with washes containing from 1 mM (binding buffer wash) to 50 mM imidazole. Fractions of the flow-
through were collected every 2 column volumes (1 mL),  with the exception of the lysate flow-through 
and the elution fractions which were collected separately as a whole. The protein concentration of 
each fraction was measured in triplicates using a NanoDrop 2000 (ThermoFisher Scientific, UK). The 
curve between column volumes 4 and 104 was zoomed in for representation purposes. Values are 
mean ± SD (n=1). (B) Selected fractions (highlighted in red in (A)) were separated by SDS-PAGE. 
Five µg of protein were loaded for the clarified lysate, lysate flow through, binding buffer wash, and 2 
mM wash, while 10 µL of the other samples were loaded into the gel. (C) Western blotting of PTEN 
was performed from (B) using anti-PTEN (mouse) and HRP-conjugated anti-mouse antibodies and 
detected with SuperSignal™ West Pico Chemiluminescent substrate (ThermoFisher Scientific, UK). 
MW: molecular weight.  
 

Taken together, these data suggested that increasing the imidazole concentration in the 

washes would lead to higher purity of the purified PTEN-V5-His; however, loss of PTEN-V5-

His was observed with concentrations higher than 5 mM. The purification protocol was 

therefore adapted to use 5 mM of imidazole in washes (including the binding buffer wash 

and subsequent washes), and the target protein was eluted using 250 mM imidazole. 
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Washing the purification column with 5 mM imidazole resulted in reduced contamination of 

the purified PTEN-V5-His compared to purification using 1 mM imidazole (Figure 3.3.B), as 

depicted in Figure 3.5.A. Specifically, eight bands at molecular weights different from the 

expected 60 kDa of PTEN-V5-His were identified in the purified PTEN-V5-His fraction. 

Among these, three were above and five were below 60 kDa. These bands were identified 

on the densitometry plot of the purified PTEN-V5-His lane (Figure 3.5.C). The same 60 kDa 

band and bands deemed contaminants, excluding the one at the highest molecular weight 

(above 180 kDa), were also present in the purified sample after buffer exchange and 

concentration (Figure 3.5.A). This was further supported by the densitometry plots of the 

buffer-exchanged and concentrated PTEN-V5-His lanes, which showed a similar profile 

compared to the purified PTEN-V5-His lane, with the exception of the peak on the left-hand 

side of the densitometry plot of the purified PTEN-V5-His lane, which was not identified in 

Figure 3.5.C.  Figure 3.5.B confirmed the identity of PTEN-V5-His in the purified, buffer-

exchanged, and concentrated PTEN-V5-His samples, where the 60 kDa band was labelled 

by the anti-PTEN antibody. The contaminant identified in the purified sample but not in the 

buffer-exchanged and concentrated samples was also labelled by the anti-PTEN antibody, 

suggesting it might have been an aggregated form of PTEN-V5-His formed during the 

purification process or misfolded during protein synthesis, eliminated during buffer 

exchange, likely due to its high molecular weight. However, the band at the expected 

molecular weight of PTEN-V5-His was also present in all washing fractions, implying that 

some protein was eluted in the washes. This indicated that not all PTEN-V5-His was 

recovered in the elution fraction (purified PTEN-V5-His). 
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Figure 3.5. Purification of PTEN-V5-His using 5 mM of imidazole in washes and 250 mM of 
imidazole for PTEN-V5-His elution.  

(A) Representative SDS-PAGE of proteins in fractions of steps of the purification of PTEN-V5-His and 
in samples after buffer-exchange and concentration of the purified PTEN-V5-His. Two µg of proteins 
were loaded into the gel for PTEN-V5-His control, purified, buffer-exchanged and concentrated PTEN-
V5-His and 10 µL of the other samples were loaded into the gel. (B) Representative western blotting 
of PTEN using anti-PTEN (rabbit) and HRP-anti-rabbit antibodies after SDS-PAGE of the samples for 
which 0.2 µg of PTEN-V5-His control and purified, buffer-exchanged and concentrated PTEN-V5-His 
were loaded into the gel, while 10 µL of the other samples were loaded into the gel. (C) 
Representative densitometry plots of purified, buffer-exchanged, and concentrated PTEN-V5-His. 
Pixel position indicates the top to bottom lane from left to right. 
 

The protein concentration and 260/280 nm ratio of purified, buffer-exchange and 

concentrated PTEN-V5-His was measured using a NanoDrop 2000 (ThermoFisher 

Scientific, UK) based on PTEN-V5-His molecular weight and extinction coefficient. An 

average loss of approximately 1 mg and 0.5 mg was observed between purified and buffer-

exchange, and buffer-exchanged and concentrated samples (Table 3.5). As discussed 

previously, purified PTEN-V5-His displayed protein aggregation that was not found in buffer-
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exchanged and concentrated samples, which would explain the decrease in yield between 

purified and buffer-exchanged samples, as aggregated protein would contribute to the 

measured protein concentration. The protein loss in the concentrated PTEN-V5-His, on the 

other hand, could be explained by retention of the protein in the filter unit. Despite this 

decrease in total yield after the post-purification steps, a satisfactory 4.582 ± 0.727 (mean ± 

SEM) mg of protein were still available for subsequent experiments (Table 3.5). Interestingly, 

the 260/280 nm absorbance ratio of purified PTEN-V5-His was > 1, suggesting 

contamination with DNA, whilst buffer-exchanged and concentrated samples showed 

260/280 nm absorbance ratios of 0.581 ± 0.017 and 0.559 ± 0.005 (mean ± SEM), 

respectively (Table 3.5). This indicated that dialysis of purified PTEN-V5-His into the reaction 

buffer efficiently removed nucleic acids.   

Table 3.5. Protein quantification of post-purification PTEN-V5-His samples. 

 Purified Buffer-exchanged Concentrated 

Concentration (mg/mL) 1.23 ± 0.16 0.73 ± 0.10 1.64 ± 0.20 

Yield (mg) 6.16 ± 0.79 5.11 ± 0.70 4.58 ± 0.73 

A 260/280 1.29 ± 0.11 0.58 ± 0.02 0.56 ± 0.01 

Data shown as mean ± SEM based on measurements in triplicates of 5 biological replicates. 

The densitometry plots (illustrated in Figure 3.5.C) were used to determine the percentage of 

PTEN-V5-His in the purified, buffer-exchanged, and concentrated PTEN-V5-His samples as 

well as in the elution samples resulting of the purification of PTEN-V5-His using 1 mM 

imidazole in the washes (Figure 3.3.B). The purification using 1 mM imidazole in washes 

resulted in elution fractions containing on average 31.1% of PTEN-V5-His, whereas the 

percentage of PTEN-V5-His in the purified, buffer-exchanged and concentrated PTEN-V5-

His samples was almost 2-fold higher with 57.8%, 61.0% and 58.3%, respectively, 

representing a significant difference in purity between the purified PTEN-V5-His samples 

obtained using 1 mM and 5 mM imidazole in the washes (Figure 3.6).  
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Figure 3.6. Percentage of PTEN-V5-His in post-purification samples. 

A densitometry analysis of the purified PTEN-V5-His resulting from washes with 1 mM imidazole was 
performed on Elution 1, 2 and 3 of Figure 3.3.B (technical replicates of one biological replicate: n=1), 
while the analysis of the purified, buffer-exchanged, and concentrated PTEN-V5-His samples using 5 
mM imidazole was performed on three biological replicates (n=3). Data represents the mean ± SEM 
(n=1 for 1 mM imidazole purification; n=3 for 5 mM imidazole purification). Statistical analysis was 
performed using one-way ANOVA with Turkey’s post-test, P > 0.05 (ns).  
 

In conclusion, although purification of PTEN-V5-His using 5 mM imidazole in the washes and 

250 mM imidazole in the elution buffer did lead to approximatively 60% PTEN-V5-His in the 

purified samples, purity was highly improved compared to the purification using 1 mM 

imidazole in the washes. The protein was not fully recovered as some of it was eluted with 

the washes, but sufficient amounts of protein were obtained for further use in experimental 

procedures.  

3.3.4. Identification of Proteins in Purified PTEN-V5-His Samples 

To confirm the purification of the target recombinant PTEN and the absence of proteins that 

could interfere with subsequent activity assays, the proteins that were present in the 60 kDa 

band previously referred as PTEN-V5-His and bands referred as contaminants were 

identified using a HPLC-MS/MS analysis of the peptides resulting from in-gel digestion of 

each band presented in Figure 3.7. 

Band A (> 180 kDa) was previously identified as potential aggregates in the purified samples 

that were not identifiable in buffer-exchanged and concentrated PTEN-V5-His samples 

(Figure 3.5). As previously discussed, these potential aggregates may have been partly 

eliminated during buffer exchange. However, they were visible in the concentrated sample 
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with higher amount of protein (5 µg in SDS-PAGE of Figure 3.7 vs 2 µg in SDS-PAGE of 

Figure 3.5). Band C represented the ~60 kDa band associated with PTEN-V5-His. Bands B 

(~70-80 kDa), D (~40-45 kDa), E (~33-35 kDa), and F (~27 kDa) appeared to correspond to 

co-eluted host proteins, referred to as contaminants. These bands appeared as multiple 

bands, suggesting the existence of several proteins around the same molecular weight that 

were co-eluted with PTEN-V5-His. Due to the challenges associated with manually cutting 

closely located gel bands, these multiple bands were treated as a single entity. Additionally, 

a faint band between bands A and B appeared in the SDS-PAGE of the concentrated 

sample but was too faint for manual identification and cutting for LC-MS/MS analysis.  

 

Figure 3.7. Band selection for LC-MS/MS analysis of proteins in concentrated PTEN-V5-His 
sample. 

Concentrated PTEN-V5-His (5 µg) was resolved on a 10% acrylamide gel through reducing and 
denaturing SDS-PAGE and stained with PageBlue staining solution (ThermoFisher Scientific, UK) 
before imaging using a G:Box XR5 and GeneSys software (Syngene, UK). Images were processed 
and bands were identified using densitometry analysis with the ImageJ software (NIH, USA). Pixel 
position indicates the top to bottom lane from left to right. 
 

Proteins in the excised gel bands A – F were subjected to in-gel digestion with trypsin and 

the resulting peptides were analysed by LC-MS/MS. The identification of proteins in each 

band was performed using Mascot Daemon (Matrix Science, USA) search engine and were 

reported in Table 3.6.  

As anticipated, the protein in band C (~60 kDa) was primarily identified as human PTEN, 

exhibiting a high confidence score of 3896 and a sequence coverage of 45% with 230 

peptide matches spanning 20 different unique peptide sequences. However, it should be 

noted that the full PTEN-V5-His, including the linker, V5-tag, and His-tag, can only be 

assumed to be expressed based on its apparent molecular weight in SDS-PAGE gels. 

25 
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Indeed, the Mascot search, utilized for identification, could only match proteins from the 

SwissProt database, where PTEN is included but not the sequences of the tags.  

Based on data filtering, a total of 22 host proteins were identified alongside human PTEN in 

the concentrated PTEN-V5-His samples (Table 3.6). The presence in bands A and B of only 

proteins that did not match the apparent molecular weight of these bands strongly suggested 

that they represented protein aggregates, as expected. Interestingly, catalase HPII (CATE) 

was found in band A without being present as a single protein in other bands. No clear band 

was identified at its apparent molecular weight (84 kDa) on the SDS-PAGE gel (Figure 3.7) 

and it was not identified in band B (~70-80 kDa). This could indicate that CATE had a higher 

potential for aggregation compared to PTEN and the bifunctional polymyxin resistance 

protein ArnA, another host protein identified in band B. 

As described previously, PTEN was the most confident protein match in band C, indicating 

that it was the most abundant protein in the gel band. It seemed, however, that host proteins 

with similar molecular weights were co-eluted as unique sequences from alkyl hydroperoxide 

reductase subunit F (56 kDa), chaperonin GroEL (57 kDa), L-aspartate oxidase (61 kDa), 

UDP-N-acetylmuramate-L-alanine ligase (murC) (54 kDa) and deoxyguanosinetriphosphate 

triphosphohydrolase (DGTP) (60 kDa) were also detected in band C. While 230 peptide 

matched PTEN sequence, only a maximum of 13 peptide matches were found for these host 

proteins, which implied that they were present in small amounts compared to PTEN-V5-His. 

To a lesser extent, this also related to ArnA and DnaK for band B and large ribosomal 

subunit protein uL2 for band E, which could therefore be considered as the major 

contaminants in PTEN-V5-His samples. 

Surprisingly, PTEN was also detected in bands B, D, E and F; however, the number of 

peptide matches was markedly lower (> 25-fold decrease) compared to band C. This raises 

the possibility of cross-contamination between samples. A similar observation was made for 

GroEL and RL2 which were found in bands corresponding to higher molecular weights (band 

B and band C, respectively) but were confidently identified in bands matching their expected 

molecular weights. The presence of only a few sequences of these proteins in bands of 

higher molecular weights suggested a potential for cross-contamination, further supported by 

the presence of PTEN in all bands. However, the possibility of existence of multimeric states 

or for a potential migration issue in the SDS-PAGE gel, where traces of proteins of lower 

molecular weights could have been found along the migration path, could not be excluded 

for GroEL and uL2. In contrast, ribosomal small subunit pseudouridine synthase A and DNA-

binding transcriptional dual regulator CRP were identified in band E (~30-35 kDa) despite 

their expected molecular weight of 26 and 24 kDa, respectively, but were not found in band 
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F of approximately 27 kDa. Alike PTEN-V5-His, these proteins could migrate in SDS-PAGE 

gels to higher apparent molecular weights, which would explain their presence in band E but 

not F.  

The function of each of the identified proteins was searched on the protein database 

UniProtKB to identify potential phosphatases that could interfere with PTEN phosphatase 

activity in vitro (Table 3.6). Amongst the host proteins, 5 that exhibit exclusively an ATPase 

activity (hydrolysis of adenosine triphosphate) were reported: the chaperone proteins GroEL 

(Fenton and Horwich, 1997), DnaK (McCarty and Walker, 1991) and HtpG (Nadeau et al., 

1993), involved in protein folding and stabilization; the protein involved in replication and 

PriA (Tanaka et al., 2007); and murC, involved in bacterial cell wall synthesis (Liger et al., 

2005). Similarly, DGTP is a triphosphohydrolase that can dephosphorylate nucleotide 

triphosphates (NTPs) with a preference for deoxyguanosine triphosphate (dGTP) (Seto et 

al., 1988a). RapZ was found to have both ATPase and GTPase activities and has been 

shown to dephosphorylate para-nitrophenyl phosphate (pNPP) in vitro (Luciano et al., 2009). 

With the exception of the chaperone proteins GroEL and DnaK, only a few sequences (< 10) 

were identified for these proteins, which implies that their relative abundance was low, 

suggesting that the risk of contribution to the phosphatase activity in the concentrated PTEN-

V5-His sample was low. Additionally, RapZ was the sole protein found to be able to 

dephosphorylate other substrates than NTPs. As both OMFP and pNPP are non-

proteinaceous, non-specific substrates for phosphatases, this represented a risk for 

interference with the subsequent OMFP assays to assess PTEN-V5-His phosphatase 

activity. However, only 3 sequences of RapZ were identified, which suggested a low relative 

abundance of RapZ in the sample and, therefore, a small possibility of contribution to the 

phosphatase activity in the sample.  

Multiple proteins were identified in the SDS-PAGE gel band containing PTEN-V5-His (band 

C). This raised another problem relating to subsequent LC-MS/MS analysis of PTEN-V5-His 

in order to identify potential lipoxidation sites on the protein as common sequences between 

PTEN-V5-His and these host proteins could lead to misidentification of adduction sites. The 

sequence alignment of PTEN with these host proteins showed that they did not share any 

common sequence with PTEN (data not shown) as there was no significant similarity found, 

which ruled out the possibility of misidentification of adduction sites on PTEN. 
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Table 3.6. LC-MS/MS identification of proteins in concentrated PTEN-V5-His bands. 

Band 
(Apparent MW) 

Identified protein Accession 
MW 
(Da) 

Score 
Sequence 
coverage 

(%) 

Num. of peptide matches 
(Num. of significant 
unique sequences) 

Phosphatase 
activity $ 

A 
(>180 kDa) 

 

PTEN PTEN_HUMAN 47706# 522 23 28 (10) ✓ 

Catalase HPII CATE_ECOLI 84224 706 22 23 (15)  

Bifunctional polymyxin resistance 
protein ArnA 

ARNA_ECOBW 74869 402 26 17 (9)  

B 
(~70-80 kDa) 

Bifunctional polymyxin resistance 
protein ArnA 

ARNA_ECOBW 74869 1878 44 77 (15)  

Chaperone protein DnaK DNAK_ECOHS 69146 1633 39 63 (7) ✓ 

PTEN PTEN_HUMAN 47706# 201 13 9 (5) ✓ 

Chaperone protein HtpG HTPG_ECOHS 71378 185 12 6 (6) ✓ 

Primosomal protein N’ PRIA_ECOLI 82231 124 8 5 (5) ✓ 

Chaperonin GroEL CH60_ECO24 57464 95 9 5 (5) ✓ 

Threonine-tRNA ligase SYT_ECO5E 74722 87 6 4 (4)  

Succinate dehydrogenase 
flavoprotein subunit 

SDHA_ECOLI 65008 130 6 3 (3)  

C 
(~60 kDa) 

PTEN PTEN_HUMAN 47706# 3896 45 230 (20) ✓ 

Alkyl hydroperoxide reductase 
subunit F 

AHPF_ECOLI 56484 351 29 13 (13)  

Chaperonin GroEL CH60_ECO24 57464 275 22 12 (12) ✓ 

Large ribosomal subunit protein uL2 RL2_ECO24 29956 167 26 6 (6)  

L-aspartate oxidase NADB_ECO57 60854 164 11 6 (6)  

UDP-N-acetylmuramate--L-alanine 
ligase 

MURC_ECOBW 53706 109 8 4 (4) ✓ 

Deoxyguanosinetriphosphate 
triphosphohydrolase 

DGTP_ECOBW 59688 74 6 3 (3) ✓ 

D 
(~40-45 kDa) 

Succinylornithine transaminase ASTC_ECOBW 43980 622 28 17 (9)  

Bifunctional chorismate 
mutase/prephenate dehydratase 

CMPDT_ECOLI 43312 315 18 13 (8)  
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Chaperone protein DnaJ DNAJ_ECOHS 41589 288 14 9 (5)  

Histidine biosynthesis bifunctional 
protein HisB 

HIS7_ECO57 40606 135 10 4 (4)  

PTEN PTEN_HUMAN 47706# 104 9 4 (4) ✓ 

E 
(~30-35 kDa) 

Large ribosomal subunit protein 
uL2 

RL2_ECO24 
 

29956 1405 51 62 (12)  

Uncharacterized HTH-type 
transcriptional regulator YeiE 

YEIE_ECOLI 
 

32874 190 15 6 (4)  

Ribosomal small subunit 
pseudouridine synthase A 

RSUA_ECOLI 25963 159 25 6 (4)  

Nase adapter protein RapZ RAPZ_ECOBW 32586 140 12 3 (3) ✓ 

DNA-binding transcriptional dual 
regulator CRP 

CRP_ECOLI 23796 99 15 3 (3)  

PTEN PTEN_HUMAN 47706# 57 6 3 (3) ✓ 

F 
(~27 kDa) 

PTEN 
PTEN_HUMAN 

 
47706# 191 17 4 (4) ✓ 

Small ribosomal subunit protein 
uS3 

RS3_ECO24 25967 185 13 4 (3)  

For each band, protein match outputs were ranked (from top to bottom) by the number of peptide matches (high to low) and score (high to low). Data 
represents values for one experiment.  
Protein matches in bold had molecular weights closely matching to the apparent molecular weight of the corresponding SDS-PAGE gel band.  
$: Accessions were searched on UniProtKB database to identify functions. 
#: Molecular weight of endogenous PTEN; molecular weight of PTEN-V5-His = 52018 Da. 
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3.3.5. Post-purification PTEN-V5-His Samples Exhibited Phosphatase Activity 

Prior to quantifying PTEN-V5-His activity, a range of OMFP concentrations were tested with 

concentrated PTEN-V5-His to assess the optimal concentration to be used for the study and 

confirm that PTEN-V5-His was active after purification, buffer-exchange, and concentration. 

Figure 3.8 illustrates the dephosphorylation kinetics of OMFP by concentrated PTEN-V5-His 

across concentrations ranging from 1.3 µM to 260 µM OMFP. Except for 260 µM, all 

concentrations exhibited linear kinetics with a positive slope, indicating active PTEN-V5-His 

capable of dephosphorylating this substrate. The slope increased with OMFP 

concentrations, particularly at 65, 130, and 260 µM, demonstrating a concentration-

dependent enhancement in the rate of OMFP to OMF conversion. However, 260 µM OMFP 

resulted in assay saturation and high variability, shown by the plateau from 30 minutes of 

reaction and the increased errors, respectively, precluding its use for further experiments 

despite its elevated conversion rate. At 34 minutes and 10 seconds, the fluorescence value 

for 130 µM OMFP was twice that of 65 µM OMFP, leading to the selection of 130 µM OMFP 

for quantifying PTEN-V5-His phosphatase activity in purified, buffer-exchanged, and 

concentrated samples. 

 

Figure 3.8. OMFP dephosphorylation by concentrated PTEN-V5-His.  

Increasing concentrations of OMFP with 20 µg of concentrated PTEN-V5-His in triplicates were 
incubated at 30˚C for 34 minutes and 10 seconds. Fluorescence (520 nm) of the product of 
dephosphorylation of OMFP (OMF) was recorded over time and the values were corrected using a 
blank containing the corresponding concentration of OMFP without enzyme. Data points represent 
mean ± SEM of technical triplicates of one independent experiment (n=1). 
 

Using the concentration of 130 µM OMFP, the specific phosphatase activity (given in nmol 

OMF/min/mg PTEN-V5-His) of the purified, buffer-exchanged, and concentrated PTEN-V5-

His was quantified to assess the functionality and stability of PTEN-V5-His throughout the 

process post-purification. As previously described, PTEN-V5-His was found to be active in 
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the concentrated sample. In Figure 3.9, the specific phosphatase activity was measured to 

be 1.270 ± 0.141 (mean ± SEM) nmol OMF/min/mg in concentrated PTEN-V5-His samples, 

which was not found to be significantly different from the purified and buffer-exchanged 

PTEN-V5-His samples which showed specific phosphatase activities of 1.437 ± 0.255 

(mean ± SEM) and 1.165 ± 0.125 (mean ± SEM) nmol OMF/min/mg, respectively.  

 

Figure 3.9. Specific phosphatase activity of PTEN-V5-His in post-purification samples.  

Twenty µg of either purified, buffer-exchanged or concentrated PTEN-V5-His samples were loaded in 
triplicates with 130 µM OMFP and the fluorescence at 520 nm was measured during incubation for 20 
minutes at 30˚C. The amount of OMF produced was calculated using the equation of the regression 
line of an OMF standard curve (Supplementary Figure 2), and the mean specific activity was 
calculated in 4 biological replicates. Values represent mean ± SEM (n=4). Statistical analysis was 
performed using one-way ANOVA with Turkey’s post-test, P > 0.05 (ns). 
 

In conclusion, PTEN-V5-His was purified as an active recombinant protein, able to 

dephosphorylate the OMFP substrate and the specific activity was not modified throughout 

the post-purification process to lead to concentrated PTEN-V5-His, which could be utilized to 

assess the effects of oxidized lipids on PTEN activity in vitro. 
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3.4. Discussion 

The project aimed to purify a functional human PTEN to study its response to oxidized lipids 

in vitro. In this chapter, a recombinant PTEN, PTEN-V5-His, was produced in E. coli and 

purified using IMAC with satisfactory yields of approximately 3 mg/L of culture. Mass 

spectrometry confirmed PTEN's identity, and its phosphatase activity was confirmed with the 

OMFP assay. PTEN-V5-His specific activity was measured to be between 1.2 and 1.4 nmol 

OMF/min/mg protein in post-purification samples (purified, buffer-exchanged, and 

concentrated PTEN-V5-His samples). Optimizing purification was crucial for adequate 

protein yield and purity. Although the percentage of PTEN in the sample only reached 

approximately 60% and contaminants were still identified in the post-purification PTEN-V5-

His samples after optimisation, this represented a substantial increase in purity compared to 

the first trial using 1 mM of imidazole. Furthermore, LC-MS/MS analysis of the remaining 

contaminants suggested that they would not interfere with the OMFP assay to analyse PTEN 

activity in vitro after treatment with oxidized lipids nor with the analysis of PTEN sequence to 

identify potential lipoxidation products of PTEN. 

PTEN-V5-His was successfully expressed in BL21 (DE3) E. coli cells following 

transformation, despite a lower than optimal TE which usually ranges between 105 and 2 x 

109 CFU/µg DNA with chemical transformation (Aune and Aachmann, 2010). The 

experimental TE obtained after transformation of BL21 (DE3) cells with the PTEN-V5-His 

plasmid DNA was quite low (between 2 x 104 and 5 x 104) using chemical transformation 

with the heat-shock method, compared to what has been reported previously (Rahimzadeh 

et al., 2016, Aune and Aachmann, 2010). Multiple factors can trigger low TE, including the 

quality of the competent cells or the size and quality of the plasmid DNA (Aune and 

Aachmann, 2010, Yoshida and Sato, 2009). In this case the latter was most likely 

responsible, as the conformation of the plasmid was not supercoiled. It has previously been 

shown that DNA topology could be an important factor influencing TE, supercoiled plasmid 

DNA resulting in higher TE than relaxed circular conformations (Ohse et al., 1997). This 

could have been counteracted by purification of plasmids at low temperature, for instance, 

which has been shown to yield to the extraction of higher proportions of the supercoiled 

conformation of plasmids (Carbone et al., 2012). However, selection of transformants for 

comparison of expression levels of PTEN-V5-His was not restricted by the low TE as a large 

number of single colonies could be identified, therefore no further optimization was 

performed to obtain a supercoiled form of the PTEN-V5-His plasmid DNA to test this 

hypothesis. 
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LC-MS/MS analysis of the band presumed to be PTEN-V5-His definitively confirmed the 

presence of PTEN in the samples, validating the successful isolation and purification of 

PTEN-V5-His from E. coli. Previous reports have indicated typical yields of recombinant 

PTEN from E. coli expression ranging between 1.5 and 5 mg/L of culture (Johnston and 

Raines, 2015a, Smith, 2022, Arora and Ghosh, 2016, Spinelli and Leslie, 2015). Here, the 

one-step purification process utilizing immobilized nickel-affinity chromatography with the 

His-tagged PTEN resulted in satisfactory yields falling within the range of typical yields found 

in previous studies, despite a slight protein loss after buffer-exchange and concentration. 

However, even with a significant increase in PTEN purity after optimization of the imidazole 

concentration in the purification buffers, contaminants remained. Co-elution of host proteins 

in IMAC purifications occurs frequently (Bolanos-Garcia and Davies, 2006). However, 

characterisation data, including the degree of purity, of recombinant PTEN expressed in E. 

coli and purified is generally scarce in published studies. His-tagged PTEN purifications 

described by Wei et al. (Wei et al., 2015) and Das et al. (Das et al., 2003) reported a > 90% 

pure His-tagged PTEN after a one-step purification both using a Ni-nitrilotriacetic acid (NTA) 

agarose column from Qiagen, which contrasts with our findings. The use of a different affinity 

resin and procedure could explain the discrepancy in PTEN purity. Additionally, Johnston et 

al. reported obtaining  a pure His-tagged PTEN after a multi-step purification involving Ni-

affinity and gel-filtration chromatography, along with anion exchange chromatography, 

although quantitative data was not provided as the purity of PTEN was reported with 

exclusively a cropped image of the SDS-PAGE of their purified samples (Johnston and 

Raines, 2015a). Redfern et al. also utilized a multi-step purification process to achieve a 

purified His-tagged PTEN with purity exceeding 95% (Redfern et al., 2008). In fact, multi-

step purification processes often seem to be used to purify PTEN (Johnston and Raines, 

2015b, Johnston and Raines, 2015a, Wang et al., 2007, Redfern et al., 2008, Zhang et al., 

2022), reflecting the challenges in achieving high purity with a one-step purification 

approach, as observed in this chapter. Consequently, it is important to note that the 

calculated yield was based on total protein yield and not specific to PTEN-V5-His. The actual 

yield of PTEN-V5-His would therefore be 60% of 3 mg/L: 1.8 mg/L of culture. Contamination 

of PTEN-V5-His samples also impacted the amount of protein utilized in phosphatase 

activity assays, as the assay's protein amount was correlated with total proteins, thereby 

influencing the calculation of PTEN-V5-His specific activity. 

According to Bolanos-Garcia and Davies, E. coli stress responsive proteins are the main 

host proteins that co-purify with recombinant proteins in IMAC purifications and they could 

be classified based on the concentration of imidazole required to elute them, which were 30 

to 50 mM, 55 to 80 mM and concentrations exceeding 80 mM (Bolanos-Garcia and Davies, 
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2006). With 5 mM imidazole used to wash proteins off the resin and 250 mM imidazole to 

elute PTEN-V5-His, the concentration of imidazole in wash steps was far below the required 

concentrations to wash these proteins away in order to get a pure PTEN-V5-His, but such 

concentrations could not be used prior to elution as major PTEN-V5-His loss was identified 

in washes containing imidazole concentrations ≥ 25 mM (Figure 3.4). With almost 20% of 

the co-eluted protein being chaperone proteins (4/22), and proteins involved in antioxidant 

defence (CATE and alkyl hydroperoxide reductase subunit F), stress responsive proteins 

were indeed well represented in purified PTEN-V5-His samples. Identification of the PTEN-

V5-His contaminants by mass spectrometry showed that some of the co-eluted host 

proteins, such as ArnA (also called YfbG), GroEL and CRP, were also reported by Bolanos-

Garcia and Davies as commonly co-eluted host proteins. They also showed that native E. 

coli proteins that are co-purified by IMAC exhibit a wide diversity of folds and oligomerisation 

states (Bolanos-Garcia and Davies, 2006), which could explain the presence of GroEL and 

CRP in bands of higher molecular weight. Additionally, ArnA, succinylornithine 

transaminase, and large ribosomal subunit protein uL2 were previously found to be co-eluted 

with His-tagged PTEN (Smith, 2022). Although most of the identified contaminants were 

detected with fewer than 10 peptide matches compared to 230 for PTEN, which suggested 

that they were present in relatively low abundance, the LC-MS/MS analysis was performed 

from different gel bands, making comparisons unreliable. Quantitative LC-MS/MS with direct 

in-solution digestion of the proteins would have given more insights into the relative 

abundance of host proteins found in the PTEN-V5-His samples.  

Ensuring that potential contaminants did not interfere with the assessment of PTEN-V5-His 

activity or the identification of sites of adduction by HHE and PONPC was a crucial 

preliminary step before conducting experiments with the purified PTEN-V5-His samples. 

BLAST analysis revealed no sequence similarity between the host proteins co-eluted in the 

same band as PTEN-V5-His and PTEN. Thus, even if HHE or PONPC were to covalently 

bind to these bacterial proteins, the adduction sites would not be attributed to any PTEN 

sequence. While seven of the identified contaminants (GroEL, DnaK, HtpG, PriA, MurC, 

DGTP, and RapZ) have known phosphatase activities, most of them being NTPases (Fenton 

and Horwich, 1997, McCarty and Walker, 1991, Nadeau et al., 1993, Tanaka et al., 2007, 

Liger et al., 2005, Seto et al., 1988a, Luciano et al., 2009), there was no evidence in the 

literature that they could dephosphorylate OMFP. Nevertheless, the use of pNPP, which (like 

OMFP) is an unnatural substrate to assess phosphatase activity, suggested that RapZ, for 

instance, could be active against other substrates than its natural substrate.  

GroEL is a chaperone protein that can hydrolyse ATP but this activity is dependent on 

complex formation of GroEL with GroES (Madan et al., 2008) which has not been identified 



Chapter 3 – Expression and Purification of a Functional Recombinant PTEN 

92 
O. Langlois, PhD Thesis, Aston University, 2024. 

in the contaminants of PTEN-V5-His. Additionally, in a study of Virmani et al. aiming to show 

that GroEL is involved in the folding of a B. anthracis Serine/Threonine kinase to active form, 

a mixture of GroEL and GroES in presence of pNPP did not lead to dephosphorylation of 

pNPP (Virmani et al., 2018). Similarly, DnaK and HtpG are chaperone proteins carrying an 

ATPase activity (McCarty and Walker, 1991, Nadeau et al., 1993). DnaK ATPase activity 

has been shown to be weak but was stimulated by the presence of DnaJ and GrpE. These 

two proteins were found to stimulate the ATPase activity of DnaK slightly individually with 

DnaK and greatly stimulate it when together, possibly in a sequential manner (Liberek et al., 

1991). DnaJ was also part of the co-eluted host proteins found in PTEN-V5-His samples, but 

not GrpE, implying that DnaK ATPase activity could be slightly stimulated in vitro. Like 

GroEL, DnaK was used in a pNPP assay aiming to evaluate DnaK binding to HspR. 

Bandyopadhyay et al. incubated denatured or renatured his-tagged HspR with native DnaK 

and performed an enzyme-linked immunosorbent assay (ELISA) where the his-tagged HspR 

could bind to the plate surface (Ni-NTA) and alkaline phosphatase-conjugated anti-HspR or 

anti-DnaK antibodies were added to measure pNPP dephosphorylation (Bandyopadhyay et 

al., 2012). In this experiment, binding of anti-DnaK showed an approximate 5-fold increase in 

the abundance of DnaK in denatured HspR samples compared to renatured HspR samples 

but the dephosphorylation of pNPP was comparable between denatured and renatured 

HspR samples when probing with anti-HspR sera. This implied that DnaK, although highly 

abundant in the denatured HspR samples, did not contribute to pNPP dephosphorylation. 

HtpG is a metal-dependent ATPase which exhibits chaperonin activity towards denatured 

proteins in coordination with the DnaK/DnaJ/GrpE chaperone system. HtpG is most active in 

presence of calcium or magnesium but loses its activity in absence of metal (Mangla et al., 

2023) and buffers used in the OMFP assay did not contain such metals.  

There was no evidence of activity against substrates other than natural substrates for PriA, 

DGTP and murC. Furthermore, the ATPase activity of primosomal protein N’ is dependent 

on the presence of DNA (Tanaka et al., 2003), DGTP catalyses the hydrolysis of dGTP to 

deoxyguanosine and triphosphate in a Mg2+-dependent manner (Seto et al., 1988b, 

Beauchamp and Richardson, 1988) and murC only hydrolyses ATP if L-alanine is absent but 

uridine diphosphate-N-acetylmuramate is present with the divalent cations Mg2+, Mn2+ or 

Co2+ (Emanuele Jr et al., 1996). Concentrated PTEN-V5-His samples and OMFP assay 

buffers being exempt of DNA and metals, PriA, DGTP and murC did not seem to represent a 

risk of interference with the assessment of PTEN-V5-His phosphatase activity.  

Because the phosphatase activities of these six proteins are regulated by interaction with 

other proteins, DNA or the presence of metals and, most importantly, they do not seem to 
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act on non-natural substrates, it was unlikely that they could exhibit phosphatase activity 

against OMFP in vitro. 

RapZ is a protein that modulates the synthesis of GlmS, by affecting the processing and 

stability of GlmZ (Kalamorz et al., 2007). Contrasting with the above-mentioned proteins, 

RapZ was found to be able to catalyze dephosphorylation of ATP, GTP but also pNPP with a 

specific activity of 1.75 mol of pNPP/min/mol of enzyme and a Km of 8.65 mM in a study by 

Luciano et al. (Luciano et al., 2009), implying that RapZ was not selective of NTPs. Although 

RapZ seemed to be present in concentrated PTEN-V5-His samples in relatively low 

abundance with only 3 peptide matches identified, this represented the main limitation in the 

study of the phosphatase activity of PTEN-V5-His, which could have been mitigated by 

adding a control with a selective PTEN inhibitor to rule out contribution of other proteins to 

the dephosphorylation of OMFP.   

Although PTEN exhibits the highest affinity for PIP3, followed by IP4, OMFP serves as a 

suitable alternative substrate, with a Km of 216 µM (Mak and Woscholski, 2015). In contrast, 

PTEN's activity against pNPP is notably lower (Mak and Woscholski, 2015, Maehama et al., 

2001). However, assays using PIP3 or IP4 are end-point assays, while OMFP allows 

continuous monitoring of PTEN phosphatase activity, which ensures that measurements are 

taken during the linear phase of the reaction. Mak et al. and Verrastro et al. reported specific 

activities between approximately 0.4 and 0.7 nmol OMF/min/mg protein (Verrastro et al., 

2018, Verrastro et al., 2016, Mak and Woscholski, 2015). Their evaluation of PTEN 

phosphatase activity was conducted using PTEN-GST rather than PTEN-V5-His, and with 

buffers that differed in composition from the experimental conditions described here. This 

variation in experimental procedure could potentially account for the differences observed in 

PTEN specific activity values as PTEN-V5-His specific phosphatase activity against OMFP 

was measured to be approximately 1.4, 1.2 and 1.3 nmol OMF/min/mg protein in purified, 

buffer-exchanged and concentrated PTEN-V5-His samples, respectively. This was similar to 

the specific activity of up to ~1.3 nmol OMF/min/mg of protein reported by Smith using the 

same recombinant PTEN and conditions in the same laboratory (Smith, 2022). The similarity 

between the values obtained in this study and in the study by Smith also suggested that the 

contaminants of PTEN-V5-His samples were not contributing to OMFP dephosphorylation, 

which confirmed the suitability of the purified PTEN-V5-His samples to assess the effects of 

HHE and PONPC on PTEN phosphatase activity. Potential contribution of contaminants to 

phosphatase activity could have been investigated using a selective inhibitor of PTEN 

phosphatase activity, which would suppress hydrolysis of OMFP by PTEN-V5-His. Notably, 

the buffer-exchange and concentration processes applied to PTEN-V5-His did not result in 

any alteration of PTEN activity in vitro, indicating its stability in the designated buffer for 
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subsequent treatment and activity assays. This provided confidence that the purified PTEN-

V5-His would be suitable for measuring PTEN activity accurately using the OMFP assay, 

which allowed investigation of the effects of oxidized lipids on PTEN function described in 

the next chapter. 
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4. Chapter 4 – Functional Consequences of HHE and 

PONPC on PTEN and its Downstream Signalling 

 

4.1. Introduction 

As described previously, PTEN is a redox-sensitive protein that has been shown to be 

inhibited by a few oxidized lipids through the process of lipoxidation (Shearn et al., 2013, 

Shearn et al., 2011b, Covey et al., 2010), which consists in the adduction of proteins by 

oxidized (and electrophilic) lipids (Viedma-Poyatos et al., 2021). In fact, adduction of HNE 

was previously reported (Shearn et al., 2013, Shearn et al., 2011a), as well as adduction by 

acrolein and Δ12-PGJ2 (Covey et al., 2010). Shearn et al. showed in 2011 that 

physiologically relevant concentrations of HNE could activate Akt (increased phosphorylation 

of Ser473 and Thr308) in a time- and concentration-dependant manner and through a PI3K-

dependant mechanism in HepG2 cells and primary hepatocytes. Michael addition of HNE to 

PTEN, leading to its inhibition, was suggested to be the link between exposure to HNE and 

Akt activation (Shearn et al., 2011b, Shearn et al., 2011a). Two years later, the same group 

further examined PTEN lipoxidation and Akt activation in ethanol-fed mice. Redox balance 

was found to be impaired in this model, leading to PTEN lipoxidation and inhibition, and 

subsequent activation of Akt2 (one of the Akt isoforms) in liver. Treatment of a recombinant 

human PTEN with HNE led to the discovery of 9 sites of adduction on the protein. Among 

those, it was suggested that Cys71 and Lys327 were particularly relevant to PTEN function 

as their modification may limit the substrate access to the active site or alter the association 

of PTEN with the membrane and thioredoxin-1, respectively. Interestingly, adduction of the 

catalytic cysteine (Cys124) was not detected (Shearn et al., 2013). Acrolein, HNE and  Δ12-

PGJ2 were also found to covalently modify and inactivate PTEN in MCF-7 cells, increasing 

Akt and β-catenin signalling and cell proliferation (Covey et al., 2010). The site of adduction 

of 15d-PGJ2 on PTEN was identified in vitro and in MCF-7 cells to be Cys136, which 

correlated with the ROS-independent activation of Akt and an oncogenic phenotype in 

xenograft models (Suh et al., 2018). Table 4.1 summarizes the effects of acrolein, HNE, 15d-

PGJ2 and Δ12-PGJ2 on PTEN. Moreover, it seems that the oxidative sensitivity of PTEN 

could be highly influenced by oxidative stress levels. Inactivation of Akt has previously been 

observed at low levels of oxidative stress, where PTEN did not undergo significant thiol 

oxidation, but a further increase in H2O2 levels led to oxidation and inhibition of PTEN and 

correlated activation of Akt (Tan et al., 2015).  
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Table 4.1. Experimental evidence of PTEN lipoxidation and its biological effects. 

Lipid 
peroxidation 

product 

Treatment 
target 

Concentration 
(µM) or  

molar ratio (MR) 

Exposure 
time  

Biological effects 
Modified 
residues 

Reference 

HNE 
 

HepG2 cells 

12.5 to 100 0 to 120 min 

Akt activation (with 25 to 100 µM HNE for 1 h, from 
30 min with 100 µM HNE) via a PI3K-dependent 
mechanism and independent of Akt-specific 
phosphatases inhibition 

NR 
(Shearn et 
al., 2011b) 

12.5 to 250 120 min 
Decreased intracellular levels of reactive oxygen 
species up to 100 µM 

100 60 min 
Increased cellular PIP3 concentration 
Increased levels of PTEN presenting carbonyls 

100 0 to 120 min 
Time-dependent decrease in PTEN phosphorylation 
on S380/T382/383 (activating dephosphorylation) 

25 and 100 60 min 
Inhibition of PTEN phosphatase activity to 40-50% 
(independent from activating dephosphorylation) 

100 
60 min (+24h 

recovery) 
Increased lipid accumulation 

Primary rat 
hepatocytes 

12.5 to 100 60 min Akt activation (at 50 and 100 µM) 

Recombinant 
human 
PTEN 

0.1:1 to 20:1 30 min 
Inhibition of PTEN phosphatase activity in a 
concentration-dependent manner from 1:1 molar ratio 

Michael addition 
(unknown site) 

Recombinant 
human 
PTEN 

1:1 to 10:1 30 min Formation of multimeric forms of PTEN 
Cys(71,136,250) 
Lys(147,223,254, 
313,327,334) 

(Shearn et 
al., 2013) 

MCF-7 cells 10 30 min Increased levels of PTEN presenting carbonyls 

NR 

 
 
 
 

(Covey et 
al., 2010) 

 
 

HEK 293 
cells 

6 0 to 16 h 
Time-dependent increase of cellular phospho-(S473) 
Akt (active), phospho-(S9) GSK3β (inactive) and β-
catenin levels 

STF3A cells 2 to 20 24 h Increased β-catenin signalling 
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Isolated 
PTEN 

10 (unknown MR) NP 57% inhibition of PTEN activity 
 
 
 
 
 
 
 
 
 

(Covey et 
al., 2010) 

Δ12-PGJ2 

MCF-7 cells 
 

10 30 min Increased levels of PTEN presenting carbonyls 

 
 

NR 
 
 
 

 
 

NR 

2 to 20 30 min 
Concentration-dependent increase in Akt 
phosphorylation on T308 

20 0 to 120 min 
Time-dependent increase in Akt phosphorylation on 
T308 

MCF-7 cells 
20 30 

Akt activation without modification of PTEN 
expression levels and activation of PDK1 

1 and 10 NR Akt-dependent increase in cell proliferation 

HEK 293 
cells 

6 0 to 16 h 
Time-dependent increase of cellular phospho-(S473) 
Akt (active), phospho-(S9) GSK3β (inactive) and β-
catenin levels 

STF3A cells 2 to 20 24 h Increased β-catenin signalling 

Isolated 
PTEN 

1 (unknown MR) NR 56% inhibition of PTEN activity 

Acrolein 

MCF-7 cells 20 10 min Increased levels of PTEN presenting carbonyls 

NR 

HEK 293 
cells 

20 0 to 6 h 
Time-dependent increase of cellular phospho-(S473) 
Akt (active), phospho-(S9) GSK3β (inactive) and β-
catenin levels 

STF3A cells 2 to 20 24 h Increased β-catenin signalling 

Isolated 
PTEN 

10 (unknown MR) NR 40% inhibition of PTEN activity 

15d-PGJ2 
MCF-7 cells 

 
10 3 to 48 h 

Time-dependent increase in Akt phosphorylation 
(unspecified phosphorylation site) 
Increased migration 
Time-dependent adduction of endogenous PTEN 
Adduction of transfected PTEN 
Increased cell colony formation 

Cys136 
(Suh et al., 

2018) 
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MDA-MB-
231 cells 

10 3 to 12 h 
Time-dependent increase in Akt phosphorylation 
(unspecified phosphorylation site) 
Time-dependent adduction of endogenous PTEN 

NR 

Recombinant 
PTEN 

30 (unknown MR) 1 h PTEN adduction Cys136 

Balb/c nude 
mice 

xenograft 
model 

2 mg/kg 
Bi-weekly for 

3 weeks 

Increased tumour growth 
Increased Akt phosphorylation in tumour tissues 
(unspecified phosphorylation site) 

NR 

HNE: 4-hydoxy-2-nonenal; Δ12-PGJ2: delta-12-prostaglandin J2; 15d-PGJ2: 15-deoxy-Δ12,14-prostaglandin J2; PIP3: phosphatidylinositol-(3,4,5)-
triphosphate; NR: not reported. 
Molar ratios were expressed as mol of lipid peroxidation product to mol of PTEN (lipid peroxidation product:PTEN). 
Akt activation signifies increased phosphorylation at both Akt Ser473 and Thr308 residues.  
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Investigation of the effects of lipid peroxidation products (LPPs) on PTEN have been 

restricted to the above-mentioned LPPs (acrolein, HNE and Δ12-PGJ2). This study aimed to 

gain more insights into the effects of oxidized lipids on the function and downstream 

signalling of PTEN by investigating two other biologically relevant oxidized lipids: 4-hydroxy-

2-hexenal (HHE) and palmitoyl-oxononanoyl phosphatidylcholine (PONPC). The α-β-

unsaturated aldehyde HHE and the truncated phospholipid PONPC are LPPs originating 

from ω-3 polyunsaturated fatty acids (α-linolenic, eicosapentaenoic or docosahexaenoic 

acid) and phosphatidylcholine esterified-ω-6 polyunsaturated fatty acids (γ-linolenic or 

arachidonic acid), respectively. As such, they can form adducts on macromolecules 

including proteins, which is referred to as protein lipoxidation, and impact biological 

processes (Viedma-Poyatos et al., 2021).  

Although it has been suggested that HHE mediates the anti-inflammatory and antioxidant 

effects of ω-3 polyunsaturated lipids at low concentrations by activation of Nrf2/heme 

oxygenase 1 system (Ishikado et al., 2010, Nakagawa et al., 2014, Ishikado et al., 2013, 

Yang et al., 2018a), it was found to be cytotoxic at high concentrations (Brambilla et al., 

1986, Sousa et al., 2019, Lovell et al., 2012, Bae et al., 2011). In 1986, HHE effects on DNA 

were discovered: after exposure to HHE at a cytotoxic concentration (170 µM), HHE could 

induce a significant amount of DNA fragmentation and an increase in sister-chromatid 

exchange frequency (Brambilla et al., 1986), as well as alkylation of deoxyguanosine via 

Michael addition (Winter et al., 1986). These suggested possible mechanisms for 

genotoxicity. Furthermore, HHE was also found to induce cell apoptosis by modulation of the 

levels of anti-apoptotic B-cell lymphoma 2 protein (Bcl-2) and pro-apoptotic Bcl-2 associated 

X protein through reactive oxygen and free radical species accumulation (Bae et al., 2011, 

Lee et al., 2004b). Interest in HHE-induced protein lipoxidation and impact on biological 

processes grew. In a study by Awada et al., increased HHE-protein adducts were observed 

in a concentration-dependent manner. These HHE-protein adducts were correlated with 

upregulation of glutathione peroxidase 2 and the endoplasmic reticulum chaperone 

immunoglobulin heavy chain-binding protein, which could represent a mechanism to 

counteract HHE-induced inflammation and oxidative stress (Awada et al., 2012). Detection 

of HHE-bound proteins also suggested a role of lipoxidation by HHE in disease progression, 

such as progression of Alzheimer’s disease. Levels of free and protein-bound HHE were 

increased in multiple cerebral regions in the progression of Alzheimer’s disease (Bradley et 

al., 2012). Treatment of primary cortical cultures with HHE to simulate these findings led to a 

time- and concentration-dependent decrease in cell survival and a concentration-dependent 

decrease in glucose uptake in treated cells (Bradley et al., 2012) and subtoxic (2.5 μM) HHE 

concentrations significantly impaired glutamate uptake in primary rat astrocytes (Lovell et al., 
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2012). The impaired glutamate uptake was directly related to an increase in HHE-bound 

excitatory amino acid transporter-2, the main glutamate transporter in the brain (Lovell et al., 

2012). HHE level also correlated with chronic kidney disease (CKD) as HHE plasma 

concentrations and amounts of HHE-bound proteins in plasma of CKD patients were found 

to increase compared to healthy individuals (Soulage et al., 2020). Metabolic processes 

could also be affected by HHE as it decreased glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) activity and protein level in time- and dose-dependent manners (Tsuchiya et al., 

2005) and pyruvate kinase could be inhibited by HHE-induced lipoxidation in vitro and in 

MCF-7 cells (Sousa et al., 2019). The implication of protein lipoxidation by HHE in cell 

signalling particularly illustrates the importance of this LPP in biological processes. For 

instance, the nuclear protein estrogen-related receptor γ (ERR-γ) was found to be modified 

by HHE in the obese state. In vitro lipoxidation decreased the DNA-binding capacity of ERR-

γ and correlated with the obesity-linked down-regulation of many key genes promoting 

mitochondrial bioenergetics (Hauck et al., 2018). Additionally, HHE plays a role in NF-κB 

signalling and is, therefore, associated with inflammatory responses. HHE induced NF-κB 

activation by inhibitor of κB phosphorylation, accompanied by stimulation of iNOS, which can 

lead to activation of various proinflammatory genes (Lee et al., 2004a). An increase in the 

activity of p38 MAPK and extracellular signal-regulated kinase (ERK) was also found in 

parallel, indicating that p38 MAPK and ERK are involved in HHE-induced NF-κB activation 

(Je et al., 2004). Most importantly in the context of this chapter, HHE was capable of 

covalently modifying insulin and disrupted its biological activity and related signalling 

pathways, contributing to diabetic status. HHE-adducted insulin was less effective than 

native insulin in reducing glycemia in mice and had a decreased capacity to stimulate 

glucose uptake in adipocytes and skeletal muscle cells, showing increased insulin-resistance 

(Pillon et al., 2011, Soulage et al., 2018). Impaired insulin-induced phosphorylation of Akt 

was also observed at concentrations ranging from 10 to 100 μM (Soulage et al., 2018), 

which contrasted with the findings on the investigation of PTEN with HNE previously 

discussed, where Akt phosphorylation was found to be increased, suggesting that HHE and 

HNE could have different effects on this signalling pathway. Similarly, HHE reduced insulin-

induced IRS1 phosphorylation, and limited its interaction with the p85 regulatory subunit of 

PI3K (Soulage et al., 2018). Thus, is it evident that HHE has a wide variety of effects on 

enzyme activities and metabolic pathways. 

Although it has been demonstrated that not all oxidized phospholipids have the same 

biological activity and that the active group at the sn-2 position is mainly responsible for it 

(Subbanagounder et al., 2000), investigation of biological effects related to protein 

lipoxidation by PONPC is scarce in the literature, as opposed to the study of the biological 
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effects of mixtures of oxidized phospholipids. Increased levels of oxidized phospholipids, 

including PONPC specifically, were related to lung injury (Ke et al., 2019), periodontitis 

(Ademowo et al., 2020) and myocardial ischaemia-reperfusion injury (Yeang et al., 2019). Ke 

et al. showed in early work that basal levels of PONPC in lungs increased in a two-fold 

manner between young (2 to 4 months old) and old (18 to 24 months old) mice (Ke et al., 

2019). This was put in the context of respiratory infections, to which the elderly population 

was more susceptible. In this context, they demonstrated that PONPC (amongst other 

truncated oxidized phospholipids) had low proinflammatory potential alone but could lead to 

endothelial permeability and exacerbate infection-induced lung injury, particularly in old 

mice, which could be the result of over-expression of the inflammatory markers TNFα, IL-6, 

KC, and IL-1β (Ke et al., 2019, Ke et al., 2023, Karki et al., 2023). PONPC has also been 

found to increase in cardiomyocytes (in vitro and in vivo in rats) following ischaemia and 

reperfusion, along with other oxidized phospholipids, and was the most abundant of the 

detected oxidized phospholipids in another study (Yeang et al., 2019). This was further 

confirmed in patients presenting with ST-elevation myocardial infarction who presented 

increased concentrations of PONPC in plasma after reperfusion, with PONPC being the 

most abundant of the 15 truncated oxidized phospholipids detected (Solati et al., 2021). 

PONPC could induce cell death of cardiomyocytes in vitro and it was found to be located 

mainly in the mitochondria, where it could increase mitochondria permeability (Yeang et al., 

2019). The role of PONPC in cardiomyocyte cell death was further examined by 

Stamenkovic et al., who showed that PONPC could lead to ferroptosis (Stamenkovic et al., 

2021). These data support the concept that PONPC formation is closely related to 

cardiovascular diseases and may contribute to some pathological effects. 

Despite the evident bioactivity of both of these oxidized lipids, a limited understanding exists 

regarding their specific effects. Given that the redox-sensitive protein PTEN plays a pivotal 

role in cellular signalling, it is reasonable to hypothesize that HHE and PONPC, like HNE, 

acrolein, 15d-PGJ2 and Δ12-PGJ2, could modulate PTEN activity and influence critical 

biological processes associated with PTEN. Notably, the structural similarity between HHE 

and HNE, both possessing α-β-unsaturated aldehyde functional groups, suggests a potential 

parallel impact on PTEN function. Most importantly, PONPC is part of truncated oxidized 

phospholipids, a type of oxidized lipids that remains unexplored in their effects on PTEN 

despite their known biological activity. Therefore, investigating the effects of HHE and 

PONPC on PTEN and its downstream signalling could provide valuable insights into the 

interplay between inflammation, oxidative stress, and PTEN-related disorders including 

cancer. As described in Chapter 3, the OMFP assay was successful in assaying PTEN 

phosphatase activity. The effects of HHE and PONPC on PTEN phosphatase activity were 
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therefore measured using this method. PIP3 recruits Akt kinase to the cell membrane where 

PDK1 and mTORC2 phosphorylate Akt on a threonine residue at the 308 th position (Thr308) 

and a serine residue at the 473rd position (Ser473), respectively (Manning and Toker, 2017), 

and PTEN acts as a negative regulator of Akt activation by converting PIP3 to PIP2 

(Maehama and Dixon, 1998). LPPs that can lead to PTEN lipoxidation may interfere with 

PTEN’s ability to regulate the activation of Akt kinase. Therefore, after identifying the 

sublethal concentrations of HHE and PONPC using MTT assays to assess metabolic activity 

of two different cancer cell lines (HCT116 and MCF-7 cells), the effects of HHE and PONPC 

on PTEN’s downstream signalling were evaluated in these cells using western blotting to 

determine the activation (phosphorylated) state of Akt with the hypothesis that, alike HNE, 

HHE could lead to activation of the pathway. 
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4.2. Materials and Methods 

4.2.1. Materials  

3-O-methylfluorescein (OMF) was purchased from Apollo Scientific (UK) and 3-O-

methylfluorescein phosphate (OMFP) was purchased from Merck (UK) as 3-O-

methylfluorescein phosphate cyclohexylammonium salt. Most primary antibodies were 

purchased from Cell Signaling Technology (The Netherlands): rabbit anti-p-Akt (S473) 

(Phospho-Akt (Ser473) Antibody, #9271), rabbit anti-p-Akt (T308) (Phospho-Akt (Thr308) 

(D25E6) XP® Rabbit mAb, #13038) and rabbit anti-PTEN (PTEN rabbit Ab, #9552). Rabbit 

anti-β-actin (Anti-beta Actin antibody, #ab227387) was purchased from Abcam (UK). HRP-

conjugated goat anti-rabbit secondary antibody (Anti-Rabbit IgG (whole molecule) – 

Peroxidase antibody, #A6154) was purchased from Merck (UK).  

4.2.2. Expression and Purification of PTEN-V5-His 

PTEN-V5-His was expressed and purified from BL21 (DE3) cells as described in General 

Materials and Methods, section 2.5 and 2.6, respectively, using binding buffer and wash 

buffer containing 5 mM imidazole and elution buffer containing 250 mM imidazole. The 

purified protein was quantified as described in General Materials and Methods, section 2.9.1. 

4.2.3. Treatment of PTEN-V5-His with HHE and PONPC 

Concentrated PTEN-V5-His at a final concentration of 1 mg/mL (19.2 µM) was treated with 

HHE or PONPC at treatment:PTEN-V5-His molar ratios of 0:1, 0.1:1, 0.5:1, 1:1, 5:1, 10:1 

and 20:1 (0, 1.92, 9.6, 19.2, 96, 192 and 384 µM, respectively) for 30 min or 2 hours at 37˚C. 

To prepare the samples, a 10X stock for each concentration of treatment was prepared in 

PTEN treatment buffer (25 mM sodium phosphate pH 7.4, 150 mM NaCl) and added to 100 

μg of concentrated PTEN-V5-His in a final volume of 100 µL. The samples were incubated 

on a heating block at 37˚C for 30 minutes or 2 hours. Shortly before the end of the 

incubation, a 50 mM sodium borohydride (NaBH4) solution was prepared in PTEN treatment 

buffer, which was added to samples to a final concentration of 5 mM and incubated at RT for 

30 min for complete reduction of the protein and free aldehydes.  

4.2.4. PTEN-V5-His Phosphatase Activity Assay (OMFP Assay) 

4.2.4.1. OMF Standard Curve 

A 10 µM OMF stock solution was prepared from a 20 mM OMF solution (in DMSO) in pre-

warmed OMFP assay buffer (25 mM sodium phosphate pH 8, 150 mM NaCl) at 30˚C. An 

OMF standard curve was prepared in triplicates in a black 96-well plate by diluting the 10 µM 
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OMF stock solution in OMFP assay buffer to obtain concentrations of 0.1, 0.25, 0.5, 0.75, 1, 

2.5, 5, 7.5 and 10 µM in 200 µL final volume per well and a triplicate of 200 µL per well of 

OMFP assay buffer without OMF was added to the plate as a blank.  

4.2.4.2. OMFP Assay of HHE- and PONPC-treated PTEN-V5-His 

OMFP assay of HHE- and PONPC-treated PTEN-V5-His was conducted as described in 

Chapter 3, section 3.2.9, using a final concentration of 130 µM OMFP. Before addition of the 

OMFP mix, two controls were added by duplicating PTEN-/OMFP+ and PTEN+/OMFP- 

controls, which were supplemented with NaBH4 to a final concentration of 0.5 mM. These 

were used for background OMFP hydrolysis subtraction and control of the activity of HHE- 

and PONPC-treated PTEN-V5-His samples. 

4.2.5. Cell Viability Assessment  

4.2.5.1. Seeding of HCT116 and MCF-7 for MTT Standard Curve  

Serial two-fold dilutions of HCT116 and MCF-7 cells were seeded into a non-pyrogenic, 

tissue culture-treated, sterile 96-well plate in triplicates in 100 μL of complete medium 

(McCoy’s 5A (modified) medium for HCT116 cells or DMEM for MCF-7 cells, complemented 

with 10% (v/v) FBS, 100 U/mL penicillin and 100 μg/mL streptomycin), starting with 100,000 

cells per well. As a blank, one triplicate was left cell-free. The plate was incubated at 37˚C, 

5% CO2. After 24 hours, the MTT assay was performed as described below. 

4.2.5.2. Seeding and Treatment of HCT116 and MCF-7 with HHE and PONPC  

Aliquots of 1x104 HCT116 or MCF-7 cells were seeded in a sterile 96-well plate in a final 

volume of 180 μL of complete medium and incubated for 24 hours at 37˚C, 5% CO2. As a 

blank, a triplicate for each cell line was left cell-free. For HHE treatments, 20 μL of a 10X 

HHE stock solution were added in triplicates for each concentration. For PONPC treatments, 

the medium was removed from all wells, 200 μL of a 10X PONPC stock solution were added 

in tubes to complete medium to obtain the desired concentrations, thoroughly mixed, and 

200 μL were added to cells in triplicates for each concentration. Previously prepared vehicle 

solutions were similarly added. As a positive control for cell death, 1 mM H2O2 was added in 

triplicates, either by preparing a 10X solution in PBS for HHE treatment control, or by directly 

diluting H2O2 in complete medium for PONPC treatment control. Plates were then incubated 

for 2, 4 or 24 hours at 37˚C, 5% CO2 and the MTT assay was performed. 

4.2.5.3. The 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 

Assay 
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After incubation, the medium was removed, and the wells were washed with PBS. An aliquot 

of 90 μL of phenol red-free empty medium (McCoy’s 5A for HCT116 and DMEM for MCF-7, 

without FBS, penicillin and streptomycin) as well as 10 μL of MTT solution (5 mg/mL MTT in 

PBS) were added in each well. Plates were manually shaken for 15 seconds and incubated 

at 37˚C, 5% CO2 for 3 hours. Viable cells with active mitochondria convert MTT into 

insoluble purple formazan crystals via enzymatic reduction. Dead or non-metabolically active 

cells do not perform this conversion (Ghasemi et al., 2021). Formazan crystals were 

solubilized by resuspension in 100 μL of 40 mM HCl, 0.1% Triton X-100 in isopropanol and 

shaking on a plate shaker at 1050 rpm for 30 min at room temperature. The absorbance at 

570 nm was measured using a Multiskan GO plate reader (ThermoFisher Scientific, UK) and 

data was processed using the GraphPad Prism 8.1.0 software (GraphPad, USA). 

4.2.6. Insulin Stimulation of HCT116 and MCF-7 Cells 

Sterile 6-well plates were seeded with 1x106 HCT116 or MCF-7 cells per well and incubated 

for 18 to 20 h at 37˚C, 5% CO2. The media was removed, and cells were washed twice with 

PBS and starved in FBS-free media (McCoy’s 5A (modified) medium for HCT116 cells or 

DMEM for MCF-7 cells, supplemented with 100 U/mL penicillin and 100 μg/mL streptomycin) 

for 2 h at 37˚C, 5% CO2. Control cells (unstimulated) were directly lysed while the media for 

insulin-stimulated cells was replaced with complete media (McCoy’s 5A (modified) medium 

for HCT116 cells or DMEM for MCF-7 cells, supplemented with 10% FBS, 100 U/mL 

penicillin and 100 μg/mL streptomycin) supplemented with 10 nM or 50 nM insulin. After 5, 

10, 20, 30 or 60 min incubation at 37˚C, 5% CO2, cells were harvested and lysed.   

4.2.7. Treatment with HHE and PONPC of Insulin-Stimulated HCT116 and MCF-

7 cells 

Sterile clear 6-well plates were seeded with 1x106 HCT116 or MCF-7 cells per well and 

incubated for 18 to 20 hours at 37˚C, 5% CO2. Cells were treated, accordingly to General 

Materials and Methods, section 2.8, with 5, 10, 25 or 50 µM HHE or PONPC for 30 min, 2 h 

or 4 h at 37˚C, 5% CO2 or untreated by adding an equal amount of PBS for HHE controls or 

complete media for PONPC controls (Ctrl), or ethanol (Vehicle) and incubated for 30 min, 2 

h or 4 h at 37˚C, 5% CO2. All HHE- and PONPC-treated cells as well as controls were 

stimulated with 10 nM insulin for 60 min prior to cell lysis. 

4.2.8. Cell Lysis 

HCT116 and MCF-7 cells were washed twice with ice-cold PBS on ice and scraped in 100 

µL/well of lysis buffer (50 mM Tris-HCl pH 7.5, 1 mM EDTA, 150 mM NaCl and 1% Triton X-

100) supplemented with 1 mM PMSF, cOmplete™ EDTA-free protease inhibitor cocktail 
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(Merck, UK) and Pierce phosphatase inhibitor (ThermoFisher Scientific, UK) as per 

manufacturer’s instructions. Cell suspensions were transferred to microcentrifuge tubes and 

agitated at 4˚C for 30 min. Protein lysates (supernatants) were harvested after centrifugation 

at 14,000 x g for 10 min. Total protein concentration of each sample was assessed as 

described in General Materials and Methods, section 2.9.2. 

4.2.9. SDS-PAGE  

SDS-PAGE was performed with 10% acrylamide gels and 20 μg of protein per well as 

described in General Materials and Methods, section 2.10. 

4.2.10. Western Blotting of PTEN/Akt Signalling Proteins 

4.2.10.1. Protein Transfer 

Proteins separated by SDS-PAGE were transferred onto methanol-activated PVDF 

membranes at 30 V overnight in transfer buffer (25 mM Tris, 190 mM glycine and 20% 

methanol) at 4˚C using the Mini Trans-Blot® Cell system (Bio-Rad, UK). The membranes 

were subsequently reactivated with methanol, stained with a Ponceau S staining solution 

(0.2% (w/v) Ponceau S/5% (v/v) glacial acetic acid) to check for transfer efficiency and 

destained in water for 5 min and 3 times 5 min in TBS-T. 

4.2.10.2. Immunoblotting 

P-Akt (S473), p-Akt (T308), total Akt (t-Akt), PTEN and β-actin (loading control) were 

successively probed with specific primary antibodies. The PVDF membranes were blocked 

in blocking solution (5% milk powder in TBS-T) for 1 hour at RT, incubated with anti-p-Akt 

primary antibodies in 5% BSA in TBS-T at the working dilution of 1:1,000 overnight at 4˚C, 

washed in TBS-T (3 washes of 5 minutes each), incubated with HRP-conjugated anti-rabbit 

secondary antibodies in blocking solution at the working concentration of 1:5,000 for 1 hour 

at RT and imaged. Membranes were stripped of antibodies with stripping buffer (200 mM 

glycine, 3.5 mM SDS and 1% Tween-20, pH 2.2) for 10 minutes twice on a rocking shaker at 

maximum speed, washed twice in TBS (2 mM Tris, 150 mM NaCl) for 10 minutes and twice 

in TBS-T for 5 minutes. Following another blocking step as previously described, t-Akt 

probing followed the same steps with the anti-Akt primary antibody and same secondary 

antibody in blocking solution at a 1:10,000 dilution and the membranes were stripped as 

previously described. For PTEN and β-actin, the PVDF membranes were blocked as 

previously described, incubated with anti-PTEN primary antibodies in blocking solution at the 

working dilution of 1:1000 overnight at 4˚C and washed in TBS-T (3 washes of 5 minutes 

each). The membranes were then incubated with anti-β-actin primary antibodies in blocking 
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solution at the working dilution of 1:5000 for 1 hour at RT, washed in TBS-T (3 washes of 5 

minutes each), incubated with HRP-conjugated anti-rabbit secondary antibodies in blocking 

solution at the working concentration of 1:10,000 for 1 hour at RT and imaged. PTEN and β-

actin were initially probed separately to ensure proper labelling. 

4.2.10.3. Imaging 

After each incubation with HRP-conjugated secondary antibodies, membranes were washed 

intensively (3 washes of 10 minutes each) in TBS-T, rinsed in TBS and incubated with either 

SuperSignal™ West Atto Ultimate substrate (TheroFisher scientific, UK), Clarity Western 

ECL Substrate (Bio-Rad, UK) or EZ-ECL (Biological Industries, Israel) as per manufacturer’s 

instructions. Membranes were placed between two acetate sheets and imaged using a 

G:Box XR5 with GeneSys software (Syngene, UK) or a ChemiDoc MP (Bio-Rad, UK). 

Images were processed using the software ImageJ. The density of the signal for each band 

was determined after light background subtraction using a rolling ball radius of 100 and 

either normalized to t-Akt intensity for p-Akt or to β-actin for PTEN using the Excel software 

(Microsoft, USA). The normalized density values were subsequently normalized to the 

vehicle control on GraphPad Prism 8.1.0. (GraphPad, USA). 

4.2.11. Statistical Analysis 

Statistical analysis was performed on GraphPad Prism 8.1.0. (GraphPad, USA). Data from 

three or more biological replicates with one variable was analysed using one-way ANOVA 

analysis, correcting for multiple comparisons using the Tukey post-test. Data from three or 

more biological replicates with two variables was analysed using two-way ANOVA analysis, 

correcting for multiple comparisons using Dunnett’s post-test when comparing to untreated 

control or using Sidak’s post-test for comparisons within a variable. In the event of missing 

replicates in a two-variable analysis, statistical analysis was performed using a mixed-effects 

analysis with correction for multiple comparisons as previously described. Statistical 

significance was defined as P < 0.05. The P values were annotated as follows: P > 0.05 (ns), 

P ≤ 0.05 (*), P ≤ 0.01 (**), P ≤ 0.001 (***), P ≤ 0.0001 (****). Data is shown as mean values 

± SEM unless stated otherwise. 
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4.3. Results 

4.3.1. Effects of Conditions for PTEN Treatment with Oxidized Lipids on PTEN-

V5-His Phosphatase Activity  

To uncover the scope of parameters influencing PTEN-V5-His specific activity in these 

experiments, the specific activity of untreated samples subjected to the same conditions as 

HHE- or PONPC-treated samples (reduction with 5 mM NaBH4 for 30 minutes at RT and 

incubation for 30 minutes or 2 hours at 37˚C) were compared with concentrated PTEN-V5-

His (not reduced by NaBH4 and not incubated at 37˚C). The specific activity of PTEN-V5-His 

after incubation for 2 hours at 37˚C was significantly lower than the non-incubated PTEN-V5-

His (Figure 4.1). This suggests that activity is partially lost over time, possibly due to 

oxidation of PTEN-V5-His or degradation by proteases. However, the specific activity of 

PTEN-V5-His was not significantly different between samples incubated at 37˚C for 30 

minutes and not incubated, which showed that reduction of the protein had no significant 

impact on its specific activity. 

 

Figure 4.1. Effect of incubation at 37˚C of PTEN-V5-His on its specific phosphatase activity. 

Twenty µg of either untreated and not incubated concentrated PTEN-V5-His or NaBH4-treated (5 mM 
for 30 min at RT) and incubated for 30 or 120 min at 37˚C were loaded in triplicates with 130 µM 
OMFP and the fluorescence at 520 nm was measured during incubation for 20 minutes at 30˚C. The 
amount of OMF produced was calculated using the equation of the regression line of an OMF 
standard curve (Supplementary Figure 2), and the mean specific activity was calculated for each 
biological replicate. Data represents mean ± SEM of 4 biological replicates (n=4) for 0 min incubation 
and 6 biological replicates (n=6) for 30 and 120 min incubation. Statistical analysis was performed 
using one-way ANOVA with Turkey’s post-test; P > 0.05 (ns), P ≤ 0.05 (*). 
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As incubation times influenced PTEN-V5-His specific activity, normalization of data to 

untreated samples was used in subsequent measurements to compare 30 minutes and 2 

hours treatments.  

4.3.2. HHE and PONPC Inhibited PTEN-V5-His Phosphatase Activity in a 

Concentration- and Time-Dependent Manner 

To identify the effects of HHE and PONPC on PTEN phosphatase activity, the specific 

activity against OMFP of PTEN-V5-His was measured after treatment with increasing 

concentrations of HHE or PONPC (0.1:1, 0.5:1, 1:1, 5:1, 10:1 and 20:1 treatment:PTEN-V5-

His molar ratios corresponding to treatment concentrations of 1.92, 9.6, 19.2, 96, 192 and 

384 µM, respectively) for 30 minutes and 2 hours in vitro. This was normalized to the 

untreated control to account for the contribution of incubation times at 37˚C to the 

modification of PTEN-V5-His specific phosphatase activity.  

In Figure 4.2, a significant decrease in specific phosphatase activity was observed for PTEN-

V5-His treated with HHE and PONPC for 30 minutes and 2 hours. HHE led to a significant 

inhibition of PTEN-V5-His phosphatase activity from 10:1 and 5:1 HHE:PTEN-V5-His molar 

ratios after treatment for 30 minutes and 2 hours, respectively. At a 20:1 HHE:PTEN-V5-His 

molar ratio, only 32.7±2.9% and 8.9±1.0% (mean ± SEM) of the specific phosphatase 

activity of PTEN-V5-His remained after treatment for 30 minutes and 2 hours, respectively 

(Figure 4.2.A). PONPC showed a similar effect on PTEN-V5-His but at lower treatment 

concentrations, with a PTEN-V5-His specific phosphatase activity significantly lower from 1:1 

PONPC:PTEN-V5-His molar ratios for both 30 minutes and 2 hours treatments (Figure 

4.2.B). Surprisingly, the percentage of PTEN-V5-His activity in samples treated with a 1:1 

HHE:PTEN-V5-His molar ratio for 2 hours was not found to be significantly different from the 

control although it led to a value of 88.1±11.2% activity (mean±SEM) (Figure 4.2.A), which 

was comparable to the values obtained with PONPC in the corresponding conditions 

(86.7±2.4% and 87.1±4.0% (mean±SEM) for 30 minute- and 2 hour-treatments, 

respectively) (Figure 4.2.B). This was possibly due to the higher variance obtained with the 

HHE treatment. At a PONPC:PTEN-V5-His molar ratio of 20:1, the remaining fraction of 

active PTEN-V5-His was comparable to HHE, with 28.3±1.3% and 7.7±3.8% (mean±SEM) 

for 30 minutes and 2 hours treatments, respectively (Figure 4.2.B).  

At concentrations of HHE and PONPC inhibiting PTEN-V5-His, the decrease in specific 

phosphatase activity was generally higher after 2 hours than after 30 minutes of treatment, 

suggesting that the inhibitions of PTEN-V5-His by HHE and PONPC was also time-

dependent. As Figure 4.2.A showed, HHE significantly decreased PTEN-V5-His 

phosphatase activity at a HHE:PTEN-V5-His molar ratio of 5:1 after 2 hours treatment, but 
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not after 30 min treatment, and this was highlighted with a P value of 0.0108 and a 30.6% 

mean difference in percentage activity between the 30 minutes- and 2 hours-treatments. 

Similarly, at a molar ratio of 10:1, the inhibition of PTEN-V5-His by HHE was stronger after 2 

hours than after 30 minutes of treatment with a percentage activity of 72.9±6.7% and 

24.18±1.5% (mean±SEM), respectively, leading to difference of 48.7% percentage activity 

and a P value of 0.0002. In contrast, the difference of resulting PTEN-V5-His activity 

between 30 minutes and 2 hours treatments with a 20:1 HHE:PTEN-V5-His molar ratio did 

not lead to a significant difference, although the mean difference was 23.8%. For PONPC, 

the difference in percentage activity of PTEN-V5-His between 30 minutes- and 2 hours-

treatments was significant with P values ≤ 0.0001 for PONPC:PTEN-V5-His molar ratios of 

5:1, 10:1 and 20:1, but not for a molar ratio of 1:1. This suggested that an equimolar 

presence of PONPC with PTEN-V5-His could lead to the inhibition of PTEN-V5-His but that 

time of exposure to PONPC was enhancing PTEN-V5-His inhibition with higher 

concentrations only. However, it cannot be excluded that enhancement of the inhibition of 

PTEN-V5-His could be observed for longer treatment durations.  

  

Figure 4.2. HHE and PONPC inhibited PTEN-V5-His in a time- and concentration-dependent 
manner. 

Concentrated PTEN-V5-His was untreated or treated with increasing molar ratios of HHE (A) or 
PONPC (B) for 30 min and 2 h at 37˚C, followed by reduction with 5 mM NaBH4 for 30 min at RT. 
Twenty µg of untreated or treated samples were loaded in triplicates in a black 96-well plate with 130 
µM OMFP for 20 min at 30˚C, while fluorescence at 520 nm was measured periodically. PTEN-V5-His 
specific phosphatase activity was calculated based on the linear regression of an OMF standard 
curve (Supplementary Figure 2) and normalized to the untreated control. Data represents mean ± 
SEM of 3 biological replicates measured in triplicates (n=3). Statistical analysis was performed using 
two-way ANOVA with multiple comparisons to the untreated control using Dunnett’s post-test to test 
the effect of treatment concentrations (P > 0.5 (ns), P ≤ 0.05 (*), P ≤ 0.01 (**), P ≤ 0.001 (***), P ≤ 
0.0001 (****)) or with Sidak’s post-test to test the effect of time of exposure at a fixed treatment 
concentration (P > 0.5 (ns), P ≤ 0.05 (#), P ≤ 0.01 (##), P ≤ 0.001 (###), P ≤ 0.0001 (####)). 
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4.3.3. Toxicity of HHE and PONPC on HCT116 and MCF-7 Cells 

The effects of HHE and PONPC on HCT116 and MCF-7 cell viability were investigated to 

identify sublethal concentrations. Prior to assaying HHE and PONPC, it was essential to 

identify the optimal seeding cell density for MTT assays (in a 96-well plate format). This was 

determined by seeding HCT116 and MCF-7 cells in a two-fold dilution series from 100,000 

cells per well and performing MTT assays after 24 hours incubation at 37˚C. The aim was to 

identify a seeding cell density with a resulting absorbance value at 570 nm from solubilized 

formazan that was falling within a linear range and exhibiting minimal variance to be able to 

accurately detect variation of cell viability when assaying HHE and PONPC. A linear 

correlation between cell number and MTT-induced absorbance (R2 ≥ 0.98) was obtained up 

to 50,000 cells per well for HCT116 cells and 12,500 cells per well for MCF-7 cells (Figure 

4.3). However, although a linear correlation could be identified up to 50,000 cells per well for 

HCT116 cells, the intersection at the Y axis increased with the seeding density (Figure 

4.3.C). A seeding cell density of 10,000 cells per well was therefore chosen for MTT assays 

using HCT116 and MCF-7 cells as a compromise between resulting absorbance, acceptable 

regression coefficient, and limited variance. 
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Maximum cell density R2 Y axis intersection R2 Y axis intersection 

3,125 0.9929 0.0023 0.9979 0.001917 

6,250 0.9892 0.0089 0.9960 0.0086 

12,500 0.9895 0.0132 0.9855 0.0236 

25,000 0.9928 0.0249 0.9759 0.0499 

50,000 0.9881 0.0444 0.9782 0.0805 

100,000 0.9773 0.0810 0.9634 0.1373 

 

Figure 4.3. MTT assay standard curve of HCT116 and MCF-7 cells and linearity of the assay. 

HCT116 and MCF-7 cells were seeded in triplicates in a 96-well plate at densities shown. After 
incubation at 37˚C for 24 h, the MTT assay was performed and the absorbance at 570 nm was 
measured using a Multiskan Go plate reader (ThermoFisher Scientific, UK). The results are 
expressed as mean ± SEM of three biological replicates measured in triplicates (n=3). (A) shows the 
viability of HCT116 and MCF-7 cells. (B) is a representation of the linearity of the MTT assay with 
HCT116 cells and MCF-7 cells using seeding cell densities up to 12,500 cells/well. Linearity was 

A B 

C 
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determined by a linear regression analysis (dotted lines) in Graphpad Prism 8.0. (C) presents the 
regression coefficients and intersection to Y axis of the linear regression lines plotted with different 
maximum seeding cell densities.  
 

To assess the impact of HHE and PONPC on cell viability and determine suitable working 

concentrations for experimental use without inducing cell death, MTT assays were 

conducted on HCT116 and MCF-7 cells following treatment with varying concentrations of 

HHE and PONPC for 2, 4, and 24 hours. HCT116 cells seemed to be more sensitive to HHE 

and PONPC than MCF-7 cells, with generally lower viability with treatment concentrations 

and time of exposure, which was particularly visible for HHE (Figure 4.4). HHE showed a 

time- and concentration-dependent effect on cell viability of both HCT116 and MCF-7 cells, 

with a significant decrease of HCT116 cell viability (up to ~20%) from 100 µM, 50 µM and 25 

µM after 2 hours, 4 hours and 24 hours of treatment, respectively (Figure 4.4.A), while MCF-

7 cell viability was only found to be significantly decreased (up to ~50%) at a concentration 

of 100 µM after 4 and 24 hours of exposure (Figure 4.4.B). In contrast, PONPC only showed 

a similar effect after treatment of HCT116 cells for 4 hours, where a significant decrease in 

cell viability was observed with increasing concentrations of PONPC, ultimately reaching 

60% viability (Figure 4.4.C). Interestingly, the viability of HCT116 cells treated with PONPC 

for 2 and 24 hours seemed to decrease slightly (from 100% to 80%) for concentrations up to 

10 µM and to increase to basal levels at higher concentrations (Figure 4.4.C). This was not 

observed in MCF-7 cells. In the latter, PONPC did not seem to affect cell viability with 

PONPC at concentrations up to 50 µM after 2 and 4 hours of exposure (Figure 4.4.D). 

However, although only treatment of MCF-7 cells with 50 µM PONPC for 24 hours led to a 

statistical difference in cell viability, it seemed that 24 hours of exposure of MCF-7 cells to 

PONPC could affect cell viability at lower concentrations with cell viabilities ranging between 

89.8% and 84.3% (Figure 4.4.D). These results suggested that HHE exhibits greater toxicity 

compared to PONPC, particularly evident in HCT116 cells.  

As 24 hours of treatment showed generally more effects on HCT116 (except for PONPC 

treatments) and MCF-7 cells viability, further investigation of the biological effects of HHE 

and PONPC were performed at lower time points to avoid cell toxicity. This is important to 

note as this study would relate to acute effects of exposure to these oxidized lipids, rather 

than chronic exposure to low concentrations of HHE and PONPC. When considering 2 and 4 

hours of treatment with HHE and PONPC, with the exception of PONPC treatment of 

HCT116 cells which raised a concern of cell toxicity with an average value of 60% cell 

viability at 50 µM PONPC, 50 µM of both HHE and PONPC seemed to be the critical 

concentration where significant decrease in cell viability could be observed in both cell lines 

with cell viabilities ranging from 85.9% to 101.7%. Therefore, this concentration was chosen 

as maximal concentration for biological assays.  
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Figure 4.4. Effects of HHE and PONPC on HCT116 and MCF-7 cell viability. 

(A) Cell viability of HCT116 cells in response to HHE. (B) Cell viability of MCF-7 cells in response to 
HHE. (C) Cell viability of HCT116 cells in response to PONPC. (D) Cell viability of MCF-7 cells in 
response to PONPC. HCT116 and MCF-7 cells were untreated or treated with HHE or PONPC at 
various concentrations for 2, 4 and 24 h, and cell viability was determined using MTT assays. The 
control (untreated, in vehicle) group corresponds to 100% of viable cells. Data is presented as the 
mean percentage of viability compared to the untreated control ± SEM (n=6 and n=5 for HCT116 cells 
treated with HHE and MCF-7 cells treated with HHE, respectively, and n=3 for PONPC treatments on 
HCT116 and MCF-7 cells). Statistical analysis was performed using two-way ANOVA with Dunnett’s 
post-test for multiple comparisons to the untreated control; absence of annotation represents P >0.05 
(ns), P ≤ 0.05 (*), P ≤ 0.01 (**), P ≤ 0.001 (***), P ≤ 0.0001 (****). 

 

The MTT assays conducted provided insight into the broader cellular context of these human 

cancer cells following exposure to HHE and PONPC. It is evident that HHE and PONPC, 

rather than specifically targeting PTEN, would influence multiple cellular components and 

various biological processes simultaneously as an array of different biomolecules can be 

affected by such molecules, including components of the PI3K/PTEN/Akt pathway. Indeed, 

while PTEN limits proliferation and survival, viability was lost, which suggested that multiple 

C D 
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components were affected, as inhibition of PTEN alone would be expected to lead to 

increased proliferation. 

4.3.4. Insulin Reversibly Stimulated Phosphorylation of Akt in HCT116 and 

MCF-7 Cells  

In a cellular context, PTEN is particularly known for its role in negatively regulating the 

PI3K/Akt signalling pathway. As dephosphorylation of PIP3 occurs via PTEN catalysis, 

PTEN indirectly inhibits Akt, which is naturally activated in the presence of PIP3 by 

phosphorylation of two different sites: serine at the 473rd position (Ser473) and threonine at 

the 308th position (Thr308). Activation of Akt is dependent on the interaction of tyrosine 

kinase receptors with their ligand, like the insulin receptor with insulin, for instance. When 

PTEN lipid phosphatase activity is inhibited or lost, Akt phosphorylation is enhanced as 

cellular PIP3 abundance increases. To investigate if HHE and PONPC could affect PTEN 

lipid phosphatase activity in cellulo, the phosphorylation state of Akt was examined in insulin-

stimulated cells.  

The kinetics of insulin-induced Akt phosphorylation were first investigated in HCT116 and 

MCF-7 cells by subjecting serum-deprived cells to 10 nM or 50 nM insulin in complete media 

for durations ranging from 5 to 60 minutes. Immunoblotting for phospho(p)-Akt (S473) and p-

Akt (T308) (Figure 4.5) revealed notable phosphorylation of Akt at both sites 30 minutes 

following insulin stimulation. However, this phosphorylation state appeared to diminish 

partially at 60 minutes, as indicated by lower levels of p-Akt (S473) and p-Akt (T308) 

compared to the 30-minute time point. Nonetheless, these levels were mostly higher than 

those observed for stimulation durations less than 30 minutes, during which low or negligible 

Akt phosphorylation was detected. In the absence of insulin stimulation (unstimulated 

control), p-Akt (S473) and p-Akt (T308) were not detected, although the band for t-Akt on the 

membranes for p-Akt (T308) detection was of low intensity. This could be due to a down-

regulation of the expression of Akt in the unstimulated samples. However, an uneven loading 

of protein from lysates in the SDS-PAGE gel was more likely but no detection of loading 

control (housekeeping gene, for instance) was performed to confirm this. These findings 

suggested that prior to the peak of Akt phosphorylation observed at 30 minutes, there was a 

modest activation of Akt in HCT116 cells, though not in MCF-7 cells. Specifically, in HCT116 

cells, slight but detectable levels of p-Akt (S473) and p-Akt (T308) were observed between 5 

and 20 minutes post-insulin stimulation, while only minimal traces of p-Akt (T308) were 

noted in MCF-7 cells at 5, 15, and 20 minutes post-insulin induction. 

As the primary aim of this investigation was to evaluate the impact of HHE and PONPC on 

Akt activation in HCT116 and MCF-7 cells, an intermediate level of Akt phosphorylation was 
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deemed optimal. If Akt were fully activated, detecting any further positive regulation of Akt 

phosphorylation would have been challenging. Conversely, observing negative regulation of 

Akt phosphorylation at very low levels of basal Akt phosphorylation would also have been 

difficult. Given these considerations, examining the effects of HHE and PONPC on Akt 

activation could not be reliably achieved in unstimulated cells or cells stimulated for less than 

30 minutes, as p-Akt levels were either undetectable or minimal under these conditions. 

Additionally, a 30-minute insulin stimulation resulted in high levels of Akt phosphorylation, 

potentially masking any potential increases in Akt phosphorylation induced by HHE and 

PONPC treatments. Therefore, to ensure an appropriate window for observing alterations in 

Akt phosphorylation, a 60-minute insulin stimulation was performed alongside HHE and 

PONPC treatments in HCT116 and MCF-7 cells. However, it is important to note that there 

were variations in levels of total Akt across some of the western blot membranes; verification 

of protein loading with housekeeping gene labelling would have been useful to determine 

whether these variations were the result of modification of Akt expression levels or technical 

error. 
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Figure 4.5. Timecourse of activation of Akt by insulin in HCT116 and MCF-7 cells. 

(A) Western blot of p-Akt and total Akt (t-Akt) in HCT116 and MCF-7 cells after insulin stimulation. 
After 2 hours of starvation, HCT116 and MCF-7 cells were incubated in complete media 
supplemented with insulin at 37˚C for 5 to 60 minutes. Cells were lysed with protease and 
phosphatase inhibitors and proteins were resolved by SDS-PAGE with 20 µg per well. Immunoblotting 
for p-Akt (S473) and p-Akt (T308) was performed separately. The membranes were stripped and t-Akt 
was subsequently probed. Membranes were imaged using Clarity ECL substrate (Bio-Rad, UK) and a 
G:Box XR5 with GeneSys software (Syngene, UK). Western blots of p-Akt (S473) and p-Akt (T308) 
were obtained after stimulation with 10 nM and 50 nM insulin, respectively. (B) shows the 
densitometry analysis of the p-Akt/t-Akt ratio of HCT116 and MCF-7 cells stimulated for 5 to 60 min 
with insulin, performed using ImageJ software. Data represents values for one biological replicate 
(n=1).  
 

4.3.5. Effects of HHE and PONPC on Akt Phosphorylation State in HCT116 and 

MCF-7 Cells 

To determine if HHE and PONPC could affect the PI3K/PTEN/Akt pathway in HCT116 and 

MCF-7 cells, both cell lines were treated with HHE or PONPC at concentrations ranging from 

5 to 50 µM for 30 minutes, 2 hours or 4 hours in parallel with stimulation with 10 nM insulin 

B 
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for 1 hour and western blotting of p-Akt (S473), p-Akt (T308) and total Akt (t-Akt) were 

performed to measure p-Akt/t-Akt ratios in all conditions. These data are shown in Figures 

4.7- 4.10, with the western blot images in panels A and B and p-Akt/t-Akt ratios in panels C 

and D. 

In HCT116 cells, treatment with HHE at concentrations ≥ 25 µM led to an increase of 

phosphorylation on Ser473 after 2 h and 4 h of treatment, particularly for 50 µM HHE which 

showed a significant difference in relative levels of p-Akt (S473) compared to the vehicle 

control at both time points, while treating with HHE for 30 min did not modify levels of p-Akt 

(S473) (Figure 4.6.A and 4.6.C). An increase in relative p-Akt (T308) seemed to occur in 

HCT116 cells treated with 50 µM HHE for 30 min but this was not significant compared to 

the vehicle control. However, treatments for 2 h did not seem to modify p-Akt (T308) levels 

and treatments for 4 h seemed to lead to decreased phosphorylation of Thr308 with ≥ 25 µM 

HHE, although all variations were not significantly different from the vehicle control (Figure 

4.6.B and 4.6.D). The lack of significance is most likely to be due to the high variation 

between biological replicates.  

Interestingly, HHE seemed to affect phosphorylation of Thr308 on Akt in MCF-7 cells 

differently. Although results were less clear than with HCT116 cells as the variation between 

replicates seemed to be generally higher, HHE seemed to increase phosphorylation levels of 

Ser473 in MCF-7 cells after 2 h and 4 h treatment as well (Figure 4.7.A and 4.7.C). 

However, there was no significant modification of relative phosphorylation of Ser473 in MCF-

7 cells treated with HHE for 30 min (Figure 4.7.C). The same effects seemed to occur on 

Thr308 in MCF-7 cells, although only treatment for 4 h with 50 µM HHE was found to lead to 

a significant increase in relative phosphorylation of Thr308 (Figure 4.7.B and 4.7.D).  
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Figure 4.6. Effects of HHE on Akt phosphorylation in HCT116 cells. 

(A and B) Representative western blotting of p-Akt (S473) (A), p-Akt (T308) (B) and t-Akt in insulin-
stimulated HCT116 cells treated with increasing concentrations of HHE. HCT116 cells were treated 
with 5, 10, 25 or 50 µM HHE for 30 min, 2 h or 4 h at 37˚C or untreated by adding PBS (Ctrl) or 
ethanol in PBS (Vehicle). Cells were stimulated with 10 nM insulin 1 h prior to cell lysis in presence of 
protease and phosphatase inhibitors. Lysates of unstimulated HCT116 cells and HCT116 cells 
stimulated with 50 nM insulin for 30 min prior to cell lysis were used as controls for Akt 
phosphorylation. Twenty µg of each lysate were resolved by SDS-PAGE and proteins were 
transferred onto PVDF membranes. Immunoblotting of p-Akt (S473) and p-Akt (T308) was performed 
on separate membranes, followed by stripping and immunoblotting of total Akt (t-Akt) for both 
membranes. P-Akt (S473), p-Akt (T308) and t-Akt were imaged using a G:Box XR5 with GeneSys 
software (Syngene, UK). (C and D) Relative p-Akt (S473)/t-Akt (C) and p-Akt (T308)/t-Akt (D) ratios in 
insulin-stimulated HCT116 cells treated with increasing concentrations of HHE. Densitometry analysis 
was performed using ImageJ software. P-Akt band intensities were normalized to the corresponding t-
Akt intensities and ratios were normalized to the vehicle control. Data represents mean ± SEM of 3 or 
4 biological replicates (p-Akt (S473) – HHE 30 min (n=4), HHE 2 h (n=3), HHE 4 h (n=3); p-Akt (T308) 
– HHE 30 min (n=4), HHE 2 h (n=3), HHE 4 h (n=4)). Statistical analysis was performed using two-
way ANOVA with Dunnett’s post-test for multiple comparisons to the vehicle control; absence of 
annotation represents P >0.05 (ns), P ≤ 0.05 (*), P ≤ 0.01 (**), P ≤ 0.001 (***), P ≤ 0.0001 (****). 
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Figure 4.7. Effects of HHE on Akt phosphorylation in MCF-7 cells.  

(A and B) Representative western blotting of p-Akt (S473) (A), p-Akt (T308) (B) and t-Akt in insulin-
stimulated MCF-7 cells treated with increasing concentrations of HHE. Western blotting was 
performed on MCF-7 cells as described in Figure 4.6. (C and D) Relative p-Akt (S473)/t-Akt (C) and p-
Akt (T308)/t-Akt (D) ratios in insulin-stimulated MCF-7 cells treated with increasing concentrations of 
HHE. Densitometry analysis was performed as described in Figure 4.6. Data represents mean ± SEM 
of 2 or 3 biological replicates (p-Akt (S473) and p-Akt (T308) – HHE 30 min (n=3), HHE 2 h (n=2), 
HHE 4 h (n=3)). Statistical analysis was performed using two-way ANOVA with Dunnett’s post-test for 
multiple comparisons to the vehicle control; absence of annotation represents P >0.05 (ns), P ≤ 0.05 
(*), P ≤ 0.01 (**), P ≤ 0.001 (***), P ≤ 0.0001 (****). 
 

In HCT116 cells, it seemed that Akt phosphorylation increased in a time- and concentration-

dependent manner with PONPC treatments (Figure 4.8). The most significant increase was 

observed at 50 µM PONPC after 2 and 4 hours of treatment, suggesting prolongued 

activation of the Akt signaling pathway in response to PONPC (Figure 4.8.C and 4.8.D). It is 

important to note that none of these modifications in phosphorylation levels were found to be 

statistically significant, reflecting the reduced number of biological replicates and high 

variability between replicates.   

In MCF-7 cells, the effects of PONPC were less clear as only two biological replicates were 

performed and, as previously discussed, reproducibility between replicates seemed lower 

than in HCT116 cells. Putting 30 min treatments aside because of their high variability, 
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relative p-Akt (S473) levels seemed to be stable up to 25 µM PONPC after 2 h and 4 h 

treatments, while they seemed to increase after 2 h of treatment using 50 µM PONPC and 

decrease after 4 h of treatment using 50 µM PONPC (Figure 4.9.C). The effects of PONPC 

on relative p-Akt (T308) levels were similar (Figure 4.9.D).   

Taken all together, the measurements of Akt phosphorylation at both sites suggested that 

HHE and PONPC could generally be involved in Akt activation in cells at high concentrations 

and prolonged periods of time. This was particularly evident in HCT116 cells, although an 

opposite trend was observed for Thr308 in HHE-treated HCT116 cells and PONPC-treated 

MCF-7 cells and high variations between replicates made it, in some cases, unclear. The 

appearance of different effects on the PI3K/Akt pathway after 2 and 4 hours of treatment 

compared to 30 minutes also suggested that the cell response to HHE was dynamic, with 

different adaptation to short- and long-term expositions to HHE. As PTEN was found to be 

inhibited in vitro by both HHE and PONPC, it is possible to hypothesize that the increase in 

Akt phosphorylation could be related to an inhibition of PTEN in cells. However, Akt 

phosphorylation is regulated through different mechanisms, and the increase in Akt 

phosphorylation could also be related to effects of HHE and PONPC on other components of 

the PI3K/Akt pathway as well as the levels of expression of PTEN.  
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Figure 4.8. Effects of PONPC on Akt phosphorylation in HCT116 cells. 

(A and B) Representative western blotting of p-Akt (S473) (A), p-Akt (T308) (B) and t-Akt in insulin-
stimulated HCT116 cells treated with increasing concentrations of PONPC. HCT116 cells were 
untreated (Ctrl), untreated in presence of ethanol (Vehicle) or treated with 5, 10, 25 or 50 µM PONPC 
for 30 min, 2 h or 4 h at 37˚C. Cells were stimulated with 10 nM insulin 1 h prior to cell lysis in 
presence of protease and phosphatase inhibitors. Lysates of unstimulated HCT116 cells and HCT116 
cells stimulated with 50 nM insulin for 30 min prior to cell lysis were used as controls for Akt 
phosphorylation. Twenty µg of each lysate were resolved by SDS-PAGE and proteins were 
transferred onto PVDF membranes. Immunoblotting of p-Akt (S473) and p-Akt (T308) was performed 
on separate membranes, followed by stripping and immunoblotting of total Akt (t-Akt) for both 
membranes. P-Akt (S473), p-Akt (T308) and t-Akt were imaged using a G:Box XR5 with GeneSys 
software (Syngene, UK) or a ChemiDoc MP (Bio-Rad, UK). (C and D) Relative p-Akt (S473)/t-Akt (C) 
and p-Akt (T308)/t-Akt (D) ratios in insulin-stimulated HCT116 cells treated with increasing 
concentrations of PONPC. Densitometry analysis was performed using ImageJ software. P-Akt band 
intensities were normalized to the corresponding t-Akt intensities and ratios were normalized to the 
vehicle control. Data represents mean ± SEM of 1, 2 or 3 biological replicates (p-Akt (S473) – 
PONPC 30 min (n=1), PONPC 2 h (n=3), PONPC 4 h (n=3); p-Akt (T308) – PONPC 30 min (n=3), 
PONPC 2 h (n=3), PONPC 4 h (n=2)). Statistical analysis was performed using a mixed-effects 
analysis with Dunnett’s post-test for multiple comparisons to the vehicle control; absence of 
annotation represents P >0.05 (ns), P ≤ 0.05 (*), P ≤ 0.01 (**), P ≤ 0.001 (***), P ≤ 0.0001 (****). 
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Figure 4.9. Effects of PONPC on Akt phosphorylation in MCF-7 cells.  

(A and B) Representative western blotting of p-Akt (S473) (A), p-Akt (T308) (B) and t-Akt in insulin-
stimulated MCF-7 cells treated with increasing concentrations of PONPC. Western blotting was 
performed on MCF-7 cells as described in Figure 4.8. (C and D) Relative p-Akt (S473)/t-Akt (C) and p-
Akt (T308)/t-Akt (D) ratios in insulin-stimulated MCF-7 cells treated with increasing concentrations of 
PONPC. Densitometry analysis was performed as described in Figure 4.8. Data represents mean ± 
SEM of 2 biological replicates (n=2).  
 

To understand if the observed modifications of the phosphorylation state of Akt could be 

related to a modification of the activation of the PI3K/Akt pathway, the levels of expression of 

Akt were measured. Indeed, activation or inhibition of the pathway would be true only if an 

increased or decreased phosphorylation of Akt was observed with unchanged levels of 

expression of Akt, or with an increase or decrease of Akt levels, respectively.  

In the case of HHE-treated HCT116 and MCF-7 cells, the level of expression of Akt seemed 

unchanged across treatment concentrations (Figure 4.10). Indeed, the levels of expression 

of Akt in HCT116 cells treated with HHE for 30 minutes (Figure 4.10.B) and MCF-7 cells 

treated with HHE for 30 minutes and 4 hours (Figure 4.10.D) did not show significant 

differences compared to the untreated control. However, only 2 biological replicates were 

investigated for HCT116 cells treated with HHE for 2 and 4 hours and MCF-7 cells treated 
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with HHE for 2 hours. Hence, although the levels of Akt seemed unchanged with HHE 

concentrations, replicating this experiment would be necessary to draw firm conclusions. 

 

Figure 4.10. Effects of HHE on Akt expression levels in HCT116 and MCF-7 cells. 

Representative western blotting of total Akt and β-actin in untreated or HHE-treated (for 30 minutes, 2 
hours or 4 hours) HCT116 (A) and MCF-7 (C) cell lysates. Western blotting was performed on MCF-7 
cells as described in Figure 4.6, followed by stripping of the membranes and probing of β-actin. 
Images of total Akt and β-actin were analysed by densitometry and total Akt was normalised to β-
actin. (B) and (D) show normalized levels of expression in untreated and HHE-treated HCT116 cells 
and MCF-7 cells, respectively. Data represents mean ± SEM of 2 biological replicates (n=2) for 
HCT116 cells treated with HHE for 2 and 4 hours and MCF-7 cells treated with HHE for 2 hours or 3 
biological replicates (n=3) for HCT116 cells treated with HHE for 30 minutes and MCF-7 cells treated 
with HHE for 30 minutes and 4 hours. Statistical analysis was performed using a mixed-effects 
analysis with Turkey’s post-test for multiple comparisons; P > 0.05 (ns). 
 

On the other hand, a trend towards lower Akt levels appeared with increased concentrations 

of PONPC in HCT116 and MCF-7 cells treated for 2 hours and 4 hours (Figure 4.11). 

Although only 2 biological replicates were investigated, which made statistical analysis 

unreliable, the common trend across the two cell lines as well as the relatively low standard 

error to the means increased the confidence in accuracy of these data. This suggested that 

PONPC could lead to degradation of Akt in cells. This trend was not observed in treatments 

with PONPC for 30 minutes (Figure 4.11), suggesting that this Akt degradation process 

would happen after this first time point.  



Chapter 4 – Functional Consequences of HHE and PONPC on PTEN and its Downstream 
Signalling 

124 
O. Langlois, PhD Thesis, Aston University, 2024. 

 

Figure 4.11. Effects of PONPC on Akt expression levels in HCT116 and MCF-7 cells. 

Representative western blotting of total Akt and β-actin in untreated or PONPC-treated (for 30 
minutes, 2 hours or 4 hours) HCT116 (A) and MCF-7 (C) cell lysates. Western blotting was performed 
on MCF-7 cells as described in Figure 4.8, followed by stripping of the membranes and probing of β-
actin. Images of total Akt and β-actin were analysed by densitometry and total Akt was normalised to 
β-actin. (B) and (D) show normalized levels of expression in untreated and PONPC-treated HCT116 
cells and MCF-7 cells, respectively. Data represents the value for 1 biological replicate for HCT116 
cells treated with PONPC for 30 min or the mean ± SEM of 2 biological replicates (n=2) for all other 
conditions. 
 

Considering the unmodified levels of expression of Akt in HCT116 and MCF-7 cells after 

HHE treatments, the modifications of levels of phosphorylation of Akt would be associated 

with modifications of the activation state of the PI3K/Akt pathway. In contrast, the effects of 

PONPC could be more complex as a potential decrease in Akt levels with treatments for 2 

and 4 hours would need to be accounted for to understand the variations of p-Akt levels in 

these conditions.  

4.3.6. Effects of HHE and PONPC on PTEN Expression Levels in HCT116 and 

MCF-7 Cells 

It is known that protein lipoxidation can influence protein levels in cellulo by affecting 

degradation of the adducted protein or by affecting transcription levels of target genes, 
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particularly in the case of proteins involved in antioxidant responses (Viedma-Poyatos et al., 

2021). Modification of PTEN levels would influence the activation state of Akt (Alimonti et al., 

2010). The potential influence of HHE and PONPC on PTEN levels was therefore 

investigated by western blotting of PTEN on the membranes used for Akt immunoblotting 

after stripping, allowing quantification of PTEN in HHE- (Figure 4.12.A and 4.12.C) and 

PONPC-treated (Figure 4.13.A and 4.13.C) HCT116 and MCF-7 cells. 

After 30 minutes of treatment, PTEN levels appeared to decrease in HCT116 cells with 

increasing concentrations of HHE, reaching 69.3% after treatment with 50 µM HHE (Figure 

4.12.B). Conversely, PTEN levels seemed to remain relatively stable in MCF-7 cells across 

HHE concentrations (Figure 4.12.D). However, due to the variability observed between only 

two biological replicates, the statistical significance of these changes in PTEN levels in 

HCT116 and MCF-7 cells could not be determined. On the other hand, the analysis of PTEN 

levels after 2 hours and 4 hours of treatment with HHE in HCT116 and MCF-7 cells was 

conducted using three biological replicates, ensuring a more robust dataset. With some 

exceptions, deviations in PTEN levels did not exceed 15% (Figure 4.12). Additionally, no 

statistically significant differences in PTEN levels were observed across all conditions. 

Although there was a possible trend appearing for HCT116 cells treated with HHE for 30 

minutes to decrease PTEN with high treatment concentrations, the opposite was true for 4 

hours of treatment. However, the use of additional higher concentrations would be required 

to confirm this, which would not be physiologically relevant. This suggested that HHE could 

not lead to significant up-regulation or down-regulation of PTEN expression in HCT116 and 

MCF-7 cells. This could also be dependent on cell type, as response to HHE from HCT116 

and MCF-7 cells seemed different for each time point between the two cell lines.  
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Figure 4.12. Effects of HHE on PTEN expression levels in HCT116 and MCF-7 cells.  

(A and C) Representative western blots of PTEN and β-actin in HCT116 (A) and MCF-7 (C) cells. 
HCT116 cells were untreated (Crtl), untreated in presence of ethanol (Vehicle) or treated with 5, 10, 
25 or 50 µM HHE for 30 min, 2 h or 4 h at 37˚C. Cells were stimulated with 10 nM insulin 1 h prior to 
cell lysis in presence of protease and phosphatase inhibitors. Twenty µg of each lysate were resolved 
by SDS-PAGE and proteins were transferred onto PVDF membranes. After immunoprobing of p-Akt 
and t-Akt, membranes were stripped. Immunoprobing of PTEN and β-actin was sequentially 
performed and signal from both proteins was imaged using a G:Box XR5 with GeneSys software 
(Syngene, UK). (B and D) Relative PTEN expression levels in insulin-stimulated HCT116 (B) and 
MCF-7 (D) cells treated with HHE. Densitometry analysis was performed using ImageJ software. 
PTEN signal was normalized to β-actin and values were represented as % of vehicle. Data represents 
mean ± SEM of 2 or 3 biological replicates (HHE 30 min: n=2; HHE 2 h: n=3; HHE 4 h: n=3). 
Statistical analysis was performed using a mixed-effects analysis with Turkey’s post-test; P > 0.05 
(ns). 
 

Although only one or two biological replicates have been investigated for PONPC, data 

seemed to show a trend to decreased PTEN expression levels correlating with the 

concentration of PONPC for HCT116 cells treated for 2 hours (Figure 4.13.B). At 30 min and 

4 hours post-treatment in HCT116 cells, PTEN levels seemed to be relatively stable across 

PONPC concentrations (Figure 4.13.B). In MCF-7 cells, there was considerable variation 

across the concentration range. Although there appeared to be a trend to lower PTEN levels 

at higher treatment concentrations with the longer time courses, more replicates would be 

necessary to draw conclusions (Figure 4.13.D). Indeed, the number of replicates 

investigated did not allow statistical analysis and bands corresponding to Akt, which could be 
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observed most likely because of a lack of stripping of the membranes, were observed and 

close enough to PTEN bands to, in some cases, almost merge into one (Figure 4.13.C).   

 

Figure 4.13. Effects of PONPC on PTEN expression levels in HCT116 and MCF-7 cells.  

(A and C) Representative western blots of PTEN and β-actin in HCT116 (A) and MCF-7 (C) cells. 
Western blotting was performed as described in Figure 4.12 using PONPC as treatment. (B and D) 
Relative PTEN expression levels in insulin-stimulated HCT116 (B) and MCF-7 (D) cells treated with 
PONPC. Densitometry analysis was performed as described in Figure 4.12. Data represents the 
value of normalized PTEN expression level relative to the untreated control (vehicle) of one biological 
replicate (n=1) for HCT116 PONPC 2h, MCF-7 PONPC 30 min and MCF-7 PONPC 2 h or the mean  
normalized PTEN expression level relative to the untreated control (vehicle) ± SEM of 2 biological 
replicates (n=2) for HCT116 PONPC 30 min, HCT116 PONPC 4 h and MCF-7 PONPC 4 h.  
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4.4. Discussion 

The current investigation found that HHE was toxic in HCT116 and MCF-7 cells in a time- 

and concentration-dependent manner, particularly at concentrations of 50 µM and higher, 

but PONPC seemed less toxic up to 50 µM. Following exposure to HHE and PONPC, Akt 

phosphorylation at both activating sites, Ser473 and Thr308, could be increased in most 

cases in a concentration- and time-dependent manner in HCT116 and MCF-7 cells, 

suggesting that HHE and PONPC could play a role in activating the PI3K/Akt pathway, 

leading to cell survival, migration, and proliferation. As this was not reflected in the effects of 

HHE and PONPC on cell viability of HCT116 and MCF-7 cells, it may be the case that HHE 

and PONPC also acted on other biological processes, leading to cell death. However, the 

activation of Akt correlated with the observed inhibition of PTEN in vitro, which was also 

concentration- and time-dependent, but no significant difference in PTEN expression levels 

were observed, suggesting an action of these LPPs on the PI3K/Akt pathway via PTEN 

inhibition.  

The findings regarding cell viability generally agreed with previously reported concentration- 

and time-dependent cell toxicity of HHE (Bradley et al., 2012, Lovell et al., 2012, Bae et al., 

2011). However, HHE seemed to be toxic at higher concentrations than previously reported 

(25 µM after 4 hours of treatment on primary astrocytes (Lovell et al., 2012) or 16 hours of 

treatment on cortical neurons (Bradley et al., 2012) and even 10 µM after 24 hours of 

treatment on HK-2 cells (Bae et al., 2011)). On the other hand, treatment of L6 muscle cells 

with 10 to 100 µM HHE for 30 min surprisingly led to a concentration-dependent increase in 

cell viability (Soulage et al., 2018), possibility reflecting activation of Akt. Most importantly, 

treatment of MCF-7 cells with 2 to 200 µM HHE for 2 and 24 hours in a study by Sousa et al. 

led to only a slight decrease in cell viability (up to ~20%) for concentrations ≥ 20 µM (Sousa 

et al., 2019), which correlated with data presented in this chapter, with the exception of 24 

hours of treatment, which led to higher toxicity in MCF-7 cells. This would suggest a cell 

type-dependent sensitivity to HHE, which has been observed between HCT116 and MCF-7 

cells after treatment for 24 hours, HHE being less toxic in MCF-7 cells. The toxicity of HHE 

could result from its propensity to increase reactive radical species in cells (Bae et al., 2011, 

Lee et al., 2004a, Lee et al., 2004b), further increasing oxidative damage, and its 

genotoxicity (Brambilla et al., 1986, Winter et al., 1986) rather than solely its ability to 

covalently modify proteins. On the other hand, PONPC has not shown significant cell toxicity 

in HCT116 and MCF-7 cells for concentrations up to 50 µM, which contrasts with previously 

reported low cell viability of cardiomyocytes exposed to 10 µM PONPC for 1 hour or 4 hours 

(<20% compared to control cardiomyocytes treated with a non-oxidized phosphatidylcholine) 
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(Yeang et al., 2019, Stamenkovic et al., 2021). This discrepancy could potentially be 

explained by a cell type-dependent sensitivity to PONPC, as with HHE, or by the different 

methods employed to assess cell viability, mainly the absence of serum in culture media 

during treatment of cardiomyocytes, compared to the presence of 10% foetal bovine serum 

in media used to culture and treat HCT116 and MCF-7 cells. Indeed, serum contains 

proteins, hormones, growth factors, cytokines, fatty acids and other lipids, carbohydrates 

and a plethora of other molecules (Lee et al., 2022), which could alter PONPC interaction 

with cells. However, the presence of serum better reflects physiological conditions where 

oxidized phospholipids increase in circulation during oxidant stress events (Liu et al., 2013). 

Additionally, Yeang et al. and Stamenkovic et al. treated cells with PONPC prepared as 

liposomal vesicles, which could highly impact the interaction of PONPC with cell membranes 

and lead to different results when assessing the toxicity of this oxidized phospholipid.  

Short-term exposure (2 and 4 hours) of HCT116 and MCF-7 cells to HHE and PONPC, even 

at high concentrations, did not lead to a significant reduction in cell viability. This does not 

reflect, however, the subtle modifications in biological processes that cells could undergo 

after HHE and PONPC exposure. This chapter set out with the aim of assessing the effects 

of HHE and PONPC on PTEN and its downstream signalling as it has been shown that a few 

LPPs (HNE, acrolein, 15d-PGJ2 and Δ12-PGJ2) could inhibit PTEN activity and lead to 

activation of the PI3K/Akt and/or β-catenin pathways (Shearn et al., 2011b, Covey et al., 

2010, Suh et al., 2018). The ability of HHE and PONPC to inhibit PTEN phosphatase activity 

in vitro in a concentration- and time-dependent manner was reported for the first time in this 

chapter. This finding was consistent with studies by Suh et al., Shearn et al. and Covey et al. 

and provides further support for the hypothesis that PTEN is generally a target of LPPs that 

act as inhibitors of its function. Furthermore, HHE and PONPC significantly reduced PTEN 

activity at molar ratios of 5:1 and 1:1, respectively, while HNE was found to be efficient in 

inhibiting PTEN from a molar ratio of 1:1 (Shearn et al., 2011b). This suggested that the 

reactivity of PONPC and HNE could be similar, while HHE may be less reactive towards 

PTEN. Comparison of HHE and HNE reactivity is rather confusing in the literature. HHE- and 

HNE-bound proteins were identified in similar amounts amongst mitochondrial proteins that 

underwent lipoxidation with various LPPs (Chavez et al., 2011), suggesting a comparable 

reactivity. On the other hand, although both HHE and HNE plasma concentrations increased 

in chronic kidney disease patients, only covalent adducts of HHE but not HNE on plasma 

proteins were observed in these patients (Soulage et al., 2020), suggesting a higher 

reactivity of HHE compared to HNE, but it was also showed that HNE is approximately 30% 

more reactive than HHE in forming adducts with PE-containing phospholipids (Bacot et al., 

2003) and 50% more reactive than HNE in forming adducts with bovine serum albumin 
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(Pillon et al., 2010). This suggests a specificity in the reactivity of LPPs depending on the 

target of adduction. PTEN might, accordingly, be a better target for HNE and PONPC than 

for HHE. However, the mechanism by which LPPs could inhibit PTEN remains to be 

investigated. For instance, mass spectrometric evidence of PTEN adduction by HNE did not 

directly prove alteration of PTEN active site but rather suggested a limitation in substrate 

access to the active site or alteration of the association of PTEN with the membrane (Shearn 

et al., 2011b). Regulation of PTEN also occurs via phosphorylation of C-terminal residues 

Ser380/Thr382/383, leading to an inactive state (Vazquez et al., 2001). Lipoxidation of these 

residues could therefore lead to modification of PTEN phosphatase activity. Nonetheless, 

formation of multimeric states of PTEN via cross-linking after HNE treatments was also 

reported (Shearn et al., 2013) and inhibition of PTEN activity could be the result of such 

structural changes. Therefore, it will be necessary to investigate this further for HHE and 

PONPC in order to understand whether this is a possible mechanism.  

The ability of HHE and PONPC to inhibit PTEN in vitro suggested that they could participate 

in the activation of the PI3K/Akt pathway if PTEN could also be inhibited in cellulo. Previous 

studies evaluating the effects of HNE, acrolein, 15d-PGJ2 and Δ12-PGJ2 on the PI3K/Akt 

pathway all pointed to a propensity of these LPPs to increase phosphorylation of Akt on 

Ser473 and Thr308 in cellulo, correlating with an inhibition of PTEN in vitro, which implies a 

role of LPPs in enhancing activation of the PI3K/Akt pathway in hepatocellular carcinoma 

cells, MCF-7 cells or HEK 293 cells (Shearn et al., 2011b, Shearn et al., 2013, Covey et al., 

2010). However, insulin-focused investigations demonstrated an impaired phosphorylation of 

Akt in L6 muscle cells treated with HHE for 30 min at concentrations ranging from 10 to 100 

μM (Soulage et al., 2018), a discrepancy that could result from a different reactivity of HHE 

compared to HNE or to a cell type-dependent sensitivity to these LPPs. No data on the 

association of PONPC with the PI3K/Akt pathway has been reported so far. Here, effects of 

HHE and PONPC on the activation state of Akt were investigated in HCT116 and MCF-7 

cells, the latter being one of the cell lines used to report effects of HNE, acrolein and Δ12-

PGJ2 (Covey et al., 2010). Interestingly, treating insulin-stimulated HCT116 and MCF-7 cells 

with sub-lethal concentrations (up to 50 µM) of HHE and PONPC at different time points 

suggested that the effects on Akt phosphorylation status of both these LPPs were more 

complex than what has been reported in the literature, as they would differ between both cell 

lines and between HHE and PONPC. Corroborating the findings of Soulage et al. in L6 

muscle cells previously discussed (Soulage et al., 2018), the results of the current study 

showed that HHE could lead to decreased phosphorylation of Akt on both activating sites 

after 30 min of treatment with HHE, representing an early event that could be dependent on 

the inhibition of insulin action. However, this was not true for longer exposure times as 2 and 
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4 hours of treatment led to a concentration-dependent increase in p-Akt (S473) and p-Akt 

(T308) levels in MCF-7 cells, corroborating the findings on HNE, acrolein and Δ12-PGJ2 

effects (Shearn et al., 2011b, Covey et al., 2010). Strikingly, the same pattern could not be 

observed for Thr308 phosphorylation levels in HCT116 cells, and findings were also 

contradictory between HCT116 and MCF-7 for PONPC treatments, supporting the 

hypothesis that effects of HHE and PONPC, and possibly other LPPs, could be cell type-

dependent. The modifications observed in Akt phosphorylation after exposure to HHE were 

not related to a significant modification of PTEN expression levels, which further supports 

the findings of Covey et al. in which Akt was activated without modification of PTEN 

expression levels nor the activation of PDK1 (Covey et al., 2010), suggesting more strongly 

a link between PTEN inhibition and Akt activation in cells exposed to LPPs. Similarly, the 

effects of PONPC on Akt phosphorylation status, which are reported for the first time here, 

leaned towards an increase in phosphorylation of Akt as well, although it seemed to appear 

at earlier time points and be reversible in MCF-7 cells compared to HCT116 cells. However, 

a note of caution is due here since the evaluation of PONPC effects on Akt phosphorylation 

status in MCF-7 cells was incomplete with only a maximum of two biological replicates and, 

notably, the analysis of Akt levels seemed to suggest that PONPC could lead to degradation 

of Akt, making the increase of p-Akt not necessarily related to an activation of the PI3K/Akt 

pathway; repeating this experiment would be necessary to draw firm conclusions on effects 

of PONPC on Akt activation kinetics in MCF-7 cells. This also applies to the effects of 

PONPC on PTEN expression levels. What is most interesting about these results is that, 

although the modification of the phosphorylation state of Akt were similar between Ser473 

and Thr308 sites in most cases, modification of the phosphorylation on Ser473 and Thr308 

phosphorylation sites in HCT116 cells exposed to HHE differed widely. Akt phosphorylated 

at Thr308 primarily leads to protein synthesis, while Akt phosphorylated at Ser473 mainly 

promotes anti apoptotic and cell survival pathways (Vadlakonda et al., 2013). Hence, it could 

be inferred that HHE could differentially alter specific axes of the PI3K/Akt pathway in certain 

cell types, specifically regulating biological processes; in this case, preferentially promoting 

cell survival rather than cell growth.    

Despite these promising results potentially linking PTEN inhibition by LPPs to modification of 

the activation of the PI3K/Akt pathway, questions remain. Most importantly, ROS have been 

shown to activate Akt via PTEN oxidation (Leslie et al., 2003, Connor et al., 2005). Increased 

ROS generation could be linked to HHE exposure (Bae et al., 2011, Bae et al., 2016) in 

certain cell types but not all, and HHE could even have protective effects against 

lipopolysaccharide-induced production of ROS in microglial cells (Yang et al., 2018a). 

Oxidized phospholipids are also known to be involved in the generation of ROS in 
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endothelial cells (Karki and Birukov, 2020), although it has not be specifically demonstrated 

in regards to PONPC yet. Therefore, it is important to note that the observed activation of 

Akt in HCT116 and MCF-7 cells could be an indirect result of the generation of ROS 

following HHE and PONPC exposure. It is possible that it could be a direct effect on one or 

even several components of the PI3K/Akt pathway regulating Akt phosphorylation, including 

PH domain leucine-rich repeat protein phosphatase (PHLPP) and complete S transactivated 

protein 1 (CSTP1), phosphatases dephosphorylating p-Akt (S473) (Gao et al., 2005, Zhuo et 

al., 2013), as well as PP2A, a phosphatase dephosphorylating p-Akt Thr308 (Kuo et al., 

2008). Measurement of ROS production using common specific fluorescent probes in 

parallel of identifying potential inhibiting covalent modifications on PTEN would provide more 

insights into the mechanism of Akt activation by LPPs. However, potential effects of LPPs on 

other components of the pathway, notably direct regulators of Akt, cannot be ruled out. To 

develop a full picture of the role of HHE and PONPC in the activation (or, in some cases, the 

inhibition) of Akt, additional studies will therefore be needed to better understand the effects 

of LPPs on all the components of the PI3K/Akt pathway that could lead to modification of Akt 

phosphorylation state, which could potentially strengthen the link between PTEN sensitivity 

to LPPs and activation of the pathway. Amongst these, the investigation of PTEN subcellular 

localization, which is important to determine its function, and, ultimately, the evidence that 

HHE and PONPC can covalently modify PTEN are essential. 
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5. Chapter 5 – Effects of HHE and PONPC on PTEN 

Subcellular Localization 

 

5.1. Introduction 

PTEN is known to be mainly a cytoplasmic protein, transiently interacting with the plasma 

membrane (Gil et al., 2016, Leslie et al., 2016, Matsuoka et al., 2013). However, it also 

localizes to the nucleus (Chung and Eng, 2005, Gil et al., 2006) and nuclear localization can 

be dominant in some cases (in follicular thyroid and pancreatic islet cells, for instance) 

(Trotman et al., 2007, Gimm et al., 2000, Perren et al., 2000). More recently, PTEN was 

additionally found to be associated with endosomes as well as the endoplasmic reticulum, 

mitochondria and mitochondria-associated membranes, and distributed along microtubules 

(Bononi et al., 2013, Leslie et al., 2016, Bononi and Pinton, 2015). The various functions of 

PTEN within different cellular compartments and the mechanisms regulating its localization 

were described in Chapter 1. In the context of this chapter, it is crucial to emphasize that 

PTEN's subcellular localization is highly likely to determine its biological functions. These 

include its canonical role as a lipid-phosphatase for PIP3 when associated with the 

membrane, facilitating the negative regulation of the PI3K/Akt signalling pathway, while 

PTEN's interactions with regulatory and effector proteins in specific subcellular 

compartments, such as the cytoplasm or nucleus, are essential for its non-canonical 

activities (Gil et al., 2016, Nguyen et al., 2015). Evidence of modification of Akt activation 

state without noticeable modification of PTEN expression levels was reported in the previous 

chapter in HCT116 and MCF-7 cells exposed to HHE and PONPC. Although this could be 

the result of a direct effect on PTEN phosphatase activity, which was inhibited in vitro by 

HHE and PONPC, it could also be explained by a modification of PTEN interaction with the 

plasma membrane. In fact, Liu et al. demonstrated that a recombinant PTEN that is strictly 

localized in the nucleus and unable to reach the plasma membrane had a diminished ability 

to inhibit Akt phosphorylation in U251MG cells (Liu et al., 2005b). This therefore led to the 

necessity of exploring the potential modification of PTEN subcellular localization which could 

interfere with its role in regulating the PI3K/Akt pathway and other non-canonical functions.  

Oxidative stress has not only been shown to regulate PTEN activity but has also notably 

been identified as a mechanism regulating PTEN subcellular localization, leading to PTEN 

nuclear accumulation (Chang et al., 2008, Hou et al., 2019, Kato et al., 2020). It has also 

been shown that reduction of nuclear PTEN results in accumulation of ROS, leading to 

cellular damage (Wu et al., 2014). Under hydrogen peroxide (H2O2)-induced stress following 
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treatment of mouse embryonic fibroblast cells with 1 mM H2O2 for 1 hour, nuclear PTEN 

increased p53 levels, enhancing p53-mediated cell cycle arrest and ROS reduction to 

protect cells from further DNA damage and tumorigenesis (Chang et al., 2008) and led to a 

reduction of H2O2-induced micronuclei formation in HeLa cells treated with 0.5 mM H2O2 for 

2 hours (Hou et al., 2019). The translocation to the nucleus following exposure to H2O2 

seemed to be dependent on Grb2, which could translocate PTEN to the nucleus and interact 

with PTEN and Rad51 to help DNA repair (Hou et al., 2019) and required ubiquitination of 

Lys13 (Kato et al., 2020). Additionally, nuclear accumulation was found to be a consequence 

of an altered nuclear export of PTEN in cells subjected to treatment with H2O2 (Chang et al., 

2008, Kato et al., 2020). More specifically, the rate of nuclear import of PTEN after exposure 

of DU145 cells to 0.5 mM H2O2 for 30 min was similar to untreated cells, while the nuclear 

export was almost completely abrogated during this time (Kato et al., 2020). Although it 

seems that the retention of PTEN in the nucleus during oxidative stress results from a need 

for maintenance of genome integrity, the mechanisms regulating this process have yet to be 

understood. The possibility that stressors directly modify PTEN to regulate its localization 

cannot be excluded. This has been shown for GAPDH, for instance, where oxidative S-

nitrosylation and S-thiolation of Cys152 on GAPDH leads to the formation of a complex 

between GAPDH and the E3-ubiquitin-ligase Saih1, which can be translocated to the 

nucleus (Gerszon and Rodacka, 2018).  

Although there is no evidence that HHE or PONPC, specifically, can modify protein 

localization, lipoxidation by LPPs can alter subcellular localization of proteins by modification 

of residues involved in subcellular targeting, alteration of the transport mechanism or 

modification of a specific chemical environment on the protein necessary for its interaction 

with the trafficking machinery or cell compartments (Viedma-Poyatos et al., 2021). Taking 

GADPH as an example again, it was shown that not only oxidatively-modified GADPH but 

also acrolein-lipoxidized GADPH was relocated to the nucleus (Nakamura et al., 2013). 

Particularly relevant for PONPC, the “lipid whisker model” has been proposed for truncated 

phospholipids resulting from lipid peroxidation within membranes. This model describes a 

particular arrangement of the fatty acyl chains where the addition of a polar oxygen atom 

following peroxidation of phospholipids reorients the polar acyl chain; instead of remaining 

buried within the membrane bilayer, it protrudes into the aqueous compartment (Greenberg 

et al., 2008). This arrangement makes the electrophilic carbonyl group accessible to 

macromolecules surrounding it. As the other fatty acyl chain of the phospholipid remains 

anchored to the membrane, this creates an environment for anchorage of cytoplasmic 

proteins to membranes. Most importantly, residues involved in the regulation of PTEN 

localization, including K13 and K289, which are essential to PTEN nuclear import when 
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mono-ubiquinated (Trotman et al., 2007), and the N-terminal PIP2-binding motif (residues 6-

15), which mainly drives membrane binding (Walker et al., 2004, Campbell et al., 2003), are 

generally basic residues. PTEN membrane localization is indeed favoured by the interaction 

of key basic residues (Arg and Lys) within the N-terminal PIP2-binding motif, the pβ2-pα1 

loop in the phosphatase domain, and the CBR3 loop in the C2 domain (Jang et al., 2021). 

These basic residues are nucleophilic residues that can be covalently modified by 

electrophilic LPPs. Hence, LPPs could influence PTEN localization, but this has never been 

investigated for any LPP, including HHE and PONPC.  

This chapter therefore aimed to understand the effects of HHE and PONPC on PTEN 

subcellular localization. To identify the subcellular localization of a protein, two main 

methods are usually employed: cell fractionation or cellular imaging (Bononi and Pinton, 

2015). Cell fractionation consists of gentle breakage of cells during which subcellular 

components such as nuclei, mitochondria, the Golgi apparatus, lysosomes and peroxisomes 

remain intact. These components can then be separated by consecutive centrifugation steps 

at increasing speeds as they display different sedimentation coefficients depending on their 

mass, size and shape. However, obtaining good purity in this type of separation is 

challenging; it can be improved by using sucrose gradients, which allow the different cell 

components to separate into distinct bands that can be collected individually (Alberts et al., 

2002). Several techniques can be used following cell fractionation to detect and quantify the 

protein of interest, including western blotting (Meftahi et al., 2021) and ELISA (Iha et al., 

2022), for which the main limitations are related to the existence, quality and specificity of 

antibodies targeting the protein of interest (Ghosh et al., 2014, Sakamoto et al., 2018). Mass 

spectrometry is an antibody-free approach that is used to detect proteins from cell 

fractionation samples and, although it mainly is utilized for organellar proteomics (the 

description of protein contents in subcellular compartments), it can detect and enable 

quantification of a protein of interest (Gauthier and Lazure, 2008, Cox and Emili, 2006, Yan 

et al., 2008). The numerous steps required to perform cell fractionation and process the 

different samples to obtain qualitative and quantitative information about the target protein 

makes cell fractionation generally less convenient than cellular imaging through fluorescence 

microscopy, which is a more direct method for assessing protein localization. Fluorescence 

microscopy takes advantage of the ability of fluorescent molecules to absorb photons and 

re-emit lower-energy photons a few nanoseconds later, resulting in a longer wavelength of 

emitted light compared to the absorbed light (Stokes shift) (Sanderson et al., 2014). It 

enables the selective and specific detection of molecules at low concentrations while 

maintaining a favourable signal-to-background ratio. Traditional epifluorescence microscopy 

excels at detecting fluorophores in thin samples; however, its application to thick or living 
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samples is limited by the indiscriminate excitation of the entire sample, resulting in a 

significant proportion of fluorescent photons emanating from out-of-focus regions. This 

limitation has been addressed by confocal microscopy, which restricts photodetection to light 

originating from the focal plane, thereby significantly improving the clarity and specificity of 

fluorescence imaging (Yuste, 2005, Elliott, 2020). The detection of the protein of interest 

relies either on the existence of an antibody highly specific to the targeted protein (directly 

conjugated to a fluorophore for direct immunofluorescence or that can be detected by a 

secondary antibody conjugated to a fluorophore for indirect immunofluorescence) or on the 

expression of the protein of interest fused to a fluorophore, such as the widely used green 

fluorescence protein (GFP). Multiple proteins can be detected simultaneously with different 

fluorophores, a process called multiplexing (Farre et al., 2007, Im et al., 2019). Both 

immunofluorescence and fluorescent protein-tagging are reliable techniques to determine 

protein subcellular localization as demonstrated by Stadler et al. as, amongst >500 proteins 

analysed, 80% yielded the same subcellular localization between the two methods (Stadler 

et al., 2013). Although direct immunofluorescence is quicker, indirect immunofluorescence 

provides high sensitivity and signal amplification. These methods are limited by the risk of 

off-target binding by antibodies, the sensitivity of fluorophores to photobleaching and 

spectral overlap of different fluorophores that are used simultaneously (Im et al., 2019). 

These limitations can be mitigated by blocking of the sample and careful choice of 

fluorophores and detection method for acquisition of images. By fluorescently labelling 

organelles with fluorescent probes and dyes, such as 4’,6-diamino-2-phenylindole (DAPI) for 

the nucleus, MitoTracker dyes for mitochondria, or wheat germ agglutinin (WGA) conjugated 

to a fluorophore for the plasma membrane, it is possible to analyse co-localization of the 

protein of interest with cell compartments (Farre et al., 2007, Chazotte, 2011).  

To investigate the effects of HHE and PONPC on PTEN subcellular localization, the co-

localization of endogenous PTEN with the nucleus and plasma membrane in MCF-7 cells 

was analysed and a model for the expression of GFP-PTEN in HCT116 cells was 

developed. Specifically, endogenous PTEN's subcellular localization in MCF-7 cells were 

analysed and quantified, focusing on its presence in the nucleus and at the plasma 

membrane, using confocal fluorescence microscopy and specific organelle markers (DAPI 

for the nucleus and WGA for the plasma membrane). To facilitate real-time visualization of 

PTEN localization, a model of HCT116 cells expressing PTEN fused to GFP was 

established. Indeed, GFP-PTEN expression in HCT116 cells could allow visualization of 

PTEN with lower background, higher resolution, avoidance of possible fixative artefacts 

(Michaelson and Philips, 2006) and, most importantly, would provide the possibility for live-

cell imaging to investigate the dynamics of cells response to HHE and PONPC in terms of 
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PTEN localization. This involved transfecting HCT116 cells with a GFP-PTEN construct and 

validating expression via western blotting and fluorescence microscopy. Treating cells with 

HHE and PONPC and analysing PTEN subcellular localization using confocal microscopy 

would allow determination of changes in PTEN distribution, with the hypothesis that HHE 

and PONPC could modify PTEN localization through either direct interaction with key 

residues involved in PTEN’s subcellular targeting or, in the case of PONPC, by trapping 

PTEN at the membrane by covalent binding as described by the lipid whisker model. This 

was performed in order to provide more insights into the molecular mechanisms underlying 

PTEN's localization changes in response to oxidative stress and lipid peroxidation products, 

which could correlate with the observed changes in the PI3K/Akt signalling pathway in MCF-

7 and HCT116 cells exposed to HHE and PONPC with the hypothesis that altered PTEN 

localization due to HHE and PONPC exposure would affect its ability to regulate the 

PI3K/Akt pathway. The choice of confocal fluorescence microscopy over other methods, 

such as cell fractionation and mass spectrometry, was driven by its advantages in providing 

direct and specific visualization of PTEN's subcellular localization in cells, preserving cellular 

context and dynamics with high-resolution imaging and the ability to analyse multiple 

fluorophores simultaneously.  
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5.2. Materials and Methods 

5.2.1. Materials 

CF®594-conjugated wheat germ agglutinin (WGA) was purchased from Biotium (USA), 

prepared as per manufacturer’s instructions and stored in aliquots protected from the light at 

-20˚C. The rabbit anti-PTEN primary antibody (PTEN (138G6) rabbit Ab, #9559), validated 

for immunohistochemistry, was purchased from Cell Signaling Technology (The 

Netherlands) and the goat fluorescein isothiocyanate (FITC)-conjugated anti-rabbit 

secondary antibody (Anti-Rabbit IgG (whole molecule)–FITC antibody produced in goat, 

#F0382) was purchased from Merck (UK); these were used for in the immunostaining 

procedure (section 5.2.3.2). Mouse anti-PTEN primary antibody (PTEN (26H9) Mouse mAb, 

#9556) and rabbit anti-α,β-tubulin primary antibody (α/β-Tubulin Antibody, #2148) were used 

for western blotting and purchased from Cell Signaling Technology (The Netherlands). The 

goat anti-mouse secondary antibody (goat anti-mouse IgG (H+L)- HRP conjugate, #170-

6516) was purchased from Bio-Rad (UK) and the goat anti-rabbit secondary antibody (Anti-

Rabbit IgG (whole molecule)–Peroxidase antibody, #A6154) was purchased from Merck 

(UK), both were conjugated with HRP and used for western blotting (section 5.2.8.2). The 

ECL (SuperSignal West PICO chemiluminescence substrate) was purchased from 

ThermoFisher Scientific (UK) and EZ-ECL (Enhanced Chemiluminescence Detection Kit for 

HRP) was purchased from Biological Industries (USA). 809 pcDNA3 GFP PTEN was a gift 

from William Sellers (Addgene plasmid #10759) (Vazquez et al., 2001). 809 pcDNA3 GFP 

PTEN expression plasmid was sent by Addgene in an E. coli (DH5α strain) agar stab. This 

plasmid is referred as “GFP-PTEN plasmid DNA”. Enzymes (EcoRI and HindIII) were 

purchased from Fermentas (UK). EcoRI+ buffer with BSA was purchased from Fermentas 

(UK) and Tango buffer with BSA was purchased from ThermoFisher Scientific (UK). 

5.2.2. Membrane Staining Optimization 

MCF-7 cells were seeded on poly-L-Lysine-treated round coverslips in 12-well plates at a 

cell density of 4 x 105 cells/well and a final volume of 1 mL of complete medium. Plates were 

incubated at 37˚C overnight. After 24 h of incubation, coverslips were washed twice with pre-

warmed PBS. A solution of 4% formaldehyde in PBS was added in the wells and incubated 

for 15 minutes at 37˚C. Wells were washed with pre-warmed Hank’s balanced salt solution 

(HBSS; 140 mM NaCl, 5 mM KCl, 1 mM CaCl2, 0.4 mM MgSO4, 0.5 mM MgCl2, 0.3 mM 

Na2HPO4, 0.4 mM KH2PO4, 6 mM glucose and 4 mM NaHCO3, pH 7.4) twice and 500 µL of 

a CF594-conjugated WGA solution at increasing concentrations (0, 1, 2.5, 5, 7.5 and 10 

µg/mL in HBSS) were added. Plates were incubated at 37˚C for 10 minutes, the membrane 
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staining solution was discarded and wells were washed three times 5 min with HBSS. The 

coverslips were mounted on a microslide using Fluoroshield mounting media containing 

DAPI (Merck, UK), sealed with nail varnish and stored at 4˚C until imaged. Images were 

acquired using a TCS SP8 laser scanning confocal microscope (Leica Microsystems, UK) 

with a 63X oil objective (HC PL APO CS2 63x/1.40 OIL), available at the imaging facility of 

Aston University. The numerical aperture of the objective lens was 1.40 and the software 

used for data acquisition was LAS X (Leica Microsystems, UK). DAPI and CF®594 were 

excited at 405 nm and 592 nm, respectively. HyD SMD 2 and HyD SMD 4 detectors were 

used for DAPI and CF594, respectively, and emission of each fluorophore was respectively 

detected between 410-500 nm and 597-750 nm in separate sequences, recorded between 

frames. DAPI and CF594 spectra are presented in Figure 5.1. All images were obtained at a 

speed of 100 Hz and a size of 1024 x 1024 pixels. Overlay images of DAPI and CF®594 

channels were analysed on ImageJ where channels were split to measure the fluorescence 

of WGA-CF®594 and allow a cell count using DAPI staining separately. For the analysis of 

the intensity of the CF®594 fluorescence, the total fluorescence intensity of images was 

corrected to the background fluorescence of the unstained control by subtracting the 

intensity value of the control to the value of each image. The resulting CF-594® 

fluorescence intensity was normalized to the number of cells in the corresponding image for 

all WGA-CF®594 concentrations based on the nuclei count using the DAPI staining. 

5.2.3. Immunofluorescence of Endogenous PTEN 

5.2.3.1. Cell Seeding and Treatment  

MCF-7 cells were seeded on poly-L-Lysine-treated round coverslips in 12-well plates at a 

cell density of 4 x 105 cells/well and a final volume of 1 mL of complete medium. Plates were 

incubated at 37˚C overnight. The next day, cells were treated with 5 µM or 50 µM of HHE or 

PONPC in a final volume of 1 mL of complete medium. HHE or PONPC was added by 

removing 100 µL or 500 µL of medium from the wells for the 10X HHE and 2X PONPC stock 

solutions, respectively, and replacing it by the treatment stock solution. Following the same 

procedure, the vehicle solution was added to one well as a negative control. One well was 

left untreated without vehicle as a supplementary negative control. Plates were manually 

shaken for 10 seconds and incubated for 2 hours at 37˚C, 5% CO2. One hour prior to the 

end of the treatments, 1 mM H2O2 was added in a separate well by removing 10 µL of 

medium from the well and replacing it by 10 µL of the 100X H2O2 stock solution as a positive 

control for nuclear localization of PTEN. 

5.2.3.2. Staining and Slide Preparation 
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After 2 h of treatment with HHE or PONPC, the medium was removed, and coverslips were 

washed twice with pre-warmed PBS. 4% formaldehyde in PBS was added to the wells and 

incubated for 15 minutes at 37˚C. Wells were washed with pre-warmed HBSS twice and 500 

µL of a CF594-conjugated WGA solution (5 µg/mL in HBSS) were added. Plates were 

incubated at 37˚C for 10 minutes, the membrane staining solution was discarded and wells 

were washed twice with HBSS. Cells were permeabilized with 0.2% Triton X-100 in HBSS 

for 10 minutes at room temperature on a rocking shaker and wells were washed twice with 

HBSS. Cells were then incubated in blocking solution (1% BSA in HBSS) for 30 minutes at 

room temperature on a rocking shaker and wells were washed twice with HBSS. Humidified 

chambers were created by placing a distilled water-soaked paper towel in a petri dish. 50 µL 

of either blocking solution (to provide an unstained control) or anti-PTEN primary antibody in 

blocking solution at a 1:200 dilution for each coverslip were added onto a piece of parafilm 

placed in the humidified chamber. Coverslips were placed cell-side down on each drop and 

were incubated overnight at 4˚C in the dark. The next day, the coverslips were placed cell-

side up in a clean 12-well plate and washed three times for 5 minutes with ice-cold HBSS on 

a rocking shaker. The same steps were repeated for the FITC-conjugated secondary 

antibody at a 1:80 dilution in blocking solution and, after the washes, the coverslips were 

mounted on a microslide using Fluoroshield mounting media containing DAPI (Merck, UK), 

sealed with nail varnish and stored at 4˚C until imaged. 

5.2.3.3. Confocal Microscopy Imaging 

Images were acquired using a TCS SP8 laser scanning confocal microscope (Leica 

Microsystems, UK) with a 63X oil objective (HC PL APO CS2 63x/1.40 OIL), available at the 

imaging facility of Aston University. The numerical aperture of the objective lens was 1.40 

and the software used for data acquisition was LAS X (Leica Microsystems, UK). DAPI, FITC 

and CF594 were excited at 405 nm, 495 nm and 592 nm, respectively. HyD 1, HyD SMD 2 

and HyD SMD 4 detectors were used for DAPI, FITC and CF594, respectively, and emission 

of each fluorophore was respectively detected between 410-500 nm, 511-600 nm, and 597-

750 nm in separate sequences, recorded between frames, allowing absence of crosstalk 

between fluorophores. DAPI, FITC and CF594 spectra are presented in Figure 5.1. All 

images were obtained at a speed of 100 Hz for a size of 1024 x 1024 pixels. The imaging 

parameters (gain and pixel values) were manually set so that the FITC channel did not give 

fluorescent signal on unstained samples with antibodies and that all channels did not lead to 

saturation in all samples. The parameters remained unchanged between the different 

samples but differed between each biological replicate to accommodate variations in sample 

preparation. 
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Figure 5.1. Spectra visualization of DAPI, FITC and CF®594 fluorophores.  

The blue, green and red spectra show the emission spectra of DAPI, FITC and CF®594, respectively. 
The grey spectra on the left-hand side of each emission spectra show the excitation spectra of the 
corresponding fluorophore. The vertical lines at 405, 495, and 592 nm represent the excitation 
wavelengths used for DAPI, FITC, and CF®594, respectively. (Built on and extracted from 
www.biotium.com). 
 

5.2.3.4. Co-localization Analysis 

The analysis of the co-localization of PTEN-FITC with DAPI or WGA-CF594 was performed 

using the software ImageJ. Ten regions of interest (ROIs) were created by selecting single 

cells on overlay images (merged FITC, DAPI and CF®594 channels) for each condition in 

each of 3 biological replicates. ROIs were unmerged to provide single channel images and 

the Manders’ coefficients (Manders et al., 1993) M1 (fraction of PTEN-FITC overlapping with 

DAPI of WGA-CF594) and M2 (fraction of DAPI or WGA-CF594 overlapping with PTEN-

FITC) were calculated using the Just Another Co-localization Plug-in (JACoP) plugin (Bolte 

and Cordelieres, 2006) after defining pixel intensity thresholds for each channel. Coefficient 

values were calculated as follows with Ri and Gi representing the fluorescence of two 

different channels (Dunn et al., 2011): 

 

The mean and standard error of the mean (SEM) of M1 and M2 of three biological replicates 

were calculated using the GraphPad Prism 8.1.0 software (GraphPad, USA). 

5.2.3.5. Analysis of PTEN Cellular Partitioning 

Using the ImageJ software, channels (FITC, DAPI and WGA-CF®594 channels) were split 

on each overlay image. Areas of fluorescence of DAPI and WGA-CF®594 channels were 

selected after manually thresholding intensity values to remove any background 

fluorescence and reported as a selection onto the image of the fluorescence of the FITC 

channel. The total fluorescence of PTEN-FITC and the fluorescence of PTEN-FITC within 

http://www.biotium.com/
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the selected areas were measured to obtain intensity values of total cellular PTEN-FITC, 

nuclear PTEN-FITC and membranous PTEN-FITC. The fluorescence intensity values of 

PTEN-FITC in the cytoplasm were calculated by subtracting the intensity values of nuclear 

PTEN-FITC and membranous PTEN-FITC to the intensity values of total cellular PTEN-

FITC. Nuclear, membranous and cytoplasmic PTEN-FITC fluorescence intensity values 

were expressed as a percentage of the total cellular PTEN-FITC fluorescence intensity. 

Calculations were performed on the Excel software (Microsoft, USA) and results of three 

biological replicates were analysed on GraphPad Prism 8.1.0 (GraphPad, USA) for statistical 

analysis.  

5.2.4. Plasmid DNA Purification 

GFP-PTEN plasmid DNA was purified, quantified and checked for quality as described in 

General Materials and Methods, Sections 2.2 to 2.4. 

5.2.5. Transient Transfection of HCT116 Cells and Epifluorescence Microscopy 

of Transfected Cells 

HCT116 cells were seeded (1x105 to 6x105 cells/well) in 12-well plates and incubated at 

37˚C, 5% CO2. Cells grown to 50% to 80% confluency were transfected with the purified 

GFP-PTEN plasmid DNA (batch 1 or batch 2) using lipofectamine 2000 (ThermoFisher 

Scientific, UK). Different plasmid DNA to lipofectamine 2000 ratios were added to the cells 

(1:2; 1:3 and 1:4 DNA:lipofectamine 2000 (v/v)), using a fixed amount of 1.6 µg or 3.2 µg of 

GFP-PTEN plasmid DNA per well. Plasmid DNA and lipofectamine 2000 were first mixed 

separately with serum-free and antibiotics-free McCoy’s 5A (modified) medium. After 5 

minutes of incubation at RT, plasmid DNA and lipofectamine 2000 were mixed together, 

incubated 20 minutes at RT and 200 µL of the solution was added to the wells. 200 µL of 

serum- and antibiotic-free medium was added to the control wells. Plates were incubated at 

37˚C in an atmosphere of 95% air and 5% CO2 overnight and the medium was changed the 

next day. Epifluorescence microscopy imaging was performed using brightfield and the GFP 

filter cube and HC PL FLUOTAR 10.0x0.30 dry objective (Leica Microsystems, UK) at the 

imaging facility of Aston University. The integrated density of the fluorescence of GFP-PTEN 

was measured using the ImageJ software after setting the colour threshold to hue = 65-110 

(green colour only), saturation = 100-255 and brightness = 0-255. Results were analysed 

using the Excel software (Microsoft, USA) by correcting the integrated density of images of 

transfected cells by subtracting the integrated density value of the unstained control. 

5.2.6. Cell Harvesting and Lysis 
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At 24 or 48 hours post-transfection, HCT116 cells were washed twice with PBS and 

incubated with trypsin-EDTA for 5 minutes at 37˚C, 5% CO2. Trypsin was inactivated with 

McCoy’s (modied) 5A medium, FBS 10%, penicillin-streptomycin 1% and harvested in 1.5 

mL Eppendorf tubes subsequently put on ice. Tubes were centrifuged at 1000 x g for 5 

minutes at 4 ˚C. Pellets were resuspended twice in PBS and centrifuged at 1000 x g for 5 

minutes at 4˚C, discarding the supernatant after each centrifugation step. Resulting pellets 

were then resuspended in lysis buffer (50 mM Tris-HCl pH 7.5, 1 mM EDTA, 150 mM NaCl 

and 1% Triton X-100) supplemented with 1 mM PMSF, with or without phosphatase 

inhibitors (PhosSTOP™, Roche, UK) and set on ice for 15 to 30 minutes. Tubes were 

centrifuged at 21000 x g for 2 minutes at 4˚C and the supernatants (protein lysates) were 

stored at -80˚C. Total protein concentration was assessed as described in General Materials 

and Methods, section 2.9.2. 

5.2.7. SDS-PAGE 

SDS-PAGE was performed with 10% acrylamide gels and 5 to 20 μg of protein per well as 

described in General Materials and Methods, section 2.10. 

5.2.8. Western Blotting of Endogenous PTEN and GFP-PTEN 

5.2.8.1. Protein Transfer 

Proteins separated by SDS-PAGE were transferred onto a methanol-activated PVDF 

membrane for 1 hour at 100 V in transfer buffer (25 mM Tris, 190 mM glycine and 20% 

methanol, pH 8.3) using the Mini Trans-Blot® Cell system (Bio-Rad). The membrane was 

subsequently reactivated with methanol, stained with a Ponceau S staining solution (0.2% 

(w/v) Ponceau S/5% (v/v) glacial acetic acid) to check for transfer efficiency and destained in 

water for 5 minutes and 3 times 5 minutes in Tris buffered saline (TBS)-Tween (2 mM Tris, 

150 mM NaCl and 0.1% (v/v) Tween-20, pH 7.4). 

5.2.8.2. Immunoblotting 

PTEN and α/β tubulin (loading control) were probed with specific primary antibodies. The 

PVDF membrane was blocked in blocking solution (5% milk powder in TBS-T) for 1 hour at 

RT, incubated with anti-PTEN primary antibody in blocking solution at the working dilution of 

1:1000 for 1 hour at RT and washed in TBS-T (3 washes of 5 minutes each). The membrane 

was then incubated with anti-α,β-tubulin primary antibodies in blocking solution at the 

working dilution of 1:1000 for 1 hour at RT, washed in TBS-T (3 washes of 5 minutes each), 

incubated with a mixture of HRP-conjugated anti-rabbit and anti-mouse secondary 

antibodies in blocking solution at the working concentration of 1:10000 and 1:3000, 
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respectively, for 1 hour at RT and imaged (section 5.2.8.3). Immunoblotting of PTEN and 

α,β-tubulin were done separately prior to using both antibodies together to ensure specificity 

of the antibody binding, and to ensure correct band identification.  

5.2.8.3. Imaging 

After incubation with HRP-conjugated secondary antibodies, the membrane was washed 3 

times 10 minutes in TBS-T, rinsed in TBS (2 mM Tris, 150 mM NaCl, pH 7.4) and incubated 

5 minutes with ECL or 1 minute with EZ-ECL. The membrane was placed between two 

acetate sheets and imaged using a G:Box (GBox XR5, Syngene, UK), selecting sample area 

on the membrane for auto-exposure time calculation. Images were processed using the 

software ImageJ. The density of the signal for each band was determined and background 

signal was subtracted from the density values, which were subsequently divided by the 

density values of the corresponding loading control (α,β-tubulin) for normalization. When 

replicates were analysed, the average of normalized density values and the standard 

deviation were calculated using the Excel software (Microsoft, USA). 

5.2.9. Statistical Analysis 

Statistical analysis was performed on GraphPad Prism 8.1.0. (GraphPad, USA). Data from 

three biological replicates was analysed using one-way ANOVA in analysis comprising one 

variable and two-way ANOVA in analysis comprising two variables, correcting in both cases 

for multiple comparisons using the Tukey post-test. Statistical significance was defined as P 

< 0.05. The P values were annotated as follows: P > 0.05 (ns), P ≤ 0.05 (*), P ≤ 0.01 (**), P 

≤ 0.001 (***), P ≤ 0.0001 (****). Data are shown as mean values ± SEM unless stated 

otherwise. 
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5.3. Results 

5.3.1. Optimization of the Membrane Staining of MCF-7 Cells 

To evaluate the optimal concentration of WGA-CF®594 meeded to obtain an even staining 

of the plasma membrane, MCF-7 cells were stained with increasing concentrations ranging 

from 1 to 10 µg/mL. Coverslips were mounted with Fluoroshield mounting medium 

containing DAPI to stain nuclei in order to provide information about cell count in 

fluorescence images (for normalization purposes). Interestingly, the intensity of the DAPI 

staining was inconsistent across samples (Figure 5.2.A). This could result from different 

factors such as inconsistency of staining of different areas on the coverslips (which can 

occur if the amount of mounting media in contact with cells in different areas was different 

because of the orientation of the coverslip during application or the presence of water 

droplets diluting the mounting media) or photobleaching of the stain. Care was taken to 

obtain consistent nuclear staining in PTEN co-localization analysis but could differ between 

images, possibly due to the use of different focal planes. As shown in Figure 5.2.A, a 

minimum of 2.5 µg/mL WGA-CF®594 was required to stain membranes in MCF-7 cells. 

However, staining appeared inconsistent at this concentration, whereas cells appeared to be 

consistently stained with concentrations ≥ 5 µg/mL. This was further confirmed by the 

quantification of the intensity of WGA staining per cell (Figure 5.2.B), which increased in a 

concentration-dependent manner up to 5 µg/mL. Surprisingly, the fluorescence intensity per 

cell at higher concentrations did not increase or plateau but decreased slightly. This 

decrease in staining could be the result of a poor access to the membranes forming cell 

junctions which are generally not accessible to macromolecules. As monomers of WGA are 

17.1 kDa, its access to this kind of structure may be restricted. This is important to note as it 

implies that confluence of cells in samples investigating PTEN subcellular localization should 

be limited to avoid uneven staining of the plasma membrane and could influence the 

analysis of PTEN co-localization with WGA-CF®594. A concentration of 5 µg/mL WHA-

CF®594 was therefore used for membrane staining in all subsequent microscopy 

experiments.  
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Figure 5.2. Membrane staining of MCF-7 cells using increasing concentrations of WGA-
CF®594.  

MCF-7 cells were cultured on poly-L-lysine-coated coverslips overnight, fixed and stained with 
concentrations of WGA CF594 ranging from 1 μg/mL to 10 μg/mL. Coverslips were then mounted 
onto microslides using Fluoroshield mounting medium containing DAPI (Merck, UK) to stain nuclei 
and imaged using a TCS SP8 confocal microscope (Leica Microsystems, UK). (A) shows 
representative merged images of dual staining with DAPI (blue) and WGA-CF®594 (red). Scale bar = 
25 μm. (B) shows the corrected (to the control) mean fluorescence intensity for each concentration of 
WGA normalized to the number of cells from 2 replicate images of 1 biological replicate (n=1). 
 

5.3.2. Effects of HHE and PONPC on Endogenous PTEN Localization in MCF-7 

Cells 

Indirect immunofluorescence was used to visualize endogenous PTEN in MCF-7 cells. 

Nuclei as well as plasma membranes were additionally stained using DAPI and WGA-

CF594, respectively, to analyse co-localization of PTEN-FITC fluorescence (fluorescence of 

the FITC-conjugated secondary antibody targeting the anti-PTEN primary antibody) with 

these cell compartments. 

MCF-7 cells were used to investigate subcellular localization of endogenous PTEN because 

of their higher PTEN expression levels compared to HCT116 cells, the latter showing only 

~30% of the PTEN expression levels observed in MCF-7 cells (Figure 5.3). In fact, 

immunofluorescence of endogenous PTEN in HCT116 cells led to a low fluorescence 

intensity and a high background (data not shown), while MCF-7 cells allowed successful 

detection of PTEN (Figure 5.4). 
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Figure 5.3. Endogenous PTEN expression levels in HCT116 and MCF-7 cells. 

(A) Representative western blot of PTEN and α,β-tubulin in HCT116 and MCF-7 cells. HCT116 and 
MCF-7 cell lysates (10 µg protein) were resolved using SDS-PAGE followed by immunoblotting of 
PTEN and α,β-tubulin, imaged using a G:Box XR5 (Syngene, UK). Purified PTEN-V5-His was used as 
a positive control for PTEN immunoblotting and negative control for α,β-tubulin immunoblotting. (B) 
Densitometry analysis of PTEN expression levels in HCT116 and MCF-7 cells normalized to α,β-
tubulin. The densitometry analysis was performed using ImageJ on one biological replicate (n=1) 
measured on 3 independent western blots. Data is shown as the mean normalized PTEN expression 
with error bars representing the SD of a technical triplicate. 
 

Staining of nuclei with DAPI and membranes with WGA-CF®594 were also successful. 

Surprisingly, WGA-CF®594 led to staining of intracellular membranes as well (Figure 5.4). 

This could be due to internalization of WGA leading to staining of the Golgi apparatus and 

trans-Golgi network (Pavelka et al., 2008, Allen et al., 1989). However, this intracellular 

staining was not observed in MCF-7 cells that did not undergo immunostaining (fixed but not 

permeabilized) (Figure 5.2), suggesting that this could instead be the consequence of 

remaining WGA molecules during immunostaining steps possibly allowing WGA molecules 

to enter and interact with intracellular membranes.  

As it has been reported previously that H2O2-induced oxidative stress led to accumulation of 

nuclear PTEN in cells by inhibiting the nuclear export of the protein (Chang et al., 2008, Kato 

et al., 2020), MCF-7 cells were, in parallel, treated with H2O2 (1 mM for 1 hour) to provide a 

positive control for oxidative stress-induced nuclear localization of PTEN. Superficially, the 

images suggested that PTEN was mainly located in the cytoplasm in control MCF-7 cells 

and MCF-7 cells treated with vehicle, while it was either diffuse in the cell or even 

sequestered in the nucleus after treatment with 1 mM H2O2 for 1 hour. This seemed to 

correlate with a more important membrane localization of PTEN in control and vehicle-

treated MCF-7 cells, as shown by the colour shift from red to orange in merged images, 

compared to H2O2-treated MCF-7 cells, which seemed to remain red in merged images. 

Treating with HHE seemed to have similar effects to H2O2 on co-localization of PTEN with 

the nucleus, particularly for treatments using 50 µM HHE, although membrane localization 

did not seem to differ compared to the vehicle. The same observation could be made for the 

membrane localization of PTEN in PONPC-treated cells. However, the images of PTEN 
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localization compared to DAPI staining suggested that PONPC did not lead to nuclear 

relocalization (Figure 5.4). To obtain more conclusive results on PTEN subcellular 

localization, a quantitative analysis was performed, showing co-localization of PTEN with the 

nucleus or the membrane in Figure 5.5 and 5.6, respectively, and the percentage of PTEN in 

each compartment in Figure 5.7. 
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Figure 5.4. Representative confocal microscopy images of PTEN, nucleus and cell membranes 
in MCF-7 cells untreated or treated with oxidative stressors. 
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MCF-7 cells were cultured on coverslips and untreated (Control) or treated with 1 mM H2O2 for 1 h, 
0.2% ethanol (Vehicle), or 5 µM and 50 µM of HHE or PONPC for 2 h. After treatment, cells were 
fixed with 4% paraformaldehyde, the membranes were stained using CF®594-WGA (red) and 
immunostaining of PTEN was performed using a primary anti-PTEN antibody and a FITC-conjugated 
secondary antibody (green). Coverslips were mounted onto microslides using Fluoroshield mounting 
medium containing DAPI (Merck, UK) (blue) to stain nuclei. Samples were imaged using a TCS SP8 
confocal microscope (Leica Microsystems, UK). Scale bar = 25 µm. This is representative of images 
obtained in 3 biological replicates (n=3). 
 

The analysis of Manders’ coefficients (M1 and M2) between PTEN-FITC and DAPI or WGA-

CF®594 showed that treatment for 2 hours of MCF-7 cells with 50 μM of HHE led to a 

significant increase of both M1 (PTEN-DAPI) and M2 (DAPI-PTEN) compared to the vehicle 

with P values of 0.0024 and 0.013, respectively (Figure 5.5.A). Treating with 5 μM of HHE 

also seemed to increase nuclear PTEN, although to a lesser extent as the increase in M1 

(PTEN-DAPI) was not significant (P = 0.1328) but M2 (DAPI-PTEN) was with a P value of 

0.0108 (Figure 5.5.A). This provided evidence that HHE could lead to relocalization of PTEN 

to the nucleus, although not as efficiently as H2O2 which, as expected, showed a 2-fold and 

3-fold increase in M1 (PTEN-DAPI) and M2 (DAPI-PTEN), respectively (Figure 5.5.A). No 

accumulation nor depletion of PTEN at the membrane was observed as M1 (PTEN-WGA) 

and M2 (WGA-PTEN) were not statistically different from the vehicle after treatment with 5 

and 50 μM of HHE for 2 hours (Figure 5.5.B).  

On the other hand, M1 (PTEN-DAPI) and M2 (DAPI-PTEN) of MCF-7 cells treated with 5 μM 

or 50 μM PONPC for 2 hours showed that PONPC did not lead to accumulation nor 

depletion of PTEN in the nucleus (Figure 5.6.A). Indeed, M1 (fraction of PTEN-FITC 

fluorescence overlapping with DAPI) and M2 (fraction of DAPI overlapping with PTEN-FITC 

fluorescence) did not differ statistically between the vehicle and the treatments with PONPC. 

In contrast, although the modification of membrane localization of PTEN following PONPC 

treatment was subtle, both fractions of PTEN-FITC fluorescence overlapping with WGA-

CF®594 fluorescence (M1 (PTEN-WGA)) and the fraction of WGA-CF®594 fluorescence 

overlapping with PTEN-FITC fluorescence (M2 (WGA-PTEN)) significantly increased in 

MCF-7 cells treated with 50 µM PONPC (P=0.002 and P=0.0075, respectively), but not with 

5 µM PONPC (Figure 5.6.B). This suggested that PONPC could partially sequester PTEN at 

the membranes in MCF-7 cells at a high concentration. 

Taken together, these results suggest that there is an association between PTEN subcellular 

localization and exposure of cells to LPPs, as HHE could relocate PTEN in the nucleus, 

even at low concentration, but not the plasma membrane or intracellular membranes, while 

PONPC could not relocate PTEN in the nucleus but could increase PTEN membrane 

localization at high concentration.  
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Figure 5.5. Effects of HHE on PTEN co-localization with nucleus and membranes in MCF-7 
cells. 

Co-localization analysis of PTEN (immunostained with FITC) with DAPI staining nuclei (A) and WGA-
CF®594 staining cell membranes (B). MCF-7 cell were untreated (Control) or treated with 1 mM H2O2 
for 1 h, 0.057% ethanol (Vehicle), or 5 µM and 50 µM of HHE for 2 h and prepared as described in 
Figure 5.2. Ten cells in each condition of each biological replicate were analysed using the JaCoP 
plugin of the ImageJ software. M1 represents the fraction of FITC (PTEN) in DAPI (nuclei) or WGA-
CF®594 (membranes) and M2 represents the fraction of DAPI (nuclei) or WGA-CF®594 
(membranes) in FITC (PTEN). Data represents mean ± SEM of 3 biological replicates (n=3), each 
including 10 technical replicates. Statistical analysis was performed using one-way ANOVA with 
Turkey’s post-test; P > 0.05 (ns), P ≤ 0.05 (*), P ≤ 0.01 (**), P ≤ 0.001 (***), P ≤ 0.0001 (****).  
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Figure 5.6. Effects of PONPC on PTEN co-localization with nucleus and membranes in MCF-7 
cells. 

Co-localization analysis of PTEN (immunostained with FITC) with DAPI staining nuclei (A) and WGA-
CF®594 staining cell membranes (B). MCF-7 cell were untreated (Control) or treated with 1 mM H2O2 
for 1 h, 0.2% ethanol (Vehicle), or 5 µM and 50 µM of PONPC for 2 h and prepared as described in 
Figure 5.2. Ten cells in each condition of each biological replicate were analysed using the JaCoP 
plugin of the ImageJ software as described in Materials and Methods. M1 represents the fraction of 
FITC (PTEN) in DAPI (nuclei) or WGA-CF®594 (membranes) and M2 represents the fraction of DAPI 
(nuclei) or WGA-CF®594 (membranes) in FITC (PTEN). Data represents mean ± SEM of 3 biological 
replicates (n=3) for 10 cells per replicate. Statistical analysis was performed using one-way ANOVA 
with Turkey’s post-test; P > 0.05 (ns), P ≤ 0.05 (*), P ≤ 0.01 (**), P ≤ 0.001 (***), P ≤ 0.0001 (****).  
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The fluorescence of FITC was measured in areas stained by either DAPI, WGA-CF®594 or 

unstained areas of the confocal microscopy images of MCF-7 cells treated with HHE or 

PONPC for 2 hours to give more insights into the fraction of PTEN in the nucleus, 

membranes or cytoplasm, respectively. Although no significant differences were found with 

this analysis, the results showed trends corroborating those of Manders’ coefficients. As 

shown in Figure 5.7.A, the percentage of PTEN localized at the membranes was not 

modified by HHE treatments, as previously demonstrated by M1 (PTEN-WGA) in Figure 

5.5.B, and was stable at ~45% of the total PTEN-FITC fluorescence. As the percentage of 

PTEN at the membranes was unchanged in these conditions, the increase in PTEN fraction 

in the nucleus was ultimately compensated with a decrease in cytoplasmic PTEN. This 

further confirmed that HHE could increase nuclear PTEN without altering the membranous 

pool of PTEN, but by rather leading to translocation of cytoplasmic PTEN into the nucleus. 

However, because WGA-CF®594 stained both the plasma membrane and Golgi apparatus, 

these results cannot confirm PTEN localization to the plasma membrane per se. The 

percentage of PTEN associated with the Golgi apparatus could indeed increase 

proportionally to a decrease in plasma membrane-associated PTEN, and vice-versa. The 

analysis of the fraction of PTEN localizing at the membranes, in the nucleus or cytoplasm 

after exposure of MCF-7 cells to PONPC also corroborated the findings using Manders’ 

coefficients (Figure 5.6); the percentage of nuclear PTEN (~30%) was not modified by 

PONPC after treatment of the cells. As described for the increase in nuclear PTEN after 

HHE treatments, the increase in membrane-associated PTEN was accommodated by the 

cytoplasmic pool of PTEN as the fraction of PTEN in the cytoplasm following treatment with 

50 µM PONPC seemed to decrease accordingly. As noted above, these data cannot support 

the specific association of PTEN to the plasma membrane or Golgi apparatus. It is also 

important to note that the staining of intracellular membranes led to high intensities of 

fluorescence of WGA-CF®594 and did not enable clear identifications of the structures, 

which implied that the PTEN-FITC signal obtained at the intracellular membranes could also 

be partly cytoplasmic PTEN, which would explain the low percentage of cytoplasmic PTEN 

found in this analysis. This therefore represents the main limitation of this study and ensuring 

a specific staining of the plasma membrane would be necessary to draw firm conclusions on 

PTEN membrane association. 
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Figure 5.7. Effects of HHE and PONPC on PTEN partitioning in MCF-7 cells.  

Analysis of PTEN (immunostained with FITC) fraction associated with membranes, in the nucleus or 
in the cytoplasm of MCF-7 cells. MCF-7 cell were untreated (Control) or treated with 1 mM H2O2 for 1 
h, 0.2% ethanol (Vehicle), or 5 µM and 50 µM of HHE (A) or PONPC (B) for 2 h and prepared as 
described in Figure 5.2. Confocal images were analysed using the ImageJ software as described in 
Materials and Methods. Data represents mean ± SEM of 3 biological replicates (n=3); one to four 
images per condition in each biological replicate were analysed, with >20 cells per image. Statistical 
analysis was performed using one-way ANOVA with Turkey’s post-test; P > 0.05 (ns), P ≤ 0.05 (*), P 
≤ 0.01 (**), P ≤ 0.001 (***).  
 
 
 

A 

 

B 
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5.3.3. Optimization of Transfection of HCT116 Cells with GFP-PTEN plasmid 

DNA 

5.3.3.1. Purification of pcDNA3 GFP-PTEN 

In an attempt to confirm the results obtained with endogenous PTEN in MCF-7 cells using 

another model, a recombinant PTEN tagged with GFP was overexpressed in HCT116 cells. 

Purification of an expression plasmid encoding for a GFP-PTEN fusion protein was primarily 

needed for expression of the protein in mammalian cells. The map and insert sequence of 

the plasmid is shown in Supplementary Figure 3. It is a 7336 base pairs (bp) long plasmid 

containing a cytomegalovirus (CMV) promoter that allows the transcription of the mRNA 

encoding for a GFP-PTEN fusion protein in mammalian cells, the GFP sequence being 

placed at the 5’ end of the PTEN sequence. The full open reading frame for the GFP-PTEN 

protein is characterized by 1944 bp encoding for a 647 amino acids long protein containing 

the GFP at its N-terminus and the canonical PTEN at its C-terminus, separated by a linker of 

6 amino acids. The plasmid also contains the sequence of an ampicillin resistance gene 

allowing bacterial selection for amplification of the plasmid in vitro. 

The first purification of the plasmid (batch 1) resulted in a DNA concentration of 764 ng/μL. 

The 260/280 nm and 260/230 nm ratios were 1.88 and 2.2, respectively. The second 

purification (batch 2) yielded 847 ng/μL of GFP-PTEN plasmid DNA, with 1.9 and 2.29 

260/280 nm and 260/230 nm ratios, respectively, showing a good purity of DNA against 

proteins and chemicals. 

The restriction analysis of this plasmid, using EcoRI and HindIII restriction sites, was 

expected to yield the linearized plasmid for the single digestion with EcoRI and two 

fragments for the combined digestion of EcoRI and HindIII: a short fragment of 1956 bp and 

a long fragment of 5380 bp. The agarose gel showed the expected fragmentation pattern for 

both batch 1 and batch 2 (Figure 5.8). One band for control plasmids corresponding to the 

full-size plasmid and one band for the single restriction digestion by EcoRI at approximately 

7 kbp were obtained. Although the double restriction digestions yielded two major bands 

corresponding to the long (between 5 and 6 kbp) and short (approximately 2 kbp) fragments, 

a small band of the same size of the single digestion product could be seen in batch 1 and 

batch 2 double digestions, indicating that the double digestion was not complete. This band 

corresponds to a linearized form of the plasmid, hence the result of a single digestion either 

by EcoRI or HindIII. No other band was detected; thus, the plasmid was successfully 

purified. However, the apparent size of the control GFP-PTEN plasmid DNA was higher than 

expected, showing at an apparent molecular weight above 10 kbp, migrating less into the gel 

than its linearized form, which suggested that it was in an open-circular conformation. Batch 
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1 was first observed in an open-circular conformation and the purification of batch 2 was in 

fact an attempt to obtain the supercoiled plasmid. Indeed, transfection of mammalian cells 

are generally favoured by a compact plasmid conformation which corresponds to the 

supercoiled conformation (Carbone et al., 2012). This was tried by modification of various 

points in the procedure, including quality and sterility of solutions as well as consumables, 

but no supercoiled plasmid was detected in batch 2 either. 

To rule out the possible contribution of DNAse contaminations to the conformation of the 

plasmid, the purification was performed entirely in a cold room at +4˚C to inhibit any potential 

enzyme activity with pre-cooled buffers, excluding the lysis buffer. A plasmid at a 

concentration of 694 ng/μL was obtained and showed a good purity with 260/280 and 

260/230 ratios of 1.92 and 2.44, respectively. The restriction digestion analysis of this 

plasmid with EcoRI and HindIII showed, similarly to the plasmids obtained by purification at 

room temperature, a band at approximately 7 kbp for the digestion with EcoRI only, two 

bands of approximately 5.5 and 2 kbp for the double digestion with EcoRI and HindIII and 

the band corresponding to the uncut control plasmid was found above 10 kbp (Figure 5.8), 

indicating that the purified plasmid was indeed the GFP-PTEN plasmid but that its 

conformation, even when purified at low temperature, was open-circular. This indicates that 

DNAse contaminations are likely not to be the cause of the open-circular conformation of the 

purified plasmid. 

 

Figure 5.8. Restriction analysis of purified GFP-PTEN plasmid DNA. 

A hundred ng of uncut (Control) purified GFP-PTEN plasmid DNA or purified GFP-PTEN plasmid 
DNA digested with EcoRI alone or EcoRI and HindIII were loaded in wells of a 1% agarose gel and 



Chapter 5 – Effects of HHE and PONPC on PTEN Subcellular Localization 

157 
O. Langlois, PhD Thesis, Aston University, 2024. 

migrated at 100 V for 90 minutes. DNA bands were detected with SYBR Safe staining (ThermoFisher 
Scientific, UK). 
 

5.3.3.2. Effects of Transfection on Cell Viability 

First, two GFP-PTEN plasmid DNA (batch 1) concentrations were tested for transfection of 

HCT116 cells: 1.6 µg of DNA were used per well, as recommended by the manufacturer of 

lipofectamine 2000, and a double amount of DNA (3.2 µg) was tested in the same 

conditions. Increasing DNA to lipofectamine 2000 ratios (1:2, 1:3 and 1:4) were tested. 

Lipofectamine 2000 is used in ratios with DNA, thus it is important to note that lipofectamine 

2000 concentrations increased proportionately with the amount of DNA. This reagent is toxic 

at high concentrations for mammalian cells. Therefore, the cell density and cell mortality 

were assessed 48 hours after transfection. This was performed only once for optimization of 

the experimental conditions. 

Overall, the cell density after 48 hours was higher for lower amounts of DNA and 

lipofectamine 2000 than for higher amounts. In fact, for 1.6 µg, the cell density of cells 

transfected when 80% confluent did not vary compared to the control (HCT116 cells for 

which serum-free medium was added instead of the transfection complex), while cells 

transfected at lower confluency showed a small decrease in cell density but remained stable 

across the different DNA to lipofectamine 2000 ratios, except for the 1:4 ratio with 50% 

confluent cells which almost decreased by half (Figure 5.9.B). For doubled amounts of DNA 

and lipofectamine 2000, a large drop in cell densities was observed for all percentages of 

confluency and all DNA to lipofectamine 2000 ratios, particularly for 1:3 and 1:4 (Figure 

5.9.D). The mortality was indeed increased in cell populations transfected with higher 

amounts of DNA and lipofectamine (Figure 5.9.A and Figure 5.9.C). However, an increased 

mortality in control cells was also observed, questioning the significance of the increase in 

transfected populations. 



Chapter 5 – Effects of HHE and PONPC on PTEN Subcellular Localization 

158 
O. Langlois, PhD Thesis, Aston University, 2024. 

 

Figure 5.9. Cell density and mortality of transfected HCT116 cells at 48 hours post-transfection 
with 1.6 or 3.2 µg of GFP-PTEN plasmid DNA. 

HCT116 cells at 50%, 70% and 80% confluency were transfected in 12-well plates using 3 ratios of 
DNA to lipofectamine 2000 (1/2, 1/3 and 1/4) and cell count was performed 48 hours post-
transfection. No lipofectamine 2000 or DNA was added to controls. Data is shown for one biological 
replicate (n=1) and represents the average of 4 counts per condition. (A) and (C) show cell mortality 
of cells after transfection with 1.6 and 3.2 µg of plasmid DNA (per well), respectively. (B) and (D) 
show cell density of cells after transfection with 1.6 and 3.2 µg of plasmid DNA (per well), 
respectively. 
 

Considering these results, further transfections were performed only with 1.6 µg of GFP-

PTEN plasmid DNA, keeping the same DNA to lipofectamine 2000 ratios. 

The analysis of cell viability was then performed on HCT116 cells undergoing transfection 

using 1.6 µg of plasmid DNA for 24 hours to gain more insights into the time-dependent 

effects of transfection on viability. Using the same DNA to lipofectamine 2000 ratios, cells 

showed low mortality (≤ 4%) for ratios of 1:2 and 1:3 (Figure 5.10.A), which was also 

generally lower compared to 48 hours post-transfection (Figure 5.9.A). A 2-fold and 3-fold 

increase in cell mortality was observed at a ratio of 1:4 for cell transfected at a confluency of 

70% and 80%, respectively (Figure 5.10.A). This contrasted with the resulting mortality of 

HCT116 cells at this DNA:lipofectamine 2000 ratio after 48 hours of transfection (Figure 

5.9.A), which showed an inversed trend with decreasing mortality correlating with increasing 
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cell confluency at the time of transfection. In both cases, however, transfection with 

DNA:lipofectamine 2000 ratios of 1:2 or 1:3 seemed to lead to less cell mortality than with a 

1:4 ratio. However, cell density seemed to decrease in all conditions compared to control 

HCT116 cells (Figure 5.10.B) to a higher extent than what was observed 48 hours post-

transfection (Figure 5.9.B), particularly for cell transfected at 50% confluency which showed 

a minimum of a 2-fold reduction in cell density in all conditions compared to control HCT116 

cells (Figure 5.10.B). 

 

Figure 5.10. Cell density and mortality of transfected HCT116 cells at 24 hours post-
transfection with 1.6 of GFP-PTEN plasmid DNA. 

HCT116 cells at 50%, 70% and 80% confluency were transfected in 12-well plates using 3 ratios of 
DNA to lipofectamine 2000 (1/2, 1/3 and 1/4) and 1.6 µg of plasmid DNA per well. Cell count was 
performed 24 hours post-transfection. No lipofectamine 2000 or DNA was added to controls. Data 
represents the mean mortality (A) or cell density (B) of two biological replicate (n=2). Cell count was 
performed 4 times per condition in each biological replicate. 

 

Therefore, for an analysis of GFP-PTEN expression in HCT116 cells following transfection 

with 1.6 µg of GFP-PTEN plasmid DNA, 1:2 or 1:3 DNA:lipofectamine 2000 ratios used on 

cells at 70% or 80% confluency for both 24 hours and 48 hours of transfection seemed to be 

the optimal conditions to obtain minimal cell mortality with resulting cell density close to 

control cells. 

5.3.3.3. Effects of Confluency at Transfection, DNA to Lipofectamine 2000 Ratio 

and Time on GFP-PTEN Expression Levels in Transfected HCT116 Cells 

In order to investigate the transfection efficiency of the transient transfection of HCT116 cells 

with GFP-PTEN plasmid DNA (batch 1), time of expression, confluency at the time of 

transfection and DNA to lipofectamine 2000 ratios were considered. HCT116 cells in 12-well 

plates were transfected using 1.6 µg of GFP-PTEN plasmid DNA per well and 1:2, 1:3 and 
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1:4 DNA to lipofectamine 2000 ratios. Transfection was performed on 50%, 70% and 80% 

confluent cells, and one well (for each confluency) was left without transfection as a control. 

Medium was changed the next day, cells were imaged, harvested and lysis of cells was 

performed 24 hours or 48 hours after transfection. 

For 24 hours of expression, all transfected samples showed GFP-PTEN expression (bands 

between 70 and 100 kDa), with a higher signal than for native PTEN (approximately 60 kDa), 

but not equivalent across all samples. There appeared to be a trend of decreasing signal 

correlated to increasing cell confluency at transfection time (Figure 5.11.A). Although the 

western blot showing GFP-PTEN expression 48 hours after transfection does not show as 

good a resolution, most likely due to an insufficient exposure of the membrane (native PTEN 

was not detectable), it seems to show the same results as for 24 hours post-transfection; the 

expression of GFP-PTEN decreased with the increase of cell confluency at transfection time 

(Figure 5.11.B). This trend was supported by densitometry analysis (normalized to α,β 

tubulin) where level of expression of GFP-PTEN for each DNA to lipofectamine 2000 ratio 

decreased with increased cell confluency, either for 24 hours of protein expression and 48 

hours of protein expression (Figure 5.11.C and Figure 5.11.D, respectively. GFP-PTEN 

expression after 48 hours was particularly increased for transfection at 50% confluency and 

1:3 DNA:lipofectamine 2000 ratio compared to other conditions (2.24 compared to a 

maximum value of 1.32 for transfection at 50% confluency with a 1:2 DNA to lipofectamine 

2000 ratio) (Figure 5.11.D). In contrast, GFP-PTEN expression after 24 hours did not vary 

for same cell confluency across the different DNA to lipofectamine 2000 ratios, except for 

80% cell confluency at transfection time where 1:3 and 1:4 DNA to lipofectamine 2000 ratios 

show a better expression of the protein than with the 1:2 ratio (Figure 5.11.C). 

Overall, these data suggest that transfection of GFP-PTEN plasmid DNA (batch 1) in 

HCT116 cells is most efficient with low cell confluency at transfection, although it was shown 

previously that 50% confluency could lead to low cell proliferation after transfection. 

However, because this analysis was performed across multiple gels separating 1:2 and 1:3 

DNA:lipofectamine 2000 ratio to 1:4 DNA:lipofectamine 2000 ratios, the comparison of the 

efficiency in transfection of the different ratios was not possible. 
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Figure 5.11. GFP-PTEN expression in HCT116 cells 24 and 48 hours post-transfection with 
GFP-PTEN plasmid DNA (batch 1). 

(A) and (B) show representative western blots of GFP-PTEN, endogenous PTEN and α,β-tubulin in 
transfected HCT116 for different confluency at time of transfection and increasing DNA:lipofectamine 
2000 ratios (1:2, 1:3 and 1:4). HCT116 control represents not transfected HCT116 cells. MCF 7 is a 
negative control for transfection and positive control for endogenous PTEN expression. An additional 
positive control for PTEN was added (Purified PTEN-V5-His). Cells were harvested and lysed 24 
hours post-transfection, 10 µg of total protein were loaded and the membranes were imaged after 
incubation with ECL (A) or 48 hours post-transfection, 15 µg of total proteins were loaded and the 
membranes were imaged after incubation with ECL (B) on a G:Box XR5 (syngene, UK). (C) and (D) 
show quantification of GFP-PTEN expression (normalized to α,β-tubulin) in western blots (A) and (B), 
respectively. Data represents values for one biological replicate (n=1). 
 

To investigate further the influence of the DNA to lipofectamine 2000 ratio on transfection 

efficiency, 70% confluent cells were transfected with 1.6 µg of GFP-PTEN plasmid DNA 
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(batch 1 and batch 2) at previously reported DNA to lipofectamine 2000 ratios and cells were 

harvested and lysed 48 hours post-transfection. The expression of GFP-PTEN was 

observed by western blotting. GFP-PTEN appeared to be expressed to a lesser extent than 

endogenous PTEN in this experiment (Figure 5.12.A) indicating limited transfection of 

HCT116 cells. The level of GFP-PTEN expressed by transfected HCT116 cells was 

increased from the 1:2 to 1:4 ratio (Figure 5.12.B); the average expression for a 1:2 ratio 

was 6 times lower than that for a 1:3 ratio and 9 times lower than for a 1:4 ratio. 

 

Figure 5.12. Comparison of GFP-PTEN expression in HCT116 transfected with GFP-PTEN 
plasmid DNA (batch 1 and batch 2) using increasing ratios of DNA to lipofectamine 2000.  

(A) Western blot of GFP-PTEN, endogenous PTEN and α,β-tubulin in HCT116 cells transfected at 
70% confluency at time of transfection with increasing DNA (batch 1 or batch 2):lipofectamine 2000 
ratios (1:2, 1:3 and 1:4). HCT116 control represents not transfected HCT116 cells. MCF-7 cells was 
used a negative control for transfection and positive control for endogenous PTEN expression. An 
additional positive control for PTEN was added (Purified PTEN-V5-His). Cells were harvested and 
lysed 48 hours post-transfection, 10 µg of total protein were resolved by SDS-PAGE and transferred 
onto a PVDF membrane for immunoblotting. The membrane was imaged after incubation with ECL. 
(B) Densitometry analysis of the expression of GFP-PTEN (normalized to α,β tubulin) with GFP-PTEN 
plasmid batch 1 and batch 2 at 1:2, 1:3 and 1:4 DNA to lipofectamine 2000 ratios. Data represents 
values of one biological replicate (n=1). 
 

The time-dependence of expression of GFP-PTEN following transfection could not be 

assessed by the western blot analysis as probing and processing of membranes differed 

between membranes for samples harvested at 24 hours and 48 hours after transfection. To 

address this, fluorescence imaging of the wells for each condition was performed. Images 

were taken for all conditions at similar cell densities to allow comparison of GFP-PTEN 

expression levels considering the absence of nuclear staining for normalization. Transfection 

of HCT116 cells at 50% or 70% confluence with a DNA:lipofectamine 2000 ratio of 1: or 1:4 

seemed to be the conditions leading to highest expression of GFP-PTEN after 24 hours of 

protein expression (Figure 5.13.A), whilst it was restricted to 70% confluent cells at the time 
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of transfection with the same DNA:lipofectamine 2000 ratios for cells allowed to express 

GFP-PTEN for 48 hours (Figure 5.13.B). The transfection efficiency of the samples 

expressing GFP-PTEN the most at both 24 hours and 48 hours post-transfection seemed to 

be similar (Figure 5.13.A and 5.13.B).  

Quantification of GFP-PTEN fluorescence in these images allowed more accurate 

representation of the levels of expression of GFP-PTEN in these samples. This analysis 

confirmed the results of the western blotting of GFP-PTEN: expression of GFP-PTEN 

generally increased with the DNA:lipofectamine 2000 ratios but decreased with the cell 

confluency at the time of transfection (Figure 5.14). The expression levels of GFP-PTEN 

were very similar between 24 hours and 48 hours post-transfection for HCT116 cells 

transfected at 70% and 80% confluency at the same DNA:lipofectamine 2000 ratios. This 

was, however, not true for HCT116 cells transfected at 50% confluency, for which levels of 

GFP-PTEN were ~2-fold higher at 24 hours post-transfection compared to 48 hours post-

transfection for transfections using a 1:2 DNA:lipofectamine 2000 ratio and ~30% lower at 24 

hours post-transfection compared to 48 hours post-transfection for transfections using a 1:3 

DNA:lipofectamine 2000 ratio, while GFP-PTEN levels were similar at a 1:4 ratio (Figure 

5.14). As the nuclei were not stained in these experiments and cell were generally fully 

confluent, it was not possible to count cells to provide the transfection efficiency calculated 

as Number of GFP-PTEN Expressing Cells ÷ Total Number of Cells. Nuclear staining would 

therefore be necessary for a definitive evaluation of the transfection efficiency of HCT116 in 

these experiments. 
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Figure 5.13. Epifluorescence microscope images of GFP-PTEN fluorescence in HCT116 cells 
transfected with GFP-PTEN plasmid DNA (batch 1) after 24 or 48 hours of protein expression. 

This shows representative images of the fluorescence of GFP-PTEN (green) in transfected HCT116 
at 24h (A) or 48h (B) post-transfection. Transfection was performed on HCT116 cells grown in 12-well 
plates at different confluency and using increasing DNA:lipofectamine 2000 ratios with 1.6 µg 
DNA/well. Cell imaging was performed using brightfield epifluorescence and a GFP filter cube with 
HC PL FLUOTAR 10.0x0.30 dry objective (Leica Microsystems, UK) either 24 hours or 48 hours post-
transfection. The scale bar indicates 100 µm. The images with apparent highest fluorescence 
emission are squared in red.  
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Figure 5.14. Semi-quantitative analysis of GFP-PTEN expression at 24 hours and 48 hours 
post-transfection of HCT116 cells at different confluency and DNA:lipofectamine 2000 ratios.  

HCT116 cells were transfected and imaged as described in Figure 5.12. Fluorescence of GFP-PTEN 
in images (at similar confluency) was measured using the ImageJ software. Data represents the 
values of integrated density of GFP-PTEN fluorescence of one biological replicate (n=1) measured 
once for 48 hours post-transfection samples or the mean integrated density of GFP-PTEN 
fluorescence of one biological replicate (n=1) measured in technical duplicate for the 24 hours post-
transfection samples.   
 

Taken together, these results showed that transfection of HCT116 cells at a low confluency 

(Figure 5.11 and 5.14) with a 1:4 ratio of DNA to lipofectamine 2000 (Figure 5.12 and 5.14) 

allow the highest expression of GFP-PTEN. However, it was observed that high 

concentrations of lipofectamine 2000 in culture media is detrimental for cells (Figure 5.9 and 

5.10), while a DNA to lipofectamine 2000 ratio of 1:3 did not show high cell mortality (Figure 

5.9 and 5.10) but an increased expression of GFP-PTEN compared to 1:2 ratios (Figure 

5.12). Therefore, transfection at a 1:3 ratio seems to be a good compromise to balance the 

mortality induced by higher amounts of lipofectamine 2000. From the fluorescence imaging 

(Figure 5.13 and 5.14), it appeared that expression of the protein would be similar between 

24 hours post-transfection and 48 hours post-transfection. Although further investigation is 

necessary to fully optimize this model, this provided insights into the conditions necessary to 

obtain overexpression of GFP-PTEN in HCT116 cells, which would allow to investigate the 

effects of HHE and PONPC on PTEN localization in another model, providing more robust 

evidence when added to the investigation on endogenous PTEN in MCF-7 cells. 
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5.4. Discussion 

For the first time, effects of LPPs on PTEN localization were investigated. The analysis of 

the co-localization of PTEN with DAPI suggested that PTEN could accumulate in the nucleus 

of MCF-7 cells in response to HHE treatments, similarly but to a lesser extent than the H2O2-

induced PTEN translocation in the nucleus. This is in line with evidence that HHE-modified 

proteins tend to be located more in the nucleus and perinuclear regions of retinal cells after 

light exposure of rat retina that increased the HHE- and HNE-modified protein content in 

these cells (Tanito et al., 2005). However, previous studies provided evidence that H2O2 

induces accumulation of PTEN in the nucleus by inhibiting PTEN nuclear export in response 

to DNA damage (Kato et al., 2020, Chang et al., 2008) and HHE was found to induce DNA 

damage from concentrations of 10 µM in hepatocytes (Eckl et al., 1993). Hence, it is 

questionable whether the translocation of PTEN to the nucleus after exposure of cells to 

HHE is related to a response to potential DNA damage induced by HHE like the H2O2-

induced PTEN translocation in the nucleus, especially as the concentrations tested are close 

to the concentrations found to induce DNA damage in hepatocytes, or if it is a direct 

consequence of PTEN modification by adduction of reactive HHE. Evaluation of DNA 

damage after HHE treatment in parallel to evidence of endogenous PTEN adduction by HHE 

would provide more insights into the molecular mechanism of PTEN accumulation in the 

nucleus following HHE exposure.  

In contrast to what was observed with HHE, PONPC did not modify PTEN co-localization 

with the nucleus, but showed a significant modification of membrane association of PTEN in 

MCF-7 cells treated with 50 µM PONPC but not 5 µM PONPC. This suggested that PTEN 

localization could be influenced by PONPC but at high concentrations only.  Information on 

the behaviour of PONPC in cells in the literature is limited. However, it was shown for 

POVPC, another truncated phospholipid that has been studied more widely, that fluorescent 

POVPC analogues are inserted rapidly into the plasma membrane of vascular smooth 

muscle cells during their first contact with the cell surface, resides there as a consequence of 

their association with amine-containing lipids and proteins, and are subsequently partially 

transferred to perinuclear regions (Moumtzi et al., 2007). PONPC, which has a very similar 

structure, is most likely to act in a similar manner and could therefore covalently modify 

membrane-associated PTEN, trapping it at the membrane whilst residing in the bilayer, and 

relocating it to perinuclear regions, which was measured by the co-localization analysis of 

PTEN with the membranes as intracellular membranes were stained by WGA-CF®594. This 

also means that the modification of PTEN membrane localization at high concentrations of 

PONPC could be due to trafficking of PONPC to intracellular membranes rather than 

increase in plasma membrane association of PTEN. There is, however, no evidence of 
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cellular uptake of PONPC (nor HHE) in our experimental procedures. This is particularly 

important as the localization of the oxidized lipids would give essential information on their 

potential biological consequences and this can be addressed similarly to the POVPC 

analogues by synthesizing PONPC or HHE analogues with conjugation to different 

fluorophores.  

Surprisingly, although the analysis of colocalization of PTEN with the nuclei and membranes 

and the analysis of PTEN partitioning in MCF-7 cells led to the same conclusions, the 

significant differences observed in the co-localization analysis were correlated to rather small 

changes in percentage of endogenous PTEN localized at the nucleus (following HHE 

treatment) or at the cell membranes (following PONPC treatment). This could be the result of 

different values used as thresholds of the fluorescence of PTEN-FITC for the two analytical 

methods. Indeed, whilst the analysis of the percentage of PTEN in the different MCF-7 cell 

compartments required to threshold the fluorescence intensities of PTEN-FITC to values 

covering the entire surface of the cell (grey value = 2-255), thresholds were set to higher 

intensities for the analysis of Manders’ coefficients to avoid accounting for autofluorescence 

and off-target effects (Dunn et al., 2011). This meant that low intensity pixels of PTEN-FITC 

fluorescence were accounted for in the analysis of the partitioning of PTEN in MCF-7 cells 

but not in the colocalization analysis using Manders’ coefficients. As low-intensity pixels are 

often a representation of cellular background, the colocalization analysis would reflect more 

accurately the actual localization of PTEN compared to the analysis of PTEN partitioning. 

However, an additional method to visualize PTEN subcellular localization would reinforce 

this data to provide stronger evidence of the changes that PTEN undergoes following 

treatment with HHE or PONPC and the intention was to address this by cellular imaging of 

GFP-PTEN in transfected HCT116 cells.  

The objectives of the project were to purify a plasmid encoding a GFP-PTEN fusion protein 

in order to express the protein in mammalian cells (HCT116 cells) to provide a model for 

confirmation of the results obtained with endogenous PTEN in MCF-7 cells. It has previously 

been shown to be effective for the expression of GFP-PTEN in mammalian cells, having 

been transfected into several cell lines - 16HBE and CFBE, PC3, SK-MEL-24 or 786-O and 

U2-OS cells - using different methods (Riquelme et al., Kimbrough-Allah et al., Lin et al., 

Vazquez et al., 2001). Kato et al. managed to express a fusion GFP-PTEN protein in 

HCT116 cells in 2020 and showed that GFP had no effect on PTEN localization or ability to 

translocate to the nucleus as the analysis of GFP-PTEN localization in transfected DU145 

cells rendered the same results than with endogenous PTEN in the same cell line (Kato et 

al., 2020). This provided evidence that the GFP-PTEN-expressing HCT116 cells model 

would be suitable for this project. Transfection of HCT116 cells would allow monitoring of 
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possible changes in the localization of the protein after treatment with HHE and PONPC. 

The plasmid encoding GFP-PTEN was purified and allowed transfection of HCT116 cells. 

However, the transfection efficiency was found to be low. One explanation for this may be 

the conformation of the plasmid after purification. Indeed, transfections are favoured by a 

compact plasmid conformation which corresponds to the supercoiled conformation. 

Purification of plasmids at low temperature was shown to yield to the extraction of higher 

proportions of the supercoiled conformation of the plasmid (Carbone et al., 2012). Therefore, 

purification at +4˚C was performed but did not lead to an increased purification of the 

supercoiled plasmid. It is also possible that the simple variation in cell line results in lower 

efficiency, as transfection is highly dependent on the cell line and reagent employed, in 

addition to factors intrinsic to the plasmid. For instance, a comparative analysis of the 

efficiency of transfection of plasmids encoding for luciferase and β-galactosidase using 

multiple reagents, including lipofectamine 2000, in 10 different cell types was previously 

performed (Yamano et al., 2010). This study showed that, for HCT116 cells, the transfection 

efficiency of the luciferase plasmid was one of the highest across all cell lines using 

lipofectamine 2000 but one of the lowest across all reagents used in HCT116, while 

transfections of the β-galactosidase plasmid were efficient with all reagents in HCT116 and 

lipofectamine 2000 worked better with HCT116 than with most of the other cell lines. For this 

reason, polyethylenimine was also tested as a transfection reagent but was unsuccessful in 

transfecting HCT116 cells with GFP-PTEN plasmid DNA (data not shown). Addressing all 

factors influencing transfection efficiency would therefore be necessary in the future, 

considering the difficulty of analysing results for GFP-PTEN localization when it is expressed 

in few cells. Best conditions for transfection of GFP-PTEN plasmid DNA in HCT116 were 

determined as a low cell confluency at time of transfection (50%) and a 1:3 ratio of DNA to 

lipofectamine 2000. The different incubation times (24 hours and 48 hours) did not seem to 

lead to different levels of expression of GFP-PTEN, although it was demonstrated previously 

that 48 hours generally led to higher expression in experimental procedures using the same 

plasmid for transfecting mammalian cells (Kimbrough-Allah et al., Lin et al.). It was shown 

that high lipofectamine 2000 concentrations induce a decreased density of HCT116 cells. 

Using 5 μL of lipofectamine 2000 in 2 mL transfection volume to transfect Capan-2 cells, 

Zhong et al. showed that cell growth was slowed  by the transfection reagent and that 

prolonged culture (after 48 hours) of transfected cells caused increases in early apoptotic 

cells and damaged cells or necrotic cells and modification of the cell cycle, resulting in a 

reduced viability (Zhong et al., 2008). This could therefore explain the observed decreased 

cell density of HCT116 after transfection. 
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Most importantly, the consequences of HHE and PONPC on PTEN subcellular localization 

need to be in the context of reaction between PTEN and the oxidized lipids. So far, it has not 

been demonstrated that PTEN can be modified by HHE or PONPC. Such investigation 

involves the purification of PTEN in order to treat the protein directly in vitro with HHE and 

PONPC and detect potential adducts formed with the protein using mass spectrometry. 

Expression of His-tagged PTEN in bacteria has allowed purification of the protein as 

described in Chapter 3, which could be treated in vitro with HHE and PONPC and analysed 

by MS/MS. This work to provide evidence of lipoxidation of PTEN by HHE and PONPC is at 

the centre of the next chapter and this allowed the previously observed consequences of 

treatments on PTEN localization to be linked with its potential adduction by these oxidized 

lipids. 
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6. Chapter 6 – Characterization of HHE and PONPC 

Adducts on PTEN 

 

6.1. Introduction 

The consequences of HHE and PONPC on purified PTEN-V5-His phosphatase activity, 

HCT116 and MCF-7 cell viability, phosphorylation state of Akt as well as PTEN’s expression 

levels and subcellular localization in HCT116 and/or MCF-7 cells were investigated in 

previous chapters. The hypothesis was that PTEN could be a target of adduction by oxidized 

lipids such as HHE and PONPC and that such modification of PTEN could lead to disruption 

in associated pathways. Although modification of the activation state of the PI3K/Akt 

pathway was observed in response to HHE and PONPC treatments in HCT116 and MCF-7 

cells without upregulation or down regulation of PTEN and modification of PTEN localization 

was observed in MCF-7 cells, the capability of HHE and PONPC to form covalent adducts 

on PTEN remained to be confirmed in order to link these cellular effects to PTEN lipoxidation 

by HHE and PONPC.  

As discussed throughout this thesis, PTEN is a redox-sensitive protein susceptible to 

lipoxidation by oxidized lipids such as HHE and PONPC. This susceptibility is primarily due 

to the presence of nucleophilic residues in the PTEN sequence, which can react with these 

reactive aldehydes to form covalent adducts (Stemmer and Hermetter, 2012, Viedma-

Poyatos et al., 2021). These nucleophilic residues are cysteine (Cys), histidine (His), lysine 

(Lys) and arginine (Arg) residues, which represent 2.48% (10/403 residues), 3.23% (13/403 

residues), 8.44% (34/403 residues) and 4.96% (20/403 residues) of PTEN sequence, 

respectively. N-terminal residues can also be adducted by electrophilic species as the 

primary amine is not involved in a peptide bond and available for reaction (Viedma-Poyatos 

et al., 2021). As described in the General Introduction (section 1.2.1), oxidized lipids can 

covalently bind to side chains of nucleophilic residues through two mechanisms: Schiff base 

formation or Michael addition. Schiff bases are formed by the condensation of a primary 

amine and an active carbonyl group by nucleophilic addition to yield a hemiaminal, and 

subsequent dehydration to generate an imine (Sani et al., 2018) and Michael additions 

involve a nucleophilic attack on the β-carbon of an α,β-unsaturated carbonyl followed by 

protonation of the α-carbon (Baker et al., 2007). HHE is an α,β-unsaturated aldehyde, similar 

to HNE and acrolein, which contains an electronegative carbonyl oxygen atom that can 

promote the withdrawal of mobile electron density from the beta-carbon atom (involved in the 

double bond), causing regional electron deficiency. These characteristics make HHE a soft 
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electrophile which preferentially forms Michael adducts with soft nucleophiles. Therefore, 

cysteine sulfhydryl groups are the primary nucleophilic targets of HHE, in contrast to 

nitrogen-containing groups or harder biological nucleophiles such as lysine, arginine or 

histidine residues (LoPachin et al., 2009, Esterbauer et al., 1991). Michael adduct formation 

is reversible, and the HHE Michael adducts can gain in stability by rearranging into cyclic 

hemiacetals by reaction between the hydroxyl and aldehyde groups (Milic et al., 2015b, Skulj 

et al., 2019). Alternatively, the carbonyl carbon atom of HHE could form adducts with primary 

amines such as lysine or arginine side chains, forming a Schiff base. Based on these two 

possible mechanisms of adduction for HHE, it is also able to cross-link proteins by reacting 

via both mechanisms on two different macromolecules (LoPachin et al., 2009, Esterbauer et 

al., 1991). On the other hand, PONPC is only able to adduct proteins via Schiff base 

formation on primary amines (Ravandi et al., 1997, Milic et al., 2015a, Afonso et al., 2018) 

as it contains an aldehyde group but no unsaturation to participate in the Michael addition 

reaction. Figure 6.1 shows a representation of the possibilities of adduction by HHE and 

PONPC on nucleophilic residue side chains.  

As discussed in section 1.2.2, both antibody-based methods and MS are targeted 

approaches for detecting and quantifying protein adducts formed by specific oxidized lipids. 

MS technology has the potential to identify and quantify these compounds, offering precise, 

sensitive, and high-throughput analysis. A key advantage of MS over antibody-based and 

other non-MS methods is its ability to pinpoint the exact site of adduction and elucidate the 

mechanism by which oxidized lipids form adducts with proteins (Aldini et al., 2015b, Maier et 

al., 2010, Shibata et al., 2017, Milic et al., 2015a, Vasil'ev et al., 2014). As defining the 

specific residues in PTEN sequence that could undergo adduction by HHE and PONPC was 

the ultimate aim, antibody-based methods will not be discussed in this chapter; further 

information on antibody-based methods and other non-MS methods can be found in a 

review by Aldini et al. (Aldini et al., 2015b). 
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Figure 6.1. Representation of Michael and Schiff adduction of HHE and PONPC on nucleophilic 
residues.  

Based on Viedma-Poyatos et al., 2021 and Škulj and Vazdar, 2019. Adduction of arginine’s -NH2 and 
-NH groups follow the same mechanisms than of lysine and histidine residues, respectively.  
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Top-down, middle-down, and bottom-up proteomics are three mass spectrometry-based 

approaches used for protein analysis, each providing unique insights into protein structure, 

modifications, and function. Top-down proteomics involves the direct analysis of intact 

proteins, allowing comprehensive characterization of proteoforms, including PTMs, 

sequence variants, and truncations. This approach uses techniques such as electron 

capture dissociation (ECD) and electron transfer dissociation (ETD) to fragment whole 

proteins, thereby retaining complete structural information (Toby et al., 2016). Top-down 

proteomics is highly valuable for studying complex protein isoforms and is increasingly 

applied in clinical settings due to its ability to reveal the full complexity of proteoforms 

(Garcia, 2010). However, it requires high-resolution mass spectrometry and is more 

challenging for large proteins due to the difficulty in ionizing and fragmenting whole proteins 

(Zhang and Ge, 2011). Middle-down proteomics serves as a compromise between top-down 

and bottom-up approaches by analysing large peptides (typically 3-15 kDa) produced from 

proteins through limited proteolysis. This method preserves more structural context than 

bottom-up while being easier to handle than intact proteins, making it suitable for mapping 

PTMs and analyzing protein-protein interactions (Cristobal et al., 2017). Middle-down 

proteomics is particularly effective for studying complex protein systems, such as 

monoclonal antibodies, where it allows the identification and characterization of PTMs in 

specific regions (Fornelli et al., 2014). In contrast, bottom-up proteomics is the most widely 

used approach for protein analysis, involving the digestion of proteins into smaller peptides 

(usually <3 kDa) before mass spectrometric analysis (Sidoli et al., 2015). Digestion can be 

achieved by using specific proteases such as trypsin, chymotrypsin, Lys-C or Glu-C (Miller et 

al., 2021). This method is highly efficient for large-scale proteomics, enabling the 

identification and quantification of numerous proteins in complex samples. Bottom-up 

proteomics, although suitable to find the exact site of modification on proteins for PTMs, 

often loses information about the intact protein sequence (Sidoli et al., 2015). It relies on 

liquid chromatography coupled with mass spectrometry (LC-MS) for peptide separation and 

identification, making it suitable for high-throughput protein identification and quantification 

(Wu et al., 2012). 

In the context of protein lipoxidation, the bottom-up approach is generally used and has 

proved to be a powerful tool to identify sites of adduction (Afonso et al., 2018). Karpievitch et 

al. reviewed liquid chromatography mass spectrometry-based proteomics methods 

(Karpievitch et al., 2010). Briefly, in LC-MS/MS analysis following protein digestion, the 

resulting peptides are initially separated by liquid chromatography, typically utilizing a high-

performance liquid chromatography (HPLC) system. The peptides are introduced into an 

HPLC column that contains a non-polar (hydrophobic) stationary phase. The interaction 
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between peptides and this stationary phase is proportional to the hydrophobic regions of the 

peptides. As a polar mobile phase flows through the column, it facilitates the separation of 

peptides by allowing hydrophilic peptides to elute more rapidly than hydrophobic ones. A 

gradient is applied to progressively decrease the polarity of the mobile phase, thereby 

eluting peptides with increasing hydrophobic content. The retention time of each eluted 

peptide is recorded by the detector, generating a chromatogram that provides information on 

the elution times of peptide precursors. In LC-MS, subsequent to chromatographic 

separation, the peptide precursors are ionized, commonly through electrospray ionization 

(ESI). In ESI, the sample is introduced into a fine needle under high voltage, causing 

electrostatic repulsion that disperses the solvent into a fine spray of highly charged droplets. 

As these droplets evaporate, they leave behind highly charged ions that are directed into the 

mass spectrometer. ESI is particularly suited for LC-MS applications as it naturally 

accommodates peptides in a liquid state. Once the precursor peptides enter the mass 

spectrometer, tandem mass spectrometry (MS/MS) is employed to perform data-dependent 

analysis (DDA). The mass spectrometer measures the mass-to-charge ratio (m/z) of the 

ionized molecules. Typically, several of the most intense (high-abundance) peaks from an 

initial MS (MS1) scan are selected, and the corresponding ions (precursor ions) are 

subjected to further fragmentation, providing detailed fragmentation data for each highly 

intense peptide detected. However, this approach may overlook low-intensity ions, which are 

less likely to be selected for MS/MS analysis. To mitigate this limitation, data-independent 

analysis (DIA) can be employed, which does not preferentially select the most intense 

peaks, providing more comprehensive peptide detection. Protein identification is based on 

the identification of specific fragmentation patterns which allow sequencing of the peptides 

and, by comparing to sequences in a protein database, the sequenced peptides can be 

assigned to a specific protein with good accuracy. 

For the detection of modification of proteins by oxidized lipids, the assignment of the 

peptides to specific proteins has also to allow for a mass shift corresponding to the mass of 

the modification. In the case of Michael adducts and Schiff base formation, it is important to 

note that stabilization of adducts is beneficial prior to analysis by LC-MS/MS (Afonso et al., 

2018). Michael and Schiff adducts are often unstable as they are reversible reactions, 

leading to the loss of the modified product during sample preparation or analysis. Both of 

these adducts can be stabilized by reduction, which is often achieved using sodium 

borohydride (NaBH4) or sodium cyanoborohydride (NaBH3CN). These reducing agents allow 

reduction of the carbonyl group to an hydroxyl group for Michael adducts or the reduction of 

the imine group of Schiff bases to a secondary amine (Fritz et al., 2012, Billman and Diesing, 

1957) without reducing other functional groups. An important downfall of the bottom-up 
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strategy is the necessity for the proteins to be digested by a protease leading to the 

formation of peptides that can be successfully detected by the chosen LC-MS/MS method. 

Typically, trypsin is used for protein digestion due to its robustness, reproducibility and the 

beneficial properties of the resultant peptides. Trypsin cleaves at the carboxyl side of lysine 

or arginine, unless followed by a proline as per Keil rule (Keil, 1992), producing peptides that 

ionize efficiently. However, using a protease other than trypsin can sometimes enhance the 

identification of key peptides and employing multiple proteases in parallel can lead to better 

outcomes, increasing the number of proteins and PTMs identified by providing broader 

proteome coverage (Miller et al., 2021, Keil, 1992). For instance, it has been shown that 

trypsin, which typically cleaves after lysine and arginine residues, usually fails to cleave after 

these residues when they are chemically modified. Modifications such as ubiquitination 

significantly reduce or block trypsin cleavage at lysine residues, leading to incomplete 

digestion and the presence of uncleaved peptides in the analysis (Sun et al., 2023). 

Additionally, studies have shown that trypsin has difficulty cleaving at modified arginine 

residues, such as when modified with cyclohexanedione, which further demonstrates that 

chemical modifications can prevent trypsin from recognizing and cleaving these residues 

(Samy et al., 1980).  

Thus far, three studies aimed to identify adducts by oxidized lipids on PTEN using a bottom-

up approach (Shearn et al., 2013, Smith, 2022, Suh et al., 2018). Shearn et al. used trypsin 

as a digestion enzyme to form peptides to be analysed by LC-MS/MS in positive ion mode. 

In-gel digestion (digestion of proteins in SDS-PAGE gel) was performed on a commercial 

recombinant human PTEN treated with HNE for 30 min at increasing molar ratios (Shearn et 

al., 2013). The LC-MS/MS analysis of the resulting tryptic peptides allowed detection of nine 

sites of adduction of HNE on PTEN sequence, including cysteine and lysine residues only 

(Shearn et al., 2013). On the other hand, Smith investigated the modification of PTEN by 

acrolein, another small reactive aldehyde, in the same laboratory as the current study. 

PTEN-V5-His was purified and treated with increasing molar ratios of acrolein and the 

reaction was stopped by reduction using NaBH4 at different time points (10 min, 1 hour or 4 

hours). Digestion of PTEN was either performed using in-gel digestion or in-solution 

digestion and multiple proteases were tried. The combination of these different approaches 

allowed detection of a total of twelve sites of adduction of acrolein on PTEN, including eight 

of the nine sites of modification identified by Shearn et al. (Smith, 2022). Suh et al. treated a 

recombinant PTEN with 15d-PGJ2 (30 µM, unknown molar ratio) for 1 hour or MCF-7 cells, 

transiently transfected with PTEN for overexpression, with 10 µM 15d-PGJ2 for 6 hours and 

performed in-gel digestion of treated PTEN using trypsin. LC-MS/MS analysis allowed 
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identification of Cys136 as an important site of adduction of 15d-PGJ2 in PTEN treated in 

vitro and in cellulo. Table 6.1. summarizes the findings of these three studies. 

Table 6.1. Summary of findings on PTEN adduction by oxidized lipids (Smith, 2022, Shearn et 
al., 2013, Suh et al., 2018). 

S
tu

d
y
 d

e
s
ig

n
 

Reference 
(Shearn et al., 

2013) 
(Smith, 2022) (Suh et al., 2018) 

Treatment HNE Acrolein 15d-PGJ2 

Conditions 

1:1-10:1 molar 
ratio 

(HNE:PTEN), 
30 min at 37˚C 

0.2:1-20:1 molar ratio (acrolein:PTEN), 
10 min, 1 h, 4 h at 37˚C 

30 µM, 1 h at RT 
(rPTEN) 

10 µM, 6 h at 
37˚C (MCF-7 

cells) 

Protease Trypsin Trypsin Chymotrypsin Trypsin/Glu-C Trypsin 

M
o

d
if

ie
d

 r
e
s
id

u
e
s
 

K6  ✓    

C71 ✓ ✓ ✓ ✓  

C83   ✓   

C136 ✓ ✓   ✓ 

K147 ✓ ✓ ✓   

K223 ✓ ✓    

C250 ✓ ✓  ✓  

K254 ✓     

C296    ✓  

C304    ✓  

K313 ✓ ✓    

K327 ✓  ✓   

K344 ✓  ✓   

 

The evidence provided by Shearn et al., Suh et al. and Smith on the possibility of adduction 

of oxidized lipids on PTEN led to the hypothesis that covalent modification of PTEN by HHE 

and PONPC could cause the biological effects observed in HCT116 and MCF-7 cells in 

previous chapters. To confirm the latter, the aim of this chapter was to identify protein 

modification by HHE and PONPC and potentially identify critical residues that can be 

modified leading to alteration of PTEN structure, function and/or localization. This was firstly 

investigated on the purified functional PTEN-V5-His. Although derivatization of retained 

carbonyl groups on protein adducts formed by reactive electrophilic lipids or use of tagged 

derivatives of electrophilic lipids have widely been used to identify targets of protein 

lipoxidation, identification of the nature of adducts and sites of adduction requires high 

resolution MS approaches (Aldini et al., 2015b). Bottom-up approaches followed by MS/MS 

analysis are the favoured methods to specifically detect protein adducts (Vasil'ev et al., 

2014, Aldini et al., 2015b). Therefore, a bottom-up approach, digesting PTEN-V5-His with 
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trypsin, was used in conjunction with LC-MS/MS analysis of the resulting peptides to allow 

identification of both the nature of the adduct formed and the precise site of adduction, i.e. 

the residue with which HHE or PONPC can react. Additionally, the structural integrity of 

PTEN-V5-His after HHE or PONPC treatment was investigated by SDS-PAGE and western 

blotting to determine if cross-linking or aggregation could occur and, if so, if it could be 

related to the observed inhibition of PTEN-V5-His function in vitro detailed in Chapter 4. 

However, using in vitro treatments of proteins does not necessarily reflect the actual reaction 

in cells, as regulatory mechanisms exist in vivo to control lipid and oxidized lipid fate (Liu and 

Czaja, 2012, Ding et al., 2021, Karasawa, 2006, Chakraborti, 2003). Therefore, efforts were 

made to detect protein adducts with HHE and PONPC on endogenous PTEN from MCF-7 

cells, using LC-MS/MS to analyse treated-cell lysates in order to show that PTEN could in 

fact be modified by such entities in cellulo.   
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6.2. Materials and Methods 

6.2.1. Materials 

The rabbit anti-PTEN (PTEN rabbit Ab, #9552) primary antibody was purchased from Cell 

Signaling Technology (The Netherlands). The goat anti-rabbit secondary antibody (Anti-

Rabbit IgG (whole molecule)–Peroxidase antibody, #A6154) was purchased from Merck 

(UK). HHE was purchased from Cayman Chemical (USA) as a solution in ethanol and 

PONPC was purchased from Avanti® Polar Lipids (USA). Trypsin Gold and Trypsin/Lys-C 

were mass spectrometry grade protein digestion enzymes purchased from Promega (UK). 

Trypsin Gold was reconstituted as per manufacturer’s instructions. Trypsin/Lys-C mix was 

reconstituted in 50 mM triethylammonium bicarbonate (TEAB) to a final concentration of 1 

µg/µL. S-Trap™ spin columns were purchased from ProtiFi (USA). 

6.2.2. Expression and Purification of PTEN-V5-His 

Expression and purification of PTEN-V5-His was performed as described in General 

Materials and Methods, section 2.5 and 2.6, using binding buffer and wash buffer containing 

5 mM imidazole and elution buffer containing 250 mM imidazole. The purified protein was 

quantified as described in General Materials and Methods, section 2.9.1. 

6.2.3. Treatment of PTEN-V5-His with HHE and PONPC 

Concentrated PTEN-V5-His at a final concentration of 1 mg/mL (19.2 µM) was treated with 

HHE or PONPC at treatment:PTEN-V5-His (52 kDa) molar ratios of 0:1, 0.1:1, 0.5:1, 1:1, 

5:1, 10:1 and 20:1 (0, 1.92, 9.6, 19.2, 96, 192 and 384 µM, respectively) for 30 min or 2 

hours at 37˚C. To prepare the samples, a 10X stock for each concentration of treatment was 

prepared in PTEN treatment buffer (25 mM sodium phosphate pH 7.4, 150 mM NaCl) and 

added to 100 μg of concentrated PTEN-V5-His in a final volume of 100 µL. The samples 

were incubated on a heating block at 37˚C for 30 minutes or 2 hours. Shortly before the end 

of the incubation, a 50 mM sodium borohydride (NaBH4) solution was prepared in PTEN 

treatment buffer, which was added to samples to a final concentration of 5 mM and 

incubated at RT for 30 min for complete reduction of the protein and free aldehydes. 

6.2.4. Seeding and Treatment of MCF-7 cells with HHE and PONPC 

Sterile 6-well plates were seeded with 1x106 MCF-7 cells per well and incubated overnight at 

37˚C, 5% CO2. Cells were treated, accordingly to General Materials and Methods, section 

2.8, with 5 or 50 µM HHE or PONPC or untreated by adding a solution of ethanol in PBS or 

complete DMEM (Vehicle) at a final concentration ≤ 0.2% in a final volume of 1.5 mL/well 

and incubated for 4 hours at 37˚C, 5% CO2. Cells were washed twice with ice-cold PBS on 
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ice and harvested by scraping in ice-cold PBS on ice followed by centrifugation at 1000 x g 

for 5 min at 4˚C to collect cell pellets. Cell pellets were stored at -80˚C until ready to be 

processed as described in section 6.2.5.  

6.2.5. S-Trap™ Sample Processing  

Cell pellets were thawed on ice and lysed in 50 µL lysis buffer composed of 5% sodium 

dodecyl sulfate (SDS) in 50 mM TEAB, pH 8.5, by thoroughly vortexing. DNA was sheered 

by sonication for 15 min in a bath sonicator, addition of benzonase endonuclease (Merck, 

UK) and further sonication until the cell lysates were clear. Cell lysates were centrifuged at 

13,000 x g for 8 min at RT. The supernatants were harvested and dried in a Vacufuge Plus 

Concentrator (Eppendorf, UK) for 2 hours at 45˚C. The dried extracts were resuspended in 

lysis buffer. Tris(2-carboxyethyl)phosphine was added to a final concentration of 5 mM and 

samples were incubated at 55˚C for 15 min on a heating block to fully reduce proteins, then 

cooled to RT. IAA was added to a final concentration of 20 mM and samples were incubated 

for 1 hour at RT protected from light for protein alkylation. Phosphoric acid was added to a 

final concentration of 2.5% (v/v) to completely denature proteins and the samples were 

thoroughly mixed by vortexing. Six times the volume of the samples of binding/wash buffer 

(100 mM TEAB in 90% methanol) was added and samples were mixed by vortexing. Twenty 

µL of the samples (corresponding to 40 µg of protein) were loaded onto S-Trap™ spin 

columns and the proteins were trapped into the column matrix by centrifugation at 4,000 x g 

for 30 seconds. The remainder of the samples were stored at -20˚C for in-gel digestion 

analysis. Columns were washed with 150 µL of binding/wash buffer and centrifugation at 

4,000 x g for 30 seconds 3 times with rotation of the columns by 180˚ between each wash. 

After the last wash, an additional centrifugation step at 4,000 x g for 1 min was added to 

ensure the absence of binding/wash buffer in the columns. Columns were placed in clean 2 

mL low protein bind tubes (Eppendorf, UK). For protein digestion, 4 µg of Trypsin/Lys-C mix 

(1 µg of protease for 10 µg of protein) were added onto the surface of the column matrix and 

the columns were incubated at 37˚C on a heating block for 18 hours. To elute the peptides, 

40 µL of 50 mM TEAB, 0.2% (v/v) formic acid and 50% (v/v) ACN were consecutively 

applied to the columns with centrifugation at 4,000 x g for 1 min after addition of each 

solution. The peptides were dried using a Vacufuge Plus Concentrator (Eppendorf, UK) at 

RT for 3 hours and stored at -20˚C until ready to be analysed by tandem mass spectrometry 

as described in section 6.2.8.  

6.2.6. SDS-PAGE 

SDS-PAGE was performed with 8% or 10% acrylamide gels as described in General 

Materials and Methods, section 2.10. For the PTEN-V5-His samples, 5 or 2 μg of protein per 
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well were resolved. For protein extracts from S-Trap™ sample preparation (precipitated in 

methanol), proteins were resolubilized with a 1:1 (v:v) ratio of 10% SDS and ~100 μg protein 

per well (estimated based on cell count at harvest) were resolved.  

6.2.7. Western Blotting of PTEN 

Proteins separated by SDS-PAGE were transferred onto methanol-activated PVDF 

membranes at 100 V for 1 hour at RT in transfer buffer (25 mM Tris, 190 mM glycine and 

20% methanol) cooled with ice using the Mini Trans-Blot® Cell system (Bio-Rad, UK). The 

membranes were subsequently reactivated with methanol for 1 min, stained with a Ponceau 

S staining solution (0.2% (w/v) Ponceau S/5% (v/v) glacial acetic acid) to check for transfer 

efficiency and destained in water for 5 min and 3 times 5 min in TBST-T. The PVDF 

membranes were blocked in blocking solution (5% milk powder in TBS-T) for 1 hour and 

rinsed with TBS-T. Membranes were incubated with the rabbit anti-PTEN primary antibody in 

5% BSA in TBS-T at a dilution of 1:1000 for 1 hour and washed 3 times for 5 min with TBS-

T. Subsequently, membranes were incubated with HRP-conjugated anti-rabbit secondary 

antibody in blocking solution at a dilution of 1:10,000 for 1 hour, washed 3 times 10 min with 

TBS-T and rinsed in TBS. Washing and probing steps were performed at RT on a rocking 

shaker at 30 and 15 rpm, respectively. Membranes were incubated in Clarity Western ECL 

Substrate (Bio-Rad, UK) as per manufacturer’s instructions, placed between two acetate 

sheets and imaged using a G:Box XR5 with GeneSys software (Syngene, UK). Densitometry 

analysis was performed using the software ImageJ. Data was analysed using the Excel 

software (Microsoft, USA) and GraphPad Prism 8.1.0. (GraphPad, USA). 

6.2.8. Mass Spectrometry Analysis 

6.2.8.1. In-gel Digestion and HPLC-MS/MS 

In-gel digestion of target SDS-PAGE gel bands (PTEN-V5-His, protein aggregates or 

endogenous PTEN from MCF-7 cell lysates) was performed as described in Materials and 

Methods, section 2.11.1. HPLC-MS/MS was performed as described in General Materials 

and Methods, section 2.11.2. 

6.2.8.2. Mascot Search Parameters for Protein Identification and Modification 

Mapping 

Protein identification and modification mapping was performed using Mascot (Matrix 

Science, USA), using the settings in Table 6.2, after MS/MS data files were converted to 

mzML files using ProteoWizard. Data was filtered to provide protein matches with > 2 

significant unique peptide sequences using a significance threshold of P < 0.05. 
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Table 6.2. Parameters chosen for Mascot Searches. 

Setting Parameter Used 

Taxonomy Homo Sapiens or All Entries 

Database SwissProt 

Fixed Modifications None 

Variable Modifications Oxidation (M) 

Carbamidomethyl (C) 

Modifications described in Table 6.3. 

Enzyme Trypsin 

Maximum Missed Cleavages 2 

Peptide Charge 2+, 3+ and 4+ 

Peptide Tolerance 0.5 Da 

MS/MS Ions Search Yes 

Data Format MzML 

MS/MS Tolerance 0.5 Da 

Instrument ESI-QUAD-TOF 

  

“Homo Sapiens” taxonomy was used to analyse both monomeric and aggregated PTEN-V5-

His while “All Entries” was used to analyse aggregates separately to identify possible host 

co-eluted proteins involved in formation of protein aggregates. Protein matches from 

taxonomy other than E. coli apart from PTEN were excluded from the analysis as considered 

to be contaminants from sample preparation.  

Data from HHE- and PONPC-treated PTEN-V5-His were analysed separately with variable 

modifications set as described in Table 6.3. Modification hits (Michael adducts or Schiff base 

with HHE and Schiff base with PONPC) that were identified by the Mascot search were 

manually validated based on b and y ions coverage and on the identification of y0 ions where 

applicable.  

Table 6.3. Parameters of variable modifications for detection of HHE- and PONPC-modified 
PTEN-V5-His. 

Samples HHE-treated PONPC-treated 

Modification HHE Michael (reduced) HHE Schiff (reduced) PONPC (reduced) 

Residue(s) C, H, K, R K, R K 

Composition C(6) H(12) O(2) C(6) H(8) O C(33) H(64) N O(8) P 

Monoisotopic Delta 
(Da) 

+116.083730 +96.057515 +633.436955 

Average Delta (Da) 116.1583 96.1271 633.8369 

 

6.2.9. De Novo Sequencing 

De novo sequencing was performed using the PeakView software (SCIEX, U.S.A) after 

extraction of MS/MS spectra of 184.0733 ± 0.1 Da ions. The MS/MS spectrum extracted 

from each of the peaks on the extracted ion chromatogram (XIC) for 184.0733 ± 0.1 Da ions 

were investigated based on the existence of mass difference between peaks corresponding 
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to the monoisotopic mass of residues as provided in Supplementary Table 1. The identified 

peptide sequences (≥ 4 residues) were compared to PTEN sequence to determine possible 

matches. In the event of a match, the full sequence of the peptide was determined based on 

the mass of the first identified fragment and the mass and theoretical charge of the precursor 

ion.  

6.2.10. Protein Visualization  

For the structural analysis of PTEN, the 3D coordinates were obtained from the Protein Data 

Bank (PDB) under the accession code 7JUL. Visualization and analysis were performed 

using Discovery Studio (Biovia, Dassault Systèmes, France). The PDB file was imported into 

the software, and the structure was visualized, highlighting specific regions of interest using 

the software's built-in tools. Solvent accessibility surface (SAS) was calculated using built-in 

tools with 240 grid points per atom and a probe radius of 1.4 Å. Residues with a SAS >25% 

or <10% were considered exposed or buried, respectively. Images of the structure were 

captured for documentation and presentation purposes. 

6.2.11. Statistical Analysis 

Statistical analysis was performed on GraphPad Prism 8.1.0. (GraphPad, USA). Data from 

three biological replicates was analysed using two-way ANOVA analysis, correcting for 

multiple comparisons to the untreated control using the Tukey post-test. Statistical 

significance was defined as P < 0.05. The P values were annotated as follows: P > 0.05 (ns), 

P ≤ 0.05 (*), P ≤ 0.01 (**), P ≤ 0.001 (***), P ≤ 0.0001 (****). Data is shown as mean values 

± SEM unless stated otherwise. 
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6.3. Results 

6.3.1. HHE and PONPC Led to PTEN-V5-His Aggregation In Vitro, Correlating 

with Inhibition of PTEN-V5-His Phosphatase Activity 

To verify whether HHE and PONPC could modify PTEN-V5-His in vitro, PTEN-V5-His 

purified from E. coli was treated with increasing molar ratios of HHE or PONPC for 30 min or 

2 h at 37˚C and samples were analysed by SDS-PAGE analysis and western blotting to 

provide general insights into potential molecular modifications such as alteration of the 

apparent molecular weight of the protein or structural modification. Indeed, as oxidized lipids 

form adducts on proteins, their weight is added to the weight of the protein, leading to a shift 

in migration towards higher apparent molecular weights. This could be easily visualized with 

PONPC modifications as adduction by one molecule of PONPC would add 633 Da to the 

initial molecular weight of the protein; the more molecules that adduct one molecule of 

PTEN-V5-His, the higher the apparent molecular weight would be. Additionally, PONPC 

carries a constitutive positive charge, enhancing the decrease in migration in SDS-PAGE 

analysis. As HHE is a smaller and uncharged molecule (adding 96 Da or 116 Da, depending 

on the type of adduct formed), this would be more difficult to observe on an SDS-PAGE gel. 

SDS-PAGE could also allow the detection of potential SDS-resistant aggregates that could 

be formed as lipoxidation can lead to modification of the structure. These can be observed 

as a result of exposure of hydrophobic parts that tend to form aggregates to increase their 

stability in aqueous solution or formation of interprotein crosslinks (Montine et al., 2002, 

Spickett and Pitt, 2020). 

The SDS-PAGE analysis most importantly revealed that both HHE and PONPC treatment 

could lead to the formation of protein aggregates as shown by bands appearing at apparent 

molecular weights above 180 kDa (Figure 6.2). HHE particularly led to such aggregates from 

HHE:PTEN-V5-His molar ratios of 5:1 and 0.5:1 after treatment for 30 min and 2 h, 

respectively. It is important to note that where aggregates formed in HHE-treated PTEN-V5-

His samples, some of the aggregates remained at the bottom of the well, possibly because 

their molecular weight was too high to enter even the stacking gel (Figure 6.2.A and 6.2.B). 

This could explain the apparent diminished number of aggregates forming the band >180 

kDa in the PTEN-V5-His sample treated with HHE at a molar ratio of 20:1 (HHE:PTEN-V5-

His) (Figure 6.2.B). For PONPC, these aggregates were particularly visible for 

PONPC:PTEN-V5-His molar ratios 5:1 at both time points but seemed to be in higher 

amounts after 2 h of treatment (Figure 6.2.C and 6.2.D). This data suggested that 

aggregation of PTEN-V5-His resulted from treatment with HHE or PONPC that occurred in a 

concentration- and time-dependent manner. Surprisingly, after HHE treatments, the bands 
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corresponding to monomeric PTEN-V5-His seemed to migrate slightly further, suggesting a 

lower molecular weight, at the molar ratios where aggregation was observed and seemed to 

lose intensity with increasing molar ratios, which was particularly visible after 2 h of 

treatment (Figure 6.2.A and 6.2.B). The decreased intensity of the bands is most likely due 

to the contribution of PTEN in the formation of aggregates, leading to less protein in a 

monomeric form. The effects of PONPC on monomeric PTEN-V5-His followed an opposite 

trend as monomeric PTEN-V5-His formed a smear towards higher molecular weights with 

increasing concentrations of PONPC at the molar ratios where aggregates were observed at 

both time points (Figure 6.2.C and 6.2.D). This perfectly reflects the addition of several 

molecules of PONPC per molecule of PTEN-V5-His as described previously, strongly 

suggesting that PONPC can form covalent adducts with PTEN. 

Interestingly, HHE, but not PONPC, seemed to affect one of the contaminants present in 

PTEN-V5-His samples as the bands between 25 and 35 kDa migrated towards higher 

molecular weights from a molar ratio of 5:1 (Figure 6.2.A and 6.2.B). Not all contaminants 

were visibly affected, which suggested that HHE could modify a range of proteins but could 

have a certain specificity. However, this was not investigated further as it was out of the 

scope of this study. 
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Figure 6.2. Representative reducing SDS-PAGE of untreated or treated PTEN-V5-His with HHE 
or PONPC for 30 minutes or 2 hours.  

Purified PTEN-V5-His was untreated or treated for 30 min or 2 hours at 37˚C with HHE or PONPC at 
increasing molar ratios. Treatments were ended by reduction by adding NaBH4 to a final 
concentration of 5 mM. Control PTEN-V5-His represents untreated PTEN-V5-His without reduction 
with NaBH4. Proteins (5 µg/well) were resolved on 8% acrylamide gels by reducing SDS-PAGE, 
stained with PageBlue Staining solution (ThermoFisher Scientific, UK) and imaged using a G:Box 
XR5 and GeneSys software (Syngene, UK). Representative SDS-PAGE of PTEN-V5-His treated with 
HHE for 30 min (A), HHE for 2 h (B), PONPC for 30 min (C) and PONPC for 2h (D). 
 

To confirm the presence of PTEN in protein aggregates and quantify the degree of 

aggregation of PTEN-V5-His in HHE- and PONPC-treated PTEN-V5-His samples, SDS-

PAGE gels were subjected to western blotting against PTEN and PTEN bands were 

analysed by densitometry analysis.  

Figure 6.3.A, 6.3.D, 6.4.A and 6.4.D all show that the degree of aggregation of PTEN-V5-His 

increased with the concentration of HHE or PONPC and exposure time. HHE (Figure 6.3) 

generally led to more aggregation of PTEN-V5-His compared to PONPC (Figure 6.4). 

Interestingly, increasing the time of exposure of PTEN-V5-His to HHE led to aggregation at 

A           B 

C              D 
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lower HHE:PTEN-V5-His molar ratios (from 5:1 after 30 min of treatment (Figure 6.3.A) and 

from 0.5:1 after 2 hours of treatment (Figure 6.3.D)), while increasing the time of exposure of 

PTEN-V5-His to PONPC did not lead to aggregation at lower molar ratios but only seemed 

to increase the amount of aggregation at the same molar ratios (Figure 6.4.A and 6.4.D).  

Most importantly, the concentration- and time-dependent decrease in the percentage of 

monomeric PTEN-V5-His and the concentration- and time-dependent loss of PTEN-V5-His 

activity were found to correlate. Although the coefficients of determination (R2) between 

monomeric PTEN-V5-His (% of total PTEN-V5-His) and specific activity (% of untreated 

control) after HHE treatments (30 min and 2 hours) were < 0.95 (Figure 6.3.C and 6.3.F), 

Figure 6.3.B and 6.3.E showed that the percentage of monomeric PTEN-V5-His in the HHE-

treated PTEN-V5-His samples matched closely the decreasing percentage of specific activity 

up to high molar ratios of HHE to PTEN-V5-His. This difference at high molar ratios could be 

explained by the portion of aggregates that remained in the wells of the gels at these molar 

ratios, which could not be detected by western blotting as only the resolving gels were 

analysed. On the other hand, the coefficients of determination between monomeric PTEN-

V5-His (% of total PTEN-V5-His) and specific activity (% of untreated control) after PONPC 

treatments (30 min and 2 hours) were > 0.95 (Figure 6.4.C and 6.4.F), suggesting a strong 

correlation between these variables. However, unlike HHE treatments, PONPC treatments 

did not lead to a close match of the percentage of monomeric PTEN-V5-His with the 

percentage of specific activity of PTEN-V5-His (Figure 6.4.B and 6.4.E), but rather a 

decreasing trend that correlated. This suggested that HHE could induce a loss of function by 

causing PTEN-V5-His aggregation, but PONPC could rather cause a partial loss of function 

by aggregation coupled with a direct inhibition of the phosphatase activity of PTEN-V5-His. 
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Figure 6.3. Quantification of PTEN-V5-His aggregation and correlation with inhibition of PTEN-
V5-His phosphatase activity after HHE treatment.  

(A) and (D) show representative western blots of PTEN in PTEN-V5-His samples treated with HHE for 
30 min or 2 hours, respectively, at increasing HHE:PTEN-V5-His molar ratios and quantification by 
densitometry analysis of the percentage of aggregation (normalized to total PTEN-V5-His). Samples 
were prepared as described in Figure 6.2. and 200 ng of protein per well were resolved by SDS-
PAGE on 10% acrylamide gels. Proteins were transferred onto PVDF membranes and PTEN was 
labelled using a rabbit anti-PTEN primary antibody and an HRP-conjugated anti-rabbit IgG secondary 
antibody. Membranes were imaged after incubation in Clarity ECL substrate (Bio-Rad, UK) using a 
G:Box XR5 with GeneSys software (Syngene, UK) and images were analysed with the ImageJ 
software (Fiji, USA. (B) and (E) represent the percentage of monomeric PTEN-V5-His (% total PTEN-
V5-His, measured by densitometry analysis) and the percentage of specific activity (% untreated 
control) after 30 min or 2 h treatment, respectively, with HHE at increasing molar ratios. The specific 
activity of PTEN-V5-His was measured as described in Chapter 4, Section 4.2.4 and data was 
processed as described in Chapter 4, Figure 4.2. (C) and (F) show the correlation between PTEN-V5-
His specific activity and % monomeric PTEN-V5-His with an XY plot of these variables and linear 
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regression built using GraphPad Prism 8.1.0 (GraphPad, USA). Data shown as mean ± SEM of 3 
biological replicates (n=3). Statistical analysis was performed using one-way ANOVA with Turkey’s 
post-test for multiple comparisons to the untreated control (0:1); P > 0.05 (unlabelled), P ≤ 0.05 (*), P 
≤ 0.01 (**), P ≤ 0.001 (***), P ≤ 0.0001 (****). 
 

 

Figure 6.4. Quantification of PTEN-V5-His aggregation and correlation with inhibition of PTEN-
V5-His phosphatase activity after PONPC treatment. 

Data was collected and processed as described in Figure 6.3 for treatments of PTEN-V5-His with 
PONPC for 30 min (A, B, C) and 2 h (D, E, F) at increasing PONPC:PTEN-V5-His molar ratios.  
 

6.3.2. Composition of HHE- and PONPC-induced Protein Aggregates 

To gain more insight into the composition of the protein aggregates, the SDS-PAGE gel 

bands corresponding to protein aggregates (of an apparent molecular weight > 180 kDa) 

were excised and subjected to in-gel digestion with trypsin to identify proteins by LC-MS/MS.  
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The increase in percentage of aggregation with the increase in concentration of treatment 

and/or exposure time was accompanied with an increase in the number of host proteins 

detected in the protein aggregates for both HHE- and PONPC-treated samples (Table 6.4). 

Generally, HHE-induced protein aggregates were composed of a higher number of distinct 

proteins with a 3- to 4-fold increase in the number of protein hits at corresponding molar 

ratios compared to PONPC-induced protein aggregates (Table 6.4). However, this could be 

the result of a better peptide recovery for HHE-treated samples compared to PONPC-treated 

samples as suggested by the number of peptides matching with PTEN sequence that were 

generally higher in HHE-induced aggregates, particularly for one the biological replicates, 

compared to PONPC-induced aggregates (Supplementary Table 2).  

Table 6.4. Number of proteins identified in HHE- and PONPC-induced protein aggregates. 

Treatment Exposure time (min) 
Molar ratio (treatment:PTEN-V5-His) 

0.5:1 1:1 5:1 10:1 20:1 

HHE 
30 N/A N/A 8±4 10±3 12±2 

120 4±1 5±1 11±7 9/19 7/24 

PONPC 
30 N/A N/A 3±1 3±1 3±1 

120 N/A N/A 4±0 5±1 4±2 

Data shown as mean±SD based of 3 biological replicates (n=3) with the exception of HHE treatments 
for 2 h at 10:1 and 20:1 molar ratios (HHE:PTEN-V5-His), representative of 2 biological replicates 
(n=2). 
N/A: not applicable; no band corresponding to protein aggregates was observed in the SDS-PAGE 
gels. 
 

PTEN was the identified protein with the most peptide matches and highest emPAI (Table 

6.5) for all samples except for protein aggregates in one replicate of PTEN-V5-His samples 

treated with HHE for 2 hours at a 0.5:1 molar ratio or PONPC for 30 min at a 5:1 molar ratio, 

suggesting that protein aggregates were mainly formed by aggregation of PTEN-V5-His. 

Although this could be due to a particular tendency of PTEN to form aggregates in response 

to exposure to oxidized lipids compared to the other components of the samples, it is most 

likely to be correlated to the relative abundance of the different proteins in the samples, 

PTEN-V5-His representing ~60% of total proteins.  

A total of 28 host proteins were identified in HHE-induced and PONPC-induced aggregates, 

the most frequent ones that appeared in >90% of samples were Bifunctional polymyxin 

resistance protein ArnA, Large ribosomal subunit protein uL2 and Chaperonin GroEL (Table 

6.5). Amongst those 28 proteins, 9 were common to the identified contaminants in 

concentrated PTEN-V5-His samples (Chapter 3, section 3.3.4), representing 41% of the 

initially identified host proteins that were co-eluted with PTEN-V5-His. Unexpectedly, 19 

additional host proteins that were not identified in the initial screening of contaminants were 

identified in HHE- and PONPC-induced protein aggregates. However, the emPAI of these 

host proteins was generally lower than the host proteins identified in the initial contaminants 

screening (data not shown), suggesting that they were in relatively low abundance. This 
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could explain the lack of detection of these proteins in the initial contaminant screening as 

many showed molecular weights where no bands were apparent on the SDS-PAGE gels 

used for in-gel digestion and LC-MS/MS identification of the proteins in the samples. As 

discussed in Chapter 3, an in-solution digestion would have been more suitable to detect all 

contaminants in the samples by LC-MS/MS, which could have led to the identification of 

these additional proteins in protein aggregates. However, some of the additional host 

proteins were only detected in one biological replicate, such as FKBP-type peptidyl-prolyl 

cis-trans isomerase SlyD, Tyrosine recombinase XerD, Glycerol-3-phosphate regulon 

repressor, Protein RecA, Blue light- and temperature-regulated antirepressor BluF, 

Aminoalkylphosphonate N-acetyltransferase and 2-oxoglutarate dehydrogenase E1 

component, which were only detected in the replicate showing the most peptide counts, 

therefore the best peptide recovery. However, DNA-directed RNA polymerase subunit beta 

was only detected in a replicate that showed relatively poor peptide counts, suggesting that 

the co-eluted host proteins could also vary from one purification batch (replicate) to another. 

It is important to note that this identification was based on protein matches for which a 

minimum of 3 significant unique sequences were found to avoid false positive results; the 

proteins that were identified with a low number of peptide matches in some samples and not 

detected in other samples may have been detected using a lower threshold of significant 

unique sequences. This is also applicable to the detection of host proteins in the initial 

screening of contaminants (Chapter 3, section 3.3.4) as the protein identification was based 

on the same parameters; a lower threshold of significant unique sequences could have 

provided protein matches corresponding to the additional host proteins observed in the HHE- 

and PONPC-induced protein aggregates.  
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Table 6.5. LC-MS/MS identification of proteins forming aggregates in HHE- or PONPC-treated PTEN-V5-His samples.  

Identified protein Accession 
MW 
(Da) 

Identified in: Score 
Sequence 

coverage (%) 

Num. of peptide 
matches (Num. of 
significant unique 

sequences) 

emPAI 

HHE-
treated  

PONPC-
treated  

HHE-
treated  

PONPC-
treated  

HHE-
treated  

PONPC-
treated  

HHE-
treated  

PONPC-
treated  

HHE-
treated  

PONPC-
treated  

PTEN PTEN_HUMAN 47136 Yes £ Yes £ 3137 1516 66 48 129 (21) 44 (15) 27.27 3.25 

Succinylornithine 
transaminase 

ASTC_ECOBW 43980 Yes Yes 1268 337 54 27 36 (13) 9 (8) 7.56 1.19 

Bifunctional polymyxin 
resistance protein ArnA 

ARNA_ECOBW 74869 Yes £ Yes £ 1597 665 54 28 69 (6) 26 (15) 6.50 1.38 

Large ribosomal subunit 
protein uL2 

RL2_ECO24 29956 Yes £ Yes 346 141 40 20 21 (8) 6 (5) 3.76 1.36 

DNA-binding 
transcriptional dual 

regulator CRP 
CRP_ECOLI 23796 Yes Yes 234 142 33 20 9 (6) 4 (4) 3.17 1.05 

Ribosomal RNA small 
subunit methyltransferase  

RSMI_ECOLI 31329 Yes No 273 ND 52 ND 10 (10) ND 2.88 ND 

Chaperonin GroEL CH60_ECO24 57464 Yes £ Yes 854 222 49 14 22 (17) 5 (4) 2.55 0.35 

Chaperone protein DnaK DNAK_ECOHS 69088 Yes No 986 ND 47 ND 28 (20) ND 2.45 ND 

Small ribosomal subunit 
protein uS3 

RS3_ECO24 25967 Yes No 251 ND 39 ND 11 (6) ND 2.13 ND 

Glycogen synthase GLGA_ECOBW 52789 Yes No 483 ND 30 ND 19 (10) ND 1.86 ND 

Glutamine--fructose-6-
phosphate 

aminotransferase  
GLMS_ECOLI 67081 Yes Yes 567 77 36 3 20 (15) 2 (2) 1.78 0.14 

FKBP-type peptidyl-prolyl 
cis-trans isomerase SlyD 

SLYD_ECOLI 20840 Yes No 255 ND 41 ND 8 (4) ND 1.74 ND 

Ribosomal small subunit 
pseudouridine synthase 

A 
RSUA_ECOLI 25849 Yes No 140 ND 45 ND 6 (6) ND 1.67 ND 

Elongation factor Tu 1 EFTU1_ECO24 43256 Yes No 192 ND 27 ND 8 (8) ND 1.2 ND 

Large ribosomal subunit 
protein uL13 

RL13_ECO24 16009 Yes No 47 ND 27 ND 3 (3) ND 1.19 ND 

Small ribosomal subunit 
protein uS5 

RS5_ECO24 17592 Yes No 95 ND 20 ND 3 (3) ND 1.05 ND 

Tyrosine recombinase XERD_ECOLI 34225 Yes No 222 ND 23 ND 8 (5) ND 0.86 ND 
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XerD 

Glycerol-3-phosphate 
regulon repressor 

GLPR_ECOLI 28030 Yes No 144 ND 24 ND 4 (4) ND 0.83 ND 

Large ribosomal subunit 
protein uL15 

RL15_ECO24 14957 Yes No N/A ND N/A ND N/A ND N/A ND 

Protein RecA RECA_ECOBW 37950 Yes No 151 ND 14 ND 4 (4) ND 0.57 ND 

Protein YdcF YDCF_ECOLI 29687 Yes No 81 ND 13 ND 3 (3) ND 0.54 ND 

Chaperone protein DnaJ DNAJ_ECOHS 41018 Yes No 105 ND 12 ND 4 (4) ND 0.51 ND 

Blue light- and 
temperature-regulated 

antirepressor BluF 
BLUF_ECOLI 45266 Yes No 61 ND 7 ND 3 (3) ND 0.33 ND 

Cell division protein FtsZ FTSZ_ECOLI 10299 Yes No ND ND ND ND ND ND ND ND 

Bifunctional 
uridylyltransferase/uridylyl-

removing enzyme 
GLND_ECOBW 102326 Yes No 81 ND 4 ND 4 (4) ND 0.18 ND 

2-oxoglutarate 
dehydrogenase E1 

component 
ODO1_ECO57 104996 Yes No 114 ND 4 ND 3 (3) ND 0.13 ND 

Bifunctional 
aspartokinase/homoserine 

dehydrogenase 2 
AK2H_ECOLI 88833 Yes Yes ND ND ND ND ND ND ND ND 

Aminoalkylphosphonate N-
acetyltransferase 

PHNO_ECOLI 16559 Yes No ND ND ND ND N ND ND ND ND 

DNA-directed RNA 
polymerase subunit beta 

RPOB_ECOBW 150538 Yes Yes ND ND ND ND ND ND ND ND 

This table is representative of 3 biological replicates (n=3) with the exception of 2 h treatments with HHE at a 10:1 and 20:1 molar ratio (HHE:PTEN-V5-His), 
which are represented by 2 biological replicates (n=2). It shows data for HHE- or PONPC-induced protein aggregates for the sample with the highest number 
of identified proteins. Data was ordered by decreasing emPAI (most abundant to least abundant) from top to bottom based on HHE-treated samples results.  
emPAI: The Exponentially Modified Protein Abundance Index (emPAI) offers approximate, label-free, relative quantitation of the proteins in a mixture based 
on protein coverage by the peptide matches in a database search result (Ishihama et al., 2005). 
£: proteins that were identified in >90% of HHE- or PONPC-induced protein aggregates. 
ND: not detected.  
Protein hits in bold and italic represent proteins identified in the initial identification of contaminants in concentrated PTEN-V5-His samples (Chapter 3, 
section 3.3.4). 
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HHE adducts were confidently identified on only 5 proteins forming aggregates: PTEN, ArnA, 

Succinylornithine transaminase, Large ribosomal subunit protein uL2 and DNA-binding 

transcriptional dual regulator CRP (data not shown). The generally higher sequence 

coverage obtained for these proteins could explain the identification of HHE adducts, which 

are a rare occurrence given the relative number of residues that can be subjected to 

modification within one protein sequence. However, other proteins identified with high 

sequence coverage (for instance, GroEL and DnaK) were not found to be covalently 

modified by HHE, suggesting that the protein adduction of HHE could be selective. On the 

other hand, no modification by PONPC could be identified on any of the proteins forming 

aggregates, including PTEN (data not shown).  

The potential adduction of PTEN by HHE or PONPC was essential in understanding the 

effects of these oxidized lipids on the structure, function and localization of PTEN. Indeed, if 

essential residues involved in the regulation of PTEN function or localization could be 

covalently modified, this would provide valuable insights into the mechanisms by which HHE 

or PONPC could influence PTEN and its downstream signalling. Therefore, this was 

investigated further in both monomeric PTEN-V5-His and aggregated PTEN-V5-His.  

6.3.3. Identification of HHE- and PONPC-adducts on PTEN-V5-His In Vitro 

6.3.3.1. Increasing PTEN Sequence Coverage to Maximise Adduct Detection 

Capabilities 

In order to detect HHE or PONPC adducts and identify precisely the site of adduction on 

PTEN sequence, it is important to obtain good sequence coverage (% of PTEN sequence 

detected by the LC-MS/MS analysis). Work was therefore carried out to optimize the protein 

concentration loaded on the gel. Initially, 2 µg of protein per well (untreated or treated PTEN-

V5-His with increasing molar ratios of HHE or PONPC) were loaded onto 10% acrylamide 

SDS-PAGE gels. In-gel digestion of monomeric PTEN-V5-His bands resulted in low 

sequence coverage (Table 6.6). Indeed, a limited number of peptides were detected as 

matching with PTEN sequence in the LC-MS/MS analysis, suggesting that either the amount 

of material was insufficient, and/or the peptide recovery was limited. Increasing the amount 

of protein loaded to 5 µg per well and decreasing the percentage of acrylamide from 10% to 

8% (to facilitate recovery of large peptides) resulted in a 1.7- to 2-fold increased average 

PTEN sequence coverage (Table 6.6) with up to 84% and 71% sequence coverage in 

monomeric PTEN-V5-His samples and protein aggregates, respectively. The sequence 

coverage of aggregated proteins was found to be generally lower than for monomeric PTEN-

V5-His (Table 6.6), potentially due to the limited amount of aggregated protein available in 
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the samples (particularly for aggregates at the lowest molar ratios, which were ≤20% of total 

protein (Figure 6.3 and 6.4)). 

Table 6.6. Summary of the PTEN sequence coverage and number of peptide matches identified 
by Mascot search in HHE- and PONPC-treated PTEN-V5-His samples processed in different 
conditions.   

Condition Treatment 
Sequence coverage (%) Number of significant matches 

Monomeric 
PTEN-V5-His 

Aggregates 
Monomeric 

PTEN-V5-His 
Aggregates 

2 µg; 10% 
acrylamide 

HHE 29.7±12.4 N/A 26.9±21.2 N/A 

PONPC 37.6±5.8 N/A 41.9±12.1 N/A 

5 µg; 8% 
acrylamide 

HHE 58.3±12.2 39.5±16.5 119.6±46.6 55.3±42.1 

PONPC 64.0±8.1 38.4±10.5 137.5±53.9 31.9±13.3 

Data shows mean±SD based on all samples (molar ratios) of 2 or 3 biological replicates (independent 
PTEN-V5-His purification batches) for samples prepared from 2 µg protein in 10% acrylamide gels 
(n=2) and 5 µg protein in 8% acrylamide gels (n=3), respectively.  
N/A: not applicable; protein aggregate bands were not analysed. 
 

Figure 6.5 presents a comparative analysis of the PTEN sequence coverage for both 

monomeric PTEN-V5-His and protein aggregates with samples prepared using either 2 µg of 

protein per well in 10% acrylamide SDS-PAGE gels or 5 µg of protein per well in 8% 

acrylamide SDS-PAGE gels. The highest observed sequence coverage across all samples 

was 84% (Figure 6.5). Notably, the C-terminal portion of PTEN exhibited greater sequence 

coverage compared to the N-terminal portion in most samples. Specific regions, namely 

residues 12-15 (NKRR), 56-62 (FLDSKHK), 160-163 (TRDK), 261-267 (QNKMLKK), and 

328-335 (ANKDKANR), consistently showed an absence of coverage. This lack of detection 

can partly be explained by the high frequency of Lys and Arg residues within these regions. 

Since trypsin cleaves peptide bonds following Lys and Arg residues (except when 

succeeded by a proline, as per Keil rule (Keil, 1992)), digestion of PTEN-V5-His with this 

enzyme results in the formation of short peptides. Given the mass/charge (m/z) range of 

350-1250 Da set for the MS/MS data acquisition, these small peptides may have fallen 

outside the detectable m/z range, especially if they contained additional positively charged 

residues, which further reduces the m/z ratio for each additional charge. Ultimately, it was 

impossible to identify potential modifications by HHE on the Cys, His, Lys and Arg residues 

in these undetected peptides. Unexpectedly, the 41 amino acid-long sequence containing 

the catalytic cysteine (Cys124) could be detected, although only in one PONPC-treated 

sample with one peptide detected. The poor detection of this peptide could also be 

explained by its size, which, in contrast to the above-mentioned peptides, was most likely too 

high. Indeed, the sequence 85-125 only contains one residue that could be recognised by 

trypsin as a cleavage site, Lys102, but this is followed by a proline. As mentioned previously, 

trypsin is unable to cleave after a Lys residue or Arg residue followed by a proline, making 

the resulting peptide 41 amino acid long, which was most likely difficult to recover during 

sample preparation and of a high m/z value. Figure 6.6 illustrates the theoretical sites of 
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cleavage by trypsin on PTEN sequence as well as the localisation of potential targets of 

HHE (C, H, K, R) and PONPC (K, R) and the sequence coverage across all samples with 

the exception of peptide 85-125 containing the catalytic Cys124, only identified once. 

 

Figure 6.5. Representative PTEN sequence coverage.  

(A) shows the representative average PTEN sequence coverage in HHE- or PONPC-treated PTEN-
V5-His after in-gel digestion (using trypsin) of SDS-PAGE gel bands corresponding to monomeric 
PTEN-V5-His in 10% acrylamide gels loaded with 2 µg of protein/well or in 8% acrylamide gels loaded 
with 5 µg of protein/well. (B) shows the maximal PTEN sequence coverage across all samples after 
in-gel digestion (using trypsin) of SDS-PAGE gel bands corresponding to monomeric PTEN-V5-His or 
protein aggregates. The 41 amino acid-long peptide containing the catalytic cysteine (C124) is shown 
circled in blue.  
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Figure 6.6. Localisation of possible HHE targets and tryptic peptides in PTEN sequence. 

(A) PTEN sequence was annotated with arrows indicating theoretical cleavage sites by trypsin, 
potential HHE targets (C, H, K and R residues) in red, detected peptides highlighted in yellow 
(cumulative sequence coverage for all HHE- and PONPC-treated PTEN-V5-His samples analysed by 
LC-MS/MS after in-gel digestion of monomeric PTEN-V5-His and protein aggregate bands using 
trypsin), and the 41 amino acid-long peptide containing the catalytic C124 circled in blue. (B) 
highlights (yellow) the position of potential targets of HHE on PTEN structure (PDB: 7JUL, 349/403 
residues (Dempsey et al., 2021)). This excluded the unresolved peptides 1-6 (MTAIIK), 282-312 
(GPEETSEKVENGSLCDQEIDSI CSIERADND) and 352-403 (EEPSNPEASSSTSVTPDVSDNEPD 
HYRYSDTTDSDPENEPFDEDQHTQITKV).  
 

6.3.3.2. Sites and Mechanism of Adduction by HHE on Monomeric and 

Aggregated PTEN-V5-His 

SDS-PAGE gel bands (from 8% acrylamide gels with 5 µg protein per lane) corresponding to 

monomeric or aggregated PTEN-V5-His proteins in samples treated with increasing molar 
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ratios of HHE for either 30 or 120 minutes at 37°C were excised and subjected to LC-MS/MS 

analysis, as previously described. The Mascot search engine was employed to identify mass 

differences between the theoretical mass of the unmodified peptide and modifications 

introduced by HHE. Specifically, two types of modifications were considered: Michael 

addition (monoisotopic mass shift = +116.0837 Da) and Schiff base formation (monoisotopic 

mass shift = +96.057515 Da), both in reduced form, as samples were fully reduced after 

treatment with sodium borohydride and using DTT during LC-MS/MS preparation. Samples 

with PTEN sequence coverage below 15% were excluded from further analysis.  

The majority of the modifications detected through Mascot were attributed to Michael 

addition of HHE on PTEN residues. Table 6.7 summarizes the residues that underwent 

Michael addition of HHE, highlighting the corresponding peptides identified by the Mascot 

search and the frequency of HHE adducts. After manual validation, 16 PTEN residues were 

confidently identified as being covalently modified by HHE. Notably, Cys, Lys and His 

residues were modified by HHE, while Arg residues were not. Furthermore, modified Lys 

residues resulted in missed trypsin cleavage sites, as trypsin was unable to cleave after a 

modified Lys residue. In contrast, unmodified peptides were generally cleaved after their 

corresponding Lys residues (data not shown), further supporting the accurate identification 

of modified Lys residues where missed cleavage occurred.  

The propensity for HHE modification seemed to vary between different residues. Several 

residues (Cys71, Lys147, Cys250, Cys296, Cys304) showed consistent modification across 

both monomeric and aggregated PTEN-V5-His, suggesting that these residues may be 

particularly prone to HHE modification. Other residues, such as Lys164, Lys313, Lys349, 

and His397, were only modified at higher HHE ratios (5:1 or 10:1), indicating that these 

residues were less reactive or less accessible at lower concentrations of HHE. Additionally, 

the consistency of modification increased with higher molar ratios of HHE, as modifications 

were observed across all biological replicates in a concentration-dependent manner. With 

increasing concentrations of HHE, the frequency of modification seemed to generally 

increase as well. This supported the hypothesis that the extent of HHE modification is 

concentration-dependent.  

Evidence indicated that Cys71, Cys211, Cys250, and Cys296 were the most frequently 

modified residues in aggregated PTEN-V5-His. Notably, residues such as Cys136, Cys211, 

Lys349, and His376 exhibited modifications primarily in the aggregated form rather than in 

the monomeric form. This observation suggested that these residues may either become 

more exposed or reactive during aggregation, or their modification could potentially drive the 
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aggregation of PTEN-V5-His. Unfortunately, it was not possible to draw definitive 

conclusions regarding the mechanism by which HHE might induce PTEN aggregation. 

In certain cases, the limited detection of peptides constrained the analysis of HHE Michael 

adduct frequency and its correlation with increasing HHE concentrations. For example, the 

peptide 145-167 (FLKAQEALDFYGEVR), which included Lys147, was identified in only a 

small number of samples, and only a maximum of twice per sample. As previously 

discussed, modifications on lysine residues can hinder trypsin cleavage. Consistent with this, 

peptides spanning 148-167 were frequently detected, indicating that Lys147 served as a 

well-recognized cleavage site. This observation suggested that Michael adduction of HHE at 

Lys147 was a relatively rare event. If Lys147 were modified, the abundance of the 145-167 

peptide would be expected to increase, leading to more frequent detection. Furthermore, 

peptide identification was lower in samples from SDS-PAGE gels bands corresponding to 

aggregated proteins compared to monomeric PTEN-V5-His. This discrepancy could be 

attributed to the generally lower sequence coverage observed in aggregated samples. It is 

also important to note that the abundance of PTEN-V5-His in the aggregated protein bands 

on SDS-PAGE gels was lower than in the monomeric PTEN-V5-His bands. This difference in 

protein abundance was particularly relevant because lower protein amounts were likely to 

result in reduced peptide recovery, as demonstrated by the sequence coverage optimization 

presented in the previous section. 

Interestingly, HHE modifications at Lys147, Cys218, and Cys296 were detected in the 

untreated PTEN-V5-His control samples. Although manual validation suggested that the 

modifications at Lys147 and Cys218 were false positives, the modification at Cys296 

appeared to be a true positive. This finding was explored in greater detail later in this 

chapter.
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Table 6.7. Summary of the Mascot identification of sites of adduction of HHE on PTEN through Michael addition.   

Modified 
residue 

Peptide 
Exposure 

time 
(min) 

Monomeric PTEN-V5-His 
(per molar ratio HHE:PTEN-V5-His) 

Aggregated PTEN-V5-His 
(per molar ratio HHE:PTEN-V5-His) 

0:1 0.1:1 0.5:1 1:1 5:1 10:1 20:1 0.5:1 1:1 5:1 10:1 20:1 

K6 TAIIK#EIVSR 
30 0/4 0/3 0/11 0/6 0/5 0/3 1/5 N/A N/A 0/1 0/1 0/6 

120 0/3 0/4 0/1* 0/5 0/3 0/3  0/1* 0/2 0/3 0/3 1/2* 

C71 IYNLC#AER 
30 0/24 4/24£ 4/19£ 6/17£ 8/23£ 9/27£ 8/22£ N/A N/A 5/12£ 9/17£ 8/14£ 

120 0/20 2/18 3/15£* 5/24£ 6/20£ 7/17£ 6/10£ 3/8£* 3/11£ 8/21£ 6/15£ 7/12£* 

C136 TGVMIC#AYLLHR 
30 0/10 0/9 0/7 0/9 0/6 0/5 0/1 N/A N/A    

120 0/15 0/7 0/8* 0/9 0/10 0/2 0/1   0/1 1/2 1/1* 

K147 
FLK#AQEALDFYG

EVR 
30 1/1    0/1 0/1  N/A N/A   1/1 

120  0/1 1/2*  0/1  1/1   1/1 2/2 1/1* 

K164 K#GVTIPSQR 
30 0/1 0/2 0/1 0/3 0/3 0/3 1/4 N/A N/A 0/1 0/1 0/2 

120 0/3 0/3 0/2* 0/2 0/3 0/3 0/1  0/1 0/2 1/2 1/3* 

H185 
NH#LDYRPVALLFH

K 
30 0/5 0/2 0/3 0/1 0/1 0/3 1/2 N/A N/A 0/1 0/2  

120 0/3 0/1 0/3* 0/6 0/3    0/2  0/3 1/4* 

C211 
MMFETIPMFSGGT
C#NPQFVVCQLK 

30 0/33 0/43 0/19 0/22 0/23 1/11 0/5 N/A N/A 1/2 1/1 1/1 

120 0/33 0/18 0/12* 0/25 0/8 2/7  0/1* 1/5 5/12 3/7 3/4* 

C218 
MMFETIPMFSGGT
CNPQFVVC#QLK 

30 1/33 0/43 0/19 2/22 4/23 4/11 2/5 N/A N/A 0/2 0/1 0/1 

120 0/33 0/18 0/12* 2/25 2/8 3/7  0/1* 0/5 0/12 2/7 1/4* 

K223 VK#IYSSNSGPTR 
30 0/2 0/3 0/2 0/3 1/4 1/3 2/3 N/A N/A   1/1 

120 0/3 0/3 0/2* 0/4 0/2 1/2 2/2   0/2 1/2 2/2£* 

C250 
EDKFMYFEFPQPL

PBC#GDIK 
30 0/34 1/49 1/23 1/29 1/28 4/18 1/12 N/A N/A 1/5 1/3 2/4 

120 0/49 1/19 2/29* 0/33 2/28 3/15 0/4 1/3* 1/6 1/9 2/10 2/10* 

C296 
VENGSLC#DQEIDS

ICSIER 
30 1/9 1/14 1/7 3/9£ 6/12£ 9/20£ 7/11£ N/A N/A 1/1 2/2 2/2 

120 1/13 0/8 1/6* 4/14£ 7/13£ 3/11  0/2* 1/3 8/13 1/3 4/7* 

C304 
VENGSLCDQEIDSI

C#SIER 
30 0/9 0/14 1/7 1/9 5/12£ 7/20 6/11 N/A N/A 0/1 1/2 1/2 

120 0/13 0/8 0/6* 1/14 6/13 3/11  0/2* 0/3 6/13 1/3 4/7* 

K313 
ADNDK#EYLVLTLT

K 
30 0/13 0/9 0/9 0/9 0/9 0/13 1/7 N/A N/A 0/3 0/4 0/4 

120 0/11 0/8 0/7* 0/15 0/8 1/8 0/3 0/2* 0/4 0/6 0/8 5/10 

K349 
LYFTK#TVEEPSNP
EASSSTSVTPDVS

DNEPDHYR 

30 0/2 0/1 0/1 0/2 0/2 0/1 0/1 N/A N/A    

120 0/2 0/1 0/2* 0/2 0/1       1/1* 

H376 
H376 

TVEEPSNPEASSS
TSVTPDVSDNEPD

H#YR 

30 0/82 0/82 0/47 0/29 1/37 8/32£ 4/29£ N/A N/A 0/20 0/25 1/18 

120 0/60 0/39 0/21* 0/25 5/52£ 7/29£ 8/24£ 0/4* 0/14 1/17 8/31 3/24* 
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H397 
 

YSDTTDSDPENEP
FDEDQH#TQITK 

30 0/51 0/52 0/37 0/37 1/43 1/22 4/44£ N/A N/A 0/6 0/15 1/24 

120 0/36 0/32 0/26* 1/43 2/48 3/32 3/18£ 0/6 0/12 0/23 3/24 5/14* 

Data is representative of 3 biological replicates (3 independent PTEN-V5-His production batches) except for the conditions labelled with *, for which data is 
representative of 2 biological replicates.  
Results are shown as follows: HHE-modified peptide(s)/total peptide(s), with HHE-modified peptides defined as the total number of peptides assigned with a 
Michael addition of HHE in all biological replicates for the corresponding condition and total peptide(s) defined as the total number of identified peptides 
(unmodified and modified by HHE) in all biological replicates for the corresponding condition. 
#: Residue identified with HHE Michael adduct. 
£: adduct(s) identified in all biological replicates for the corresponding conditions.  
Greyed-out boxes show samples for which no peptide was detected across all biological replicates. 
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The peptide output from the Mascot search containing Cys71 was a good example of 

accurate Mascot identification of HHE Michael adducts on PTEN. Figure 6.7 shows the 

fragmentation spectra and sequence analysis for three different identification of the peptide 

67-74 (IYNLCAER) containing Cys71: one with an unmodified Cys71 (Figure 6.7.A), one 

with an alkylated Cys71 (carbamidomethyl C71, Figure 6.7.B) and one where Cys71 was 

identified with a reduced HHE Michael adduct (Figure 6.7.C). Typically, a Mascot sequence 

analysis provides the observed b and y ions generated from peptide fragmentation (shown in 

red) as well as the theoretical b and y ions (shown in black), the b ions representing 

fragments starting from the N-terminus of the peptide and the y ions representing fragments 

starting from the C-terminus of the peptide. The Mascot sequence analysis also provides 

additional b and y ions with specific characteristics such as additional charge and neutral 

loss. Symbols are used to define these characteristics: “++”, “*” and “0”, representing doubly 

charged ions, the loss of ammonia (NH3: Δmass = -17 Da) and the loss of water (H2O: 

Δmass = -18 Da), respectively.  

The Mascot identification of the peptide 67-74 (IYNLCAER) was successful with 100% y ion 

coverage up to the last residue (I) of the sequence for the peptides including an alkylated 

(Figure 6.7.B) or HHE-modified (Figure 6.7.C) Cys71. In comparison, only the y(2) ion (ER) 

was not identified in the fragmentation data from the unmodified peptide (Figure 6.7.A). The 

y ions picked for sequencing corresponded to peaks of the highest intensities on the 

fragmentation spectra (Figure 6.7, upper panes), which further increased the confidence in 

an accurate assignment of the peptide sequence, as well as modifications. Indeed, while the 

y(1) to y(3) ions (corresponding to the C-terminal fragments up to Cys71) were the same 

mass in all three peptide identifications, a mass shift of the following y ion peaks was 

observed for the peptides with a modified Cys71 (Figure 6.7.B and 6.7.C) compared to the 

unmodified peptide (Figure 6.7.A). A mass difference of +57.0215 Da, corresponding to the 

mass of a carbamidomethyl group, and a mass difference of +116.0838 Da, corresponding 

to the adduction of HHE via Michael addition, were consistently applied to y(4) to y(7) ions 

(fragments including Cys71) in Figure 6.7.B and 6.7.C, respectively, compared to the 

unmodified peptide (Figure 6.7.A). This allowed the correct assignment of 

carbamidomethylation of Cys71, which was to be expected from the alkylation step in the 

MS sample preparation process, and provided evidence that HHE could covalently modify 

PTEN residues and that a Mascot search could confidently and precisely identify the site of 

these modifications. Numerous y0 ions were detected in the fragmentation data from the 

HHE-modified peptide but not from the unmodified or carbamidomethylated peptides (Figure 

6.7). This was particularly surprising as y0 ions, which result from the loss of water, are 

generally restricted to fragments containing residues with hydroxyl groups (OH) such as 
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serine (Ser), threonine (Thr)  and tyrosine (Tyr), carboxyl groups (COOH) such as aspartic 

acid (Asp) and glutamic acid (Glu) or glutamine (Gln) with its amide group, and are a rare 

occurrence as the side chains must be exposed to high energies to induce cleavage of 

specific bonds and eliminate water (Harrison, 2012, O’Hair and Reid, 1998, Savitski et al., 

2007). The y0 ions were consistently detected for y(4) to y(7) ions, all of which included the 

HHE-modified Cys71, but not for fragments lacking the HHE-modified Cys71 (y(1) to y(3) 

ions). Notably, only the y(7) ion contained a residue (Tyr) that was prone to forming y0 ions, 

and the intensity of these peaks was relatively high compared to the corresponding y ions 

(Figure 6.7.C). This suggested that the identification of the y0 ions was accurate and likely 

resulted from the loss of water from the bound HHE molecule, rather than from side chains 

of the residues. Since HHE contains a hydroxyl group and the Michael addition of HHE to 

residues does not mask its aldehyde group, reduction of the aldehyde during borohydride 

treatment gives rise to an additional primary alcohol group, and elimination of this (observed 

as water loss) is favourable as it gives rise to a conjugated diene. Moreover, this pattern was 

also observed for peptides with HHE Michael adducts on Cys211, Cys250, and Cys304 

(data not shown), suggesting that the unusually high y0 ion signal could serve as a marker 

for the presence of HHE Michael adducts on cysteine residues. 

 



Chapter 6 – Characterization of HHE and PONPC Adducts on PTEN 

203 
O. Langlois, PhD Thesis, Aston University, 2024. 

 

Figure 6.7. Representative Mascot peptide identification of the unmodified, alkylated or HHE-
modified Cys71. 

(A) Mascot search identified peptide 67-74 (IYNLCAER) as unmodified (A), carbamidomethylated on 
residue C71 (B) or with a reduced Michael addition of HHE on residue C71 (C). Each of the panels 
displays an upper pane with the fragmentation spectrum showing identified ions as peaks marked in 
red. The lower table presents the matched b and y ion coverage, with the matching ions shown in red. 
Bold italic red: the ion series contributed to the score of the peptide; bold red: the number of matches 
in the ion series is greater than would be expected by chance; non-bold red: the number of matches 
in the ion series is no greater than would be expected by chance. 
 

While the Mascot search engine effectively identified peptide modifications, it could also 

erroneously assign modifications to identified peptides (false positives), making manual 

validation essential to the correct assignment of HHE adducts. This was particularly 

important to determine if the HHE adducts identified in untreated PTEN-V5-His samples 

were false or true positives. A comparative analysis of the Mascot output from the 

fragmentation data of peptides with HHE modifications on Lys147, Cys218 and Cys296 in 



Chapter 6 – Characterization of HHE and PONPC Adducts on PTEN 

204 
O. Langlois, PhD Thesis, Aston University, 2024. 

untreated PTEN-V5-His samples and HHE-treated PTEN-V5-His samples (considered as 

true positives) is shown in Figure 6.8, Supplementary Figure 4 and Figure 6.9, respectively.  

For HHE-modified Lys147 (Figure 6.8), the Mascot search assigned the HHE modification 

from identification of the peptide 145-159 (FLKAQEALDFYGEVR). Although the y ion 

coverage was similar between the untreated (Figure 6.8.A) and HHE-treated PTEN-V5-His 

samples (Figure 6.8.B), it did not cover Lys147 in either case, which means that the y ions 

cannot be used to confirm modification of Lys147 by HHE. Although the y ion coverage 

provided strong confidence in the sequencing of the peptide for the HHE-treated PTEN-V5-

His sample with a generally high intensity of assigned y ion peaks (Figure 6.8.B), the 

intensity of these peaks in the untreated PTEN-V5-His sample was consistently low (Figure 

6.8.A). The low intensity of the peaks that were matched by Mascot may indicate an 

incorrect identification, especially in cases where the software might attempt to fit noise to 

known ion series in the absence of strong signal. On the other hand, the higher intensity 

peaks in the HHE-treated PTEN-V5-His sample reflected genuine peptide fragments, 

indicating accurate peptide sequencing. Although Lys147 was not covered by b ions in both 

cases, reducing the confidence of accurate assignment of the HHE modification, the 

presence of the b(5) to b(10) ions in the HHE-treated PTEN-V5-His sample (Figure 6.8.B) 

suggested that Lys147 was covalently bound by HHE. Indeed, these 6 fragment ions 

corresponded to the mass of the N-terminal part of the peptide with a delta mass of 

+116.0838 Da (Figure 6.8.B), mass of an HHE Michael adduct. On the other hand, no b ion 

was assigned by the Mascot search engine for the HHE-modified peptide 145-159 

(FLKAQEALDFYGEVR) in the untreated PTEN-V5-His sample (Figure 6.8.A), which 

constituted further evidence that this HHE Michael addition on Lys147 was falsely assigned. 

Therefore, based on the low intensity of the peaks, the lack of high intensity y0 ions and the 

lack of b ions, the modification of Lys147 in the untreated PTEN-V5-His sample was 

classified as a false positive.  
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Figure 6.8. Representative Mascot peptide identification for false and true positive HHE 
modification of Lys147 in untreated-PTEN-V5-His and HHE-treated PTEN-V5-His samples.  

A Mascot search identified peptide 145-159 (FLKAQEALDFYGEVR) with an HHE Michael adduct on 
K147 in an untreated PTEN-V5-His sample (A) and an HHE-treated PTEN-V5-His sample (B). Panel 
(A) and (B) both display an upper pane with the fragmentation spectrum showing matched ions as red 
peaks. The lower table presents the matched b and y ion coverage, with the matching ions shown in 
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red. Bold italic red: the ion series contributed to the score of the peptide; bold red: the number of 
matches in the ion series is greater than would be expected by chance; non-bold red: the number of 
matches in the ion series is no greater than would be expected by chance. 
 

A similar case was observed for C218, which was identified as modified by HHE through 

Michael addition in the peptide 198-221 (MMFETIPMFSGGTCNPQRVVCQLK) in the 

untreated PTEN-V5-His sample (Supplementary Figure 4). The Mascot software identified 

peaks for the HHE Michael adduct that were not the highest intensity peaks in the 

fragmentation spectrum, unlike those identified in the HHE-treated PTEN-V5-His sample. 

Many peaks were assigned to b ions with neutral losses from oxidized methionine (M199), 

but their intensities matched those of other b and y ions, suggesting random assignment. 

Although the b ion coverage was better in the untreated PTEN-V5-His sample, the accuracy 

of this assignment is questionable. The absence of the y(4) ion, which included the putative 

HHE-modified Cys218, further indicated potential misidentification. Reduced y ion coverage 

between Cys211 and Cys218 in untreated samples contrasts with the more complete 

detection in treated samples, implying that if an HHE modification occurred, it was more 

likely on Cys211 than Cys218. 

On the other hand, despite the lack of direct identification of the b(7) or y(13) ions 

corresponding to the first N-terminal or C-terminal fragments including Cys296, respectively, 

the identification of Cys296 as modified by HHE in the 290-308 peptide (VENGSLCDQEIDSI 

CSIER) in the untreated PTEN-V5-His sample seemed accurate. Indeed, the pattern of 

detected b and y ions to sequence the peptide and identify the HHE modification on Cys296 

was similar between the untreated and HHE-treated samples (Figure 6.9.A and 6.9.B). In 

both cases, the most intense peaks were picked for assignment of the sequence, suggesting 

accurate sequencing. Despite the lack of identification of b(7) and y(13) and the absence of 

y ion coverage from Cys296, multiple b ions with a shift in mass corresponding to the weight 

of an HHE Michael adduct (b(10)-b(12) and b(14) for the untreated PTEN-V5-His sample, 

Figure 6.9.A, and b(10)-b(11) and b(13) for the HHE-treated sample, Figure 6.9.B) were 

detected. Additionally, the only two residues in the identified peptide that could be 

considered as potential targets for HHE were Cys296 and Cys304 as trypsin successfully 

cleaved after Lys308. If Lys308 was modified, trypsin would most likely have not been able 

to recognise the cleavage site (Chauvet and Acher, 1971, Samy et al., 1980), leading to an 

extended peptide at the C-terminus with a missed cleavage at Lys308. Considering that, in 

both cases, the y ion coverage around Cys304 was good for masses of unmodified 

fragments and the y(5) ion (corresponding to the first fragment containing Cys304) was the 

second most intense peak in the fragmentation data (Figure 6.9.A and 6.9.B), Cys296 was 

the only confident match for HHE adduction. However, the intensity of the peaks assigned to 

the b ions corresponding to fragments containing Cys296 was relatively low compared to 
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other peaks that were not picked for sequencing of the peptide, suggesting that the 

assignment could be incorrect. Although this could imply that Cys296 was not modified by 

HHE in either untreated and HHE-treated samples, the Mascot assignment of two coexisting 

HHE Michael adducts on Cys296 and Cys304 on the same peptide (290-308, 

MMFETIPMFSGGTCNPQFVVCQLK) (Figure 6.9.C) suggested that Cys296 could indeed be 

modified by HHE. The good y and b ion coverage of the doubly-modified sequence as well 

as the consistent signals for y0 and b0 ions provided confidence in accurate assignment of 

HHE modifications of this peptide (Figure 6.9.C). This strongly suggested that the 

modification on Cys296 was assigned correctly.  
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Figure 6.9. Representative Mascot peptide identification of peptide 290-308 
(VENGSLCDQEIDSICSIER) with HHE modifications on Cys296 and Cys304. 

A Mascot search identified peptide 290-308 (VENGSLCDQEIDSICSIER) with an HHE Michael adduct 
on C296 in an untreated PTEN-V5-His sample (A) and an HHE-treated PTEN-V5-His sample (B) as 
well as double HHE Michael adducts on both C296 and C304 (C). All panels display an upper pane 
with the fragmentation spectrum showing identified ions as peaks marked in red. The lower table 
presents the matched b and y ion coverage, with the matching ions shown in red. Bold italic red: the 
ion series contributed to the score of the peptide; bold red: the number of matches in the ion series is 
greater than would be expected by chance; non-bold red: the number of matches in the ion series is 
no greater than would be expected by chance. 
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Peptides 198-221 (MMFETIPMFSGGTCNPQFVVCQLK), 238-254 (FMYFEFPQPLPVCGDI 

K) and 350-378 (TVEEPSNPEASSSTSVTPDVSDNEPDHYR) were identified by Mascot as 

modified by HHE on their C-terminal Lys or Arg residues.  

For instance, in the peptide 238-254 (FMYFEFPQPLPVCGDIK), Lys254 was identified as 

modified by an HHE Michael adduct (Figure 6.10). This was particularly surprising as 

modified Lys and Arg residues generally result in missed cleavages by trypsin, which is not 

able to recognise the cleavage site, as discussed previously (Chauvet and Acher, 1971, 

Samy et al., 1980). The peptide seemed to be confidently sequenced by Mascot with a high 

coverage by y ions from y(5) to y(15), covering most of the peptide sequence with the 

exception of the C-terminal region following Cys250 (Figure 6.10). This lack of coverage 

explained the possible misassignment of the HHE modification on this peptide. Indeed, as 

fragments with a mass shift of +116.0837 Da, corresponding to an HHE Michael adduct, 

were only detected from the fragment including Cys250 (y(5)) (Figure 6.10), Mascot most 

likely misassigned an HHE Michael adduct on Cys250 to Lys254.  

This observation also applied to the peptide 350-378 (TVEEPSNPEASSSTSVTPDVSDN 

EPDHYR), where Mascot identified Arg378 as being modified by HHE. However, the y(1) 

and y(2) ions, which are C-terminal fragments that do not include His376 (R and YR, 

respectively), did not exhibit the expected +116.0837 Da mass shift. In contrast, fragments 

containing His376 did show this shift, suggesting that the HHE Michael adduct was 

incorrectly assigned to Arg378 and that His376 was the more likely site of modification 

(Supplementary Figure 5). Similarly, the peptide 198-221 (MMFETIPMFSGGTCNPQFVVC 

QLK) was identified by Mascot as having an HHE modification on Lys221, but the lack of C-

terminal fragments suggested that Cys218 could be the actual site of modification. In this 

case, two fragments that did not include Cys218 (y(1) and y(2) for K and LK, respectively) 

showed a +116.0837 Da mass shift, although one of these fragments (y(2) corresponding to 

the LK fragment) was also detected without the mass shift, making it difficult to determine 

conclusively the exact site of HHE modification (Supplementary Figure 6). 
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Figure 6.10. Representative Mascot output for false positive identification of HHE modification 
on C-terminal K residue of the identified peptide 238-254 (FMYFEFPQPLPVCGDIK). 

A Mascot search identified the peptide 238-254 (FMYFEFPQPLPVCGDIK) with an HHE Michael 
adduct on K254 in an HHE-treated PTEN-V5-His sample. An upper pane with the fragmentation 
spectrum showing identified ions as peaks marked in red and a lower table with the matched b and y 
ion coverage, with the matching ions shown in red are presented. Bold italic red: the ion series 
contributed to the score of the peptide; bold red: the number of matches in the ion series is greater 
than would be expected by chance; non-bold red: the number of matches in the ion series is no 
greater than would be expected by chance. 
 

In addition to Michael adducts, modification of PTEN by HHE through Schiff base formation 

was assigned on 3 peptides: 143-159 (GKFLKAQLDFYGEVR) for which the HHE 

modification was assigned to Lys147; 173-123 (RYVYYYSYLLK) with a modification on 

Arg173; and 238-254/260 (FMYFEFPQPLPVCGDIK/VEFFHK) for which addition of HHE by 

Schiff base formation was assigned to either Lys254 alone or Lys254 and Lys260, along with 

His259 identified as a Michael addition of HHE. However, none of these assigned 

modifications were confidently identified as true positives following manual validation. It is 

also important to note that, across all samples and biological replicates, the modification of 
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Lys147, Arg173 and Lys254 (alone) via Schiff base formation were only identified on one 

peptide each. As an example, Figure 6.11 shows the Mascot peptide match leading to the 

identification of an HHE Schiff adduct on Lys147. The y-ion series showed strong peaks for 

y(4) to y(7) ions, indicating high-confidence matches for the C-terminal RVEGYFD peptide 

sequencing. However, there was no coverage of the sequence by b ions. Indeed, only one b 

ion (b(8), corresponding to the N-terminal sequence GKFLKAQE) was identified in the 

fragmentation spectrum. The putative modification on Lys147 was therefore not covered, 

suggesting a false positive identification of an HHE Schiff adduct. Furthermore, although the 

mass of the precursor suggested addition of HHE, another lysine residue was part of that 

sequence, Lys144, and no data allowed discrimination between Lys144 and Lys147 for HHE 

modification.  

The case of Arg173 (Supplementary Figure 7) was very similar: a good coverage of y ions 

was identified, leading to confidence in the peptide identification, but there was no coverage 

of the fragments containing the putative modification. The HHE Schiff adduct on Lys254 was 

also classified as false positive based on the lack of assignment of peaks of highest intensity 

in the fragmentation data and the fact that Lys254 was the C-terminal residue which trypsin 

cleaved successfully after and was not covered by y ions. In fact, the y ions coverage was 

limited to the identification of three fragment ions which were of low intensity and could have 

been noise rather than true fragment ions (Supplementary Figure 8). The assignment of two 

distinct HHE Schiff adducts (on Lys254 and Lys260) and one HHE Michael adduct (on 

His259) on a single peptide was surprising. In fact, the peaks that were selected by Mascot 

for sequencing of the peptide 238-260 (FMYFEFPQPLPVCGDIKVEFFHK) were exclusively 

corresponding to fragments with a loss of ammonium (-64 Da) and limited to 6 b ions and 2 y 

ions for a 23 amino acid-long peptide, which strongly suggested that this was a 

misidentification (Supplementary Figure 9).   



Chapter 6 – Characterization of HHE and PONPC Adducts on PTEN 

212 
O. Langlois, PhD Thesis, Aston University, 2024. 

 

Figure 6.11. Mascot peptide identification of Lys147 modified by HHE through Schiff base 
formation was classified as a false positive result.   

A Mascot search identified the peptide 143-159 (GKFLKAQLDFYGEVR) with an HHE Schiff adduct 
on K147 in an HHE-treated PTEN-V5-His sample. An upper pane with the fragmentation spectrum 
showing identified ions as peaks marked in red and a lower table with the matched b and y ion 
coverage, with the matching ions shown in red, are presented. Bold italic red: the ion series 
contributed to the score of the peptide; bold red: the number of matches in the ion series is greater 
than would be expected by chance; non-bold red: the number of matches in the ion series is no 
greater than would be expected by chance. 
 

When localising the identified HHE-modified residues on PTEN sequence, one was located 

in the N-terminal PIP2 binding domain, five were located in the phosphatase domain, eight in 

the C2 domain and two were in the C-terminal tail (Figure 6.12.A). Strikingly, all cysteine 

residues, with the exception of Cys124 (which was not detected in HHE-treated PTEN-V5-

His samples) and Cys83, were found to be modified by HHE in at least one sample. In 

contrast, multiple histidine, lysine and arginine residues were not identified as modified by 
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HHE (Figure 6.12.A). This suggested that cysteine residues were the primary targets for 

HHE.  

HHE was observed to modify not only solvent-accessible residues but also Cys71, Cys136, 

and Cys211, which are typically considered buried within PTEN’s three-dimensional 

structure, exhibiting a solvent accessibility surface (SAS) of less than 10% as determined by 

Discovery Studio’s built-in SAS calculation tools (Figure 6.12.B). With such low SAS values, 

these cysteine residues were generally assumed to be shielded from solvent interaction, 

making them less susceptible to chemical modification. Notably, while HHE-modified Cys136 

and Cys211 were predominantly detected in aggregated forms, suggesting that PTEN may 

undergo conformational changes upon aggregation allowing these residues to become 

accessible, Cys71 was consistently modified in all HHE-treated PTEN-V5-His samples, even 

at low HHE ratios (Table 6.7). The consistent modification of Cys71 by HHE implied that 

PTEN possessed inherent flexibility or dynamic regions that permitted the transient exposure 

of this residue, typically buried. This structural flexibility might be essential for PTEN’s 

functional or regulatory mechanisms. Consequently, modification of Cys71 could potentially 

impair PTEN’s function. 
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Figure 6.12. Localisation and solvent accessibility of HHE-modified PTEN residues.  

Identified residues that underwent HHE Michael addition were highlighted on the annotated sequence 
(A) and structure (B,C) of PTEN. (A) shows the identified HHE Michael adducts (highlighted with a red 
star) compared to all HHE potential targets (in red). Sequence annotations are based on literature 
(Lee et al., 1999, Campbell et al., 2003, Walker et al., 2004, Denning et al., 2007). (B and C) shows 
the localisation of HHE potential targets (upper panes) and identified HHE Michael adducts (lower 
panes) on PTEN structure as well as their SAS (cyan: SAS>25%, green: SAS<10%). Residues that 
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did not correspond to HHE potential targets (upper panes) or identified HHE Michael adducts (lower 
panes) are shown in grey. This excluded the unresolved peptides 1-6 (MTAIIK), 282-312 (GPEETSE 
KVENGSLCDQEIDSICSIERADND) and 352-403 (EEPSNPEASSSTSVTPDVSDNEPDHYRYSDTTD 
SDPENEPFDEDQHTQITKV), therefore, the HHE-modified K6, C296, C304, H376 and H397 were not 
visible. 
 

6.3.3.3. Sites of Adduction by PONPC on Monomeric and Aggregated PTEN-V5-

His: a Challenging Identification 

Similar experiments were carried out to investigate the formation of PONPC adducts on 

PTEN-V5-His. The Mascot search engine was employed to identify potential mass 

differences indicative of PONPC modification. The expected modification involved the 

formation of a Schiff base between PONPC and specific lysine or arginine residues on 

PTEN, resulting in a predictable monoisotopic mass shift. Given that the samples were fully 

reduced post-treatment using sodium borohydride, and DTT was employed during LC-

MS/MS preparation, the anticipated mass shift for PONPC-modified peptides was 

+633.436955 Da, reflective of the reduction state. However, the Mascot search did not 

detect any PTEN residues modified by PONPC, even though overall sequence coverage 

was satisfactory, as detailed in section 6.3.3.1. This suggested that, under the conditions 

tested, PONPC modification did not occur or was not detectable at the expected sites. 

Unexpectedly, the Mascot search identified potential modifications corresponding to a 

monoisotopic mass shift of +631.4213 Da on lysine residues Lys147, Lys254, and Lys269. 

This shift was 2 Da less than the expected +633.436955 Da, corresponding to unreduced 

Schiff base modifications. However, given that the samples were fully reduced during 

preparation, these findings raised concerns about the validity of these identifications, 

suggesting that they might not represent true PONPC modifications but rather artifacts of the 

analytical process. 

For Lys147, the identification of the peptide was primarily based on y ions, which generally 

provided good sequence coverage up to the residue thought to be modified. However, no y 

ion directly corresponding to the modified Lys147 was detected. The intensity of the detected 

peaks, with the exception of y(12), was low, which diminished the confidence in this 

identification (Figure 6.13.A). Moreover, the detection of the b ion corresponding to the first 

fragment containing Lys147 was limited to a number of matches not exceeding random 

expectation, implying potential misidentification. The absence of other b ions and lack of 

184.1 Da fragment to corroborate the presence of the modification further supported the 

hypothesis that Lys147 was not genuinely modified by PONPC. This identification of 

unreduced PONPC modification was therefore classified as a false positive. The evidence 

for Lys269 PONPC modification was similar. The peptide spanning residues 268-289 

(DKMFHFWVNTFFIPGPEETSEK) showed good y ion coverage between y(3) and y(12), 
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which partially covered the sequence (FFIPGPEETS). However, the peaks assigned to 

these y ions were not the dominant peaks in the spectrum, questioning the reliability of these 

assignments. The lack of detected b ions meant that there was no confirmation of sequence 

coverage around Lys269, thereby strongly suggesting a false positive for the identification of 

the PONPC Schiff adduct at this position (Supplementary Figure 10). 

Regarding Lys254, the assignment of a PONPC Schiff adduct was classified as a false 

positive for several reasons. The peptide sequence 238-254 (FMYFEFPQPLPVCGDIK) 

identified Lys254 as the C-terminal residue, which would be unlikely if this residue were 

modified (Figure 6.13.B).  This discrepancy alone suggested an anomalous identification. 

Although some b ions were detected, indicating partial sequencing of the peptide, the 

coverage did not extend to the C-terminus but was limited to residue Leu247, covering the 

238-247 sequence with only about 60% b ion coverage. Furthermore, the absence of y ions 

provided no supporting evidence for the existence of the PONPC adduct, thereby confirming 

the false positive nature of this identification. 
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Figure 6.13. Representative false positive Mascot peptide identification of residues modified 
by PONPC through Schiff base formation.   

A Mascot search identified the peptide 145-159 (FLKAQLDFYGEVR) with a PONPC Schiff adduct on 
K147 (A) and the peptide 238-254 (FMYFEFPQPLPVCGDIK) with a PONPC Schiff adduct on K254 
(B). In both panels, an upper pane with the fragmentation spectrum showing identified ions as peaks 
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marked in red and a lower table with the matched b and y ion coverage, with the matching ions shown 
in red, are presented. Bold italic red: the ion series contributed to the score of the peptide; bold red: 
the number of matches in the ion series is greater than would be expected by chance; non-bold red: 
the number of matches in the ion series is no greater than would be expected by chance. 
 

In summary, while the LC-MS/MS analysis aimed to detect PONPC modifications in PTEN-

V5-His, the evidence did not support the presence of true PONPC modifications. Mascot 

failed to identify reduced PONPC Schiff adducts and only led to identification of unreduced 

adducts. For the latter, the observed mass shifts were inconsistent with the expected 

outcomes of the experimental design and likely represent artifacts or erroneous assignments 

rather than genuine modifications.  

These findings highlighted the challenges in obtaining meaningful LC-MS/MS data and 

interpreting it. Indeed, evidence of PONPC adduction onto PTEN-V5-His was suggested by 

the SDS-PAGE gels where bands corresponding to monomeric PTEN-V5-His in samples 

treated with a 5:1, 10:1 and 20:1 molar ratio of PONPC:PTEN-V5-His clearly shifted towards 

higher molecular weights (Figure 6.2). This suggested that PONPC modifications existed in 

the samples but that the LC-MS/MS analysis and Mascot detection did not enable them to 

be identified. Several hypotheses were drawn from this to explain the difficult detection of 

PONPC modification: 1) Schiff base formation is a reversible mechanism and could be less 

stable than Michael addition (Rauniyar and Prokai, 2009, Ishii et al., 2007), making detection 

of Schiff adducts more difficult. This could also explain why Mascot could identify multiple 

HHE Michael adducts but failed to confidently identify HHE Schiff adducts; Schiff adducts 

could be too labile to remain intact during LC-MS/MS analysis. 2) The size of the resulting 

peptides could be too high to be detected. Indeed, as PONPC could only react with lysine 

and arginine residues, modification would have led to missed cleavage by trypsin, leading to 

longer peptides. Furthermore, PONPC is a relatively large molecule, adding 633 Da to a 

modified peptide, which further adds to the final mass of the peptide. This important 

additional mass could lead to a peptide that fails to be detected by LC-MS/MS with a m/z 

detectable range set to 350-1250 Da. 3) Phosphate ester bonds of phosphocholines easily 

fragment in MS/MS analyses, leading to the formation of a diagnostic ion with a m/z of 

184.0733 Da corresponding to the phosphocholine headgroup of phosphatidylcholines (Hsu 

and Turk, 2001, Hsu and Turk, 2003). In the event of PONPC modification, the 

fragmentation of the ester bond of PONPC’s phosphocholine by, for example, in source 

fragmentation, would lead to a change in the mass shift for the identified peptides, making 

the Mascot search unable to detect modifications, as well as a less efficient fragmentation of 

the peptide, ultimately leading to low quality sequencing.  

To address the latter, a manual analysis of the fragmentation data was performed (Sousa et 

al., 2017). Using the PeakView software (SCIEX, U.S.A.), the MS/MS data was searched for 
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the presence of the diagnostic ion for the phosphocholine head group of PONPC (184.0733 

Da) generating extracted ion chromatograms (XIC) from all of the MS/MS total ion 

chromatograms (TIC) of PONPC-treated samples where PONPC adducts were expected 

(5:1, 10:1, 20:1 molar ratios of PONPC:PTEN-V5-His) with a ± 0.1 Da mass tolerance. 

MS/MS spectra containing the 184.0733 ± 0.1 Da peaks were selected and de novo 

sequencing was performed, comparing identified peptide sequences to PTEN sequence.  

Figure 6.14 shows an example of such de novo sequencing of PTEN peptides from a 

fragmentation spectrum extracted from the XIC of the 184.0733 ± 0.1 Da ions. It originated 

from a 184.077 Da ion that was present in the fragmentation data from a molecule eluted 

after 27.069 min, which was potentially a peptide (Figure 6.14.A). The MS/MS spectrum 

(Figure 6.14.B) shows the full fragmentation spectrum for this precursor of 1049.9 Da. A five 

amino acid-long peptide (VTPDV) was identified based on the delta mass between peaks at 

m/z values of 1132.4474, 1231.5253, 1346.5424, 1443.5943, 1544.6504 and 1643.7114 Da. 

As this peptide matched with a peptide in PTEN sequence (365-VTPDV-369), the presence 

of a high intensity peak at 184.077 Da suggested the presence of a PONPC adduct on 

PTEN. However, the identified sequence did not contain any residue that could be a target of 

PONPC (Lys or Arg). Therefore, identifying the full sequence of the precursor was essential 

to assess the possibility of PONPC modification.  

Without missed cleavage, the sequence of the precursor ion would have been 

TVEEPSNPEASSSTSVTPDVSDNEPDHYR (peptide 350-378). Considering that the mass of 

the fragment ion at the C-terminal of the identified peptide was 1132.4474 Da, it was 

expected that the sequence downstream of the identified peptide corresponded to this mass 

if no missed cleavage occurred. This was validated by calculating the theoretical mass of the 

peptide 370-378 (SDNEPDHYR), which was 1132.4475 Da (sum of the mass of the residues 

composing peptide 370-378 + 19 Da corresponding to the additional -OH group on the C-

terminal residue). This further confirmed that the identification of the peptide was accurate 

and provided evidence that there was no missed cleavage following Arg378. This also 

suggested that Arg378 was not adducted by PONPC. Therefore, if PONPC modification 

occurred, it would have been on the N-terminal part of the sequence. To identify if a missed 

cleavage could have occurred at Lys349, therefore suggesting that Lys349 could have 

undergone adduction by PONPC, the mass of possible peptides was calculated. The 

theoretical mass of the peptide 350-378 (TVEEPSNPEASSSTSVTPDVSDNEPDHYR) 

without missed cleavage was 3147.3490 Da. With a triply charged peptide, the m/z value of 

this peptide equalled 1049.12 Da, closely matching the mass of the precursor detected by 

the LC-MS/MS analysis (1049.9 Da) (Figure 6.14.B). This meant that the identified peptide 
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was most likely not modified by PONPC, despite the high intensity of the ion corresponding 

to the m/z of the phosphocholine fragment ion at 184.0766 Da.   

 

Figure 6.14. Representative de novo sequencing of PTEN peptides suspected to be modified 
by PONPC based on the identification of 184.07 Da ions corresponding to the mass of 
fragmented PONPC’s phosphocholine group.  

PTEN-V5-His was treated with PONPC at increasing molar ratios for 30 or 120 min at 37˚C. Resulting 
monomeric PTEN-V5-His and protein aggregates were analysed by LC-MS/MS following in-gel 
digestion using trypsin. Data from samples in which PTEN-V5-His was believed to be covalently 
modified by PONPC were manually analysed using the PeakView software (SCIEX, U.S.A.). (A) 
shows the XIC of 184.077 Da ions in monomeric PTEN-V5-His sample from the sample treated with a 
20:1 PONPC:PTEN-V5-His ratio for 120 min, highlighting the peak selected for extraction of the 
MS/MS spectrum associated to the presence of the 184.0766 Da ion. (B) shows the MS/MS spectrum 
of the ion at m/z 1049.9 Da, identified as a peptide originating from PTEN-V5-His (peptide 365-369, 
VTPDV). The details of the de novo sequencing are shown as delta masses associated to the 
corresponding residue in red.  
 

Six additional peptides were identified using the same method: peptides 34-40 (AMGFPAE), 

49-54 (NIDDVV), 89-95 (PFEDHNP), 167-171 (TIPSQ), 213-217 (PQFVV), and 337-340 
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(FSPN) (Supplementary Figure 11). However, none of these peptides exhibited a high-

intensity peak at 184.077 Da, indicating a low likelihood of modification by PONPC. 

Moreover, the precursor masses did not suggest any missed trypsin cleavage, further 

supporting that these peptides, like peptide 350-378 (VTPDV), were likely not covalently 

modified by PONPC. This finding invalidated the hypothesis that the Mascot search failed to 

detect PONPC adducts due to the loss of the phosphocholine group from PONPC. Despite 

SDS-PAGE gels strongly suggesting the presence of PONPC adducts in PTEN-V5-His 

samples treated with PONPC at molar ratios ≥ 5:1 (PONPC:PTEN-V5-His), no evidence of 

PONPC modification on PTEN was observed in the MS/MS data. This discrepancy 

suggested that the method used in this study might be inadequate. It is possible that the 

resulting peptides were too large, indicating that the use of an alternative digestion enzyme 

might be necessary to reveal potentially modified lysine and arginine residues. Alternatively, 

if the lack of PONPC adduct identification was due to the instability of Schiff bases, a 

different method would be required to identify adduction sites, potentially by stabilizing the 

adducts further, for instance.   

6.3.4. Trials to Detect Adduction of Endogenous PTEN in MCF-7 Cells  

Although LC-MS/MS analysis of HHE-treated PTEN-V5-His samples provided strong 

evidence for the modification of PTEN by HHE, including the identification of specific 

adduction sites, and despite the SDS-PAGE gels of PONPC-treated PTEN-V5-His samples 

suggesting that PONPC could potentially modify PTEN (despite lacking concrete evidence of 

PONPC modifications), the ultimate objective was to identify modifications on endogenous 

PTEN. This was essential to correlate the observed biological effects of HHE and PONPC 

on cells.  

MCF-7 cells were specifically chosen for this study due to their relatively high expression of 

PTEN compared to HCT116 cells (Chapter 5, Figure 5.3). Given that PTEN is a low-

abundance protein, it was hypothesized that utilizing the S-Trap™ system would enable the 

recovery of PTEN peptides, even in low abundance, as this system has been shown to be 

more effective in recovering peptides and identifying proteins than traditional in-solution or 

in-gel digestion methods (Ding et al., 2020, Ludwig et al., 2018, Yang et al., 2018b). 

Unfortunately, a Mascot search for human proteins did not detect PTEN among the 525 to 

616 protein matches identified in lysates from untreated-, HHE- or PONPC-treated MCF-7 

cells, as no peptide matches for PTEN were found using this method. In fact, the majority of 

proteins identified with high confidence were high abuhndance cytoskeletal proteins and 

metabolic enzymes (data not shown). This suggested that, despite the enhanced peptide 
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recovery and increased protein identification capabilities of the S-Trap™ system, the 

abundance of PTEN was still too low to be detected.  

To address the difficulty in detecting PTEN using LC-MS/MS analysis, which may be due to 

its low abundance, an alternative method was employed to enrich PTEN during the sample 

preparation for LC-MS/MS. This method was similar to the one used for PTEN-V5-His 

samples. In this process, cell lysates were first separated using 8% acrylamide SDS-PAGE 

gels. Gel bands at the position where PTEN was expected to migrate (surrounding 50 kDa) 

were then excised for further analysis by LC-MS/MS after in-gel digestion with trypsin. A 

Mascot search was conducted to identify human proteins within these bands, which revealed 

between 352 and 458 proteins in the regions where PTEN would likely migrate (data not 

shown). PTEN was identified in almost all samples, except for one (specifically, the cell 

lysate of MCF-7 cells treated with 50 μM HHE). Despite this, only up to three peptide 

matches corresponding to PTEN were found across all samples, covering a maximum of 

12% of the PTEN sequence (Table 6.8 and Figure 6.15). No HHE or PONPC modification 

was observed in the identified peptides. 
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Table 6.8. Summary of Mascot peptide identification for endogenous PTEN in HHE- and PONPC-treated MCF-7 cells. 

Sample 
PTEN 

detection 
Score 

Number of peptide 
matches 

(significant) 

Number of peptide 
sequences 
(significant) 

Sequence 
coverage (%) 

Sequence(s) 

Control ✓ 32 3 (3) 3 (3) 12 
YVYYYSYLLK 

FMYFEFPQPLPVCGDIK 
MMFETIPMFSGGTCNPQFVVCQLK 

HHE 5 μM ✓ 35 1 (1) 1 (1) 4 FMYFEFPQPLPVCGDIK 

HHE 50 μM X N/A N/A N/A N/A N/A 

PONPC 5 μM ✓ 35 2 (2) 2 (2) 7 
IYNLCAER 

MMFETIPMFSGGTCNPQFVVCQLK 

PONPC 50 μM ✓ 47 1 (1)  1 (1) 1 IYNLCAER 

Data is representative of one biological replicate (n=1).  
N/A: not applicable. 
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Figure 6.15. PTEN sequence coverage obtained from detection of endogenous PTEN in HHE- 
and PONPC-treated MCF-7 cells.  

MCF-7 cells were treated with 5 or 50 μM of HHE or PONPC for 4 hours. Control MCF-7 cells were 
treated with vehicle (0.2% ethanol in PBS). Cell lysates were prepared as described in Materials and 
Methods (section  6.2.4) and kept as precipitates in methanol. Precipitated proteins were resolubilised 
in SDS and the protein extracts were resolved onto 8% acrylamide SDS-PAGE gels for in-gel 
digestion using trypsin of the band corresponding to PTEN molecular weight (~50 kDa). Samples 
were analysed by LC-MS/MS and sequence coverage was obtained using Mascot Deamon (Matrix 
Science, U.S.A.). Data is representative of one biological replicate (n=1).  
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6.4. Discussion 

The current study attempted, for the first time, to provide evidence of lipoxidation of PTEN by 

HHE and PONPC. It was hypothesized that these oxidized lipids could covalently modify 

nucleophilic residues within PTEN’s sequence, potentially disrupting its function and, in the 

case of HHE, its localization, as observed in previous chapters. Mass spectrometric analysis 

of HHE or PONPC-treated purified recombinant PTEN-V5-His identified multiple cysteine, 

lysine and histidine residues that were modified by HHE through Michael addition; a total of 

16 residues were confidently identified as targets of HHE and the extent of the modifications 

were generally dependent on the HHE concentration. On the other hand, PONPC 

modifications were more challenging to identify. No site of adduction could be determined 

and only potential artifacts of PONPC modification could be detected. However, the 

increasing shift in PTEN-V5-His migration and the apparition of protein aggregation with 

increasing PONPC concentration in the SDS-PAGE and western blot analysis of PONPC-

treated PTEN-V5-His strongly suggested that, similarly to HHE, PONPC could covalently 

modify PTEN. Both HHE and PONPC could lead to concentration- and time-dependent 

protein aggregation, for which levels correlated with the inhibition of PTEN phosphatase 

activity in vitro. This suggested that modification by HHE, and potentially PONPC, could 

have functional effects. Therefore, detecting lipoxidation of PTEN in cellulo was essential to 

firmly conclude on the importance of HHE and PONPC adduction in the cellular effects 

observed in previous chapters. This was attempted using two different LC-MS/MS-based 

methods but no evidence of HHE or PONPC covalent modification of PTEN could be found 

due to the lack of detection or sequence coverage of the low-abundance endogenous PTEN 

in the MCF-7 cell lysates for which only more abundant proteins were identified.  

An important outcome of the current study was the identification of multiple sites of 

adduction of HHE on PTEN sequence. Being an α,β-unsaturated aldehyde like HNE and 

acrolein, HHE was expected to form adducts with similar residues on PTEN sequence to 

those identified by Shearn et al. and Smith (Shearn et al., 2013, Smith, 2022), which were 

amongst the only three studies reporting mass spectrometric analysis of PTEN lipoxidation 

to date. A comparative summary is presented in Table 6.9. The similarity in modified 

residues between HHE and HNE and acrolein was confirmed, with 9/13 sites of 

modifications in common with these studies. Specifically, all sites of adduction of HNE but 

Lys254, Lys327 and Lys344 (6/9) (Shearn et al., 2013) were also identified as sites of 

adduction of HHE and 9/12 residues, with the exception of Cys83, Lys327 and Lys344, 

identified as modified by acrolein (Smith, 2022) were also identified as modified by HHE. 

Interestingly, HHE-modified Lys254 was identified by Mascot Daemon but was determined to 

be a false positive following manual validation as the sequence coverage between Cys250 



Chapter 6 – Characterization of HHE and PONPC Adducts on PTEN 

227 
O. Langlois, PhD Thesis, Aston University, 2024. 

and Lys254 did not allow discrimination between the two residues and it was unlikely that 

trypsin could have cleaved after a modified residue (Figure 6.10), assigning the HHE 

modification to Cys250 instead. As Shearn et al. identified both Cys250 and Lys254 as 

modified by HNE, the modification by HHE on Lys254 could be a true positive. In the case of 

Cys83, this residue was only identified as modified by acrolein following digestion with 

chymotrypsin but not trypsin in the same study (Smith, 2022). Potentially, the yield in the 

peptide containing Cys83 was higher with chymotrypsin than with trypsin, implying difficulty 

of identification of possible modifications by HHE in the current study. Strikingly, additional 

sites of adduction were identified for HHE: Lys(164, 349), His(185, 376, 397) and Cys(211, 

218). Amongst these new identifications of modified residues, Lys164, His185 and Lys349 

were rare events only occurring at the highest molar ratios of HHE to PTEN-V5-His, 

suggesting that they could easily have been missed in other studies and it could not be 

excluded that these could also be targets of acrolein and HNE. The low frequency of 

detection also provided less confidence about these modifications. The same was true for 

Cys211, although many peptides were found to be modified by HHE on this residue in 

aggregated PTEN-V5-His samples. It was surprising to see that Cys218, His376 and His397 

were identified as modified by HHE in multiple peptides and in various conditions while it 

was not detected in other studies. Taken with the lack of identification of HHE-modified 

Lys327 and Lys344, this suggested selectivity of different, yet similar, small reactive oxidized 

lipids towards PTEN residues. Apart from the selectivity, different oxidized lipids also have 

different reactivity. It is believed that alkenals and hydroxy- or oxo-alkenals, such as HHE, 

are the most reactive oxidized lipids (Viedma-Poyatos et al., 2021). This agreed with the 

appearance of aggregated PTEN-V5-His at concentrations of HHE generally lower than 

those of PONPC and the observed increase in aggregation of PTEN-V5-His with time at low 

ratios for HHE but not PONPC. 

Similarly to the current study, the catalytic cysteine Cys124 could not be detected in either 

Shearn et al. or Smith’s investigations using trypsin for protein digestion (Smith, 2022, 

Shearn et al., 2013). However, Smith’s study used chymotrypsin as an alternative digestion 

enzyme in an attempt to detect this residue and it was found to be successful. Nonetheless, 

no modification by acrolein was found on this critical residue (Smith, 2022). Considering the 

possible different selectivity of acrolein and HHE, digestion using chymotrypsin might have 

allowed peptides containing the catalytic Cys124 to be detected and determined if HHE 

could modify this residue. This would have provided more insights into the mechanism by 

which adduction of PTEN by HHE could lead to inhibition of PTEN phosphatase activity.  

Cys71, Cys250 and Cys296 were the residues undergoing HHE modification to the highest 

extent, suggesting that HHE had a certain selectivity towards different residues. Cysteine 
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residues seemed to be the preferred targets of HHE as they were generally detected more 

frequently than lysine or histidine residues. Generally, a low pKa, the presence of 

neighbouring positively charged, aromatic or H-bond donor residues, solvent accessibility 

and steric hindrance can influence cysteine reactivity (Weerapana et al., 2010, Gambardella 

et al., 2020, Kwak et al., 2010, Marino, 2014, Ramachandran et al., 2000).The presence of 

such abundant modification of Cys71 was very interesting. As discussed by Shearn et al., 

the analysis of the conformation of Cys71 and Cys124 (the catalytic cysteine which forms a 

disulfide bond with Cys71 as part of a mechanism of redox regulation) suggested that these 

two residues were spatially next to each other in the inactive state (Shearn et al., 2013). This 

ultimately implied that if Cys71 could be modified by HHE to this extent, is was likely that 

Cys124 could be modified as well, notably because of its low pKa (~4.5), which would make 

it a preferential target for reactive electrophiles (Kwak et al., 2010, Cho et al., 2004).  
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Table 6.9. Comparative analysis of modified PTEN by HNE, acrolein, 15d-PGJ2 and HHE 
identified by LC-MS/MS analysis. 
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Reference 
(Shearn et 

al., 2013) 
(Smith, 2022) 

(Suh et al., 

2018) 

Current 

study 

Treatment 

 

HNE 

 

 

 

Acrolein 

 

15d-PGJ2 
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molar ratio 

(HNE:PTEN) 

30 min at 

37˚C 

0.2:1-20:1 molar ratio (acrolein:PTEN) 

10 min, 1 h, 4 h at 37˚C 

30 µM, 1 h at 

RT (rPTEN) 

10 µM, 6 h at 

37˚C (MCF-7 

cells) 

0.1:1-20:1 

molar ratio 

(HHE:PTEN) 

30 min, 2h 

at 37 ˚C 

Protease Trypsin Trypsin Chymotrypsin 
Trypsin/Glu-

C 
Trypsin Trypsin 

Digestion In-gel In-gel In-gel In-solution In-gel In-gel 
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d
if

ie
d
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e
s
id
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s
 

K6  ✓    ✓ 

C71 ✓ ✓ ✓ ✓  ✓ 

C83   ✓    

C136 ✓ ✓   ✓ ✓ 

K147 ✓ ✓ ✓   ✓ 

K164      ✓ 

H185      ✓ 

C211      ✓ 

C218      ✓ 

K223 ✓ ✓    ✓ 

C250 ✓ ✓  ✓  ✓ 

K254 ✓      

C296    ✓  ✓ 

C304    ✓  ✓ 

K313 ✓ ✓    ✓ 

K327 ✓  ✓    

K344 ✓  ✓    

K349      ✓ 

H376      ✓ 

H397      ✓ 

 

The extent of PTEN modification by HHE and PONPC seemed to be concentration- and 

time-dependent. This was also true for the amount of protein aggregation found in samples 

and, for HHE, the aggregation levels seemed to very closely match the pattern of inhibition 

of PTEN phosphatase activity in vitro up to high molar ratios of HHE to PTEN-V5-His. This 

suggested that the inhibition of phosphatase activity observed could rather be a loss of 

function due to structural changes and that HHE could act as an inhibitor of PTEN 

phosphatase activity at higher concentrations, although it appeared that the quantification of 

monomeric or aggregated PTEN-V5-His was biased by the aggregates retained in the wells 

of the gel for high molar ratios of treatment, which could not be quantified. In contrast, 
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PONPC seemed to exhibit different mechanisms of regulation of PTEN function as the 

inhibition of phosphatase activity appeared to be only partially linked to PTEN-V5-His 

aggregation, suggesting that PONPC acted as an inhibitor of PTEN activity. The observation 

of PTEN-V5-His aggregates was important as, according to Palumbo et al., computational 

tools revealed that PTEN mutants, involved in various pathologies, demonstrated an 

increased propensity for aggregation, which may contribute to disease phenotypes (Palumbo 

et al., 2020). This was confirmed by Claes et al. who showed that, under stress conditions, 

PTEN readily undergoes amyloid-like aggregation as a result of mutation in tumour cells and 

aggregation of wild-type PTEN could be observed following disruption of protein 

homeostasis. PTEN aggregation status was correlated with poor clinical outcome, 

suggesting that PTEN aggregation might be an important component of cancer cell biology 

(Claes et al., 2020). Aggregation of PTEN was observed following treatment with HNE and 

acrolein as well (Shearn et al., 2013, Smith, 2022) and the current study provided, for the 

first time, evidence that the same outcome could come from a much more complex 

molecule, the oxidized phospholipid PONPC. Unlike acrolein, HNE and HHE, PONPC 

cannot lead to protein cross-linking as it can only covalently modify proteins by forming 

Schiff bases via a single aldehyde group. The observed protein aggregates might be the 

result of a modification of the chemical environment of the modified proteins, possibly 

leading to either hydrophobic interactions between PONPC fatty acyl chains or unfolding 

events that expose hydrophobic regions of the proteins. However, the former seemed 

unlikely as PONPC aggregates in micelle-like formation (Pande et al., 2010). Considering 

the ability of SDS to solubilise lipids (Tan et al., 2002), micelles would be solubilized in the 

SDS-PAGE gel analysis and protein aggregates would not be visible if they were the result 

of PONPC fatty acyl chains interactions only. The ability of these reactive aldehydes to 

induce aggregation of PTEN in vitro questioned the relationship between oxidative stress 

and cancer, and potentially other diseases related to PTEN defects. However, no evidence 

was found on the ability of these oxidized lipids to induce aggregation of PTEN in cellulo.  

In the case of HHE, it was difficult to pinpoint the origin of such aggregation based on the 

LC-MS/MS results as most of the identified target residues were modified by HHE in both 

monomeric and aggregated PTEN-V5-His samples. Moreover, PTEN-V5-His aggregates 

were generally identified from fewer peptide matches than monomeric PTEN-V5-His. This 

could be the result of the reduced amount of protein found in the gel bands corresponding to 

protein aggregates and increasing the load could lead to identification of more peptide 

matches. However, it was shown that aggregation-resulting structural changes can prevent 

trypsin from cleaving proteins (Zhang et al., 2023). The minimal identification of peptides in 

aggregates compared to monomeric form of PTEN could potentially be inevitable without 



Chapter 6 – Characterization of HHE and PONPC Adducts on PTEN 

231 
O. Langlois, PhD Thesis, Aston University, 2024. 

attempting to disrupt the interactions leading to aggregation. Nonetheless, modification of 

Cys211 stood out as a potential factor in inducing PTEN aggregation. HHE adducts on this 

residue were primarily identified in aggregated PTEN-V5-His samples, although more 

peptides including Cys211 (unmodified) could be detected in the monomeric PTEN-V5-His 

samples. In the study by Palumbo et al., which aimed to curate known PTEN protein 

mutations from clinically relevant patient databases including patients with PTEN-related 

diseases for modification of PTEN’s propensity to aggregate, it was found that PTEN’s 

propensity to aggregate was increased with mutation of a polar or charged residue to a more 

hydrophobic residue within or adjacent to aggregation-prone regions (identified as residues 

133–140, 174-182, 191-195, 271-280 and 315-321), or highly hydrophobic regions (Palumbo 

et al., 2020). Modification of polar cysteine residues (and other nucleophilic targets) by 

oxidized lipids would tend to increase the hydrophobicity of the residue due to the lipidic 

nature of the modifying molecule. Although Cys211 was not part of the aggregation-prone 

regions, it was flagged as a “buried” residue in PTEN crystal structure 7JUL, suggesting that 

its surroundings might be hydrophobic. Therefore, modification of Cys211 by HHE could lead 

to aggregation of PTEN. Because the LC-MS/MS analysis could not provide information on 

co-existing modifications of individual proteoforms of HHE-modified PTEN, it was not 

possible to determine the causal relationship between lipoxidation of Cys211 and PTEN 

aggregation, as this is most likely to result from a synergic effect of multiple co-existing 

modifications. Lys6, Cys71, Cys136 and Lys223 could be involved in increasing the 

propensity of PTEN for aggregation as it was found to be the result of missense mutations of 

these residues (Palumbo et al., 2020).  

All identified HHE modifications were found to be through a Michael addition mechanism and 

no modification via Schiff base formation was confidently detected. This was in accordance 

with the previous reports that could not detect Schiff adducts with HNE or acrolein (Smith, 

2022, Shearn et al., 2013); evidence of such adducts on PTEN remains non-existent. 

Although it is believed that the reaction is possible, it was shown that different oxidized lipids 

have different reactivity characteristics. For instance, a comparative analysis of ONE and 

HNE reactivity towards proteins showed that ONE could form fast Schiff bases with lysine 

residues while HNE-Schiff bases were not observed and only Michael adducts were 

detected for the latter (Lin et al., 2005a). It could not be excluded that HHE was unable to 

form Schiff bases with PTEN although there is evidence of HHE Schiff adducts on other 

proteins such as pyruvate kinase and metal-deficient Cu,Zn-superoxide dismutase (Sousa et 

al., 2019, Dantas et al., 2020). Therefore, a lack of stability of the Schiff adducts seemed 

more likely. The unstable nature of Schiff adducts could also explain why, although the 

structural changes observed in the SDS-PAGE and western blot analysis of PONPC-treated 
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PTEN-V5-His strongly suggested that PONPC could covalently bind PTEN, PONPC adducts 

were not detected. Furthermore, while there is extensive evidence of lipoxidation of proteins 

by small reactive aldehydes such as HNE, ONE, malonaldehyde or acrolein (Sousa et al., 

2019, Camarillo et al., 2016, Zhao et al., 2012, Chavez et al., 2011, Smith, 2022, Dantas et 

al., 2020), the study of lipoxidation by truncated phospholipids is much more limited (Reis et 

al., 2006, Milic et al., 2012, Hoff et al., 2003), potentially because of the difficulty in detecting 

such modifications. Indeed, aside from the high reversibility of Schiff base formation, the 

mixed chemical nature of truncated oxidized phospholipid-peptide species (polar peptide and 

hydrophobic lipid) challenges their detection using the usual reversed phase LC-MS/MS 

analysis. Milic et al. addressed this by employing hydrophilic interaction liquid 

chromatography (HILIC) coupled to electrospray ionization (ESI)-MS/MS, which successfully 

identified peptide modifications resulting from adduction of oxidized 1-palmitoyl-2-linoleoyl-

sn-glycerophosphatidylcholine, including Schiff adducts (Milic et al., 2015b). However, this 

method did not allow positional isomers (discriminate the exact site of adduction when the 

identified peptide contained multiple lipoxidation targets) to be identified. Using PONPC 

mixed with model peptides corresponding to the amphipathic β1 sheet sequence of 

apolipoprotein B-100 and traveling wave ion mobility spectrometry-MS, a technique 

orthogonal to HILIC and capable of separating isomeric peptide–lipid adducts, sites of 

adduction of PONPC via Schiff base formation could precisely be identified (Milic et al., 

2015a). The use of such methods, in parallel with stabilization of Schiff adducts by reduction, 

could lead to a better detection of PONPC-PTEN adducts. 

Although the attempt to detect PONPC adducts on PTEN was unsuccessful, the 

identification of numerous HHE modifications on PTEN-V5-His and the structural changes 

that it could undergo following treatment with PONPC suggested that both of these oxidized 

lipids could disrupt physiological PTEN function in cellulo. Evidence of lipoxidation of 

endogenous PTEN, would be necessary to draw firm conclusions on the relationship 

between lipoxidation of PTEN and biological effects. Further enrichment of endogenous 

PTEN from cell lysates would certainly have yielded more abundant peptides to obtain a 

better coverage of PTEN’s sequence in the LC-MS/MS analysis. This could be achieved by 

immunoprecipitation, which consists in capturing the target protein from a cell lysate onto a 

solid support, typically using a specific antibody against the target protein. After binding, 

unbound proteins are washed away, and the target protein is eluted and collected. Using this 

method with a specific antibody targeting PTEN, the purified endogenous PTEN could then 

be analysed, similarly to PTEN-V5-His, using in-gel digestion followed by LC-MS/MS 

analysis, or even in-solution digestion if the sample purity were adequate to avoid competing 

contaminant peptides that could suppress weaker signals from PTEN low-abundance 
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peptides. This enrichment approach would allow more sensitive LC-MS/MS analysis, thereby 

increasing the likelihood of detecting modifications that might occur as a result of treatments 

with oxidized lipids such as HHE and PONPC. This was shown to be efficient in enriching 

PTEN from cell lysates, followed by MS analysis. This method was found to allow both 

quantification and detection of post-translational modifications of low abundance proteins, 

including PTEN (Patel et al., 2014), suggesting that it could be successful in detecting 

lipoxidation of endogenous PTEN. Smith performed immunoprecipitation of PTEN from 

untreated and acrolein-treated HCT116 and MCF-7 cells lysates in an attempt to detect 

modification of endogenous PTEN but the results were limited, providing no evidence of 

lipoxidation of the endogenous PTEN (Smith, 2022). Nonetheless, the results presented in 

this chapter provided useful insights into possible mechanisms by which PTEN could be 

altered, and future work would involve optimizing an immunoprecipitation protocol for 

enrichment of endogenous PTEN to confirm the possibility for HHE and PONPC to modify 

the protein in cellulo, providing more understanding of the molecular mechanisms involved in 

biological effects of these oxidized lipids.  

 



Chapter 7 – General Discussion 

234 
O. Langlois, PhD Thesis, Aston University, 2024. 

7. Chapter 7 – General Discussion 

 

7.1. Knowledge Gaps and Key Findings 

Despite the growing recognition of the bioactivity of lipid peroxidation products (LPPs) such 

as HHE and PONPC, their specific effects on PTEN activity, localization and downstream 

signalling pathways are not fully understood. While previous studies have established that 

reactive aldehydes like 15d-PGJ2, Δ12-PGJ2, HNE or acrolein could modify PTEN leading to 

altered function and signalling (Covey et al., 2010, Shearn et al., 2011a, Shearn et al., 2013, 

Shearn et al., 2011b, Smith, 2022, Suh et al., 2018), these aldehydes only represent a few 

reactive LPPs amongst a wide variety (Afonso and Spickett, 2019). The potential for 

modifications by HHE and PONPC had not been explored previously. Given the structural 

similarity between HHE and HNE, it was hypothesized that HHE could impact PTEN function 

similarly. Most importantly, PONPC is a truncated oxidized phospholipid, a class of LPPs 

that had never been investigated in terms of effects on PTEN and its signalling pathway, 

despite its recognized biological activity and potential to affect cellular signalling pathways 

(Stamenkovic et al., 2021). PTEN regulates the PI3K/Akt signalling pathway by converting 

PIP3 to PIP2 (Georgescu et al., 1999, Walker et al., 2004, Denning et al., 2007). The extent 

to which LPPs interfere with PTEN’s regulatory role in this pathway is not well understood. 

Given that dysregulation of the PI3K/Akt pathway is a hallmark of many cancers (Mundi et 

al., 2016, Osaki et al., 2004), elucidating how HHE and PONPC impact PTEN’s ability to 

control Akt phosphorylation in different cancer cell lines, such as HCT116 and MCF-7 cells, 

could provide valuable insights into cancer biology and lead to new therapeutic strategies 

targeting oxidative stress and lipid peroxidation in tumour progression. Therefore, 

investigating the interplay between HHE, PONPC, PTEN, and Akt is crucial for filling this gap 

in the current literature and developing a more comprehensive understanding of the role of 

oxidized lipids in PTEN-related disorders. Additionally, the ability of LPPs to modify the 

subcellular localization of PTEN remained unexplored, while PTEN’s localization is essential 

for its function (Denning et al., 2007, Gil et al., 2006, Gil et al., 2015, Stumpf et al., 2016). 

Some of the key residues regulating PTEN’s function and subcellular localization are 

nucleophilic residues that are potential targets of the electrophilic LPPs, making the 

investigation of the effects of LPPs essential to the understanding of the redox regulation of 

PTEN and its signalling pathway.  

Efforts to identify PTEN adduction by LPPs have so far focused on HNE and acrolein. 

Studies by Shearn et al. and Smith used a bottom-up proteomics approach to detect specific 
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sites of adduction on PTEN sequence, detecting multiple cysteine and lysine modifications 

on PTEN (Shearn et al., 2013, Smith, 2022). These studies provided strong evidence that 

HNE and acrolein could covalently modify PTEN and alter its function and structure, which 

could be related to the biological effects of these LPPs observed in cellulo. However, similar 

studies have not been conducted for HHE and PONPC, despite their structural and 

functional relevance. The current study aimed to fill this gap by investigating whether HHE 

and PONPC could modify PTEN at key residues, potentially altering its phosphatase activity, 

localization, and with downstream signalling pathways. While elucidation of adduction sites 

using recombinant PTEN is usually used and convenient, it may not fully reflect the reactions 

occurring in cellulo or in vivo, where regulatory mechanisms control lipid and oxidized lipid 

fate (Liu and Czaja, 2012, Ding et al., 2021, Karasawa, 2006, Chakraborti, 2003). Pathways 

within cells involved in lipid metabolism and detoxification may influence the extent of 

modification of PTEN by LPPs. Therefore, efforts were made in the current study to detect 

HHE- and PONPC-adduction on endogenous PTEN from MCF-7 cells to confirm whether 

modification of PTEN could occur in physiological conditions and identify possible critical 

residues targeted.  

In the current study, a functional recombinant human PTEN (PTEN-V5-His) allowed 

confirmation that both HHE and PONPC could impair PTEN phosphatase activity in vitro in a 

concentration- and time-dependent manner. This decrease in PTEN-V5-His phosphatase 

activity correlated with a concentration- and time-dependent aggregation of the protein in 

vitro. This was particularly true for HHE as the levels of aggregation closely matched the 

degree of inhibition of PTEN-V5-His phosphatase activity, while PONPC effects seemed to 

be only partially correlated with aggregation of the protein, suggesting that it could lead to 

direct inhibition of PTEN’s function.  

In cells, HHE and PONPC seemed to modify levels of phosphorylation of Akt while not 

modifying PTEN expression levels significantly. The modification of p-Akt levels did not co-

occur with modification of total Akt expression levels in cells treated with HHE, suggesting 

that p-Akt levels would correlate with the activation state of the PI3K/Akt pathway. On the 

other hand, PONPC seemed to lead to Akt degradation after prolonged exposure of HCT116 

and MCF-7 cells, although more replicates would be necessary to draw firm conclusions. 

This suggested that increasing p-Akt levels in these conditions would not necessarily 

correlate with an increase in activation of the pathway but a decrease in p-Akt levels would 

strongly suggest a repression of the pathway. The analysis of co-localization of PTEN with 

the nucleus and cellular membranes suggested that HHE or PONPC, at high concentrations, 

could lead to accumulation of PTEN in the nucleus or at the membrane, respectively.  
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LC-MS/MS analysis of PTEN-V5-His identified 16 specific sites of HHE adduction on PTEN. 

Schiff base adducts were also detected but were suspected to be false positives. Although 

no specific PONPC adducts were identified, the SDS-PAGE results suggested that PTEN 

was modified by PONPC, as evidenced by a “smear” toward higher molecular weights. This 

analysis was attempted for endogenous PTEN from untreated and HHE- and PONPC-

treated MCF-7 cells. However, the low abundance of endogenous PTEN in MCF-7 cells 

made it difficult to detect adducts in cellulo, highlighting the need for protein enrichment 

strategies in future studies. Nonetheless, these findings suggested that HHE and PONPC 

could significantly affect PTEN function through aggregation and chemical modification, 

contributing to altered cellular signalling.    

7.2. Expanding the Understanding of PTEN Modulation by Lipid 

Peroxidation Products 

In vitro, HHE and PONPC were shown to inhibit PTEN phosphatase activity. Significant 

decreases in PTEN activity could be observed from molar ratios as low as 1:1 (19.2 µM) and 

5:1 (96 µM) (treatment:PTEN-V5-His) for PONPC and HHE, respectively. LPPs physiological 

concentrations can vary drastically depending on the tissue, diet, or specific pathological 

conditions related to increased oxidative stress such as inflammation or cancer. For 

instance, the intra-aortic concentrations of HHE in control C57BL/6 mice (reflecting 

physiological concentrations) were ~0.06 nmol/mg tissue, while it increased to 0.2 nmol/mg 

tissue in mice fed a fish-oil diet rich in unsaturated fatty acids (Ishikado et al., 2013). 

Assuming that the density of these aortas were 1.095 g/cm3 (Yokawa et al., 2017), the 

corresponding concentrations of HHE in control and fish oil-fed mice would be 65 µM and 

220 µM, respectively, suggesting that physiological levels of HHE could be in the micromolar 

range. For PONPC, physiological levels were found to be in the nanomolar range (Kimura et 

al., 2012) and levels can be significantly and rapidly increased in oxidative stress conditions 

(Sasabe et al., 2014). Concentrations of LPPs might be high in specific tissues like the heart, 

kidney, liver, brain and retina as these tissues generally have higher proportions of 

polyunsaturated phospholipids (Choi et al., 2018, Schnebelen et al., 2009).  

Although the concentration of PTEN in HCT116 cells is unknown, Ibrahim et al. quantified 

the expression of PTEN in MCF-7 cells, which was found at a ratio of 0.56 fmol/µg (or 

nmol/g) of total proteins (Ibrahim et al., 2021). Considering that cells generally contain 200-

300 g/L total proteins (Wiśniewski et al., 2014), the concentration of PTEN would be 

equivalent to 112 to 168 nM in MCF-7 cells. While the physiological levels of PONPC 

(nanomolar range) would lead to lower molar ratios (most likely to be equal or less than 1:1) 

in cells than those effective in reducing PTEN activity in vitro, HHE concentrations 
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(micromolar range) could be much higher than those of PTEN, fitting in the range of molar 

ratios effective in inhibiting PTEN function in cells. As HNE and acrolein were found to 

significantly reduce PTEN phosphatase activity in vitro at similar ratios (1:1 for HNE (Shearn 

et al., 2011b) and 2:1 for acrolein (Smith, 2022)), it may suggest that LPPs, in general, could 

inhibit PTEN function at a nanomolar to micromolar range of concentrations. This seemed 

plausible for acute exposure to LPPs with treatment of recombinant PTEN for 10 minutes to 

4 hours with acrolein (Smith, 2022), 30 minutes for HNE (Shearn et al., 2011b) and 30 

minutes to 2 hours for HHE and PONPC in this current study. As the inhibition of PTEN by 

HHE and PONPC was found to be time-dependent, it could also be possible for LPPs to 

inhibit PTEN at lower concentrations in cases of chronic exposure.  

HHE-induced inhibition of PTEN function seemed to be mainly related to aggregation of 

PTEN-V5-His in vitro while PONPC-induced inhibition of PTEN phosphatase activity seemed 

to be partially caused by aggregation but also by direct inhibition. PTEN aggregation was not 

observed in cellulo. Indeed, western blotting of PTEN in HHE-treated HCT116 and MCF-7 

cell lysates did not show bands additional to the monomeric PTEN. Cells have mechanisms 

to prevent aggregation of misfolded proteins, including action of chaperone proteins, which 

help refold misfolded proteins to prevent aggregation but also facilitate disaggregation of 

protein clumps for refolding or degradation (Markossian and Kurganov, 2004), or 

degradation through the proteasome or autophagy (Goldberg, 2003, Voss and Grune, 2007). 

Considering that PTEN expression levels did not seem to be significantly affected by 

treatments of HCT116 and MCF-7 cells with HHE or PONPC, it may be possible for PTEN to 

remain in cells as a LPP-modified inactive protein without aggregation, although degradation 

and quick turnover cannot be excluded. Evidence of HHE- and PONPC-modified 

endogenous PTEN in mammalian cells would be necessary to conclude definitely, which 

could not be achieved in the current study. However, the existence of such LPP-modified 

PTEN pools in mammalian cells was suggested by the detection of increased PTEN 

presenting carbonyls at the expected molecular weight for PTEN after treatment of HepG2 

cells with 100 µM HNE for 1 hour (Shearn et al., 2011b) and MCF-7 cells with 10 µM Δ12-

PGJ2 or HNE for 30 minutes (Covey et al., 2010). This further suggested that the modified 

PTEN was not degraded in cells and, as the mechanisms of PTEN modification by these 

LPPs seemed similar to what could be observed for HHE and PONPC, it could be true for 

HHE- and PONPC-modified PTEN as well.  

Although the identification of PONPC sites of adduction appeared to be challenging, most 

likely due to the instability of Schiff base formation or the possibility of PONPC degradation 

making its detection using MS strategies difficult, as discussed in Chapter 6, the 

identification of specific HHE sites of adduction on PTEN sequence was a major finding, 
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allowing information to be obtained on the effects of this LPP on PTEN function and 

structure. Amongst the identified residues modified by HHE, a few were of particular interest 

regarding the effects that their chemical modification could exhibit. Lys6 was found to be a 

key residue in membrane binding as, upon anchorage of the PBD (residues 1-14), Lys6 

could interact with the phosphate group of 1,2-dioleoyl-sn-glycero-3-phosphocholine (Jang et 

al., 2021, Campbell et al., 2003). The identification of this modification in vitro could therefore 

correlate with an inhibition of the membrane binding of PTEN in cellulo. However, no 

significant decrease in membrane localization of PTEN was observed in the 

immunofluorescence work performed in the current study. Modification of Lys6 in vitro was 

only identified at the highest concentration of treatment (20:1 HHE:PTEN-V5-His molar ratio, 

corresponding to 384 µM), which was not physiologically relevant and >7-fold higher than 

the highest concentration used on MCF-7 cells. It could not be excluded that, as discussed 

previously, this residue could be modified in cellulo at lower concentrations after chronic 

exposure to HHE, potentially modifying PTEN membrane association. Cys71 is a well-known 

regulator of PTEN function due to its ability to form disulfide bonds with the catalytic Cys124 

to decrease PTEN phosphatase activity (Lee et al., 2002). Moreover, its location at the 

active site implied that its adduction could have drastic effects on PTEN function. This was 

particularly important as the modification of Cys71 was one of the most frequently observed 

in vitro, suggesting a high sensitivity to LPPs. On the other hand, Cys136 lipoxidation has 

already been shown to be involved in inhibition of PTEN phosphatase activity and 

subsequent activation of the PI3K/Akt pathway as modification of this residue by 15-deoxy-

Δ12-PGJ2 was observed by MS analysis of both recombinant PTEN and endogenous PTEN 

from treated-MCF-7 cells (Suh et al., 2018). The detection of HHE-modified Cys136 with loss 

of phosphatase activity in the current study perfectly corroborated the findings of Suh et al. 

Finally, Lys313 and Lys349 are known to be methylated to down-regulate PTEN activity, 

increasing PI3K/Akt signalling (Nakakido et al., 2015) and decreasing PTEN-mediated DNA 

repair (Zhang et al., 2019). Lipoxidation of these residues could mimic the effects of 

methylation, especially with short-chain LPPs, and notably HHE in the case of the current 

study could lead to such effects via lipoxidation of Lys313 and Lys349. Hence, the biological 

effects of HHE on PTEN are most likely to be linked to its adduction on one or several of 

these key residues, regulating PTEN canonical and non-canonical functions as well as its 

membrane binding capacity but the relationship between PTEN lipoxidation and nuclear 

accumulation remains unclear. It seems reasonable to hypothesize that this could be true for 

PONPC as well but applying a different methodology than in the current study would be 

necessary to specifically identify sites of adduction of PONPC on PTEN, as discussed in 

Chapter 6. 
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For the first time, evidence that LPPs can influence PTEN subcellular localization was found, 

although at high concentrations. HHE could induce nuclear accumulation of PTEN whilst 

PONPC could retain PTEN at the cellular membranes. However, whether or not PTEN was 

still active at these sites was not determined. Nuclear localization of PTEN is regulated in 

various ways. NLS-like sequences (residues 265-269 (KKDK) together with residues 233-

237 (RREDK) or 159-164 (RTRDKK)) allow Ca2+-dependent nuclear import by interaction 

with the major vault protein (Chung et al., 2005, Minaguchi et al., 2006, Yu et al., 2002). A 

short N-terminal sequence (residues 20-25 (GFDLDL)) was found to be essential for PTEN 

cytoplasmic localization and mutations of these residues led to nuclear accumulation 

(Denning et al., 2007). Furthermore, PTMs such as phosphorylation, ubiquitination and 

SUMOylation participate in the regulation of nuclear levels of PTEN. Mono-ubiquitination of 

Lys13 and Lys289 (Trotman et al., 2007) and SUMOylation of Lys254 and Lys266 (Huang et 

al., 2012) promote nuclear accumulation. Most of these involve basic residues that could be 

targeted by LPPs. Amongst them, only Lys164 was identified as modified by HHE in vitro. If 

it were modified in cellulo, it could negatively affect PTEN nuclear import. However, there is 

no evidence that Lys164 alone is involved in PTEN nuclear transport as only mutation of 

Arg161 and Lys163 within the NLS-like sequence 159-164 (RTRDKK) were shown to 

decrease ability for PTEN to localize in the nucleus (Chung et al., 2005). The absence of 

adduction sites of HHE on PTEN sequence corresponding to residues regulating PTEN 

nuclear import corroborated the possibility of PTEN nuclear accumulation observed in HHE-

treated MCF-7 cells as nuclear import processes were most likely not altered. However, it is 

still questionable whether the localization to the nucleus of PTEN following HHE treatments 

could be due to a response to DNA damage as discussed in Chapter 4.  

For PONPC, the observation of accumulation of PTEN at the membranes fit with the 

hypothesis that PONPC could trap PTEN at the membrane by covalent binding as described 

by the lipid whisker model, which suggests that the addition of a polar oxygen atom following 

peroxidation of phospholipids reorients the polar acyl chain; instead of remaining buried 

within the membrane bilayer, it protrudes into the aqueous compartment (Greenberg et al., 

2008). Nonetheless, to validate this hypothesis, it would be essential to confirm adduction of 

PONPC to PTEN using a different method, as discussed in Chapter 6, provide evidence that 

PONPC itself is retained in the membrane in a conformation suiting the lipid whisker model 

and that PTEN covalently interacts with it. To achieve this, a fluorescence resonance energy 

transfer (FRET)-based method could be useful. FRET is a physical process that depends on 

distance, where energy is transferred from an excited donor fluorophore to an acceptor 

fluorophore through long-range dipole-dipole interactions. Excitation of the fluorescent donor 

allows emission at a wavelength that corresponds to the excitation spectrum of the 
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fluorescent acceptor, which can, in turn, emit light. FRET is highly sensitive to molecular 

proximity, capable of measuring distances in the angstrom range (10–100 Å) and FRET 

efficiency decreases with the inverse sixth power of the distance between molecules (Sekar 

and Periasamy, 2003). In mammalian cells, expressing a tagged PTEN with a fluorescent 

acceptor and treating with LPPs conjugated to a fluorescent donor would enable 

visualization of the localization of both PTEN and LPPs as well as the interactions between 

them, and could be performed in live imaging, providing valuable insights into the dynamics, 

localization, abundance and stability of LPP-PTEN adducts in cellulo.  

The differential localization of PTEN between HHE- and PONPC-treated was interesting as 

this showed that different classes of LPPs can affect PTEN differently. While the evidence of 

LPP-modified PTEN available in the literature all suggested similar mechanisms amongst 

the oxidized prostaglandins and short-chain α,β-unsaturated aldehydes (Smith, 2022, 

Shearn et al., 2013, Covey et al., 2010, Covey et al., 2007, Shearn et al., 2011b, Suh et al., 

2018), the current study provided more insights into variations of effects. Although cellular 

processes might be similarly affected (inhibition of PTEN function and increase in Akt 

signalling, notably), the mechanisms by which they influence these mechanisms could differ 

and the effects on cellular processes that were not investigated in the context of lipoxidation 

of PTEN, like the non-canonical and nuclear functions of PTEN, could also vary.  

7.3. Effects of HHE and PONPC on Cell Signalling: Consequences 

of PTEN Lipoxidation? 

It is difficult to directly translate effects of HHE and PONPC on PTEN to a cellular context. 

Indeed, PTEN is not the only protein undergoing lipoxidation in cells treated with LPPs 

(Tanito et al., 2005, Vila et al., 2008); HHE and PONPC most likely have a wide range of 

targets, including proteins, phospholipids and DNA. This was illustrated by the decrease in 

cell viability observed using the MTT assay after treatment of HCT116 and MCF-7 cells with 

HHE and PONPC. If only PTEN were modified and the effect of lipoxidation of PTEN in 

cellulo were the same than in vitro (inhibition of its phosphatase activity), an increase in cell 

viability would be expected as PTEN inhibition leads to cell proliferation and survival (Sun et 

al., 1999). Therefore, other cellular process must have been affected by exposure of 

HCT116 and MCF-7 cells to HHE, particularly as it showed high toxicity for high 

concentrations and exposure times, and PONPC. Although the MTT assay is a method 

generally accepted to reflect cell viability, it is not a direct measurement of cell viability. 

Indeed, the MTT reagent (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide) 

is reduced in cells by oxidoreductase and dehydrogenase enzymes as well as electron 

donors such as NAD(P)H to form water-insoluble purple formazan. Therefore, MTT assays 
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measure metabolic and mitochondrial activity and, by extension, cell viability because it is 

proportional to these processes (Ghasemi et al., 2021). LPPs, in particular HHE in the 

context of the current study, could also affect metabolic and mitochondrial proteins, leading 

to direct interference with the assay. 

Focusing on the PI3K/Akt pathway, prolonged HHE treatment in HCT116 cells seemed to 

increase phosphorylation of Akt at Ser473 while decreasing it at Thr308 in a concentration-

dependent manner, a pattern also observed in MCF-7 cells, although the effect was 

dynamic, with decreased phosphorylation at both sites after 30 minutes of incubation. 

However, PONPC treatment seemed to result in increased phosphorylation of both Akt 

residues (Ser473 and Thr308) in HCT116 cells in a concentration- and time-dependent 

manner, whereas it was more difficult to observe a clear trend in MCF-7 cells. Additionally, 

these modifications of phospho-Akt levels were not related to a modification of PTEN levels 

as they seemed to remain stable across all conditions. Similarly, Akt levels were not co-

occurring with a modification of total Akt levels in either cell lines after treatment with HHE, 

suggesting that the observed increases (and in some cases decreases) in phospho-Akt 

levels meant that the PI3K/Akt pathway was generally activated with HHE in a concentration- 

and time-dependent manner. The activation of the pathway could be explained by an 

inhibition of PTEN by HHE, as it was demonstrated by the inhibition of the recombinant 

PTEN-V5-His following HHE and PONPC treatments and consistent with the high 

susceptibility for Cys71 to modification by HHE, or could also be related to the observed 

increase in nuclear localization of PTEN at high concentrations of PTEN, which 

corresponded to the concentration leading to the most activation (50 µM). Indeed, nuclear 

PTEN does not contribute to the inhibition of Akt phosphorylation to the same extent as 

membrane-associated PTEN (Trotman et al., 2007), which could explain its activation 

following HHE treatments. On the other hand, PONPC seemed to decrease total Akt levels 

in HCT116 and MCF-7 cells after 2 and 4 hours of exposure but not 30 min, which 

suggested that the observed increase in phosphorylated Akt was unrelated to activation of 

the pathway. Interestingly, high concentrations of PONPC for 2 hours in MCF-7 cells 

appeared to lead to membrane localization of PTEN. If PTEN involved in the PONPC-

mediated membrane-association was functional, this would most likely lead to an inhibition 

of Akt phosphorylation, which was generally not observed in HCT116 and MCF-7 cells, 

consistent with the in vitro inhibition of PTEN by PONPC. However, the apparent decrease in 

Akt levels following PONPC treatment of HCT116 and MCF-7 cells would need to be 

replicated to firmly determine its effect on the PI3K/Akt pathway. Most importantly, as the 

modifications observed were only on recombinant PTEN in vitro, it is necessary to confirm 
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adduction to endogenous PTEN to demonstrate conclusively that the effects seen were the 

consequence of PTEN lipoxidation.  

An interesting finding regarding levels of phosphorylation of the Ser473 and Thr308 was that 

they could be separately regulated. As described above, while phosphorylation of Ser473 

increased in a time- and concentration-dependent manner with HHE treatments in HCT116 

cells, the same was not true for phosphorylation of Thr308. Akt Thr308 is phosphorylated by 

PDK1; the pleckstrin homology (PH) domains of both PDK1 and Akt bind to PIP3, enabling 

their co-localization, which allows PDK1 to phosphorylate Akt (Bozulic and Hemmings, 2009, 

DiNitto and Lambright, 2006). The phosphorylation of Ser473 increases Akt kinase activity 

and allows reactivity towards additional substrates (Alessi et al., 1996, Guertin et al., 2006) 

and is catalysed by mTORC2 and DNA-PK (Guertin et al., 2006, Feng et al., 2004). The 

functions of these phosphorylation sites were found to be distinct and non-overlapping by 

mutational analysis of Ser473 or Thr308 based on the transformation to an oncogenic 

phenotype and phosphorylation of downstream targets of Akt (Hart and Vogt, 2011). 

Therefore, the fine tuning of phosphorylation levels of Ser473 and Thr308 separately by 

LPPs could lead to different biological effects. This also suggested that PTEN was not 

necessarily the only protein affected by LPPs in the PI3K/Akt pathway. The above-

mentioned kinases as well as the phosphatases involved in regulation, known as PHLPP 

and CSTP1, phosphatases dephosphorylating p-Akt (S473) (Gao et al., 2005, Zhuo et al., 

2013), as well as PP2A, a phosphatase dephosphorylating p-Akt Thr308 (Kuo et al., 2008) 

could also be targets of LPPs, but also any effector upstream of Akt influencing its 

phosphorylation state. A comprehensive adductomics and functional analysis of the pathway 

would allow a complete understanding of the mechanisms by which Akt phosphorylation is 

regulated by LPPs. Additionally, the effects of HHE and PONPC on Akt phosphorylation 

seemed to vary between HCT116 and MCF-7 cells, suggesting that this regulation could be 

cell type-dependent.  

7.4. Future Directions 

Questions remain to be answered to draw a full picture of the mechanisms by which LPPs 

can influence PTEN function and PI3K cell signalling. Indeed, the sites of adduction of 

PONPC on PTEN sequence could not be identified and there was no evidence of adduction 

of PTEN by either HHE or PONPC in cellulo. The latter is certainly the most critical to be 

able to correlate effects observed in vitro to biological effects in cells after exposure to LPPs 

and specific identification of adduction sites could lead to the elucidation of the mechanism 

of regulation of phospho-Akt. As discussed in Chapter 6, this would require further 

enrichment of PTEN from cell lysates, which has successfully been achieved in other 
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studies. Nonetheless, an analysis of the adductome in LPP-treated cells could provide 

insights into possible other targets of lipoxidation in cells that could be relevant to the 

understanding of the regulation of Akt phosphorylation observed in HCT116 and MCF-7 

cells. This is generally challenged by the relatively low abundance of most signalling proteins 

(Millioni et al., 2011).  As antibodies targeting HHE adducts are commercially available, it 

could be interesting to investigate this using western blotting of lysates from HHE-treated 

mammalian cells or even on immunoprecipitated PTEN after such treatments. For PONPC, it 

could be more challenging as no specific anti-PONPC adduct antibody is available. In this 

case, the use of fluorescently labelled PONPC in treatments of cells and a simple analysis 

by SDS-PAGE with a fluorescence gel scanner could provide information on the PONPC 

adductome. Treatment of cells with fluorescently labelled LPPs could also allow real-time 

visualisation of the distribution of the LPP in cellulo. Indeed, the current study was limited by 

the absence of evidence of cellular uptake of PONPC or HHE in our experimental 

procedures. Mass spectrometry analysis of membrane extracts from HHE- and PONPC-

treated HCT116 and MCF-7 cells would have been beneficial in confirming the cell uptake of 

these treatments. It was most likely that they could interact with cells as biological effects 

could be observed from treatments of HCT116 and MCF-7 cells but no specific data 

supported the internalization of these LPPs in cells. This is particularly important as the 

localization of the oxidized lipids would give essential information on their potential biological 

consequences, notably the localization of PONPC in the membrane to validate the lipid 

whisker model, as well as determining whether the accumulation of PTEN in the nucleus of 

MCF-7 cells after HHE treatment is correlated with the presence of HHE in the nucleus. The 

FRET-based assay discussed previously could be of great interest to identify the 

localization, but also the proportion, of LPP-PTEN interactions. Additionally, considering that 

HHE could lead to accumulation of PTEN in the nucleus, it would be of interest to investigate 

PTEN’s non-canonical functions, especially related to DNA damage, as most of the studies 

to date have focused on the PI3K/Akt pathway and β-catenin signalling. 

7.5. Final Conclusions 

In conclusion, the current study reported, for the first time, effects of HHE and PONPC on 

PTEN and its downstream signalling at physiological concentrations. PTEN could be 

covalently modified by HHE on multiple cysteine, lysine and histidine residues. Although 

specific PONPC adducts could not be identified, it was suggested that PONPC could also 

covalently bind nucleophilic residues on PTEN sequence. HHE and PONPC both led to the 

inhibition of PTEN phosphatase activity in vitro, which could potentially be the result of 

lipoxidation of Cys71 or Cys136 and aggregation. Furthermore, this PTEN inhibition could be 

correlated with the general increase in Akt phosphorylation observed in preliminary data in 
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cellulo after treatment of HCT116 and MCF-7 cells with HHE and PONPC. These data 

corroborated previous investigations with other LPPs. As PONPC is part of a family of LPPs 

(truncated phospholipid) that had never been studied in the context of PTEN inhibition and 

PI3K/Akt pathway activation, the current study provided stronger generalization that LPPs 

were important modulators of the PI3K/Akt pathway in a PTEN-dependent manner. Last, the 

effects of LPPs on subcellular localization of PTEN, which had never been studied, were 

reported; HHE and PONPC, at high concentrations, could lead to accumulation of PTEN in 

the nucleus or at the membrane, respectively. This suggested that although the biological 

effects on the PI3K/Akt pathway seemed similar between the two LPPs, the mechanisms by 

which this was influenced could differ. Future studies need to examine other proteins 

involved in the pathway in order to draw a full picture of the effects of LPPs on cell signalling.  
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Supplementary Data 

A 

 

B 

5’atgaccgcgattatcaaagagatcgtgtcccgtaacaagcgccgttatcaagaagatggctttgacctggacctgacctacatc

tacccgaacattatcgcgatgggttttccagccgagcgcctggagggcgtctaccgtaataacatcgatgatgtggttcgttttctgg

acagcaaacataagaaccattacaagatctataatctgtgcgccgagcgtcattatgacaccgcgaaattcaattgccgtgttgc

gcagtacccgttcgaggaccacaatccgccgcaactggaactgattaaaccgttctgcgaggacctggatcagtggctgtccga

ggacgacaaccacgtggccgcgattcactgtaaggccggcaaaggtcgtaccggcgtcatgatctgcgcgtacctgctgcacc

gcggtaagtttctgaaggcgcaagaagcgctggacttttacggcgaggtgcgtacccgcgacaaaaagggtgtcaccatcccg

agccaacgccgctatgtttactactacagctatttgctgaaaaaccacctggattatcgtcctgtcgccctgttgtttcacaagatgat

gtttgaaacgattccgatgttcagcggcggtacctgtaatccgcagttcgtcgtttgtcagctgaaggtgaagatctacagctctaat

agcggtccgacccgtcgcgaagataagtttatgtatttcgaattcccgcagccgctgccggtttgtggtgacatcaaggtggagttc

ttccataaacaaaacaagatgttgaagaaagataagatgttccatttttgggtcaacactttctttattccgggtccggaggagacta

gcgagaaagttgagaacggtagcctgtgcgatcaagaaatcgatagcatttgcagcatcgaacgtgcggataatgacaaaga

atatctggtcttgaccctgacgaaaaacgacctggacaaagcgaacaaagataaagcgaatcgctatttcagcccgaatttcaa
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agttaagctgtactttaccaaaactgtggaggaaccgagcaatccggaggcgtctagctctaccagcgtgaccccggacgtcag

cgacaatgagccggaccactatcgttacagcgacacgaccgacagcgatcctgaaaatgaaccgtttgacgaagatcaacat

acgcagattaccaaggtgaaaggcaacagcgcggatattcagcattctggtggccgtagcagcttggaaggccctcgcttcga

gggtaagccgattccgaatccgctgctgggtctggatagcacgcgcacgggtcaccaccaccatcaccactaa 3’ 

C 

MTAIIKEIVSRNKRRYQEDGFDLDLTYIYPNIIAMGFPAERLEGVYRNNIDDVVRFLDSKHKN

HYKIYNLCAERHYDTAKFNCRVAQYPFEDHNPPQLELIKPFCEDLDQWLSEDDNHVAAIHC

KAGKGRTGVMICAYLLHRGKFLKAQEALDFYGEVRTRDKKGVTIPSQRRYVYYYSYLLKNH

LDYRPVALLFHKMMFETIPMFSGGTCNPQFVVCQLKVKIYSSNSGPTRREDKFMYFEFPQP

LPVCGDIKVEFFHKQNKMLKKDKMFHFWVNTFFIPGPEETSEKVENGSLCDQEIDSICSIER

ADNDKEYLVLTLTKNDLDKANKDKANRYFSPNFKVKLYFTKTVEEPSNPEASSSTSVTPDVS

DNEPDHYRYSDTTDSDPENEPFDEDQHTQITKVKGNSADIQHSGGRSSLEGPRFEGKPIPN

PLLGLDSTRTGHHHHHH* 

PTEN 
Linkers 
V5-tag 
His-tag 
 
Supplementary Figure 1. Map and insert sequence of the JpExpress404 PTEN-V5-His plasmid. 

Map (A), DNA sequence of the insert encoding for PTEN-V5-His (B) and translated sequence for 
PTEN-V5-His (black: PTEN protein sequence; orange: linker sequences; blue: epitope tag from 
simian virus 5 (V5) tag; purple: 6xHis-tag) (C). JpExpress404 PTEN was a gift from Ramon Parsons 
(Addgene plasmid #49420; http://n2t.net/addgene:49420; RRID:Addgene_49420) (Hopkins et al., 
2013). 
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Supplementary Figure 2. OMF standard curve. 

The OMF standard curve was prepared in triplicates in a black 96-well plate by diluting a 10 µM OMF 
stock solution in OMFP assay buffer to obtain concentrations of 0.1, 0.25, 0.5, 0.75, 1, 2.5, 5, 7.5 and 
10 µM in 200 µL final volume per well and a triplicate of 200 µL per well of OMFP assay buffer without 
OMF was added to the plate as a blank. Gain adjustment was set to 90% of the fluorescence value of 
the highest standard concentration of OMF. The fluorescence was measured with 485 nm excitation 
(485BP1 filter) and 520 nm emission (EM520 filter) using 20 flashes/well after shaking at 300 rpm for 
3 seconds and settling for 0.5 seconds. Values were adjusted to the blank.  
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A 

 

B 

5’atgagtaaaggagaagaactcttcactggagttgtcccaattcttgttgaattagatggtgatgttaatgggcacaaattttctgtca

gtggagagggtgaaggtgatgcaacatacggaaaacttacccttaaatttatttgcactactggaaaactacctgttccatggcca

acacttgtcactactttcacttatggtgttcagtgcttttcaagatacccggatcatatgaaacggcatgactttttcaagagtgccatg

cccgaaggttatgtacaggaaagaactatatttttcaaagatgacgggaactacaagacacgtgctgaagtcaagtttgaaggtg

atacccttgttaatagaatcgagttaaaaggtattgattttaaagaagatggaaacattcttgggcacaaattggaatacaactata

actcacacaatgtatacatcatggcagacaaacaaaagaatggaatcaaagctaacttcaaaattagacacaacattgaagat

ggaagcgttcaactagcagaccattatcaacaaaatactccaattggcgatggccctgtccttttaccagacaaccattacctgtc

cacacaatctgccctttcgaaagatcccaacgaaaagagagaccacatggtccttcttgagtttgtaacagctgctgggattacac

atggcatggatgaactatacaaacagcagcttcagggatccatgacagccatcatcaaagagatcgttagcagaaacaaaag

gagatatcaagaggatggattcgacttagacttgacctatatttatccaaacattattgctatgggatttcctgcagaaagacttgaa

ggcgtatacaggaacaatattgatgatgtagtaaggtttttggattcaaagcataaaaaccattacaagatatacaatctttgtgctg
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aaagacattatgacaccgccaaatttaattgcagagttgcacaatatccttttgaagaccataacccaccacagctagaacttatc

aaacccttttgtgaagatcttgaccaatggctaagtgaagatgacaatcatgttgcagcaattcactgtaaagctggaaagggac

gaactggtgtaatgatatgtgcatatttattacatcggggcaaatttttaaaggcacaagaggccctagatttctatggggaagtaa

ggaccagagacaaaaagggagtaactattcccagtcagaggcgctatgtgtattattatagctacctgttaaagaatcatctggat

tatagaccagtggcactgttgtttcacaagatgatgtttgaaactattccaatgttcagtggcggaacttgcaatcctcagtttgtggtc

tgccagctaaaggtgaagatatattcctccaattcaggacccacacgacgggaagacaagttcatgtactttgagttccctcagcc

gttacctgtgtgtggtgatatcaaagtagagttcttccacaaacagaacaagatgctaaaaaaggacaaaatgtttcacttttgggt

aaatacattcttcataccaggaccagaggaaacctcagaaaaagtagaaaatggaagtctatgtgatcaagaaatcgatagca

tttgcagtatagagcgtgcagataatgacaaggaatatctagtacttactttaacaaaaaatgatcttgacaaagcaaataaaga

caaagccaaccgatacttttctccaaattttaaggtgaagctgtacttcacaaaaacagtagaggagccgtcaaatccagaggct

agcagttcaacttctgtaacaccagatgttagtgacaatgaacctgatcattatagatattctgacaccactgactctgatccagag

aatgaaccttttgatgaagatcagcatacacaaattacaaaagtctga 3’ 

 

C 

MSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVT

TFTYGVQCFSRYPDHMKRHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNRI

ELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKANFKIRHNIEDGSVQLADHYQQN

TPIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAAGITHGMDELYKQQLQGSMT

AIIKEIVSRNKRRYQEDGFDLDLTYIYPNIIAMGFPAERLEGVYRNNIDDVVRFLDSKHKNHYK

IYNLCAERHYDTAKFNCRVAQYPFEDHNPPQLELIKPFCEDLDQWLSEDDNHVAAIHCKAG

KGRTGVMICAYLLHRGKFLKAQEALDFYGEVRTRDKKGVTIPSQRRYVYYYSYLLKNHLDY

RPVALLFHKMMFETIPMFSGGTCNPQFVVCQLKVKIYSSNSGPTRREDKFMYFEFPQPLPV

CGDIKVEFFHKQNKMLKKDKMFHFWVNTFFIPGPEETSEKVENGSLCDQEIDSICSIERADN

DKEYLVLTLTKNDLDKANKDKANRYFSPNFKVKLYFTKTVEEPSNPEASSSTSVTPDVSDNE

PDHYRYSDTTDSDPENEPFDEDQHTQITKV* 

GFP 
Linker 
PTEN 
 
Supplementary Figure 3. Map and insert sequence of the pcDNA3 GFP-PTEN plasmid.  

Map (A), DNA sequence of the insert encoding for GFP-PTEN (B) and translated sequence for GFP-
PTEN (green: GFP protein sequence; orange: linker sequence; black: PTEN protein sequence) (C).  
809 pcDNA3 GFP PTEN was a gift from William Sellers (Addgene plasmid # 10759 ; 
http://n2t.net/addgene:10759 ; RRID:Addgene_10759) (Vazquez et al., 2001). 
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Supplementary Table 1. Amino acid mass reference table.  

Reproduced from https://www.matrixscience.com/help/aa_help.html.  
 

 
The data in this table are for amino acid residues. To calculate the mass of a neutral peptide or 
protein, sum the residue masses plus the masses of the terminating groups (e.g. H at the N-

terminus and OH at the C-terminus). 

Residue 
3- 

letter 
code 

1- 
letter 
code 

Mono- 
isotopic 

mass 

Average 
mass 

Structure 

Alanine 
C3H5NO 

Ala A 71.037114 71.0779 

 

Arginine 
C6H12N4O 

Arg R 156.101111 156.1857 

 

Asparagine 
C4H6N2O2 

Asn N 114.042927 114.1026 

 

Aspartic acid 
C4H5NO3 

Asp D 115.026943 115.0874 

 

Cysteine 
C3H5NOS 

Cys C 103.009185 103.1429 

 

Glutamic acid 
C5H7NO3 

Glu E 129.042593 129.114 

 

Glutamine 
C5H8N2O2 

Gln Q 128.058578 128.1292 

 

Glycine 
C2H3NO 

Gly G 57.021464 57.0513 

 

Histidine 
C6H7N3O 

His H 137.058912 137.1393 

 

https://www.matrixscience.com/help/aa_help.html
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Isoleucine 
C6H11NO 

Ile I 113.084064 113.1576 

 

Leucine 
C6H11NO 

Leu L 113.084064 113.1576 

 

Lysine 
C6H12N2O 

Lys K 128.094963 128.1723 

 

Methionine 
C5H9NOS 

Met M 131.040485 131.1961 

 

Phenylalanine 
C9H9NO 

Phe F 147.068414 147.1739 

 

Proline 
C5H7NO 

Pro P 97.052764 97.1152 

 

Serine 
C3H5NO2 

Ser S 87.032028 87.0773 

 

Threonine 
C4H7NO2 

Thr T 101.047679 101.1039 

 

Selenocysteine 
C3H5NOSe 

Sec U 150.95363 150.0379 

 

Tryptophan 
C11H10N2O 

Trp W 186.079313 186.2099 

 

Tyrosine 
C9H9NO2 

Tyr Y 163.06332 163.1733 

 

Valine 
C5H9NO 

Val V 99.068414 99.1311 
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Supplementary Table 2. Representative raw data from Mascot identification of proteins in HHE- and PONPC-induced PTEN-V5-His aggregates.  

Data represents one condition (molar ratio of 5:1 treatment:PTEN-V5-His for 2 hours at 37˚C) of one biological replicate. The data for PTEN was highlighted 
in red, showing high differences in detection of PTEN between HHE- and PONPC-induced PTEN-V5-His aggregates. 

HHE (n3, sample aggregate HHE 2h:PTEN-V5-His 5:1) 

Database Accession Score Mass Sequence 
coverage 

Num. of 
matches 

Num. of 
significant 
matches 

Num. of significant 
unique sequences 

Num. of 
significant 
sequences 

emPAI Description 

SwissProt PTEN_CANLF 3214 47136 0.51 127 127 18 18 18.88 Phosphatidylinositol 3,4,5-trisphosphate 3-phosphatase and dual-
specificity protein phosphatase PTEN OS=Canis lupus familiaris 

OX=9615 GN=PTEN PE=2 SV=1 

SwissProt ARNA_ECOBW 1337 74242 0.47 54 54 25 25 4.34 Bifunctional polymyxin resistance protein ArnA OS=Escherichia coli 
(strain K12 / MC4100 / BW2952) OX=595496 GN=arnA PE=3 SV=1 

SwissProt ALBU_BOVIN 1101 69248 0.37 39 39 21 21 2.67 Albumin OS=Bos taurus OX=9913 GN=ALB PE=1 SV=4 

SwissProt CH60_ECO24 867 57293 0.53 22 22 18 18 3.46 Chaperonin GroEL OS=Escherichia coli O139:H28 (strain E24377A 
/ ETEC) OX=331111 GN=groEL PE=3 SV=1 

SwissProt ASTC_ECOBW 822 43638 0.51 24 24 13 13 3.34 Succinylornithine transaminase OS=Escherichia coli (strain K12 / 
MC4100 / BW2952) OX=595496 GN=astC PE=3 SV=1 

SwissProt TRYP_PIG 786 24394 0.42 32 32 7 7 3.01 Trypsin OS=Sus scrofa OX=9823 PE=1 SV=1 

SwissProt DNAK_ECOHS 577 69088 0.39 21 21 16 16 1.7 Chaperone protein DnaK OS=Escherichia coli O9:H4 (strain HS) 
OX=331112 GN=dnaK PE=3 SV=1 

SwissProt SLYD_ECOLI 362 20840 0.36 9 9 3 3 1.25 FKBP-type peptidyl-prolyl cis-trans isomerase SlyD OS=Escherichia 
coli (strain K12) OX=83333 GN=slyD PE=1 SV=1 

SwissProt RL2_ECO24 358 29842 0.37 19 19 8 8 3.79 Large ribosomal subunit protein uL2 OS=Escherichia coli O139:H28 
(strain E24377A / ETEC) OX=331111 GN=rplB PE=3 SV=1 

SwissProt GLGA_ECOBW 334 52789 0.24 9 9 8 8 1.07 Glycogen synthase OS=Escherichia coli (strain K12 / MC4100 / 
BW2952) OX=595496 GN=glgA PE=3 SV=1 

SwissProt RSMI_ECOLI 325 31329 0.46 10 10 9 9 2.4 Ribosomal RNA small subunit methyltransferase I OS=Escherichia 
coli (strain K12) OX=83333 GN=rsmI PE=1 SV=1 

SwissProt RS3_ECO24 281 25967 0.26 8 8 4 4 0.92 Small ribosomal subunit protein uS3 OS=Escherichia coli O139:H28 
(strain E24377A / ETEC) OX=331111 GN=rpsC PE=3 SV=1 

SwissProt EFTU1_ECO24 228 43256 0.23 9 9 7 7 0.99 Elongation factor Tu 1 OS=Escherichia coli O139:H28 (strain 
E24377A / ETEC) OX=331111 GN=tuf1 PE=3 SV=1 

SwissProt K2C1_HUMAN 196 65999 0.14 7 7 7 7 0.58 Keratin, type II cytoskeletal 1 OS=Homo sapiens OX=9606 
GN=KRT1 PE=1 SV=6 

SwissProt FTSZ_ECOLI 160 40299 0.15 4 4 4 4 0.53 Cell division protein FtsZ OS=Escherichia coli (strain K12) 
OX=83333 GN=ftsZ PE=1 SV=1 

SwissProt RECA_ECOBW 148 37950 0.19 5 5 5 5 0.75 Protein RecA OS=Escherichia coli (strain K12 / MC4100 / BW2952) 
OX=595496 GN=recA PE=3 SV=1 

SwissProt XERD_ECOLI 140 34225 0.15 3 3 3 3 0.45 Tyrosine recombinase XerD OS=Escherichia coli (strain K12) 
OX=83333 GN=xerD PE=1 SV=1 

SwissProt GLPR_ECOLI 125 28030 0.15 3 3 3 3 0.57 Glycerol-3-phosphate regulon repressor OS=Escherichia coli (strain 
K12) OX=83333 GN=glpR PE=1 SV=1 

SwissProt CRP_ECOLI 124 23625 0.21 4 4 4 4 1.05 DNA-binding transcriptional dual regulator CRP OS=Escherichia coli 
(strain K12) OX=83333 GN=crp PE=1 SV=1 

SwissProt CASA1_BOVIN 116 24513 0.17 3 3 3 3 0.68 Alpha-S1-casein OS=Bos taurus OX=9913 GN=CSN1S1 PE=1 
SV=2 

SwissProt LACB_BOVIN 102 19870 0.22 3 3 3 3 0.89 Beta-lactoglobulin OS=Bos taurus OX=9913 GN=LGB PE=1 SV=3 

SwissProt GLMS_ECOLI 100 66853 0.07 3 3 3 3 0.21 Glutamine--fructose-6-phosphate aminotransferase [isomerizing] 
OS=Escherichia coli (strain K12) OX=83333 GN=glmS PE=1 SV=4 
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SwissProt BLUF_ECOLI 93 45266 0.09 4 4 4 4 0.46 Blue light- and temperature-regulated antirepressor BluF 
OS=Escherichia coli (strain K12) OX=83333 GN=bluF PE=1 SV=1 

SwissProt PHNO_ECOLI 92 16559 0.29 4 4 4 4 1.76 Aminoalkylphosphonate N-acetyltransferase OS=Escherichia coli 
(strain K12) OX=83333 GN=phnO PE=1 SV=1 

SwissProt RL15_ECO24 92 14957 0.24 3 3 3 3 1.31 Large ribosomal subunit protein uL15 OS=Escherichia coli 
O139:H28 (strain E24377A / ETEC) OX=331111 GN=rplO PE=3 

SV=1 

SwissProt RS5_ECO24 85 17592 0.27 3 3 3 3 1.05 Small ribosomal subunit protein uS5 OS=Escherichia coli O139:H28 
(strain E24377A / ETEC) OX=331111 GN=rpsE PE=3 SV=1 

PONPC (n3, sample aggregate PONPC 2h:PTEN-V5-His 5:1) 

Database Accession Score Mass Sequence 
coverage 

Num. of 
matches 

Num. of 
significant 
matches 

Num. of significant 
unique sequences 

Num. of 
significant 
sequences 

emPAI Description 

SwissProt PTEN_CANLF 981 47706 0.47 27 27 14 14 2.93 Phosphatidylinositol 3,4,5-trisphosphate 3-phosphatase and dual-

specificity protein phosphatase PTEN OS=Canis lupus familiaris 
OX=9615 GN=PTEN PE=2 SV=1 

SwissProt CH60_ECO24 753 57464 0.32 12 12 9 9 1.14 Chaperonin GroEL OS=Escherichia coli O139:H28 (strain E24377A 
/ ETEC) OX=331111 GN=groEL PE=3 SV=1 

SwissProt ALBU_BOVIN 590 71244 0.37 19 19 19 19 2.21 Albumin OS=Bos taurus OX=9913 GN=ALB PE=1 SV=4 

SwissProt TRYP_PIG 462 25078 0.31 16 16 5 5 1.36 Trypsin OS=Sus scrofa OX=9823 PE=1 SV=1 

SwissProt ARNA_ECOBW 440 74869 0.27 18 18 16 16 1.55 Bifunctional polymyxin resistance protein ArnA OS=Escherichia coli 
(strain K12 / MC4100 / BW2952) OX=595496 GN=arnA PE=3 SV=1 

SwissProt GLMS_ECOLI 158 67081 0.09 3 3 3 3 0.22 Glutamine--fructose-6-phosphate aminotransferase [isomerizing] 
OS=Escherichia coli (strain K12) OX=83333 GN=glmS PE=1 SV=4 

SwissProt K2C1_HUMAN 150 66170 0.09 6 6 6 6 0.49 Keratin, type II cytoskeletal 1 OS=Homo sapiens OX=9606 
GN=KRT1 PE=1 SV=6 

SwissProt CASA2_BOVIN 84 26173 0.14 3 3 3 3 0.64 Alpha-S2-casein OS=Bos taurus OX=9913 GN=CSN1S2 PE=1 

SV=2 

SwissProt K1C10_CANLF 67 57847 0.04 3 3 3 3 0.25 Keratin, type I cytoskeletal 10 OS=Canis lupus familiaris OX=9615 
GN=KRT10 PE=2 SV=1 
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Supplementary Figure 4. Representative Mascot peptide identification for false and true 
positive HHE modification of Cys218 in untreated-PTEN-V5-His and HHE-treated PTEN-V5-His 
samples. 

A Mascot search identified peptide 198-221 (MMFETIPMFSGGTCNPQRVVCQLK) with an HHE 
Michael adduct on C218 in an untreated PTEN-V5-His sample (A) and an HHE-treated PTEN-V5-His 
sample (B). Panel (A) and (B) both display an upper pane with the fragmentation spectrum showing 
identified ions as peaks marked in red. The yellow peaks denote the loss of the side chain from 
oxidized methionine residues (-64 Da). The lower table presents the matched b and y ion coverage, 
with the matching ions shown in red. Bold italic red: the ion series contributed to the score of the 
peptide; bold red: the number of matches in the ion series is greater than would be expected by 
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chance; non-bold red: the number of matches in the ion series is no greater than would be expected 
by chance. 
 
The peaks that were picked by Mascot for sequencing and identification of the HHE Michael adduct 
were not the peaks of highest intensity on the fragmentation spectrum, in opposition to the 
identification of the peptide in the HHE-treated PTEN-V5-His sample. Additionally, numerous peaks 
were assigned to b ions with a neutral loss of the side chains of the oxidized methionine (M199) and 
their intensity corresponded to the intensity of the identified b and y ions without neutral loss, which 
seemed unlikely, suggesting that the assignment was random. Although the b ion coverage was 
found to be better in the identification of the peptide in the untreated PTEN-V5-His than in the HHE-
treated PTEN-V5-His sample, the relevance of the assignment of these ions could be questioned 
considering the above-mentioned limitations in the fragmentation spectrum of the peptide in the 
untreated PTEN-V5-His sample. However, the 75% coverage of y ions between y(1) and y(16) in both 
untreated and HHE-treated samples made it difficult to fully rule out the possibility of HHE-
modification of the 198-221 peptide in the untreated PTEN-V5-his sample. An important piece of 
information in the fragmentation data of the peptide identified in the untreated PTEN-V5-His sample 
resided in the lack of detection of y(4), the first y ion including the putative HHE-modified C218 
residue, which strongly suggested that this assignment could be incorrect. Additionally, the y ion 
coverage highly reduced between y(4) (for C218) and y(11) (for C211), with only every other y ion 
detected. This contrasted the data found for the peptide identified in the HHE-treated PTEN-V5-His 
sample, which picked both the y(4) and y(11) ions. This further suggested a misidentification of the 
HHE Michael adduct, which could more likely be on C211 than C218, if only substantial. 
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Supplementary Figure 5. Representative Mascot output for false positive identification of HHE 
modification on C-terminal R residues of the identified peptide 350-378 
(TVEEPSNPEASSSTSVTPDVSDNEPDHYR). 

A Mascot search identified the peptide 350-378 (TVEEPSNPEASSSTSVTPDVSDNEPDHYR) with an 
HHE Michael adduct on R378 in an HHE-treated PTEN-V5-His sample. An upper pane with the 
fragmentation spectrum showing identified ions as peaks marked in red and a lower table with the 
matched b and y ion coverage, with the matching ions shown in red are presented. Bold italic red: the 
ion series contributed to the score of the peptide; bold red: the number of matches in the ion series is 
greater than would be expected by chance; non-bold red: the number of matches in the ion series is 
no greater than would be expected by chance.  
However, the y(1) and y(2) ions, which are C-terminal fragments that do not include His376 (R and 
YR, respectively), did not exhibit the expected +116.0837 Da mass shift. In contrast, fragments 
containing His376 did show this shift, suggesting that the HHE Michael adduct was incorrectly 
assigned to Arg378 and that His376 was the more likely the site of modification by HHE.  
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Supplementary Figure 6. Representative Mascot output for false positive identification of HHE modification on C-terminal K residue of the identified peptide 198-
221 (MMFETIPMFSGGTCNPQFVVCQLK). 

A Mascot search identified the peptide 198-221 (MMFETIPMFSGGTCNPQFVVCQLK) with an HHE Michael adduct on K221 in an HHE-treated PTEN-V5-His sample. An 
upper pane with the fragmentation spectrum showing identified ions as peaks marked in red and a lower table with the matched b and y ion coverage, with the matching ions 
shown in red are presented. Bold italic red: the ion series contributed to the score of the peptide; bold red: the number of matches in the ion series is greater than would be 
expected by chance; non-bold red: the number of matches in the ion series is no greater than would be expected by chance. 
The lack of C-terminal fragments suggested that Cys218 could be the actual site of modification. In this case, two fragments that did not include Cys218 (y(1) and y(2) for K 
and LK, respectively) showed a +116.0837 Da mass shift, although one of these fragments (y(2) corresponding to the LK fragment) was also detected without the mass shift, 
making it difficult to determine conclusively the exact site of HHE modification  
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Supplementary Figure 7. Mascot peptide identification of Arg173 modified by HHE through 
Schiff base formation was classified as a false positive result.   

A Mascot search identified the peptide 173-123 (RYVYYYSYLLK) with an HHE Schiff adduct on R173 
in an HHE-treated PTEN-V5-His sample. An upper pane with the fragmentation spectrum showing 
identified ions as peaks marked in red and a lower table with the matched b and y ion coverage, with 
the matching ions shown in red, are presented. Bold italic red: the ion series contributed to the score 
of the peptide; bold red: the number of matches in the ion series is greater than would be expected by 
chance; non-bold red: the number of matches in the ion series is no greater than would be expected 
by chance. 
There was a good coverage of y ions, leading to confidence in the peptide identification, but there was 
no coverage of the fragments containing the putative modification. 
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Supplementary Figure 8. Mascot peptide identification of Lys254 modified by HHE through 
Schiff base formation was classified as a false positive result.   

A Mascot search identified the peptide 238-254 (FMYFEFPQPLPVCGDIK) with an HHE Schiff adduct 
on K254 in an HHE-treated PTEN-V5-His sample. An upper pane with the fragmentation spectrum 
showing identified ions as peaks marked in red and a lower table with the matched b and y ion 
coverage, with the matching ions shown in red, are presented. Bold italic red: the ion series 
contributed to the score of the peptide; bold red: the number of matches in the ion series is greater 
than would be expected by chance; non-bold red: the number of matches in the ion series is no 
greater than would be expected by chance. 
The HHE Schiff adduct on Lys254 was also classified as false positive based on the lack of 
assignment of peaks of highest intensity in the fragmentation data and the fact that Lys254 was the C-
terminal residue which trypsin cleaved successfully after and was not covered by y ions. In fact, the y 
ions coverage was limited to the identification of three fragment ions which were of little intensity and 
could have been noise rather than true fragment ions. 
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Supplementary Figure 9. Mascot peptide identification of multiple modifications on a single 
peptide 238-260 (FMYFEFPQPLPVCGDIKVEFFHK)  by HHE through Schiff base formation and 
Michael addition: a false positive. 

A Mascot search identified the peptide 238-260 (FMYFEFPQPLPVCGDIKVEFFHK) with an HHE 
Schiff adduct on K254 and K260 along with HHE Michael adduction on H259 in an HHE-treated 
PTEN-V5-His sample. An upper pane with the fragmentation spectrum showing identified ions as 
peaks marked in red and a lower table with the matched b and y ion coverage, with the matching ions 
shown in red, are presented. Bold italic red: the ion series contributed to the score of the peptide; bold 
red: the number of matches in the ion series is greater than would be expected by chance; non-bold 
red: the number of matches in the ion series is no greater than would be expected by chance. 
The peaks that were selected by Mascot for sequencing of the peptide 238-260 
(FMYFEFPQPLPVCGDIKVEFFHK) were exclusively corresponding to fragments with a loss of 
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ammonium (-64 Da) and limited to 6 b ions and 2 y ions for a 23 amino acid-long peptide, which 
strongly suggested that this was a misidentification 

 

 

Supplementary Figure 10. False positive Mascot peptide identification of Lys269 residue 
modified by PONPC through Schiff base formation.   

A Mascot search identified the peptide 268-289 (DKMFHFWVNTFFIPGPEETSEK) with a PONPC 
Schiff adduct on K269. An upper pane with the fragmentation spectrum showing identified ions as 
peaks marked in red and a lower table with the matched b and y ion coverage, with the matching ions 
shown in red, are presented. Bold italic red: the ion series contributed to the score of the peptide; bold 
red: the number of matches in the ion series is greater than would be expected by chance; non-bold 
red: the number of matches in the ion series is no greater than would be expected by chance. 
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The peptide spanning residues 268-289 (DKMFHFWVNTFFIPGPEETSEK) showed good y ion 
coverage between y(3) and y(12), which partially covered the sequence (FFIPGPEETS). However, 
the peaks assigned to these y ions were not the dominant peaks in the spectrum, questioning the 
reliability of these assignments. The lack of detected b ions meant that there was no confirmation of 
sequence coverage around Lys269, thereby strongly suggesting a false positive for the identification 
of the PONPC Schiff adduct at this position 
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A 

 
 
B 

 
 

 

878.4116 (1) → 807.3727 (2) → 676.3377 (3) → 619.3134 (4) → 472.2521 (5) → 375.1979 (6) → 
304.1631 (7) → 175.1237 (8) 

• (1→2) = 71.0389 = A 

• (2→3) = 131.0350 = M 

• (3→4) = 57.0243 = G 

• (4→5) = 147.0612 = F 

• (5→6) = 97.0542 = P 

• (6→7) = 71.0348 = A 

• (7→8) = 129.0394 = E 

 
 
830.4229 (1) → 716.3896 (2) → 603.3081 (3) → 488.2836 (4) → 373.2578 (5) → 274.1905 (6) → 
175.1229 (7) 

• (1→2) = 114.0333 = N 

• (2→3) = 113.0815 = I or L 

• (3→4) = 115.0244 = D 

• (4→5) = 115.0258 = D 

• (5→6) = 99.0673 = V 

• (6→7) = 99.0676 = V 
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C 

 
 
D 

 

 
 
1457.6581 (1) → 1360.5949 (2) → 1213.5172 (3) → 1084.4827 (4) → 969.4718 (5) → 
832.4132 (6) → 718.3736 (7) → 621.3213 (8)  

• (1→2) = 97.0632 = P 

• (2→3) = 147.0777 = F 

• (3→4) = 129.0345 = E 

• (4→5) = 115.0109 = D 

• (5→6) = 137.0586 = H 

• (6→7) = 114.0396 = N 

• (7→8) = 97.0523 = P 

 
 
701.3846 (1) → 600.3440 (2) → 487.2625 (3) → 390.2137 (4) → 303.1827 (5) → 175.1249 
(6)  

• (1→2) = 101.0406 = T 

• (2→3) = 113.0814 = I or L 

• (3→4) = 97.0488 = P 

• (4→5) = 87.0310 = S 

• (5→6) = 128.0578 = Q 
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E 

 
 
F 

 
 
Supplementary Figure 11. Representative de novo sequencing of PTEN peptides suspected to 
be modified by PONPC based on the identification of 184.07 Da ions corresponding to the 
mass of fragmented PONPC’s phosphocholine group.  

 
 
1118.5884 (1) → 1021.5335 (2) → 893.4855 (3) → 746.4210 (4) → 647.3531 (5) → 548.2861 
(6) 

• (1→2) = 97.0550 = P 

• (2→3) = 128.0479 = Q 

• (3→4) = 147.0646 = F 

• (4→5) = 99.0678 = V 

• (5→6) = 99.0671 = V 

 
 
739.3710 (1) → 592.3058 (2) → 505.2765 (3) → 408.2260 (4) → 294.1851 (5)  

• (1→2) = 147.0652 = F 

• (2→3) = 87.0292 = S 

• (3→4) = 97.0505 = P 

• (4→5) = 114.0409 = N 
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PTEN-V5-His was treated with PONPC at increasing molar ratios for 30 or 120 min at 37˚C. Resulting 
monomeric PTEN-V5-His and protein aggregates were analysed by LC-MS/MS following in-gel 
digestion using trypsin. Data from samples in which PTEN-V5-His was believed to be covalently 
modified by PONPC were manually analysed using the PeakView software (SCIEX, U.S.A.). This 
shows the MS/MS spectrum of the ions identified as peptides originating from PTEN-V5-His (peptides 
(A) 34-40 (AMGFPAE), (B) 49-54 (NIDDVV), (C) 89-95 (PFEDHNP), (D) 167-171 (TIPSQ), (E) 213-
217 (PQFVV), and (F) 337-340 (FSPN)). The details of the de novo sequencing are shown below the 
corresponding spectra.  


