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Abstract 

Background: It is now widely accepted that cannabinoids (whether synthetic or 

endogenous ligands) have multiple physiological, psychological and pathological 

effects.  One area of research is investigating how to increase endogenous 

cannabinoid levels for potential therapeutic benefit, principally by 

pharmacological inhibition. However, many enzymes within the 

endocannabinoid system are lacking pharmacological tools such as inhibitors 

and/or defined substrate/s. Therefore, the development of high throughput 

screening assays for compound libraries will pave the way for investigation of the 

biochemical and pharmacological properties of these enzymes and will open the 

door for further in vivo studies.   

Monoacylglycerols, are subjected to hydrolysis by multiple lipases with 

monoacylglycerol lipase (MAGL) being the principle hydrolysing enzyme in the 

brain, alongside ‘minority’ enzymes, such as ABHD6 and ABHD12 (Blankman 

et al., 2007). ABHD6 was recently described as having a potential role in 2-

arachidonyl glycerol hydrolysis and its characterization is crucial for 

understanding and exploitation of endocannabinoid signalling pathways. This 

project aimed to identify the biochemical characteristics and the cellular and 

subcellular distribution of these hydrolysing enzymes (particularly ABHD6 and 

MAGL) and to generate potential high throughput screening assays (HTS). 

Methods: A radiometric-based enzyme assay (using [3H]-2-oleoylglycerol as a 

substrate) was used to measure enzyme activity in rat tissues and cell lines using 

the reported selective inhibitors for MAGL and ABHD6. Cloning of human 

recombinant tagged and un-tagged versions of enzymes was done to assess 

functional activity and sub-cellular distribution of these enzymes. Lentiviral 

construct expressing ABHD6 was made to allow expression in primary cells. 

Expression of ABHD6, MAGL and X1MAGL (a splice variant for MAGL in rat) 

mRNA was determined by quantitative RT-PCR.  Immunoblotting and activity 

based protein profile of over-expressed enzymes in host cells (HEK293) were 

conducted. A number of colorimetric and fluorescent esterase assays were set up 

and validated for high through screening of enzymes. Among them, the 4-



III 

 

Methylumbelliferyl heptanoate (MUH) assay was extensively studied as an 

ABHD6 in vitro assay.  

Results: The hydrolysis of 2OG in rat neural tissues appears to be mediated 

predominantly through MAGL and an as yet unidentified lipase/s, with little 

contribution from ABHD6. In contrast, high levels of ABHD6 activity were 

detected in rat intestines. Two isoforms of human MAGL were successfully 

cloned and characterized. Results for mRNA expression indicated both MAGL 

and ABHD6 were expressed in all of tissues tested. Notably, ABHD6 showed 

high level of mRNA expression in rat intestines in comparison to MAGL. 

Immuno-staining of flag-tagged ABHD6 showed significant cytoplasmic 

distribution of ABHD6. In addition, nuclear membrane distribution was evident 

in both transfected and primary cells. MUH hydrolytic assay results proved to be 

useful for ABHD6 modulators screening in recombinant systems. 

Conclusion: The findings from this piece of work provide insight into the 

functional activities of hydrolase enzymes in a number of rat tissues and cell lines. 

It also provides a further step in the understanding of cellular and subcellular 

localization of ABHD6 and MAGLs. MUH assay offers the opportunity for the 

discovery of a new range of selective and potent ABHD6 inhibitors.  
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Chapter One 

  

General Introduction 



1 

 

 General introduction 

1.1 Introduction and background 

This Chapter will start with a concise description of cannabinoids and the 

endocannabinoid (ECB) system, including ligands, enzymes, receptors and 

associated signalling mechanisms. This will then be followed by a review of key 

areas in ECB synthesis and metabolism. The review will continue with an 

overview of the potential roles of ABHD6 and MAGL and their inhibitors in 

patho/physiological conditions. The final Section will be describe biochemical 

aspects of the main 2-AG hydrolases in different species and recombinant 

systems.  

1.1.1 History of Cannabis 

Cannabis sativa has been exploited for centuries to obtain relief from pain and 

improvement in mood status. Every part of the plants (flower, leaves, seeds and 

hemp fibre) has been used in different forms (smoked, inhaled and orally 

consumed) by many nations over many years. The Chinese Emperor Shennong 

Bencao Jing, 5000 years ago, was reported to be the first person to recommend 

Cannabis as a medicinal remedy (Earleywine, 2002). 

Due to the psychotropic effects of Cannabis intake, it was prohibited by the 

Dangerous Drugs Act of 1925 in UK. The first trial to extract cannabinoids was 

conducted in the mid-twentieth century (Cunha et al., 2011; Uchigashima et al., 

2007).  In the sixties, Mechoulam managed to isolate and describe the chemical 

structure of Δ9-tetrahydrocannabinol (THC) (Gaoni et al., 1964) (Figure 1.1) as 

the principle psychoactive ingredient of Cannabis and the prototype among the 

60-100 bioactive metabolites (highly lipophilic bi- or tricyclic ringed structures); 

extracted from this plant, it is the focus of the majority of cannabinoid studies 

conducted since it’s discovery (Alexander, 2014; Ameri, 1999; Biegon, 2004; 

Hanus, 2009; Irving et al., 2002). Synthetic analogues of THC, which, together 

with THC itself, were shown to act mainly on two types of GPCR (G protein-

coupled receptors): CB1 and CB2 receptors (see below).  Together with the 

enzymes responsible for synthesising, hydrolysing and controlling 

endocannabinoid levels in the body, this has been collectively called the 



2 

 

endocannabinoid system and has been revealed to play important physiological 

and pathophysiological roles (Di Marzo, 2008). Two main endocannabinoids 

have been studied so far: 2-arachidonylglycerol (2-AG) and anandamide (AEA). 

Recently, a number of non-cannabinoid plant products have also been shown to 

display cannabinoid receptor ligand-like activity. It has been suggested, therefore, 

that “phytocannabinoid is now defined as any plant-derived natural product 

capable of either directly interacting with cannabinoid receptors or sharing 

chemical similarity with cannabinoids or both” (Gertsch et al., 2010). 

1.1.2 Cannabinoid ligands 

The ligands that bind to CB1 and CB2 receptors can be classified according to 

chemical structure and pharmacological activity (Howlett et al., 2002):   

1) Agonists 

a) Classical cannabinoids: it includes derivatives of dibenzopyran. The class 

includes both natural and synthetic analogue compounds. The best examples are 

Δ9-THC and 11 hydroxy-Δ8-THC –dimethyl (HU-210) (Pertwee et al., 2010) (see 

Figure 1.1). 

b) Non-classical cannabinoids: the same basic structure as the classical types 

but lacking the pyran ring of THC. It includes the series of bicyclic and tricyclic 

cannabinoid analogues (Melvin et al., 1984; Pertwee et al., 2010). The example 

here is CP55940 (see Figure 1.1). 

c) Aminoalkylindoles: These are structurally not related to THC. The 

prototype is R-(+)-WIN55212 (see Figure 1.1). 

d) Fatty acid derivatives: derivatives of arachidonic acid. Anandamide and 2-

AG are representative examples. 

2) Cannabinoid receptor antagonists or inverse agonists: Diarylpyrazoles 

(rimonabant /SR141716A and SR144528) and related chemical series (Howlett 

et al., 2002).  

1.1.3 Cannabinoid receptors  

1.1.3.1 Introduction 

To date, there are two types of classical cannabinoid receptors defined; 

distinguished by their amino acid sequences, tissue distribution and signalling 

mechanisms. Both receptors are coupled through pertussis toxin-sensitive Gi/o 
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proteins to inhibit adenylyl cyclase and stimulate mitogen-activated protein 

kinases (Howlett et al., 2002). The earliest study showing targeting of GPCR by 

cannabinoids was conducted by Howlett and colleagues in 1986 (Howlett et al., 

1986). GPCRs have a common structure of seven hydrophobic trans-membrane 

segments with an extracellular amino terminus and an intracellular carboxyl 

terminus and they are of 5 families: the rhodopsin family (including the 

cannabinoid receptors), the adhesion family, the frizzled/ taste family, the 

glutamate family, and the secretin family (Fredriksson et al., 2003). These 

receptors mediate a wide range of intracellular signalling pathways that facilitate 

cellular development, differentiation, proliferation and migration.  

1.1.3.2 CB1 and CB2 receptors 

The determination and characterization of a cannabinoid receptor from brain was 

first reported in 1988 (Devane et al., 1988). In 1990, the CB1 receptor was 

identified by cloning at a molecular level from rat brain (Matsuda et al., 1990). 

Soon after, CB1 receptors were identified in both human and mouse (Gerard et 

al., 1991) (Chakrabarti et al., 1995). These species share 97 %-99 % similarity in 

amino acid sequences (Howlett et al., 2002). In man, however, the CB1 receptor 

shares only 48 % homology of protein sequence with CB2 (Howlett et al., 2002). 

The CB1 receptor has an extensive distribution in the central nervous system and 

it is the most densely expressed GPCR in the brain (Herkenham et al., 1990; 

Matsuda et al., 1990). The CB1 receptor is highly expressed in the cerebellum, 

cortex and hippocampus, areas responsible for cognitive control, motor and 

emotional function, therefore, activation of CB1 receptors leads to the behavioural 

and psychotropic actions of cannabinoids.CB1 receptors are also found in the 

hypothalamus and brainstem, with an action on perception of pain and 

thermoregulation (Patel et al., 2010) and expressed in the spinal cord as well 

(Farquhar-Smith et al., 2000). In neurones, the CB1 receptor is positioned pre-

synaptically (Egertova et al., 2000) to control neurotransmitter release (for 

example: acetylcholine, 5-hydroxytryptamine, noradrenaline, dopamine, 

glutamate and GABA) (Pertwee, 2009).  
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Figure 1.1 Chemical structure of cannabinoid ligand. 

 

The distribution of CB1 receptors explains the wide range of effects associated 

with its global activation through Cannabis intake. These comprise hypomotility 

(Adams et al., 1996), short term memory disruption (Hall et al., 1998), anti-

nociception (Agarwal et al., 2007b), euphoria and intoxication (Ameri, 1999) and 
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distorted time perception (Mathew et al., 1998). In addition, it also plays a 

positive role in controlling nausea, vomiting, appetite, intra-ocular pressure and 

decreases muscle spasticity; in contrast, it exhibits adverse effects on memory 

and cognition (Howlett et al., 2002).  

Peripherally, the CB1 receptor has been found in the uterus, adipocyte, liver (Patel 

et al, 2010), adrenal, heart, ovary and prostate (Galiegue et al., 1995) and in 

nociceptive terminals (Agarwal et al., 2007a); mRNA encoding for CB1 receptors 

has been reported in testis (Gerard et al., 1991) and in immune cells (Howlett et 

al., 2002) to regulate different physiological process such as energy control and 

reproduction. Interestingly, CB1 receptors are mostly absent in the respiratory 

area of the brainstem and that is why there are no respiratory symptoms upon 

overdose of cannabinoids (Tsou et al., 1998).  

A CB2 cannabinoid receptor was cloned from HL-60 cells (human lymphoblast 

cells) (Munro et al., 1993) and was reported to be a peripheral receptor for 

cannabinoids, expressed mainly in immune cells, osteoblasts and osteoclasts. 

Therefore, it was proposed to have a role in immune function (modulation of 

cytokine release) and bone remodelling (Howlett et al., 2002). In addition, the 

CB2 receptor has been detected in other immune cells; mast cells (Samson et al., 

2003), T-cells (Schatz et al., 1997) and B-lymphocytes (Galiegue et al., 1995).  

The distribution of these receptors in healthy central nervous system tissue is 

quite controversial; it has been suggested that the extent of its expression in 

human brain is limited (Benito et al., 2008) as well as in rat spinal cord (Zhang et 

al., 2003). Some recent evidence exists for central neural expression of CB2 

receptors reported to be expressed in glial cells within the CNS (Beltramo et al., 

2006; Maresz et al., 2005; Stella, 2010; Stella, 2004).  

1.1.3.3 Signalling 

Inhibitory G proteins (Gi/o) play a role in cannabinoid receptor signalling 

function.  Subsequently, this will lead to inhibition of adenylyl cyclase and 

reduced adenosine 3’,5’-cyclic monophosphate, increased K+ efflux  and reduced 

calcium influx (Elphick et al., 2001), hence, reduced neurotransmitter release.  
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Both CB1 and CB2 receptors also activate extracellular signal-regulated protein 

kinases (Bouaboula et al., 1995).   

1.1.3.4 Other cannabinoid receptors  

Endocannabinoids not only work through CB1 and CB2 receptors; there are other 

receptors that can be activated by cannabinoids. 

  GPR55 

This receptor has been emerged as a putative “CB3” cannabinoid receptor 

although it shares less than 15% sequence homology with CB1 and CB2 (Yang et 

al., 2016). Its mRNA is widely distributed centrally and peripherally. GPR55 has 

been implicated in inflammation (Yang et al., 2016) and in neuropathic pain 

(Staton et al., 2008).  

 GPR119  

OEA (an analogue of AEA) and 2OG (an analogue of 2-AG) are natural agonists 

for GPR119 (Hansen et al., 2011). This receptor has been implicated in obesity, 

as its activation reduced food intake and weight gain in rodent (Overton et al., 

2006). GPR119 receptors are expressed in human and rodent pancreas, brain and 

intestine. Activation of GPR119 stimulates glucagon like peptide-1 (GLP-1) 

release which regulates glucose and insulin levels, as well as satiety status 

(Prasad-Reddy et al., 2015).   

 GPR18 

Three cannabinoids were reported as full agonists of GPR18: AEA, N-

arachidonoyl glycine (NAGly) and THC (McHugh et al., 2010). GPR18 mRNA 

expression was reported in human spleen and testis while it was not detected in 

many other tissues: liver, brain, kidney, pancreas, heart, lung and colon (Gantz et 

al., 1997). 2-AG was reported to be ineffective on GPR18 (Yin et al., 2009). 

There is limited amount of information available about this receptor and further 

research is needed.  

 Ion channels  

Ion channels play an important role in cannabinoid actions, which may be either 

direct or indirect. Evidence for the role of anion channels is very limited when 
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compared to cation channels and the evidence supports involvement of Ca2+ and 

K+ channels more than Na+ channels. It is well reviewed in (Pertwee, 2010). 

 Calcium channels 

2-AG (and other ECB) can bind to L-type voltage–gated calcium channels 

(Cav1.2), possibly in a non-competitive/allosteric manner; their reported IC50 or 

apparent Ki value range from 3.2 to 40 µM  (Johnson et al., 1993; Oz et al., 2004; 

Oz et al., 2000; Shimasue et al., 1996). 2-AG induced an inhibitory effect on P-

type calcium channel current peak amplitude (by 78 %) at 10 µM (Fisyunov et 

al., 2006). 

 Potassium channels 

Potassium channels modulate neuronal and muscle excitability. Human cardiac 

Kv1.5 channels were reported to be inhibited by 2-AG with an IC50 value of 2.5 

µM (Barana et al., 2010). In parallel, AEA and THC directly inhibited Kv1.2 K+ 

channels (ubiquitously found in the mammalian brain) with IC50 values of 2.7 and 

2.4 µM, respectively (Poling et al., 1996).  

 Sodium channels 

2-AG, arachidonoyl glycerol ether (noladin ether), N-arachidonoyl-dopamine 

(NADA) have been found to cause functional inhibition of mouse brain 

synaptoneurosomal voltage–gated sodium channels with relatively high IC50 

values of 90, 51 and 20 µM, respectively (Duan, Liao, et al., 2008; Duan, Zheng, 

et al., 2008). 

 TRPV1 channels 

The transient receptor potential vanilloid subfamily member 1 (TRPV1, capsaicin 

receptor) is one of the transient receptor potential (TRP) superfamily of 

nonselective cation channels which has six members (TRPV1-6) that mediates 

pain sensations; is commonly activated by a wide variety of exogenous and 

endogenous, physical and chemical stimuli (for example: acidic pH and heating) 

and it is densely expressed in sensory neurons (Tominaga et al., 1998).   

Most of the literature shows very little functional activity of 2-AG at TRPV1 

receptors (Abood et al., 2012) in comparison to anandamide and its analogues 

(reviewed in (Basso et al., 2017)). Recently, it has been suggested that MAG may 
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play several physiological roles via TRPV1 depending upon the cellular and 

tissue context (Iwasaki et al., 2008; Poursharifi et al., 2017; Zygmunt et al., 2013)   

 Nuclear hormone receptors 

PPARs (peroxisome proliferator-activated receptors) belong to the family of 

nuclear hormone receptors comprising three isoforms: α, β and γ (O'Sullivan, 

2007). PPARs are sensors of fatty acid levels and, as endocannabinoids are fatty 

acid derivatives, it is not surprising that endocannabinoids activate PPARs 

(O'Sullivan, 2007). Generally, there are three mechanisms by which cannabinoids 

are reported to activate PPARs: direct binding, metabolism to other compounds 

that directly bind to PPARs or via intracellular signalling processes.   

The first evidence of the ability of 2-AG to interact with PPARs came from a 

study conducted by Kozak (Kozak et al., 2002) which showed that lipoxygenase 

(LOX) metabolism of 2-AG lead to formation of 15-hydroxyeicosatetraenoic acid 

glyceryl ester, 15-HETE-G, at concentrations of 1–10 µM that increased the 

transcriptional activity of PPARα, as shown in a reporter gene assay. Recently, it 

was shown that induction of adipose tissue browning (by 1-MAG) is mediated in 

part through the activation of PPARα and γ (Zhao et al., 2016). On the other hand, 

AEA, PEA and OEA are also agonists of PPARα and play roles in regulation of 

inflammation and feeding (Bisogno et al., 2002; Fowler et al., 2001).  

PPARγ is involved in the regulation of insulin sensitivity, inflammation and 

adipocyte formation. Ligands of PPARγ, such as the thiazolidinediones, are used 

clinically in the treatment of type 2 diabetes to improve insulin sensitivity. 2-AG 

was reported to bind to PPARγ with the same potency as anandamide (IC50 =10 

µM) (Bouaboula et al., 2005). In addition, Rockwell (Rockwell et al., 2006) found 

that 2-AG activated PPARγ to produce anti-inflammatory effects. In that study, 

it was shown that 2-AG had an EC50 value of 30 µM in a reporter gene assay in 

3T3-L1 cells (mice adipose tissue) expressing recombinant receptors. 

Furthermore, 2-AG also activated PPARγ transcriptional activity and stimulated 

the differentiation of fibroblasts into adipocytes (Fievet et al., 2006); Stienstra et 

al., 2007). 
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PPARβ (also known as PPARδ) is ubiquitously expressed. Evidence suggests that 

this receptor has a metabolic regulatory function (Barish et al., 2006), but has not 

been extensively examined for activation by cannabinoids.  

1.2 Endocannabinoids Synthesis and metabolism 

All the endocannabinoids (endogenous cannabinoids) that have been identified 

till now are of lipid origin and allocated in two main lipid families: N-

acylethanolamines (NAEs) and 2-monoacyl-glycerols (2-MAGs) which show 

similar pharmacological profiles, but little structural similarity, to THC (van der 

Stelt et al., 2003). The prototypes for the above two families are N-

arachidonoylethanolamine (anandamide, AEA) (Devane et al., 1992) and N-

arachidonoyl dopamine (NADA) (Huang et al., 2002) for NAEs and 2-

arachidonoylglycerol (2-AG) (Mechoulam et al., 1995), and 2-oleolyglycerol 

(2OG) (Dinh et al., 2002a) as representative of MAGs (Figure 1.1). 

The discovery of the two principle most abundant, well-established, 

polyunsaturated fatty acid derivatives, AEA and 2-AG dated back to the mid-

nineties. Both act as agonists with nanomolar affinity to CB1 and CB2 receptors 

(like THC) (Devane et al., 1992; Mechoulam et al., 1995) in both man and other 

mammals (Di Marzo et al., 2007).  

Anandamide was discovered in 1992 from extracts of pig brain (Devane et al., 

1992) and it is a partial agonist at CB1 receptors (although of high affinity) and a 

relatively weak ligand at CB2 receptors (Pertwee, 2006). AEA concentration is 

1000 fold lower than 2-AG in mammalian neuronal tissue (Buczynski et al., 

2010). 2-AG was identified from canine gut (Mechoulam et al., 1995). It is a full 

agonist at both receptors (Gonsiorek et al., 2000) and is much more abundant than 

anandamide in the brain (Pertwee, 2006). It exhibits higher intrinsic efficacy than 

anandamide at both CB1 and CB2 receptors (Pertwee, 1999) and has a relatively 

higher affinity for CB1 than CB2 receptors (Howlett et al., 2002).  

The action of the ECB system is tightly controlled by the rapid synthesis and the 

fast transport or metabolism by the corresponding enzymes.  
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1.2.1 Synthesis 

The two endocannabinoids AEA and 2-AG have distinct synthetic pathways. One 

proposed mechanism for AEA synthesis is comprised of transference (by trans-

acylation) of an arachidonoyl sidechain of phosphatidylcholine to the free amine 

of phosphatidylethanolamine to form N-arachidonoylphosphatidylethanolamine, 

NAPE, a membrane lipid. A second step is the hydrolysis of this phospholipid by 

a distinct phospholipase D activity, called NAPE-PLD, to generate anandamide 

and phosphatidic acid (Sugiura et al., 1996). Importantly, both steps require an 

elevation of intracellular calcium levels (Di Marzo et al., 1994). However, genetic 

deletion of NAPE-PLD showed no alteration in mice brain AEA level suggested 

the presence of an alternative pathway (Leung et al., 2006). Indeed, it has been 

shown that phospholipase C is able to catalyse the cleavage of NAPE (Liu et al., 

2006) (Figure 1.2).  

2-AG synthesis involves 2 steps also; hydrolysis of phosphatidylinositol 4,5-

bisphosphate to generate 1,2-diacylglycerol and inositol 1,4,5-trisphosphate by 

phosphatidylinositol specific phospholipase C (PLC), then 1,2-diacylglycerol can 

be hydrolysed by diacylglycerol lipases (DAGLα/β) (Bisogno, 2008) to generate 

2-arachidonoylglycerol and free fatty acids. Notably, endocannabinoids are 

proposed to be synthesized on demand (not stored in vesicles like other 

neurotransmitters). 
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Figure 1.2 Schematic representation of the major pathways of anandamide and 2-arachidonyl 

glycerol synthesis, degradation and transformation. 

Adapted from (Fowler et al., 2017). 

 

1.2.2 Metabolism 

There appear to be two steps for endocannabinoids to be removed from the 

synaptic cleft: cellular uptake and intracellular enzymatic hydrolysis (Matias et 

al., 2007).  Cellular uptake occurs through simple membranous diffusion as ECB 

are highly lipophilic compounds (Hillard et al., 1985). The involvement of 

specific transporter process is a matter of controversy. FAAH-like anandamide 

transporter 1 (FLAT-1) was suggested as a carrier for AEA (Fu et al., 2011), but 

its existence has been disputed (Fowler, 2014) .  

Intracellularly, anandamide in the nervous system is metabolized primarily by the 

microsomal enzyme fatty acid amide hydrolase (FAAH) (Ahn et al., 2008), a 

membrane-bound, amidase subfamily of serine hydrolase, found abundantly in 

liver and brain (Deutsch et al., 1993), to give arachidonic acid and ethanolamine. 

There is a second isoform of FAAH, FAAH2, that has been identified in man, 

rabbits and elephants but not in rats, mice and dogs (Wei et al., 2006). FAAH2 

and N-acyl ethanolamine hydrolysing acid amidase (NAAA) may contribute to 

the hydrolysis of AEA in particular cell types (Ahn et al., 2008).  On the other 

hand, 2-AG has been reported to be hydrolysed by several enzymes, but primarily 

by monoacylglycerol lipase (MAGL), from the lipase subfamily of serine 
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hydrolase, which has been reported in many tissues including brain and adipose 

tissue to generate arachidonic acid and glycerol (Dinh et al., 2002a). Two other 

serine hydrolases, α/β-hydrolase domain 6 (ABHD6) and ABHD12 are also 

thought to be responsible for 2-AG degradation (Blankman et al., 2007) (Figure 

1.2).  

Oxidative metabolism of the arachidonoyl moiety (found in both anandamide and 

2-AG) has also been reported by lipoxygenases (LOX) (Kozak et al., 2002), 

cytochrome P450 isoforms (Snider et al., 2009) and cyclooxygenase-2 (COX-2) 

(Fowler, 2007) to generate bioactive products (Bisogno, 2008; Ho et al., 2007) 

that exert their effects through a mechanism other than CB1 receptors. For 

example, cyclooxygenase-2 transforms both anandamide and 2-AG to 

prostaglandin-like metabolites which regulate endocannabinoid tone at particular 

hippocampal pathways (Kim et al., 2004) and have a wide array of roles in 

cellular responses (Manna et al., 2014) . However, biotransformation of both 

endogenous cannabinoids by lipoxygenase results in unclear physiological roles 

of the metabolites (Bisogno, 2008; Ho et al., 2007) (Figure 1.2). 

1.3 Neuro-physiological function 

Synaptic plasticity is one of the important neurochemical foundations for 

different physiological brain activities, first described in 1973 (Bliss et al., 1973; 

Xu et al., 2015). It occurs in both excitatory and inhibitory synapses in response 

to various stimuli and events and its efficacy is dependent on the synaptic 

densities of receptors (Xu et al., 2015). 

Endocannabinoids contribute to short-term (seconds to minutes) (Alexander, 

2014) and long-term synaptic plasticity (5-10 minutes) (Kano, 2014). These are 

phenomena dependent on cannabinoid receptors. The emerging evidence strongly 

suggests that 2-AG is considered the main messenger for these events (Kano, 

2014) while AEA involvement is still controversial (Pan et al., 2009a; Xu et al., 

2015). Depolarisation-evoked suppression of excitation (DSE) and 

depolarisation-evoked suppression of inhibition (DSI) are consequences of 

endocannabinoid release and action, both of which are representative of short-

term plasticity.  
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In brief, synthesis of ECB in postsynaptic neurons occurs in response to post-

synaptic depolarization and/or receptor activation, this in turn in a retrograde 

manner activates pre-synaptic CB1 receptors which inhibit neurotransmitter 

release (glutamate or GABA as the primary excitatory or inhibitory CNS 

neurotransmitters, respectively, and hence the name DSE and DSI, respectively) 

at a variety of synapses throughout the central and peripheral nervous systems.  

1.4 Clinical applications and restrictions 

The wide array of therapeutic uses of Cannabis over the centuries was the impetus 

behind focusing research on cannabinoids to discover either new analogues or 

new pharmacological applications. Initially, there has been a drive to produce 

synthetic agonists that help to alleviate medical disorders such as nausea and pain; 

however, psychological side effects (sedation, dissociation and other 

psychotropic activity impairment) remain an obstacle. These side effects probably 

occurred through activation of the central CB1 receptor. The first trials of 

cannabinoid receptor agonists in the clinical field were less than 40 years ago 

(Pertwee, 2009). Sativex® was the first medication licenced in UK for treating 

multiple sclerosis spasticity and peripheral neuropathic pain as an add-on drug 

(Nurmikko et al., 2007). Nabilone (Cesamet®), Dronabinol (synthetic Δ9-THC) 

(Marinol®) have therapeutic applications (to treat chemotherapy-induced nausea 

and vomiting, to increase appetite and to provide neuropathic pain relief in 

multiple sclerosis or advanced cancer) (Pertwee, 2009) in some countries with 

some limitations. Rimonabant (a CB1 receptor antagonist) (Rinaldi-Carmona et 

al., 1994) was used for 2 years before being abandoned because of depression and 

suicidal ideation (Alexander, 2014; Hanus, 2009).  

The rapid inactivation of endocannabinoids in vivo and/or their short life within 

the synapse stand behind the difficulty of exploiting the therapeutic 

characterisation of AEA and 2-AG (Deutsch et al., 1993). The failure of drugs 

targeting cannabinoid receptors directly has lead researchers to investigate the 

therapeutic potential of compounds targeting specific enzymes within the 

cannabinoid system (Marrs et al., 2011). Selective inhibitors of fatty acid amide 

hydrolase and monoacylglycerol lipase have been identified and there is evidence 

to suggest potential therapeutic actions, although till now, no successful clinical 
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trials have been reported (Alexander, 2014). MAGL is thought to be the main 

contributor to 2-AG hydrolysis and its inhibition leads to 2-AG accumulation 

which exerts its effects on cannabinoid receptors. However, on chronic 

inactivation, this leads to desensitization of CB1 receptors and behavioural 

tolerance (Savinainen et al., 2012). This appears not to happen with FAAH 

inhibitors in either acute or chronic administration (Ahn et al., 2009a; Schlosburg 

et al., 2010) or just became less effective on repeated administration (Okine et 

al., 2012). One of the promising areas in this regard are ABHD6 and ABHD12 

inhibitors. In mouse whole brain, these enzymes have been reported to be 

responsible for hydrolysing 4% and 9% of 2-AG activity respectively (Savinainen 

et al., 2012). An ABHD6 inhibitor, in particular, generated a moderate reduction 

of 2-AG hydrolysis and no desensitization of receptors. Thus, it produced a fine 

tuning of 2-AG levels and a key role “within the therapeutic window of enhanced 

2-AG signalling” (Marrs et al., 2011).  

1.5 Focus on the main 2-AG hydrolysing enzymes  

One of the largest enzyme superfamilies is the α/β hydrolase fold superfamily. It 

has at least 19 members (Todd et al., 2001). These enzymes have unrelated 

sequences, different substrates and different kinds of catalytic activities 

(Holmquist, 2000). However, a catalytic triad invariably comprises a nucleophile 

(serine), an acidic residue (aspartate) and a conserved histidine (Todd et al., 

2001). The serine hydrolases include lipases, proteases, esterases and others 

(Long et al., 2011; Simon et al., 2010), where the substrates are esters, amides or 

thioester bonds (Long et al., 2011). For a recent review, see (Lord et al., 2013).  

ABHD6 belongs to the serine hydrolase family, with a typical GxSxG motif in 

the active site (Max et al., 2009). The active site is expected to be inside the cell, 

thus this enzyme may be important in controlling intracellular pools of 

endocannabinoid (Savinainen et al., 2012) (Figure 1.3). RT-PCR of human 

tissues showed high expression of ABHD6 in liver, kidney and ovary (Li et al., 

2009). Based on the primary sequence, it has 337 amino acids with a predicted 

molecular weight of 38 kDa, but is observed to range from 30-38 kDa (see 

Introduction of Chapter 3). There is, as yet, no evidence as to whether acute or 

chronic ABHD6 inhibition can desensitize CB receptors. However, there is 
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evidence that acute or chronic treatment with an ABHD6 inhibitor prevented 

spontaneous behavioural seizures (in a mouse model of Huntington's disease 

(HD)) without inducing drug tolerance (Naydenov et al., 2014). In addition, acute 

and chronic ABHD6 antisense oligonucleotide (ASO) inhibition did not 

desensitize CB1 receptors in mouse liver (Thomas et al., 2013), but whether ECB 

desensitization occurred in other tissues and organs is unknown.  It is important 

to mention that ABHD6 is known to only be responsible for a minor proportion 

of 2-AG hydrolysis (Blankman et al., 2007) and this probably is beneficial in 

avoiding 2-AG overload, CB receptor desensitization and behavioural tolerance; 

hence, there is accumulating evidence for developing ABHD6 as a drug target.   

MAGL was initially described in the context of lipid metabolism, serving a 

house-keeping function (Navia-Paldanius et al., 2012), before it was recognised 

to have a role in endocannabinoid turnover (Labar et al., 2010b). In the adipocyte, 

triacylglycerols are packaged into lipid droplets, and subsequently are hydrolysed 

into fatty acids which are released into the blood circulation on demand (Lafontan 

et al., 2009). At the beginning of the 1960s, several studies showed the 

involvement of two enzymes in lipolysis not related to lipoprotein lipase 

(Vaughan et al., 1964). They are hormone sensitive lipase, which cleaves 

triacylglycerols to monoacylglycerols, and MAGL which converts the latter to 

generate free fatty acids for release to the circulation (Fredrikson et al., 1981). 

MAGL is a soluble enzyme and is reported to be found in both cytosolic and 

plasma membrane fractions (see Figure 1.3). High expression levels of mRNA 

(in rat) have been reported in adipose tissue, kidney and testis (Karlsson et al., 

1997). It has 303 amino acids and is approximately 33 kDa. Acute MAGL 

inhibition has anti-nociceptive effects while chronic blockade causes 2-AG 

elevation which desensitizes CB1 receptor causing undesirable effects, for 

example, hypothermia, hypomotility and hyperreflexia (Schlosburg et al., 2010).    

ABHD12 is a 398 residue protein (45 kDa) and predicted to be a single-pass 

integral membrane protein with its active site facing the extracellular space 

(Blankman et al., 2007) (Figure 1.3). Although widely distributed in many 

tissues, the highest mRNA expression is found in mouse brain (Lord et al., 2013), 

especially the microglia (Savinainen et al., 2012). However, little is known about 
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its functional activity and physiological role/s. Similarly to ABHD6, ABHD12 

ASO treated mice were found to be protected from diet induced obesity, hepatic 

steatosis and insulin resistance (Thomas, 2014). ABHD12 mutations have been 

shown to be associated with polyneuropathy, hearing loss, ataxia, retinitis 

pigmentosa and cataract (PHARC) in humans (Fiskerstrand et al., 2010). 

However, the lack of selective inhibitors and /or substrate has limited exploration 

of this enzyme. To this end, a versatile activity assay is required to allow profiling 

of a large library of potential inhibitors/substrates. In fact, 2-AG hydrolase 

activity is the only feature potentially linking ABHD12 to the endocannabinoid 

system (Navia-Paldanius et al., 2012). This doctoral thesis will focus mainly on 

2-AG hydrolases enzymes, in particular, MAGL and ABHD6.  

 
Figure 1.3 Subcellular localization of MAGL, ABHD6 and ABHD12. 

Adapted from (Blankman et al., 2007). 

 

1.6 Role of ABHD6 in patho/physiological conditions 

There are studies suggesting that ABHD6 may have a role in certain illnesses. 

Accordingly, this infers that inhibition of ABHD6 might have potential 

therapeutic implications. In many cases, ABHD6 seemed to follow similar (if not 

identical) therapeutic approaches/aspects to MAGL and research is still ongoing 

to unveil ABHD6 role/s. Below is a summary of this research, disease/pathology 

involved (Figure 1.4), techniques used and the investigated species.  

1.6.1 Metabolic disorders 

A study exploring ABHD6’s biochemistry and physiology in certain peripheral 

tissues (liver, adipose tissue and kidney) (Thomas et al., 2013) provided key 

information about ABHD6 and metabolic disorders. Harlan male mice 
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(maintained either on standard rodent chow or switched to high fat diet) were 

injected simultaneously with murine specific ABHD6 antisense oligonucleotides 

(ASO) for an ABHD6 knockdown study, in either dietary setting, without altering 

expression in the brain. Quantitative Real-Time PCR showed that ABHD6 

mRNA expression was up regulated by high fat diet in the liver and small intestine 

and ABHD6 knockdown protected against body weight gain induced by fatty diet 

after 4 weeks of treatment. There was, in addition, significant reduction of the 

total hepatic triacylglycerol in high fat diet mice and protection from high fat diet-

induced hyperglycaemia, hyper-insulinemia and improvement in glucose and 

insulin tolerance (by mass spectrometry of liver lipids and glucose and insulin 

tolerance tests) as well as protection from hepatic steatosis. Furthermore, this 

ABHD6 knockdown did not alter hepatic ECB levels or cause CB1 

desensitization). Inhibition of ABHD6 suggested a role in lysophospholipid 

metabolism (increased their hepatic level) and protected against obesity (Thomas 

et al., 2013). 

Later on, the same research group confirmed that whole-body ABHD6 knockout 

mice on a high fat diet were protected from obesity, hyperinsulinemia (see 

below), hepatic steatosis and they had elevated energy expenditure attributed in 

part to browning of white adipose tissue and brown adipose tissue activation 

(Zhao et al., 2016).  

Recently, using viral mediated knockdown of ABHD6 and pharmacological 

approaches, ABHD6 inhibition was identified as a regulator of fasting, nutrient 

excess, cold, and dieting (Fisette et al., 2016). Mice lacking ABHD6 from 

neurons of the ventromedial hypothalamus were characterized by an impaired 

feeding response to fasting, reduced cold induced thermogenesis and increased 

susceptibility to hypothermia, resistance to diet-induced weight loss (transition 

from high fat diet to regular chow) and increased susceptibility to high fat diet-

induced obesity (Fisette et al., 2016). 

Finally, it has been reported that ABHD6 is a part of late endosomal/lysosomal 

lipid sorting machinery (Pribasnig et al., 2015). ABHD6, in mouse and human, 

was found to degrade bis(monoacyglycerol)phosphate with high specific activity 

(both in vivo and in vitro, using antisense oligoneucleotides and the selectively 
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reported ABHD6 inhibitor KT182, respectively). 

Bis(monoacyglycerol)phosphate is enriched in late endosomes/lysosomes with a 

profound role in lipid metabolism (digesting and sorting).   

1.6.2 Diabetes and insulin level 

Pancreatic islets were isolated from male Wistar rats and from man; insulin 

secretion was studied in isolated islets and in INS82/13 cell (rat insulin secreting 

cell line).  Overexpression and RNAi silencing knockdown of ABHD6 and 

MAGL were conducted together with assays of insulin secretion, HPLC and 

western blot analysis. The 1-MAG was generated near the plasma membrane of 

β cells during glucose metabolism, acting as a signalling molecule to enhance 

insulin secretion. 1-MAG was hydrolized by ABHD6 and the genetic deletion of 

ABHD6 was associated with enhanced ex vivo and in vivo glucose stimulated 

insulin secretion (GSIS) and total monoacylglycerols (Zhao et al., 2014; Zhao et 

al., 2015). In contrast, inhibition of MAGL activity pharmacologically or via 

siRNA knockdown of the enzyme did not affect GSIS. Importantly, 

administration of WWL70 (ABHD6 selective inhibitor) restored normal glucose 

tolerance and GSIS in an animal model of diabetes (injected with low-dose 

streptozotocin to induce diabetes) (Zhao et al., 2014).  

1.6.3 Schizophrenia 

mRNA encoding ABHD6 was assessed by quantitative RT-PCR in human 

prefrontal cortex from otherwise healthy controls and schizophrenics post-

mortem.  Elevated levels were identified in younger subjects with shorter illness 

duration, compared to older subjects treated with antipsychotics.  In parallel, 

prefrontal cortices from macaque monkeys exposed to haloperidol, olanzapine, 

THC or vehicle were assessed for ABHD6 mRNA expression but no differences 

were observed in any treatment group (Volk et al., 2013). 

1.6.4 Inflammation and autoimmune diseases 

It has been found that there is physiological interaction between the ECB system 

and the prostanoid system, in that pharmacological blockade of ABHD6 (via 

WWL70) in macrophages (J774, murine cell line) and in vivo lead to increased 

2-AG (dose dependent) and this increased prostaglandin D2 (PG-D2) (via COX-

2) which has anti-inflammatory benefits both in vivo and in vitro (Alhouayek et 
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al., 2013). The macrophages were treated with lipopolysaccharide (LPS), a potent 

immune system activator. Macrophages activated with LPS release several pro-

inflammatory cytokines, such as IL-1β, IL-6, and TNF-α, and produce nitric 

oxide. All of these cytokines and the PGs were quantified by enzyme-linked 

immunosorbent assay (ELISA) and Liquid chromatography–mass spectrometry 

(HPLC-MS), respectively. An anti-inflammatory profile of WWL70 was also 

unveiled in another study where it was shown to decrease PG-E2 glycerol ester 

both in vivo and in vitro (Tanaka et al., 2017). 

In another recent study (Wen et al., 2015), pharmacological inhibition of ABHD6 

increased 2-AG/CB2 signalling to exert anti-inflammatory effects. This study 

examined the role of WWL70 administration in experimental autoimmune 

encephalomyelitis (an animal model of multiple sclerosis). The neuroprotective 

effects reported here are reduced demyelination and axonal loss and increased 

survival of mature oligodendrocytes.    

In addition, it is reported that there was a strong association between the high 

expression of ABHD6 and the development of Systemic Lupus Erythrematosis 

(SLE), an autoimmune disease (Oparina et al., 2014). Furthermore, the study also 

revealed that this robust correlation was specifically related to subjects of 

European origins and that single nucleotide polymorphisms (SNP) variant with 

lower ABHD6 expression is protective against it (Poursharifi et al., 2017).   

1.6.5 Miscellaneous neurological conditions  

The first study reporting the beneficial aspects of ABHD6 inhibition was in a 

mouse model of traumatic brain injury (TBI) (Tchantchou et al., 2013). It was 

found that selective inhibition of ABHD6 (using WWL70) significantly increased 

CB1 and CB2 receptor expression to 40% and 60% in the ipsilateral cerebral 

cortex post TBI, respectively, compared to control. In order to assess blood brain 

barrier function, which represent an important hallmark of TBI pathology, two 

steps were needed: expression of ICNA-1 (marker of leukocyte transmigration) 

was carried out and showed up-regulation, and fluorometric analysis of Evans 

blue extravasation of brain tissue which showed higher levels when compared 

with control groups. However, both these parameters were significantly 

decreased by WWL70 treatment. WWL70 reduced brain lesions and the effect 
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was blocked by a CB1 receptor antagonist. Further functional recovery tests were 

conducted to assess motor and memory brain function and all collectively showed 

that fine tuning of 2-AG by ABHD6 could exert anti-inflammatory and 

neuroprotective effects (Tchantchou et al., 2013).  It is reasonable to believe that 

there are other beneficial aspects of ABHD6 blocking for treating patients with 

neurodegenerative diseases (Poursharifi et al., 2017), multiple sclerosis (Wen et 

al., 2015) and other neurological conditions.   

Furthermore, selective blocking of ABHD6 is beneficial in epilepsy models. 

Three types of mouse were used: (WT) Wild Type mice, (Cnr1-/- and Cnr2-/-) mice 

lacking CB1 and CB2 receptors, treated with pentylenetetrazole (to induce 

seizure) and R6/2 mice (a genetic model of juvenile Huntington’s disease). The 

study showed that selective inhibition of ABHD6 (using WWL123) exerted 

antiepileptic activity in these seizured mice (by video EEG monitoring) mediated 

by GABA receptors rather than CB1 or CB2 receptors. Other semi-quantitative 

procedures were also carried out for further confirmation (Naydenov et al., 2014).  

It is interesting to note that during the preparation of this thesis that a novel anti-

nociceptive and anti-inflammatory mechanisms of WWL70 treatment in 

neuropathic pain model mice was uncovered using a range of techniques: qRT-

PCR, enzyme-linked immunosorbent assay (ELISA), immunohistochemistry and 

liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS). It 

revealed the interaction between endocannabinoid and eicosanoid pathways and 

that WWL70 exert its effects via decreasing PG-E2 and COX-2 production and 

expression, rather than through cannabinoid receptors. Blocking ABHD6 also 

significantly alleviated thermal hyperalgesia and mechanical allodynia in these 

models (Wen et al., 2018). 

1.6.6 Ewing tumours and other cancers 

ABHD6 is highly expressed in certain type of tumours, however, unlike MAGL, 

its knockdown did not inhibit abnormal cell growth (Navia-Paldanius et al., 

2012). EFT (Ewing Family Tumors) cell line and normal tissues underwent 

quantitative RT-PCR for ABHD6 expression which showed an exceptionally 

high expression of ABHD6 in Ewing tumours. However, knockdown of ABHD6 

did not inhibit cell growth of Ewing family tumours (Max et al., 2009). 
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It is also reported that Epstein-Barr virus (EBV) antigen 2 (which is associated 

with lymphomas and other EBV-associated malignancies) target ABH6 gene 

(Maier et al., 2006). Furthermore, semi-quantitative PCR was performed among 

other 7 tumour cell lines, from mouse and human origin, to study DNA and 

protein sequence. High expression of ABHD6 was found in bone, prostate and 

leukocyte cancer cell lines (Li et al., 2009).  

In addition, ABHD6 was identified as being highly expressed, via the functional 

proteomic technology of activity based protein profiling, in one of the most fatal 

cancers which is pancreatic ductal adenocarcinoma (PDAC)  (Gruner et al., 

2016).  It was investigated in both human and mouse PDAC cell lines, in vivo and 

in vitro and its inhibitors, reduced both tumour proliferation and metastasis. 

Finally, RNAseq data and screening among liver tumour genes, ABHD6 was 

found as a potential anti-oncogene marker (with low ABHD6 expression in 

advanced hepatocellular carcinoma) (Yu et al., 2016).  

 
Figure 1.4 α/β-Hydrolase domain 6 (ABHD6) pathologies. 

On the left side, the image shows ABHD6 relation with different kinds of cancers. 

On the right side, it shows its involvement with various neural, immunological and 

metabolic diseases. Adapted from (Poursharifi et al., 2017). 

 

1.7 Role of MAGL in physio/pathological conditions 

More than 50 years have passed since the first description of MAGL. MAGL 

research started from fat metabolism and, within recent years, it has moved 

toward endocannabinoid signalling and arachidonic acid metabolism (Grabner et 
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al., 2017). This enzyme is known to have several potential therapeutic benefits 

both in vivo and in vitro (as will be shown below). However, doubts and/or 

concerns arose as its chronic inhibition (genetic or pharmacologic) lead to, for 

example,  functional antagonism of brain CB1 receptor,  physical dependence,  

impaired endocannabinoid–dependent synaptic plasticity and neuropsychiatric 

adverse effects (Schlosburg et al., 2010).  

MAGL serves a critical node within the health and disease context. 

Understanding metabolic, biochemical and physiological roles of MAGL, would 

help to accelerate the discovery of selective and potentialy potent inhibitors and 

apply careful examination to their pathways. Below is a summary of the 

therapeutic potential of MAGL inhibition: 

1.7.1 Pain and inflammation 

It has been shown that acute MAGL inhibition exerted anti-nociceptive effects, 

via CB1 receptors, in chemical, inflammatory, thermal and neuropathic pain 

mouse models using various MAGL inhibitors and receptor agonists (Guindon et 

al., 2011; Kinsey et al., 2009; Long et al., 2009a; Mulvihill et al., 2013). 

Interestingly, an oral MAGL inhibitor (SAR127303) was also tested. It is reported 

to exert anti-nociceptive effect even at repeated administration and have potential 

anti-epileptic properties with no tolerance detection in rodent (Griebel et al., 

2015). 

MAGL conversely regulates 2-AG and arachidonic acid (AA) levels in several 

tissues (Dinh et al., 2002a) and AA oxidation (COX-1, COX-2, cytochrome P450 

and LOG) can convert it to other signalling molecules, such as prostaglandins 

(Grabner et al., 2017). Non-steroidal anti-inflammatory drugs (NSAID) such as 

aspirin and ibuprofen, are widely used to treat pain and inflammation by blocking 

COX-1 and COX-2 and subsequently decreasing PGs (Rouzer et al., 2011). Anti-

inflammatory effects of MAGL ablation come from two levels: firstly by directly 

increasing 2-AG which acts on cannabinoid receptors which has been shown to 

have many central and peripheral anti-inflammatory effects (Bridges et al., 2001; 

Ibrahim et al., 2003; Valenzano et al., 2005)(for review, see (Grabner et al., 2017; 

Klein, 2005; Mulvihill et al., 2013; Turcotte et al., 2015). Secondly, by reducing 

AA availability for ECB independent pro-inflammatory processes (Grabner et al., 
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2017). Indeed, reducing the supply of AA and subsequent PGs synthesis and 

cytokine production has been shown to be protective in LPS-induced neuro-

inflammation mice with both pharmacological and genetic deletion of MAGL 

(Nomura et al., 2011b). In addition, one of the major advantages of MAGL 

inhibition over NSAIDs, is a lack of risk of GIT bleeding and ulcers,(Sostres et 

al., 2013). Indeed, it was shown that JZL184, a MAGL inhibitor, protected from 

NSAID-induced gastric haemorrhage (Kinsey et al., 2013).  

It is now well known that genetic or pharmacological blockade of MAGL has 

profound impact in terms of neurophysiology, synaptic plasticity, inflammation 

and behaviour (Blankman et al., 2013; Murataeva et al., 2014; Viader et al., 

2015). In particular, it has been found that MAGL in astrocytes, rather than in 

neurons or microglia, is mainly responsible for converting 2-AG to neuro-

inflammatory PGs (Viader et al., 2015).  The study indicated that astrocytes exert 

a fundamental part in facilitating ECB-eicosanoid crosstalk in the nervous system 

and that selective genetic deletion of MAGL in these cultured cells was coupled 

to elevation of 2-AG and reduction in AA and PGs in mice.   

Furthermore, MAGL blockade (by JZL184) has been shown to be beneficial in 

inflammatory bowel disease (trinitrobenzene sulfonic acid (TNBS)-induced 

colitis) mouse model in terms of restoring intestinal integrity and barrier function, 

reducing both histologically and macroscopically colon alternations and pro-

inflammatory cytokine levels (Alhouayek et al., 2011). 

1.7.2 Metabolic disorders 

Metabolic syndrome is a major health problem and includes combinations of 

pathological conditions of: high blood pressure, abdominal obesity, insulin 

resistance and high blood sugar and abnormal cholesterol and triglyceride level 

and it directly increases the risk of cardiovascular diseases and diabetes (Kaur, 

2014). MAGL is well known in the context of lipolysis; triglycerides are 

hydrolysed by hormone sensitive lipase and adipose tissue triacylglycerol lipase 

into monoacylglycerols which in turn are hydrolysed by MAGL to fatty acids and 

glycerol (Labar et al., 2010b). Furthermore, MAGL has been implicated in insulin 

secretion. It has been reported that MAGL inhibition (pharmacologically with 1 

μM JZL184) or RNAi silencing knockdown) or over-expression does not alter 
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glucose-sensitive insulin secretion in β cells (Zhao et al., 2014). In contrast, 

MAGL inhibition using three different MAGL inhibitors (JZL184 (10 μM), 

MJN110 (10 μM) and URB602 (50 μM)) caused GSIS blocking in the same cell 

line (INS82/13 cell) (Berdan et al., 2016). This discrepancy was explained by the 

first group of researchers by the high dose of the inhibitors applied in the 

experiment.  

While acute MAGL inhibition caused hyperphagy, as shown by Woodhams and 

colleagues, that single administration of JZL184 significantly increased food 

intake in rats (Woodhams et al., 2012),  long term inhibition (MAGL- knockout) 

decreased diet induced obesity and insulin resistance in mice (Taschler et al., 

2011). Furthermore, a recent study demonstrated that MAGL global deletion 

reduced body weight in high fat diet fed mice and that MAGL controls energy 

homeostasis via mobilization of fat stores (Douglass et al., 2015).  

1.7.3 Stress, depression and addiction  

MAGL inhibitors, similarly to direct cannabinoid agonists and FAAH inhibitors, 

showed promising response in neuro-behavioural diseases, such as: anxiety, 

stress and addiction (Grabner et al., 2017).  It has been reported that chronic 

MAGL inhibition prevents stress- induced anxiety-like behaviours, while acute 

inhibition has little effect (Sumislawski et al., 2011). The mechanism included 

augmentation of 2-AG levels by JZL184 and consequent activation of CB1 

receptors which prevented both behavioural and synaptic adaptations to chronic 

stress in mice.  

In addition, chronic JZL184 treatment improved chronic stress-induced 

depression-like behaviour through enhancement of ECB-mammalian target of 

rapamycin (mTOR) signalling (Zhong et al., 2014) where the mTOR signalling 

pathway plays a major role in depression development (Abelaira et al., 2014).   

Furthermore, MAGL plays a role in drug withdrawal symptoms. By enhancing 

ECB levels, MAGL inhibition (by JZL184) reduced withdrawal signs and ileal 

contractions intensity in opioid dependent mice (in a dose-dependent manner) 

(Ramesh et al., 2011), significantly reduced the intensity of withdrawal signs 

precipitated in THC-dependent mice (with acute administration) (Schlosburg et 
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al., 2009) and nicotine somatic withdrawal signs in mice (dose-dependently) 

(Muldoon et al., 2015).  

1.7.4 Cancer and its related syndromes 

MAGL is upregulated, providing free fatty acids (FFA) in aggressive human 

cancer cells and primary tumours, which is in turn implicated in escalating 

oncogenic lipid signalling and cancer aggressiveness (Mulvihill et al., 2013). 

These authors also demonstrated that MAGL’s blocking role in cancer was 

operated by ECB independent signalling; it is by reducing FFA and pro-

tumorigenic lipids, for example: PG-E2 and lysophosphatidic acid (Kopp et al., 

2010; Mulvihill et al., 2013). Impairment of cellular migration, invasiveness and 

aggressiveness in breast, ovarian and melanoma cancer cells was influenced by 

MAGL ablation (Nomura et al., 2010). On the other hand, another report 

supported dual inhibitory actions of MAGL (using JZL184) in decreasing 

prostatic cancer pathogenicity by ECB signalling and low FFA pathways and they 

also reported high MAGL activity in aggressive prostate cancer cells (Nomura et 

al., 2011a). High MAGL expression was reported in nasopharyngeal carcinoma 

(Hu et al., 2014), hepatocellular carcinoma (Zhu et al., 2016) and colorectal 

carcinoma (Ye et al., 2011); in these carcinomas,  it has been shown that MAGL 

upregulation caused increased cellular growth, invasiveness abilities and 

metastasis, while its downregulation decreased these characteristics. MAGL 

inhibition (with type II topoisomerase) also was revealed to reduce neuroblastoma 

cell growth (Matuszak et al., 2012).  

In addition, JZL184 dose-dependently suppressed vomiting in a lithium chloride 

model using shrews by elevating 2-AG which has anti-emetic or anti-nausea 

potential (Sticht et al., 2012). 

1.8 ABHD6 inhibitors 

There are many non-selective ABHD6 inhibitors but there has been little success 

in developing potent and selective inhibitors (Patel et al., 2015). Examples of 

non-selective inhibitors are: MAFP (a useful reference compound as it inhibits 

nearly all serine hydrolases, (Deutsch et al., 1997), orlistat (THL) and RHC-

80267 (DAG lipase inhibitors) and pristimerin (MAGL inhibitor, (Navia-
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Paldanius et al., 2012). In 2007, by screening a library of carbamate derivatives, 

Li et al identified WWL70 as a potent selective ABHD6 inhibitor using functional 

proteomic strategy (Li et al., 2007). Later on, an isosteric analogue of WWL70, 

WWL123 (Bachovchin et al., 2010) (Figure 1.5), showed adequate blood brain 

penetration and anti-epileptic effects (described above). KT182 and KT185 

belong to triazole urea based ABHD6 inhibitors. KT 182 showed selectivity and 

potency in Neuro2A cells (< 5 nM, but is not commercially available) while 

KT185 had orally bioavailability with good selectivity against other brain and 

liver serine hydrolases in vivo (Hsu et al., 2013). A dual FAAH and ABHD6 

inhibitor, UCM710, was also reported (Marrs et al., 2011). Table 1.1 describes 

the biochemical aspects of ABHD6 inhibitors. 

 

 

 

      Table 1.1 Biochemical aspects of ABHD6 inhibitors from literature. 

Inhibitor 

IC50 

value 

(µM) 

Tissue type Study 

Substrate/ 

final 

concentration 

Detection 

method 

WWL70 0.07 

Recombinant 

human 

ABHD6 in 

COS-7 cells 

(Li et al., 

2007) 
FP-Rh 1 µM ABPP 

WWL123 0.43 

Recombinant 

human 

ABHD6 in 

COS-7 cells 

(Bachovchin 

et al., 2010) 
FP-Rh 2 µM ABPP 

KT182 0.002 

Mouse brain 

membrane 

proteomes 

(Hsu et al., 

2013) 
FP-Rh 1 µM ABPP 

UCM710 2.4 

Recombinant 

human 

ABHD6 in 

COS-7 cells 

homogenates 

(Marrs et al., 

2011) 

[3H]-2-AG 

∼1 nM 

radiometric 

enzyme 

assay 

     (ABPP) Activity Based Protein Profile, (FP- Rh) Fluorophosphonate -rhodamine probe      (further 

details in methodology Chapter). 
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Figure 1.5 Chemical structure of some of ABHD6 and MAGL inhibitors. 

  

 

1.9 MAGL inhibitors 

As discussed above, pharmacological inhibition of MAGL has been reviewed and 

suggested to have many potential benefits. Different classes of MAGL inhibitors 

(based on chemical structure) have been identified; they share their inhibitory 

action by either binding to the nucleophilic cysteine residue (Cys122) or to cysteine 

residues near the catalytic site (Cys201, Cys208 and Cys242) (King et al., 2009; 

Saario et al., 2005; Zvonok et al., 2008).  

NAM belongs to a maleimide group of MAGL inhibitors. Mass spectrometry and 

site directed mutagenesis have revealed that NAM forms a Michael conjugate 

with Cys242 of human MAGL thereby causing its inhibition (Zvonok et al., 2008) 

while pristimerin (a naturally occurring terpenoid), another reported MAGL 

inhibitor, interacts with Cys208 to inhibit MAGL. However, ABHD6 was reported 

as an off target (IC50 98 nM) (King et al., 2009).  

Carbamate-based MAGL inhibitors consist of a long list of inhibitors, notable 

among them are JZL184, URB602, JW642 and KML29; all of them have off 

targets with variable affinities (Chang et al., 2012).  JZL184 carbamoylates 

(covalent modification) MAGL’s serine nucleophile and hence, evokes 

irreversible inhibition (Figure 1.5). JZL184 showed off target effects, although 

the level of cross reactivity is relatively low, including FAAH (IC50 4.7 µM), 

ABHD6 (IC50 3.3 µM) (Long et al., 2009a) and carboxylesterases especially in 
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peripheral tissues such as liver (Long et al., 2009a; Zhang et al., 2007). URB602  

is another example of an inhibitor exerting off target activity with FAAH 

inhibition detected in rat brain homogenate by [3H]-AEA hydrolysis assay (IC50 

17 µM) (Vandevoorde et al., 2007). Urea based MAGL inhibitor, JJKK048, also 

has been reported to have FAAH as an off target (IC50 4.8 µM) (Aaltonen et al., 

2013) (Figure 1.5). Table 1.2 summarizes biochemical characteristics of MAGL 

inhibitors.



29 

 

 

          Table 1.2  Biochemical aspects of miscellaneous MAGL inhibitors from literature 

Inhibitor 
IC50 

value (µM) 
Tissue type Study 

Substrate/ 

Final 

concentration 

Detection method 

NAM 0.14 Rat cerebellar   membranes (Saario et al., 2005) 
2-AG 

50 μM 

AA detection 

by HPLC 

Pristimerin 0.093 Purified E. coli recombinant rat MAGL (King et al., 2009) 
2OG 

10 μM 
LC/MS 

URB602 28 Cytosolic fraction of rat membrane (Hohmann et al., 2005) 
[3H]-2OG/ 

Not stated 

Radiometric enzyme 

assay 

JZL184 
0.010 and 0.006, 

respectively 

Mouse brain membranes and human MAGL 

recombinant in COS-7 cells, respectively 
(Long et al., 2009a) 

FP-Rh 

2 µM and 

2-AG 100 μM 

ABPP and 

LC/MS 

JW642 
0.008 and 0.004, 

respectively 

Mouse brain membranes and human MAGL 

recombinant in HEK293 cells, respectively 
(Chang et al., 2012) 

FP-Rh 

1 µM 
ABPP 

KML29 
0.015 and 0.006, 

respectively 

Mouse brain membranes and human MAGL 

recombinant in HEK293 cells, respectively 
(Chang et al., 2012) 

FP-Rh 

1 µM 
ABPP 

JJKK048 IC50 < 0.4 nM 
Mouse, rat brain membranes and human 

recombinant MAGL in HEK293 cells 
(Aaltonen et al., 2013) 2-AG 25 µM 

Fluorescent glycerol 

detection 

MJN110 0.009 Mouse brain proteome (Chang et al., 2013) 
FP-Rh 

50 µM 
ABPP 

 Activity Based Protein Profile (ABPP), Fluorophosphonate -rhodamine (FP- Rh) probe (further details in methodology Chapter), Liquid chromatography/ mass spectrometry (LC/MS)
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1.10 Biochemical Characteristics of 2-AG hydrolases  

Generally, since the discovery of endocannabinoids, many studies have attempted 

to explore biochemical aspects of these ligands and the associated enzymes, 

including substrate affinities, inhibitor potencies, assay methodologies and tissue 

distribution in particular species. However, only a few have shed light on 

ABHD6, ABHD12 and to some extend MAGL, in terms of biochemical or 

pharmacological aspects of these enzymes.  

Below is a general quantitative summary (where possible) for in vitro 

experiments reported from the literature. It is described on the base of their 

relevance to the materials used in this thesis to give the base for the comparisons 

in the subsequent Chapters.  

1.10.1 Enzyme activity in Human 

Generally, there are limited reports of hydrolase activities in humans or human 

relevant recombinants. Using a glycerol detection assay in transfected HEK293 

lysates, Vmax values for hMAGL, hABHD6 and hABHD12 were 120, 45and 42 

nmol/mg/min, respectively (Navia-Paldanius et al., 2012). In a comparison of 

different inhibitor profiles between hABHD6 and hABHD12 (with 25 µM final 

concentration of 2-AG), it was found that MAFP was the most potent inhibitor 

(pIC50 values of ∼ 7.77 and ∼ 7.06), followed by orlistat (7.32 and 6.72) for 

hABHD6 and hABHD12, respectively, highlighting non selectivity of both 

agents.  WWL70 had a pIC50 value of 7.07 in hABHD6 but showed no activity 

toward hABHD12. Pristimerin inhibited hABHD6 (pIC50=5.8) whereas 

hABHD12 was resistant to this compound. Previously, pristimerin had been 

reported as a reversible MAGL inhibitor with a potency of ~7 in rat recombinant 

Hela lysates (King et al., 2009). 

1.10.2 Enzyme activity in mice 

Using LC-MS detection with 2-AG (100 µM) as a substrate, the hydrolase 

activities of ABHD6 and ABHD12 in brain membranes was determined as 2.6 

and 5.9 nmol/min/mg, respectively (Blankman et al., 2007). 10 µM of WWL70 

blocked only 5 % (non-significantly) of total brain activity (potentially reflecting 
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ABHD6), while orlistat (20 µM) blocked about 10 %; combination of the 

inhibitors appeared additive (~16 %).  URB597 (FAAH inhibitor) at 10 µM failed 

to cause a significant inhibition (2 %).  

In another study with intact mouse neurons in culture, it was reported that 

WWL70 (10 µM) and JZL184 (1 µM) inhibited ~ 40% and 60 % of total activity, 

respectively, (potentially represent ABHD6 and MAGL in those cells). This was 

investigated by using [3H]–2-AG (100 μM) as substrate (Marrs et al., 2010). 

1.10.3 Enzyme activity in Rats 

Rat cerebellar membrane hydrolysed 50 µM 2-AG at a rate of 32 nmol/min/mg 

protein determined using LC-MS (Saario et al., 2004). URB597 was a weak 

inhibitor (70% control at 1 mM) of 2-AG degradation while MAFP had a pIC50 

value of 8.7. Using 2OG as substrate and LC-MS detection in the same tissue, 

MAFP (1 µM) was found to inhibit ~ 92 % of MAGL activity, while URB602 

(0.1 mM) exhibited ~10% inhibition (King et al., 2007). In the same study, 

concentration inhibition analysis for URB602 conducted in both purified and non-

purified rat recombinant MAGL in Hela lysates showed a statistical difference in 

potency (IC50 = 223 μM versus 81 μM, respectively). This suggested the presence 

of another 2OG-hydrolyzing enzyme or a post-translation modification (King et 

al., 2007). 

In rat ileum, it was shown that MAGL–like activity (100 µM [3H]-2OG 

hydrolysis) was higher in the mucosal layer (521 nmol/min/mg protein) in 

comparison to its muscular layer (140  nmol/min/mg protein) (Duncan et al., 

2008). The authors reported that the soluble fractions appeared more sensitive to 

the inhibitory actions of URB602 than membranes where URB602 (100 µM) 

evoked a significant inhibition of ileum soluble MGL activity (reduced to 56 ± 

4% of control activity levels). In the same study, UBR602 was able to dose-

dependently attenuate whole gut transit and slow colonic propulsion in mice and 

these functions were absent in CB1 receptor deficient mice (Duncan et al., 2008).  

As has been shown above, there are limited studies investigating the biochemical 

aspects of these 2-AG metabolising enzyme (especially ABHD6 and ABHD12). 

This represents a significant gap in our knowledge and impairs translational 
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research in the field. Here, it is hypothesized that there is a potential role for 

ABHD6 in the turn-over and signalling of endocannabinoids. To investigate this, 

the use of the recombinant enzymes would allow the generation of an assay that 

enable us to study the native enzyme in real tissues.   
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1.11 Aim of thesis 

Currently, the role of the endocannabinoid system is well-recognised in health 

and disease, but less is known about the catalytic enzymes that control ECB levels 

in the body. While many examples of FAAH and MAGL characterization exist 

(Hanus et al., 2010; Sugiura et al., 2006), there is much less focus on ABHD6. 

Therefore, the main aim of this study was to gain a deeper understanding of these 

monoacylglycerol hydrolases by the characterization, cellular and subcellular 

localization of ABHD6 and MAGL using molecular, biochemical, immuno-

cytochemical and functional assays in tissue and recombinant systems.  

The major objectives of this thesis are:  

1- To identify the distribution of ABHD6, MAGL and other enzyme      

activities in preparations from animal tissues 

2- To characterize ABHD6 and MAGL biochemically in recombinant    

systems  

3- To study the subcellular localization of these enzymes. 

4- To generate high throughput screening assays for 2-AG hydrolysing 

enzymes. 

 

 

 

 

 

 

 

 

 

 



34 

 

 

 

 

 

Chapter Two 

 

Materials and Methods 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



35 

 

 

 

 Material and Methods 

2.1 Reagents 

All of the inhibitors stocks were stored at -80 ºC freezer at 10 mM concentration. 

DMSO and/or ethanol was used as a diluent following manufacturer’s instruction. 

JZL184 was bought from CAYMAN (Cambridge Biosciences, Cambridge, UK) 

while all other inhibitors were purchased from Tocris (Bristol, UK). [3H]-2OG 

was obtained from American Radio-labelled Chemicals, Inc. (St Louis, MO, 

USA) and scintillation fluid from PerkinElmer (Emulsifier-Safe, Waltham, 

CA/USA). 

2.2 Cell culture methods 

2.2.1 Primary cell culture 

Neonatal (1-2 days old male Wistar rat pups) cortical astrocytes isolation and 

culture (for radiometric enzyme assay and for ICC) were kindly generated by 

Rawan Hareeri following a protocol of (Croft et al., 2016). Neonatal male Wistar 

rat and mouse (C57/BL6) cortical neurons (for radiometric enzyme assay and 

ICC) were kindly provided by Raquel Ribeiro according to the method of (Dajas-

Bailador et al., 2008). Rat cortical microglia (from male Sprague Dawleys) for 

radio-assay were donated kindly by Amer Imraish following the protocol of (Yip 

et al., 2009) and (Bronstein et al., 2013) with minor modifications. It is all done 

under local ethical committee Schedule 1 approval.  

2.2.2 Cell line culture 

All cell techniques were performed under sterile conditions in class II laminar 

flow cabinets. All culture reagents were warmed to 37 °C before use.  Cells were 

grown in culture flasks at 37 °C and 95% O2, 5% CO2 in a humidified atmosphere. 

2.2.2.1 Thawing cells 

Cells were taken from liquid nitrogen and thawed by incubating the cryovial at 

37 ˚C for 2-3 minutes before adding them to warm media in a Sterilin tube and 
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centrifuging at 1000 rpm for 5 min to wash and pellet the cells. After aspiration 

of the supernatant, one ml of media was added to the cells, which were then 

transferred to 15 ml media in a T175 cm2 flask for overnight incubation. After 24 

h, the growth media was replaced with fresh media. Cells were passaged every 2-

3 days upon reaching ~90% confluency. 

2.2.2.2 Subcultural passaging 

The cells were washed with phosphate buffered saline (PBS) and incubated with 

2 ml of warmed trypsin–EDTA (Sigma Aldrich, UK) for less than 5 min in the 

incubator. The cells were then collected by the addition of 8 ml of media (to 

neutralize trypsin) and pelleted at 1000 rpm for 5 minutes. The supernatant layer 

was aspirated, the pellet re-suspended with 5 ml fresh media and (with usually 

1:5 dilution) transferred into the new flask. The following media and additions 

were used: 

 HEK293: Dulbecco’s Modified Eagle Medium, DMEM (Sigma, M2279) 

with 10% FBS, 2 mM L-glutamine and 1% Non-Essential Amino Acids 

(NEAA). 

 CaCo2: Dulbecco’s Modified Eagle Medium, DMEM (Sigma, M2279), 

with 10% FBS, 2 mM L-glutamine. 

2.2.2.3 Cryopreservation 

Freezing of cells was conducted followed the same steps of sub-culturing till re-

suspension, which was achieved by the addition of freezing solution (90 % (v/v) 

FBS and 10 % (v/v) dimethylsulphoxide (DMSO) followed by filtration through 

a 0.2 µm filter (Sartorius). Cells were then transferred into labelled cryo-vials 

(Sarstedt, UK) and placed into a Mr. Frosty™ Freezing Container in a -80 ºC 

freezer for 24 h and afterward transferred into liquid nitrogen. 

2.2.3 Trans-well cell culture 

Caco2 cells have been used to study many physiological functions of the intestinal 

epithelia such as transport, absorption and secretion. They spontaneously develop 

mature villi characteristic of the small intestinal epithelium (Ho et al., 2002) when 

grown in conditions resembling the in vivo state. For this purpose, 12 well plates 

with poly carbonated trans-well inserts were used to culture Caco2 cells for 14–
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18 days after confluence; with an insert growth area of 1.12 cm2 and pore size of 

0.4 µm (Corning Incorporated Costar, 3460, USA) following the manufacturer’s 

instruction (Figure 2.1). 

 

 
Figure 2.1 Schematic illustration of cells on transwell (Adapted from 

transwell Corning.com). 

 

 

2.2.4 Transfection 

Cells were cultured as monolayers in 6-well plates one day before transfection. 

Transfection was conducted following manufacturer’s recommendations (X-

tremeGENE HP, Roche, 06 366 546 001) in a ratio of 3:1 (w/w X-tremeGENE: 

DNA). After 48 h, cells were harvested.   

Co-transfection with green fluorescent protein (GFP) in a ratio of 1:1 was also 

conducted to check transfection efficiency of the experiment, then the number of 

cells was assessed under fluorescent microscopy (Axiovert ZEISS, 4.8 version- 

40X lenses). 

2.3 Radiometric enzyme assay 

A radiometric enzyme-assay was carried out using 2-oleoyl-[3H]-glycerol (2OG) 

as substrate to determine monoacylglycerol hydrolase enzymatic activity in 

different tissues and cell lines.  
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2.3.1 Samples preparation 

2.3.1.1 Tissue preparation 

Selected rat tissues were chosen: prefrontal cortex, hippocampus and spinal cord 

as representative of rat neural tissues, while small (duodenum) and large intestine 

(colon) were chosen as they appeared to express the highest ABHD6 mRNA 

levels relative to MAGL. For each of these tissues, soluble and membrane 

fractions were isolated by high speed centrifugation, and tested following a 

standard assay protocol (Vandevoorde et al., 2007) with a minor modification 

involving charcoal separation (Boldrup et al., 2004) (Björklund et al., 2010). 

Tissue was homogenised in 10 volumes of TE buffer (50 mM Tris-1 mM EDTA, 

pH 7.4) using a glass homogenizer, except for the intestines where an Ultra Turrax 

homogenizer was used (T25, IKA®-Labortechnik), followed by centrifugation at 

30 000 g at 4 ºC for 30 min to obtain the supernatant layer - the soluble fraction. 

The pellet was re-suspended with the same buffer volume and a second 

centrifugation was conducted. The second soluble fraction was discarded (except 

for the small intestine, where it was combined with the first fraction (Duncan et 

al., 2008). To the membrane fraction (second pellet), the same volume of TE 

buffer was added (except for small intestine where three times the volume were 

added (Duncan et al., 2008). Samples were quantified for protein content, labelled 

and stored as aliquots at -80 ºC.  

2.3.1.2 Homogenization of cultured cell lines 

Transfected cells and other cultured cell lines were washed twice with ice cold 

PBS before the addition of 750 µl TE buffer to each well of a 6 well plate (50 

mM Tris-1 mM EDTA, pH 7.4) and scraped to collect cells into a 1.5 ml 

Eppendorf for brief sonication. The cells were then centrifuged at 30 000 g for 30 

min at 4 ºC to obtain the supernatant layer, which was subsequently kept as 

aliquots at -80 ºC. The pellet was re-suspended with 500 µl Tris, sonicated again 

and kept at -80 ºC till used.   

2.3.1.3 Homogenization of epithelial vs muscular fraction of small intestine 

Two to four cm pieces of small intestine were irrigated with PBS and cut 

longitudinally. The tissue was gently stretched (to allow better access to the 

surface area) followed by carefully removal by scraping off the very top layer - 
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the epithelial (mucosal) layer. The remaining piece was the muscular layer which 

consists of: submucosa, muscular (circular and longitudinal) layers and serosa. 

These two parts were suspended separately in 5 volumes of TE buffer for one 

mass of tissue (for the muscular layer, Ultra Turrax homogenizer was used) 

followed by centrifugation and resuspending the pellet with 2 volumes of TE 

buffer.  

2.3.2 Assay method 

2-Oleoyl-[3H]-glycerol as a substrate is hydrolysed by enzymes (such as MAGL 

and ABHD6) to give [3H]-glycerol and free oleic acid. The un-hydrolysed 2-

acylglycerol can be adsorbed to charcoal while the [3H]-glycerol remains in the 

aqueous phase, which was removed for scintillation counting and hence 

measurement of the enzyme activity. Assays were conducted in duplicate and the 

activity calculated as nmol/min/mg protein according to this equation: 

(Test-Blank)/(Standard-Blank) ×10 (final 2OG amount in nmoles)/[30 (min) × 

protein amount (mg)]. 

Tissue was diluted with 0.1% BSA in TE buffer before each experiment. Ninety 

microliters of tissue were pre-incubated for 15 min at 37 °C on a shaker with 5 µl 

of inhibitor. For blank (without homogenate - to assess non-enzymatic hydrolysis 

of radio-labelled substrate) and control samples, the vehicle (typically DMSO) 

was used in place of the inhibitor. Then 5 µl of tritium-labelled 2OG (diluted with 

unlabelled 2OG to allow a final concentration of 100 µM) was added, vortexed 

and incubated for another 30 min on the warmed shaker. The reaction was stopped 

by the addition of 400 µl charcoal (8% w/v charcoal in 0.5 M HCl), vortexed and 

centrifuged for up to 5 minutes at 13 000 rpm to pellet the charcoal (to which is 

bound un-hydrolysed [3H]-2OG). Removal of 200 µl aliquots of the supernatant 

layer into scintillation insert vials was followed by the addition of 3-4 ml 

scintillation fluid and counting in a [3H] channel in a scintillation counter. Figure 

2.2 represents the reaction underlying the enzymatic hydrolysis of 2OG by 

monoacylglycerol hydrolases. 
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Figure 2.2 Schematic of 2OG hydrolysis by MAGL and ABHD6 to generate glycerol and oleic 

acid. 

 

2.4 Molecular biology methods 

2.4.1 Cloning Primers and thermal conditions  

Human MAGL1, MAGL2 (a splice variant of MAGL), ABHD6 and ABHD12 

were cloned in this study. In addition, tagged versions (N- and C-terminus each) 

with human influenza virus hemagglutinin (HA-tag) for these genes were also 

generated for MAGL1, MAGL2 and ABHD6. Primer sequences are shown in 

Table 2.1 and 2.2 (further details in Appendix Table A.1). Two further human 

genes encoding endocannabinoid hydrolases (FAAH1 and FAAH2) were also 

cloned for completeness (see Appendix-Table A.1). 
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Table 2.1 Primer sequences and vectors used in cloning. Red font indicates restriction enzyme cutting sites. Coding DNA Sequence (CDS) is on the rightmost column. 

Tm was calculated by using http://tmcalculator.neb.com. 

Gene Name Primer Sequence Vector CDS Tm 

Human MAGL1 

NM_007283.6 (313 aa) 

FW: ACAGGATCCGGCTGAGCGCCCCAGCCCGA (BamHΙ-HF®) 

Rev: ACAAAGCTTGGAGAGGCAGGGCAGAGGCTTGGC (HindΙΙΙ) 
pcDNA3.1(-) 565-1506 

81 

79 

Human MAGL2 

NM_001003794.2 (303 aa) 

FW: ACAGGATCCGCGCTCGTGGCCCCGGACCT (BamHΙ-HF®) 

Rev: ACAAAGCTTCCCCCAGACCATGAGCCGGGCA (HindΙΙΙ) 
pcDNA3.1(-) 188-1099 

80 

81 

Human ABHD6 

NM_020676.5 (337 aa) 

FW: ACAGGATCCGGCTGGTCAGGAGTCAGCCAGCCT (BamHΙ-HF®) 

Rev: ACAAAGCTTTGGTGGCTGCGTCAGACTTGGGGG (HindΙΙΙ) 
pcDNA3.1(-) 411-1424 

76 

80 

Human ABHD12 

NM_001042472.2 (398 aa) 

FW: ACAGGATCCGCGGCCTGGGCTGGGATGTGAGG (BamHΙ-HF®) 

Rev: ACACTCGAGACGGGAGGAGGGCAGAGGTCTTCA (XhoΙ) 
pcDNA3.1(+) 280-1476 

81 

76 

 
Table 2.2 primers sequence, vectors and restriction enzymes used in cloning the Tagged version of human MAGL1, MAGL2 and ABHD6 genes. Red font identifies the 

sites for restriction DNA cutting enzymes while the blue font represents the HA-tag. 

Gene Name Primer Sequence 

MAGL1 –HA- N-terminus 

tag pcDNA3.1(-) 

FW:gatcGGTACCATGTACCCATACGATGTTCCAGATTACGCTGGAAGTGGTgaaacaggacctgaagaccct (KpnI) 

Rev:ACAAAGCTTGGAGAGGCAGGGCAGAGGCTTGGC (HindΙΙΙ) 

MAGL1 –HA- C-terminus 

tag pcDNA3.1(-) 

FW: ACAGGATCCggctgagcgccccagcccgaaaggcag (BamHΙ-HF®) 

Rev:gatcGGTACCTTAAGCGTAATCTGGAACATCGTATGGGTAACCACTTCCGGGTGGGGACGCAGTTCCTGC 

(KpnI) 

MAGL2 –HA- N-terminus 

tag pcDNA3.1(-) 

FW:gatcGGTACCATGTACCCATACGATGTTCCAGATTACGCTGGAAGTGGTCCAGAGGAAAGTTCCCCCAGG 

(KpnI) 

Rev: ACAAAGCTTCCCCCAGACCATGAGCCGGGCA (HindΙΙΙ) 

MAGL2 –HA- C-terminus 

tag pcDNA3.1(-) 

FW: ACAGGATCCGCGCTCGTGGCCCCGGACCT (BamHΙ-HF®) 

Rev:gatcGGTACCTTAAGCGTAATCTGGAACATCGTATGGGTAACCACTTCCgggtggggacgcagttcctgc(KpnI) 

ABHD6 –HA- N-terminus 

tag pcDNA3.1(-) 

FW:gatcGGTACCATGTACCCATACGATGTTCCAGATTACGCTGGAAGTGGTgatcttgatgtggttaacatg (KpnI) 

Rev: ACAAAGCTTTGGTGGCTGCGTCAGACTTGGGGG (HindΙΙΙ) 

ABHD6 –HA- C-terminus 

tag pcDNA3.1(-) 

FW: ACAGGATCCGGCTGGTCAGGAGTCAGCCAGCCT (BamHΙ-HF®) 

Rev:gatcGGTACCTTAAGCGTAATCTGGAACATCGTATGGGTAACCACTTCCgtccagcttcttgttgttgtc (KpnI) 
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Primers were ordered from Eurofins (Germany). The PCR reaction was 

conducted using a T100 Thermal Cycler (Bio-Rad) and Phusion™ High-Fidelity 

DNA polymerase (New England BioLabs, M0530L) to amplify the studied genes. 

Human brain total RNA (M7962, Life Technology) was converted to cDNA and 

used as a template for amplification of MAGLs and ABHD12 while for ABHD6, 

human adipose tissue cDNA (provided by colleagues in the FRAME LAB) was 

used. For the tagged genes, the original plasmids (untagged) were used as a 

template. Thermal cycles are shown in Tables 2.3 and 2.4.  

            Table 2.3 Thermal conditions for the cloned genes. 

Initial denaturation 98 °C 2 minutes 

Cycling: 35x 

98 °C 30 seconds 

72 °C 

(for ABHD12: 69.5 °C) 
2 minutes 

Final extension 72 °C 7 minutes 

Hold 4 °C ∞ 
 

        Table 2.4 Thermal cycle for the tagged genes. 

Initial denaturation 98 °C 30 seconds 

Cycling:  35x 
98 °C 10 seconds 

72 °C 30 seconds 

Final extension 72 °C 10 minutes 

      Hold 4 °C ∞ 

 

2.4.2 Polymerase chain reaction (PCR) and Cloning into plasmid vectors 

PCR products (stained with SYBR® Green dye) were then run on an 0.8 % (w/v) 

agarose gel (Tris-Acetate-EDTA 1%) alongside appropriate markers at a constant 

voltage, cut, cleaned up by GenElute™ Gel Extraction Kit (SIGMA) and digested 

by two Restriction endonuclease enzymes (following manufacturer’s 

instructions) as well as for the vector. 

After purification with phenol-chloroform, sequences were ligated first to 

compatible restriction sites of bacterial vector p-Bluescript SK ΙΙ and the plasmid 

was introduced into compatible competent Escherichia coli (XL-10 Gold) using 

a compatible antibiotic in agar and bacteria suspension. White colonies were 

picked, small scale plasmid DNA preparation (mini-prep) was done by QiAprep® 
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Spin Mini-prep kit (Qiagen) and sent to Gene Sequencing service - Nottingham 

UK. Sequences were analysed by Chromas 2 software. 

2.4.3 Sub-cloning into mammalian expression vectors  

Once the coding sequence identities were confirmed by Nucleotide BLAST, the 

plasmid was double cut (double digestion protocol, NEB) and then sub-cloned 

(ligation using T4 DNA ligase, NEB) into eukaryotic expression vector pcDNA 

3.1 (Invitrogen). The plasmid was then transformed in Escherichia coli 

(Genlantis-SolBL21) following the manufacturers instruction and plated onto an 

LB-agar plate containing ampicillin (100 µg/ml) for overnight incubation at 37˚C. 

At this point, plasmid DNA was purified for miniprep scale for sequencing 

confirmation followed by plasmid Midi-prep kit (Qiagen) to obtain high quality 

and quantity DNA.  

2.4.4 RNA isolation and Agilent tests  

RNA was extracted from 19 different rat tissues using Tri-reagent® (Ambion Inc, 

USA) according to the manufacturer’s instructions To check the integrity and 

quality of RNA, samples were subjected to Agilent 2100 Bioanalyzer (Agilent 

Technologies, USA) following the manufacturer’s protocol. It has been highly 

recommended to run an Agilent test as routine in every RNA extraction (Bustin, 

2002). This is especially important in “unclean” tissues, for example: colon. Any 

samples with a RIN value below 7 were not used for cDNA synthesis (see 

Appendix Figure A-2).   

2.4.5 Complementary DNA (cDNA) synthesis 

Complementary DNA (cDNA) was made first by mixing 500 ng/µl of RNA with 

3 µl of random primers (100 ng) and RNAase-free water up to 14 µl total volume 

and left for 5 min at 65 ºC, followed by a rapid chill on ice. Whilst on ice, master 

mix was made by the addition of 2 μl of AffinityScript™ RT buffer (10X), 2 μl 

of DTT (100 mM), 1 μl of dNTP mix (100 mM) and 1 μl of AffinityScript™ 

Reverse Transcriptase (cat: 600109). The reaction was then left at 25 °C for 10 

min, 50 °C for 1 hour and 70 °C for 15 min in a Thermocycler (MWG-Biotech 

Primus 69 Plus) for the reverse transcription reaction to proceed. The cDNA 

resulting was stored at -20 °C.  
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2.4.6 TaqMan real-time quantitative PCR 

Probes and primers for rat ABHD6, MAGL and one variant of MAGL 

(X1MAGL) were designed using Primer Express 3 Software (Applied 

Biosystems, UK). Primers were synthesized by Eurofins Genomics (Germany). 

The probes were dual labelled with FAM (6-carboxy fluorescin) as a dye at the 

5’ end and with TAMRA (6-carboxytetramethylrhodamine) as a quencher at the 

3’ end. This allow fluorescent light emission. The intensity of this light is 

measured in real time and represents the number of DNA copies in the samples. 

Using Step-One Plus™ Real Time PCR system (Applied Biosystems), mRNA 

levels of these genes were quantified using 96 well format based on the relative 

standard curve method (Biosystems, 2008). Master mix components are shown 

in Table 2.5.  

                 Table 2.5 Taqman mixture reaction 

Reagents Volume (μl) Volume (μl) 

TaqMan® Universal Fast PCR Master Mix 

(Applied Biosystems, 4352042) 
6.5 

cDNA 3 

Forward primer (10 μM) 0.4 

Reverse primer (10 μM) 0.4 

Probe (10 μM) 0.25 

HPLC H2O 2.45 

Total Volume 13 

 

Thermo-cycling was carried out as follows: 

1-  95°C for 10 minutes (polymerase activation). 

2-  95°C for 15 seconds and 60°C for one minute repeated for 40 cycles, 

(denaturation/annealing, elongation temperature). 

An assay was excluded that did not have a standard curve with a slope between -

3.0 and -3.6, efficiency of 90-100%, more than 0.5 Ct value difference between 

triplicates or showed detectable amplification signal in the negative controls.  

Figure 2.3 shows an example of accepted parameters of TaqMan PCR. Three 

reference genes were used in Taqman PCR (GAPDH, ß-ACTIN and TBP), as no 

single reference gene was expressed equally across the tissues (Vandesompele et 

al., 2002; Warrington et al., 2000). Therefore, the geometric mean for the 
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reference genes was calculated (Vandesompele et al., 2002). Table 2.6 shows 

primers and probes of rat MAGL, X1MAGL and ABHD6. 

 
Figure 2.3 A representative image of an acceptable standard curve. 

Linear regression showing a slope value of -3.3 and correlation coefficient (R2) value of 0.98. 

 

Table 2.6 Primer and probe sequences of rat Taqman gene expression 

Name Sequence length 
Tm 

(°C) 

GC 

(%) 

Rat MAGL 

NM-

138502.2 

FW:AAGTCGGAGGTTGACCTGTACAA 

Rev: GGATGCCAAAGCATACCTTCA 

Probe:CCGACCCACTCATCTGCCACGC 

23 

21 

22 

59 

59 

70 

48 

48 

68 

Rat X1 

MAGL 

XM- 

008763053.2 

FW: GGCGGTAGTGGAATGCAAAA 

Rev: GGAGTTCGCCTGGGTGAA 

Probe:CCAAGACTAATGGAAACAGGGCC

CAAA 

20 

18 

27 

60 

58 

68 

50 

61 

48 

Rat ABHD6 

NM- 

001007680.1 

FW: GCTCGTACGTCCGCTTCAA 

Rev: ATTTCCGGTAGAAGCTGTTGTGA 

Probe:TCAAGGTCTTGTCGACGTTCGCAT

CC 

19 

23 

26 

59 

59 

70 

58 

43 

54 

Rat b-actin 

Frame 

database 

FW: GTGAAAAGATGACCCAGATCATGT 

Rev: CACAGCCTGGATGGCTACGT 

Probe: 

TGAGACCTTCAACACCCCAGCCATG 

24 

20 

25 

59 

61 

66 

42 

60 

56 

Rat GAPDH 

Frame 

database 

FW: TCTGCTCCTCCCTGTTCTAGAGA 

Rev: CGACCTTCACCATCTTGTCTATGA 

Probe: 

ATCTTCTTGTGCAGTGCCAGCCTCGT 

23 

24 

26 

62 

61 

66 

52 

46 

54 

Rat TBP 

Frame 

database 

FW: TTCGTGCCAGAAATGCTGAA 

Rev: GTTCGTGGCTCTCTTATTCTCATG 

Probe:ATCCCAAGCGGTTTGCTGCAGTCA 

20 

24 

24 

55 

61 

64 

45 

46 

54 
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2.5 Protein quantification 

Two assays were used to measure protein concentrations; Bicinchoninic Acid 

(BCA) protein assay for immunoblot samples while the Lowry test was used for 

the biochemical radiometric assay. 

2.5.1 Bicinchoninic Acid (BCA) protein assay 

The BCA method is a colorimetric protein quantification assay first described by 

(Smith et al., 1985). It is based on reduction of cupric salts to cuprous versions 

by protein in an alkaline medium (biuret reaction) and then selective detection by 

BCA containing reagents to produce a purple colour which absorbs at 562 nm, 

quantified using a POLARstar Omega. Standard curves were made from a 

provided stock of BSA (BCA Protein Assay Kit, Thermo Scientific, 23225) from 

2-0.025 µg/ml (1:2 serial dilution) alongside the unknowns following the 

manufacturer’s protocol. Assays were run on 96 well plates, in triplicate, 

calculating the sample protein concertation from the standard curve using linear 

regression analysis. 

2.5.2 Lowry test 

The Lowry method is based on measuring the amount of proteins with Folin 

phenol reagent in the presence of alkaline copper conditions (Lowry et al., 1951). 

The final blue colour was measured at 750 nm using a Spectra-MAX 340pc plate 

reader (Molecular Devices, CA).  

A stock BSA standard was made (300 mg/ml) in 0.5 M sodium hydroxide and 

serial dilutions were prepared to produce a standard curve. Two hundred µl of 

diluted samples (1:100) and BSA standards were mixed with Lowry A solution 

(1 ml) (2% (w/v) sodium carbonate, 0. 2% sodium potassium tartrate and 0. 2% 

(w/v) copper sulphate) for 10 min at room temperature followed by the addition 

of 100 µl of Folin Ciocalteau’s solution (1:1 in water) with vortexing for another 

45 min at room temperature. Samples and standard were then loaded in triplicate 

into clear 96-well assay plates to measure the absorbance; sample concentrations 

were interpolated from the BSA standard curve using linear regression analysis.  
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2.6 Immunoblotting 

2.6.1 Sample preparation 

2.6.1.1 Sample homogenisation and solubilisation 

Samples were washed twice with ice cold PBS before homogenization using 

RIPA buffer (Radio Immuno Precipitation Assay) [1 % Triton X-100, 150 mM 

NaCl, 50 mM Tris-HCl pH 7.6, containing 10 mM NaF, 1 % sodium 

deoxycholate, 0.1 % SDS, 1 mM Na3VO4, and stock 25 × Complete Protease 

inhibitor (Roche)]. Afterward, samples were sonicated three times for 10 s each 

and rotated on a daisy wheel at 4 °C for 45 min before centrifugation at 30 000 g 

for 30 minutes at 4 °C to separate solubilised material. Then each fraction was 

assayed for protein quantification. 

2.6.1.2 Subcellular fractionation of transfected cells 

Was carried out with minor modifications using the protocol of (Yu Z et al., 2013) 

and Abcam protocol (online), nuclear, cytosolic and membrane fractions were 

extracted from transfected cells.  

Cells were first washed with ice cold PBS, scraped and centrifuged at 1000 rpm 

for 5 min to obtain a pellet to which sucrose-containing buffer was added (250 

mM sucrose, 20 mM HEPES pH 7.4, 10 mM KCl, 1.5 mM EDTA, 1 mM EGTA, 

1 mM dithiothreitol and Protease inhibitor). Using a 25 G needle (and a 1 mL 

syringe), cellular lysates were triturated 10 times and then kept on ice for 20 min 

followed by centrifugation at 720 g for 5 min. After gentle removal of the 

supernatant layer, RIPA buffer was added to the pellet (the nuclear fraction). The 

supernatant layer was centrifuged for 100 000 g for one hour (Beckman Coulter). 

The resultant supernatant layer was the cytosol fraction while the pellet (non-

nuclear membranes) was extracted with RIPA buffer and subsequently, all three 

fractions were quantified for protein content. 

2.6.2 Gel electrophoresis 

Samples were mixed with 6X solubilisation buffer (24 % (w/v) sodium dodecyl 

sulphate, 30 % (v/v) glycerol, 5 % (v/v) 2-mercaptoethanol, 2.5 % (v/v) 

bromophenol blue, 1.5 M Tris HCl, pH 6.8) before boiling at 95 °C for 5 min and 

centrifuging briefly to eliminate condensates.  
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Mini-PROTEAN® Precast Gels of 4-20% Tris-Glycine (PAGE) (Bio-Rad, 

Hercules, CA, U.S.A.) were loaded with about ~10 μg protein per lane and 5 μl 

of protein markers (Precision Plus Protein TM Standards, Kaleidoscope, Bio-

Rad). Proteins were separated at 150 V for about one hour before transferring to 

a nitrocellulose membrane. The transfer was confirmed by Ponceau Red (Sigma) 

staining to visualize protein bands. To minimize non-specific binding, blocking 

was conducted for 1 h with 5 % skimmed milk (w/v) in TBS with 0.1 % Tween 

20. The membrane was then incubated with primary antibodies at the 

recommended concentrations overnight at 4 °C with gentle shaking. The next day, 

the membrane was washed three times for 10 min each, with Tris-buffered saline 

containing 0.1 % (v/v) Tween 20, followed by incubation with anti-rabbit or anti-

mouse IRDye® secondary antibodies for 1 h at room temperature (Li-Cor 

Biosciences, Biotechnology, Lincoln, NE, USA) and finally washed again as 

above. Proteins were visualised using the LI-COR® Odyssey infrared imaging 

system (Biosciences, Lincoln, NE/USA) at 700 nm for red channel and 800 nm 

for green channel. Table 2.7 shows the antibodies used in this study. 

Table 2.7 List of antibodies used in immunoblotting.  

Note: all secondary antibody concentrations were 1:10 000 for one hour at room temperature. 

Primary antibody Source Cat#       Dilution 
Approximate 

MW 

Rabbit polyclonal anti-

laminB1 

Abcam, 

UK 
16048 10:7000 68 

Mouse monoclonal anti-HA 
Abcam, 

UK 
ab18181 1:1000 - 

Mouse monoclonal anti-β-

actin 
Sigma, UK A5441 1:5000 42 

Mouse monoclonal anti-α 

tubulin 
Sigma, UK T9026 1:5000 50 

Rabbit monoclonal anti-

sodium potassium ATPase 

Abcam, 

UK 
EP1845Y 1:20000 113 

 

 

2.6.3 Immunoblot stripping 

Stripping and re-probing of the immunoblots was conducted as follows. Mild 

stripping buffer (15 g/L glycine, 1 g/L SDS, 1 % v/v Tween20, pH 2.2) was used 

for membrane fraction blots. Harsh stripping buffer (2 % w/v SDS, 0.8 % v/v 2-

mercaptoethanol in 62.5 mM Tris, pH 6.8) was used for nuclear protein blots (as 

these were not efficiently stripped with mild buffer). Complete removal of signal 
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was checked after each step using the LI-COR® Odyssey infrared imaging 

system.    

2.7 Immunocytochemistry 

HEK293 cells were seeded on cover slips pre-treated with poly-D-lysine (Sigma) 

at a density of 0.5 x 105 cells per well in 6-well plates. Transfection was described 

above in Section 2.2.4. The cells were washed with PBS before fixation with 4 % 

(w/v) paraformaldehyde (PFA) for 10 min and then washed twice again with PBS. 

Cells were permeabilized with 0.1% v/v Triton X-100 in 0.5% BSA for another 

10 min at room temperature followed by three washes with PBS. Samples were 

incubated with 0.5 % w/v BSA for 1 h at room temperature then with primary 

antibodies overnight at 4˚C. The next day, samples were first washed three times 

with PBS then incubated with secondary antibodies (with a light protection cover) 

for 45 min at room temperature with gentle shaking and washed again three times 

for five min each. DAPI (4',6-diamidino-2-phenylindole dihydrochloride) 

staining of nuclei at 1 µg/ml was conducted for 10 min followed by washing. 

Finally, cover slips were dried before being turned upside down on top of a drop 

of DABCO Fluorescent mounting media (1,4-diazabicyclo-2-2-2-octane (200 

mg) + glycerol (90 ml) + PBS (10 ml)) on slides and fixed with nail polish all 

around the rim. Images were acquired using confocal microscopy (Zeiss 

LSM880C, Germany) with 63X objective (with oil) (NA 1.4). Post-acquisition 

processing (multi-channel overlay, scale bar addition) was performed using 

ImageJ 1.5 software. Images presented in JPEG format.  An appropriate negative 

control was included with each experiment. Dilutions of primary antibodies 

(Table 2.8) were the same as for immunoblotting while secondary antibodies were 

1:1000 diluted.  

Table 2.8 List of antibodies used in ICC. 

Primary antibody Cat# Secondary antibody 

Mouse anti-HA 31665 Goat anti-mouse Rhodamine 

Rabbit antilamin1 4110088 Goat anti-rabbit Alexa Fluor 488 
       Rhodamine was used for all experiments except for neurons viral imaging where 

donkey anti-mouse Alexa Fluor 568 was used instead (Cat#: A10037). 
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2.8 Activity Based Protein Profile (ABPP) 

The protocol was optimized until the desired results were achieved. To 20 µl 

sample (of around 100 µg protein), 5 µl inhibitor/vehicle was added then pre-

incubated on a shaker at 37 ˚C for 20 min. Then 2 µl (equivalent to 2 µM final 

concentration) of serine hydrolase FP probe (Thermo Scientific, cat#88318) were 

added and incubated for 30 min under the same conditions. The reaction was 

stopped by adding 2X Laemmli reducing sample buffer. Samples then were 

loaded on Mini-PROTEAN® Precast Gels of 4-20% (Bio-Rad, Hercules, CA, 

U.S.A.). Running time and voltage were 1 h and 150 V. Scanning of the gel 

(Typhoon, Amersham Pharmacia Biotech) was conducted by a fellow PhD 

student, Nuha Anajirih. 

2.9 Viral infection 

2.9.1 Primers and PCR 

Primers for N-ABHD6 and GFP (as positive control) are shown in the Table 2.10. 

Further details can be found in Appendix-Section B.  

Using Phusion™ High-Fidelity enzyme DNA polymerase (New England Bio 

Labs), PCR was conducted using a thermal cycler (T100 TM, BIORAD, UK) 

following the thermal conditions indicated below (Table 2.9).  

Table 2.9 PCR condition for the amplification attB N-ABHD6. 

Step Temperature Time 

Initial denaturation 98°C 30 seconds 

Denaturation 98°C 30 seconds 

15 seconds         34X repeats 

45 seconds 

Annealing 72°C 

Extension 71°C 

Final extension 72°C 5 minutes 

Storage 4°C ∞ 

 

PCR products were checked for the presence of the correct band size in an agarose 

gel and the remaining amount was cleaned up using polyethylene glycol 

magnesium chloride solution (PEG-MgCl2; 30% PEG in 30 mM MgCl2) 

following Gateway® Technology protocol. In the presence of Gateway™ BP, 

Clonase™ II Enzyme mix (Invitrogen TM, 11789-013) and pDONR™221 vector 

(Addgene, 12536-017), generation of the entry clone was carried out (with 
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positive and negative controls alongside) and reactions were kept at 25 °C for 16 

h.  Treatment with Proteinase K was also followed as well as transformation into 

OmniMaxTM 2-T1R E. coli (ThermoFisher, C8540-03) (positive and negative 

controls were run with the experiment according to manufacturer’s instructions). 

The presence of insert DNA in plasmid construct was confirmed by conducting 

colony PCR using BIOTAQ™ DNA polymerase kit (Bio line, BT-516212) prior 

to miniprep scaling plasmid and sending for sequencing using M13 primers.  

Table 2.11 and 2.12 show components of colony PCR and its thermal condition. 

Once sequencing results were confirmed, linearization of the entry clone (outside 

attB region) was carried out following the NEB protocol of single restriction 

enzyme digestion, DNA precipitation by sodium acetate and ethanol and 

dissolving the DNA pellet in Tris/EDTA buffer pH 8 to a final concentration of 

150 ng/µl.  
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Table 2.10 Primers for ABHD6 and GFP for entry clone. 

The length of FW- forward and Rev- reverse primers for N-ABHD6 was 20 and 19, respectively. For GFP primers, it was 20 and 26 nucleotides respectively. 

All primers did not have Hairpin self-dimerization, heterodimer, more than four repeats, runs properties upon blast calculation. Annealing Tm for N-ABHD6 

was 59 °C and for GFP was 71 °C. PCR product length for N-ABHD6 was 1037 base pairs. 

        Name Sequence 
GC 

(%) 

Tm 

(°C) 

hu221pDONRNABHD6_Fw 
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGCCACCATGTAC

CCATACGATGTTCC 
45 59 

hupDONR221ABHD6_Rev 
GGGGACCACTTTGTACAAGAAAGCTGGGTTTCAGTCCAGCTTC

TTGTTG 
47 59 

pDONR221-GFP-FW 
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGCCACC 

ATGGTGAGCAAGGGCGAGGA 
60 71 

pDONR221-GFP-Rev 
GGGGACCACTTTGTACAAGAAAGCTGGGTTTTACTTGTACAGC

TCGTCCATGCCGA 
50 73 
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Table 2.11 The components of colony PCR. 

                         M13 FW: (TGTAAAACGACGGCCAGT) and M13 Rev: 

(CAGGAAACAGCTATGACC). 

Component Volume (µl) 

10X buffer 2 

10 mM dNTP 0.4 

10 µM forward primer 1 

10 µM reverse primer 1 

MgCl2 0.6 

Enzyme 0.25 

Nuclease free water Up to 20 µl 

 

            Table 2.12 Colony PCR conditions for entry clone. 

Step Temperature Time 

Initial denaturation 96°C 5 minutes 

Denaturation 96°C 15 seconds 

20 seconds          30X repeats 

45 seconds 
Annealing 52°C 

Extension 72°C 

Final extension 72°C 5 minutes 

Storage 4°C ∞ 

 

In the presence of Gateway™ LR Clonase™ II Enzyme mix (Invitrogen TM, 

11791-091), creation of expression clones was performed by mixing the entry 

clone (attL site) with the destination vector pINDUCER20 (attR site)(Addgene, 

44012) for overnight incubation followed by treatment with Proteinase K on the 

next day. Then, transformation into One shotTM Stbl3 E. coli (ThermoFisher, 

C7373-03) at 30 °C and performing colony PCR were conducted before sending 

for sequencing confirmation using LNX and pINDUCER 20 as forward and 

reverse primers (thermal condition shown in Table 2.13). At this stage, the 

plasmid was ready for transfection alongside packaging plasmids to create the 

virus. 

Table 2.13 Colony PCR conditions for expression clone. 

LNCX-FW: AGCTCGTTTAGTGAACCGTCAGATC and PIND20-REV: 

GGTTACTCCAGACTGCCTTGG as forward and reverse primers respectively. 

Step Temperature Time 

Initial denaturation 96°C 5 minutes 

Denaturation 96°C 15 seconds 

50 seconds         30X repeats 

90 seconds 
Annealing 56°C 

Extension 72°C 

Final extension 72°C 5 minutes 

Storage 4°C ∞ 
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2.9.2 Transfection 

1.2 × 106 HEK293T cells were seeded in 10 cm dishes (CORNING). Two µg 

from each plasmid were used (GFP and N-ABHD6), as well as packaging and 

envelop materials, to a total of 300 μl with a diluent of reduced serum media 

(Opti-MEM®, Thermo Fischer). After mixing with polyethyleneimine (PEI), the 

mixture was incubated for 20 min at room temperature in the hood before adding 

to 6 ml of Opti-MEM® in the dish. The two dishes were kept in the incubator for 

6 h before changing to normal media (DMEM with 10% FBS and NEAA).  

2.9.3 Harvesting 

Part of the supernatant (media) was used directly for infection after filtration 

through 0.45 µm filters (2 wells of a 6 well plate). The remaining media was 

concentrated by pelleting the virus using 20% sucrose as viscous liquid (as 

Cushioning buffer as it helps in gradient centrifugation (Jiang et al., 2015)) in a 

chilled rotor (Beckman) followed by centrifugation at 100 000 g for 2.5 h. 

2.9.4 Infection  

Rat astrocytes and/or mouse neurons were seeded on cover slips in 6-well plates 

treated with poly-D-Lysine. Two wells were allocated for infection by the virus 

supernatant while the remaining wells were infected with the pelleted virus (using 

Opti-MEM®). After 4 h, replacement with normal media was carried out, as well 

as addition of doxycycline at 1 µg/ml. Fixation and preparation of slides were 

done after 48 h following the protocol described above (see 

Immunocytochemistry- Section 2.9- above). 
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 Characterization of MAGL and ABHD6 in rat 

tissues, cell transfects and primary cultured cells  

3.1 Introduction 

In the CNS, endocannabinoids are characteristically synthesized post-

synaptically (on demand) in response to increased neuronal activity and then 

diffuse in a retrograde manner to activate presynaptic cannabinoid receptors. 

Their action is limited by hydrolysis by lipase-like enzymes. The inhibition of 

these lipases allows longer retention of these ligands in the active areas potentially 

amplifying their effects in a manner which may generate therapeutic benefit. 

Therefore, exploring these enzymes may allow novel therapeutic exploitation of 

the endocannabinoid system. This study focusses on the enzymes that hydrolyse 

2-AG, which include MAGL, ABHD6 and ABHD12. These together account for 

about 99% hydrolysis of 2-AG in the rodent CNS (Blankman et al., 2007; 

Savinainen et al., 2012). These enzymes are reported to have different subcellular 

and tissue distributions, suggesting that they may have unique roles in controlling 

the lifetime and action of 2-AG (Blankman et al., 2007).  

MAGL is relatively well characterized among the 2-AG hydrolysing enzymes, 

presumably as it was the first identified. It has wide tissue distribution (Karlsson 

et al., 1997) and is abundant in adipose tissue where it plays an important role in 

lipid metabolism (Dinh et al., 2002a). MAGL is a soluble enzyme that also 

associates with membranes (Blankman et al., 2007; McKinney & Cravatt, 2005). 

Immunoblotting showed that MAGL can be identified in both fractions of mouse 

brain (Marrs et al., 2010). In many tissues and cell types, MAGL is detected in 

both the soluble and the membrane fractions (Savinainen et al., 2012).   

Several MAGL inhibitors have been investigated with regard to selectivity and 

potency, including JZL184 (IC50=8 nM in mouse brain membranes and IC50=6 

nM with human recombinant MAGL)(Long et al., 2009a), URB602 (IC50=~223 

µM in human recombinant MAGL (King et al., 2007) and IC50=~28 µM in rat 

brain (Hohmann et al., 2005)), and most recently JJKK048 as the most potent and 
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selective designed so far (IC50 less than 0.4 nM in human and rodent (Aaltonen 

et al., 2013)) (see Table 1.2 in the Introduction). Both genetic and 

pharmacological MAGL inhibition has been found to be beneficial in models of 

Alzheimer disease (Chen et al., 2012), anxiety (Kinsey et al., 2011; Sumislawski 

et al., 2011), neuro-inflammation- (Mulvihill et al., 2013), cancer (Nomura et al., 

2011a; Ye et al., 2011) and other therapeutic effects (see General Introduction 

Chapter) (Grabner et al., 2017; Hohmann, 2007; Mulvihill et al., 2013; Scalvini 

et al., 2016).   

MAGL (313 amino acid) migrates as two bands on SDS-PAGE gel in rodent 

brains of 33 and 35 kDa (Blankman et al., 2007; Dinh et al., 2002c; Karlsson et 

al., 2001; Long et al., 2009b). In addition, double bands were also observed in 

mice testes and rat proximal colon (Duncan et al., 2008), however, a single band 

was found in other organs like lung, liver, kidney, heart and spleen. It is not fully 

understood how this variation occurs, although the presence of splice variants was 

proposed in these tissues (Labar et al., 2010b). 

Much less is known about ABHD6 and ABHD12 regarding their biochemical 

characteristics, structural information and physiological function. Both are 

predicted to be integral membrane enzymes, based on the presence of a trans-

membrane domain in hydropathy plot. Immunoblotting suggested that ABHD6 

was only found in the membrane fraction (Marrs et al., 2010). The active site of 

ABHD6 was predicted to be facing the cell interior – a cytoplasmic orientation - 

and for ABHD12 to be facing the extracellular space – a luminal orientation 

(Blankman et al., 2007). Recent evidence implicates ABHD6 in metabolic 

syndrome (Thomas et al., 2013), diabetes (Zhao et al., 2014), systemic lupus 

erythematosus (Oparina et al., 2014), protection against neuro-inflammation and 

neuro-degeneration of experimental autoimmune encephalitis (an animal model 

of multiple sclerosis) (Wen et al., 2015) and epilepsy (Naydenov et al., 2014), 

while mutations of the catalytic activity of ABHD12 gene have been causally 

linked to a neurodegenerative disease, namely PHARC (polyneuropathy, hearing 

loss, ataxia, retinitis pigmentosa and cataract) (Fiskerstrand et al., 2010).  

ABHD6 has 337 amino acids and was reported to be detected at different 

molecular weights ranging from ~30 kDa (Blankman et al., 2007) to 35 kDa (Li 
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et al., 2007) on activity based protein profile (ABPP) gels, 36 kDa with a doublet 

band-for the only time in ABPP (Navia-Paldanius et al., 2012), at 37 kDa in 

immunoblots (Zhao et al., 2014), ~40 kDa with His-tagged immunoblot 

(Pribasnig et al., 2015) and most recently as 38 kDa (Poursharifi et al., 2017). 

ABHD12 (398 aa) was detected at ~45 kDa (Blankman et al., 2007; Navia-

Paldanius et al., 2012).  

Although recent years have witnessed the development of many relatively 

selective MAGL inhibitors, a more limited number of ABHD6 inhibitors have 

been identified. The first to be reported as potent and selective was WWL70 (Li 

et al., 2007) with IC50=70 nM against human recombinant ABHD6. Later on, the 

Cravatt group disclosed WWL123 (IC50=426 nM in human recombinants) 

(Bachovchin et al., 2010), and KT182 (IC50< 5 nM in mouse and neuroblastoma 

N2a)(Hsu et al., 2010) as potent and selective inhibitors. More recently, JZP-430 

was reported with an IC50=44  nM in recombinant ABHD6 system (Patel et al., 

2015).   

Other inhibitors reported as non-selective for both ABHD6 and ABHD12 were 

orlistat (tetrahydrolipostatin), MAFP, pristimerin and RHC-80267 (Naydenov et 

al., 2014) (Table 1.1).  

3.2 Aim of this Chapter 

In order to explore the roles of these enzymes and their physiological functions, 

selective and potent inhibitors of the enzymes are needed.  In addition, cell lines 

and/or tissues enriched with the enzyme of interest are also required for a more 

complete biochemical characterization.   

In this Chapter, a radioisotope-based enzyme assay was used as a “Gold standard” 

method to measure and validate the different biochemical aspects of MAGL, 

ABHD6 and ABHD12. Inhibitor profiles were assessed in selected rat tissues and 

cloned enzymes to allow comparison with expression data and published 

literature. The main objectives of this study were therefore: 
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 To generate cell lines selectively expressing the enzyme of interest. 

 To measure enzyme activities in selected rat tissues using the reported 

selective inhibitors; JJKK048 for MAGL and WWL123 for ABHD6. 

 To investigate the subcellular distribution of the enzymes compared with the 

reported/ predicted pattern. 

3.3 Methods 

In this Chapter, the radiometric monoacylglycerol hydrolase assay was performed 

following the steps described in Section (2.3.2). Harvesting and fractionation of 

rat tissue and transfected cells followed Sections (2.3.1.1 and 2.3.1.2). Separation 

of epithelia and muscular layer of small intestine may be found in Section 

(2.3.1.3). Male rats were used to investigate neural tissues and to isolate primary 

cultured cells. Primary cell preparation followed Section (2.2.1).Transfection 

protocols and protein quantification were done according to Section (2.2.4) and 

(2.5.2), respectively. ABPP was done according to Section 2.8. Briefly, ABPP 

has been introduced in the last two decades (Liu et al., 1999b) to investigate many 

classes of enzyme, with particular attention on probes that investigate the serine 

hydrolase family. The technique can also be applied to the screening of potential 

inhibitors. In general, ABPP probes have two important components: a reactive 

head for mechanistically reacting with the active site of the enzyme (in this case, 

a serine nucleophile) and a reporter tag for visualization (Simon et al., 2010). An 

inhibitor could be added and the reaction products visualized and quantified by 

scanning on an SDS/PAGE gel. 

3.4 Results 

In order to investigate the distribution of enzyme activity compared to the 

preliminary data obtained for mRNA expression, a radio-active assay was 

conducted, with a focus on rat neural tissues (where these enzymes activities was 

first reported (Blankman et al., 2007) and intestinal tract (where our qRT-PCR 

results showed the highest expression of ABHD6 mRNA, Section 4.4.1). These 

tissues included rat spinal cord, hippocampus, prefrontal cortex and small and 

large intestine. Four biological repeats assessing both fractions (soluble and 

membrane) were tested examining the potential inhibitory effects of the 
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reportedly-selective MAGL inhibitor JJKK048, or the reportedly-selective 

inhibitor WWL123 or combinations of both. 

3.4.1 Concentration inhibition curve of JJKK048 in rat neurological 

tissues  

To confirm the presence of MAG hydrolase activity in both particulate and 

soluble fractions in rat spinal cord and prefrontal cortex, [3H]-2OG hydrolysis 

was assayed. Serial dilutions of JJKK048 up to 100 nM were used in the 

radiometric assay (Figure 3.1 and Table 3.1).  

Table 3.1 shows that [3H]-2OG hydrolysis was measurable in both fractions in 

these two tissues, with the highest level of [3H]-2OG activity in prefrontal cortex 

of 62.8 ± 3 nmol/min/mg protein. The majority of hydrolase activity was detected 

in particulate fractions in both prefrontal cortex and spinal cord. In both 

preparations from both tissues, JJKK048 produced a concentration-dependent 

inhibition with very high potency (Figure 3.1). In all four preparations, JJKK048 

failed to inhibit [3H]-2OG hydrolysis completely, with between 17-43 % of 

activity resistant to inhibition (Table 3.1). In both tissues, JJKK048-resistant 

activity appeared to be proportionally higher in the soluble fraction (Figure 3.1, 

Table 3.1).  

Table 3.1[3H]-2OG hydrolysis in two fractions of rat spinal cord and prefrontal cortex. 

Data are mean ± SEM from four independent experiments performed in duplicate. 

 

Tissue 

source 

Total 2OG 

hydrolysis 

JJKK048 

potency 

JJKK048- 

sensitive 
JJKK048-insensitive 

 nmol/min/mg pIC50 value nmol/min/mg 
% 

total 
nmol/min/mg 

% 

total 

Spinal cord 

soluble 
6.0 ± 0.3 10.3 ± 0 3.4 ± 0.3 57 ± 3 2.6 ± 0.2 43 ± 3 

Spinal cord 

particulate 
20.6 ± 1 10.3 ± 0.1 15.5 ± 1 75 ± 3 5.1 ± 0.6 25 ± 3 

PFC soluble 8.4 ± 1.6 9.9 ± 0.2 5.9 ± 0.5 74 ± 3 2.6 ± 1.1 27 ± 3 

PFC 

particulate 
62.8 ± 3 9.7 ± 0.2 52.5 ± 1.2 84 ± 2 10.9 ± 1.8 17 ± 2 
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Figure 3.1 Concentration inhibition curves of JJKK048 against [3H]-2OG hydrolysis in rat 

spinal cord and prefrontal cortex preparations. 

  Data are mean ± SEM from four independent experiments performed in duplicate. 

 

 

Given the reported expression of ABHD6 and it’s contribution to MAG 

hydrolysis (Blankman et al., 2007), there arose the attractive possibility that 

ABHD6 might be responsible, at least in part, for the JJKK048-resistant activity 

in these tissues. 

3.4.2 Concentration inhibition curve for WWL123 in spinal cord 

Using WWL123 as a reportedly-selective inhibitor of ABHD6, both fractions of 

rat spinal cord were investigated for ABHD6 activity using [3H]-2OG hydrolysis.  

However, only a marginal inhibition was observed (Table 3.2). In both 

preparations, WWL123 failed to significantly inhibit [3H]-2OG hydrolysis with 

between 77-81 % of activity resistant to inhibition (Table 3.2). Curve fitting using 

the four parameter logistic equation (GraphPad Prism) was inconclusive, which 

might be a reflection of the minor contribution of ABHD6 to [3H]-2OG hydrolysis 

(Figure 3.2). Alternatively, WWL123 may not be an effective inhibitor of 

ABHD6 in these tissues. 
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Table 3.2 [3H]-2OG hydrolysis in rat spinal cord. 

Data are mean ± SEM from four independent experiments performed in duplicate. 

Tissue 
Total 2OG 

hydrolysis 
WWL123-sensitive WWL123-insensitive 

 nmol/min/mg nmol/min/mg % total nmol/min/mg % total 

Spinal 

cord 

soluble 

10.2 ± 0.9 2.5 ± 0.6 24  ± 3 7.6 ± 0.3 77  ± 3 

Spinal 

cord 

particulate 

31.8 ± 2.6 5.9 ± 0.6 19  ± 2 25.9 ± 2.6 81  ± 2 
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Figure 3.2 Concentration inhibition analysis of WWL123 against [3H]-   

2OG hydrolysis in both fractions of rat spinal cord. 

Data are mean ±SEM of four independent experiments performed in duplicate. 

 

3.4.3 Combination of WWL123 and JJKK048 in rat neurological tissues 

Given that MAGL is expected to be a predominant contributor to MAG 

hydrolysis in the brain (Blankman et al., 2007), the effect of WWL123 was 

examined in the absence of MAGL hydrolysis. The contribution of ABHD6 to 

the hydrolysis of [3H]-2OG, after complete inhibition of MAGL by 100 nM 

JJKK048, with serial dilutions of WWL123 was investigated in three tissues; 

spinal cord, prefrontal cortex and hippocampus. For most tissues, WWL123 only 

inhibited 1-2% of total [3H]-2OG hydrolysis (Table 3.3). In all three tissues, either 

soluble or particulate fractions, WWL123-evoked inhibition of [3H]-2OG 
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hydrolysis was minimal; curve fitting to a four parameter logistic equation of the 

WWL123 concentration-response curves was inconclusive (Figure 3.3). 

 Table 3.3 [3H]-2OG hydrolysis in particulate and soluble fractions of rat tissues in the presence of    

100 nM JJKK048 and increasing concentrations of WWL123. 

   Data are mean ± SEM of four independent experiments performed in duplicate. 

Tissue 
Total 2OG 

hydrolysis 
JJKK048sensitive WWL123-sensitive Residual activity 

 nmol/min/mg nmol/min/mg 
% 

total 
nmol/min/mg 

% 

total 
nmol/min/mg 

% 

total 

Spinal 

Cord 

soluble 

14.3 ± 0.4 10.0 ± 0.3 70 ± 2 0.1 ± 0.4 1 ± 3 4.1 ± 0.2 29 ± 1 

Spinal 

Cord 

particulate 

21.3 ± 1.1 18.0 ± 0.9 85 ± 1 0.3 ± 0.1 1 ± 0 3.0 ± 0.2 14 ± 1 

Hippocampus 

soluble 
14.3 ± 0.7 10.7 ± 0.8 74 ± 3 0.2 ± 0.1 1 ± 1 3.4 ± 0.1 24 ± 2 

Hippocampus 

particulate 
30.5 ± 2.8 24.4 ± 2.2 80 ± 3 0.2 ± 0.1 1 ± 0 6.0 ± 1.1 19 ± 3 

PFC 

soluble 
22.8 ± 1.4 16 ± 0.4 71 ± 3 0.2 ±0.1 1 ± 0 6.5 ± 1.1 28 ± 3 

PFC 

particulate 
30.6 ± 0.7 24.6 ± 1.0 76 ± 3 0.7 ± 0.1 2 ± 1 6.9 ± 0.7 23 ± 3 
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Figure 3.3 Concentration inhibition curves of WWL123 with [3H]-2OG hydrolysis after   

complete   inhibition of MAGL in rat spinal cord, pre-frontal cortex and hippocampus. 

Data are from four independent experiments performed in duplicate. 
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3.4.4 [3H]-2OG hydrolysis in rat intestine preparations: the effects of 

inhibitors and biological sex 

The previous experiments using rat neural tissues identified difficulties in the 

identification of ABHD6 activity in these tissues. This might be attributed to the 

presence of high MAGL activity in those tissues relative to ABHD6. Pilot 

investigations provided qRT-PCR results (Section 4.4.1) that showed neural 

tissues to express relatively similar mRNA levels for MAGL and ABHD6. In 

contrast, mRNA from small and large intestines showed significantly higher 

expression levels of ABHD6 versus MAGL. Hence, the next step was to 

investigate ABHD6 and MAGL activity in rat small and large intestine using the 

radiometric assay. Preliminary experiments on female rat intestine suggested an 

interesting difference in functional activity between male and female intestines. 

Therefore, the study was expanded further to investigate potential sexual 

dimorphism in rat intestine. 

The radiometric assay appeared to indicate the presence of both MAGL 

(JJKK048-sensitive 2OG hydrolysis) and ABHD6 (WWL123-sensitive 2OG 

hydrolysis) functional activities in both male and female intestine with the highest 

activity found in female small intestinal particulate fraction (62.5 ± 1.5 

nmol/min/mg) as shown in Table 3.4.  As in the CNS tissues, there were lower 

activities observed in the soluble compared to the particulate fractions (Table 

3.4).  

 Relatively high remaining activity was detected in male small intestine 

membranes of 47 ± 5%, indicating the presence of unidentified 2OG hydrolase 

enzyme(s). Table 3.4 below also summarized pIC50 values for each fraction and 

showed an unexpected high potency of WWL123 in both sexes and in all 

intestinal fractions; pIC50 values ranged from 7.5-8.4. This suggested, for the first 

time, a relatively high activity of ABHD6 in the soluble fraction of the intestine. 

Indeed, ABHD6 activity (WWL123 sensitive) was greater than MAGL (JJKK048 

sensitive) in the soluble fraction of small intestine of both sexes (Table 3.4) while 

MAGL activity was predominant in the particulate fraction of the large intestine 

from both sexes.   
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In general, there were similar patterns/slopes for inhibitor activity in male and 

female rat intestinal preparations, with the exception of the small intestine 

particulate fraction (Figure 3.4) which showed a statistical difference between 

genders.  
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Figure 3.4 WWL123 inhibition of [3H]-2OG hydrolysis in the absence of MAGL activity in 

female and male rat small and large intestine. 

Data are mean ± SEM from four independent experiments performed in duplicate. *P<0.01 

unpaired     T- test. 
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Table 3.4 [3H]-2OG hydrolysis in male and female rat intestine. 

Data are mean ± SEM of three-five independent experiments performed in duplicate. 

Male 
Total 2OG 

hydrolysis 

JJKK048-sensitive hydrolysis WWL123-sensitive hydrolysis Residual hydrolysis 

 nmol/min/mg nmol/min/mg % total nmol/min/mg % total pIC50 nmol/min/mg % total 

Small intestine soluble 14.9 ± 1.7 4.6 ± 0.8 30 ± 3 7.7 ± 1.1 51 ± 2 8 ± 0.1 2.6 ± 0.5 19 ± 4 

Small intestine particulate 23.2 ± 1.9 7.3 ± 1.4 31 ± 4 5.3 ± 0.8 24 ± 5 8.1 ± 0.2 10.8 ± 1.5 47 ± 5 

Large intestine soluble 8.8 ± 0.7 3.3 ± 0.3 38 ± 5 3.4 ± 0.6 39 ± 4 7.7 ± 0.2 2.1 ± 0.4 23 ± 3 

Large intestine particulate 11.0 ± 0.7 5.2 ± 0.7 47 ± 4 2.9 ± 0.2 26 ± 2 7.5 ± 0.2 2.9 ± 0.4 27 ± 3 

Female         

Small intestine soluble 21.5 ± 1.4 9.0 ± 1.4 41 ± 4 10.2 ± 0.9 48 ± 5 8.4 ± 0.4 2.4 ± 0.9 11 ± 4 

Small intestine particulate 62.5 ± 1.5 19.8 ± 2.8 32 ± 5 28.3 ± 0.8 45 ± 2 8.2 ± 0.3 16.8 ± 2.1 27 ± 3 

Large intestine soluble 14.0 ± 1.3 6.6 ± 0.8 47 ± 5 5.2  ± 1.5 35 ± 6 8.3 ± 0.3 2.4 ± 0.5 19 ± 5 

Large intestine particulate 23.0 ± 1.7 11.8 ± 2.1 49 ± 5 4.3 ± 0.7 17 ± 3 7.6 ± 0.5 6.9 ± 0.9 34 ± 5 
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3.4.5 Soluble 2OG hydrolase activity in the small intestine 

The appearance of WWL123-sensitive MAG hydrolase activity, which might 

equate with ABHD6, in the soluble fraction was an unexpected observation since 

ABHD6 is reported to be a membrane bound enzyme (Blankman et al., 2007; 

Marrs et al., 2010; Poursharifi et al., 2017; Savinainen et al., 2012). One potential 

explanation for the presence of ABHD6 in the soluble fraction could be 

proteolytic modification. To investigate the potential influence of proteolysis, 

Protease Inhibitors cocktail tablet (Complete, Roche) was used in the Tris-EDTA 

buffer for homogenization of male rat small intestine in a pilot study. The 

combination of inhibitors in this tablet is designed to target a broad spectrum of 

serine and cysteine proteases. At first, serial dilution of this reagent was used (as 

an inhibitor) in ordinary homogenized tissue in radio-assay starting from 

undiluted tablet (1X) followed by 10X fold dilution from the previous stock. 

Results showed the maximum inhibitory effect with 1X concentration in both 

fractions followed by progressive recovery as the dilution of inhibitor increased 

(Table 3.5).  

 
Table 3.5 The hydrolytic activity of [3H]-2OG in rat small intestine 

treated with serial concentrations of Protease Inhibitors. 

Data are % control from a single experiment performed in duplicate. 

 

         Soluble 

 

Membrane 

 

Control 100% 100% 

Top conc. (1X) 16% 39% 

10 fold dilution 39% 60% 

100 fold dilution 67% 67% 

1000 fold dilution 77% 67% 

  

The next step was to investigate whether the proteolysis inhibitor cocktail 

inhibited the enzyme directly and whether it could change the distribution of the 

enzymes when the tissue was homogenized. The female small intestine was 

divided into two fragments and one piece homogenised in the presence of 

undiluted protease inhibitor (top concentration). Fractions from both sources were 

tested against fixed concentrations of different inhibitors (1 µM MAFP, 100 nM 

JJKK048 and 1 µM WWL123). In these experiments, the final concentration of 
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the protease inhibitor cocktail was 100x in the reaction mixture. Results showed 

no differences with and without Protease Inhibitor addition (Table 3.6).  

 

Table 3.6 [3H]-2OG hydrolytic activity assayed in rat small intestine 

homogenized with and without protease inhibitors (P.I). 

Data are % control from a single experiment performed in duplicate. 

Inhibitor Soluble 
Soluble 

+ P.I 
Membrane 

Membrane 

+P.I 

Control 100% 100% 100% 100% 

MAFP (1 µM) 4% 1% 1% 2% 

JJKK048 (100 nM) 57% 54% 58% 43% 

WWL123 (1 µM) 14% 15% 69% 61% 

 

To further investigate this soluble activity of ABHD6 in the intestine, a pilot study 

involved separating the mucosal (epithelial) from submucosal layers (muscular) 

of a small intestine sample, before fractionation into soluble and membrane 

fractions and quantification by the radiometric enzyme assay. Inhibitors were 

investigated at 1 µM, as before (Table 3.7). 

 

Table 3.7 [3H]-2OG hydrolytic activity in epithelial and muscular layers of rat small 

intestine. 

Data are % control from a single experiment performed in duplicate. 

 Epithelial 

soluble 

Epithelial 

membrane 

Muscular 

soluble 

Muscular 

membrane 

Control 100% 100% 100% 100% 

MAFP (1 µM) 2% 2% 13% 4% 

JJKK048 (1 µM) 33% 64% 54% 59% 

WWL123 (1 µM) 27% 76% 64% 90% 

 

Results showed that, in the soluble fraction of the epithelial layer, WWL123 

appeared as effective as JJKK048. In the muscular layer, the activity inhibited by 

JJKK048 was more than WWL123 in both fractions (Table 3.7).  

The epithelial layer of small intestine (both soluble and membrane fractions) were 

investigated further, combining JJKK048 and WWL123 (Table 3.8). MAFP 

appeared to completely inhibit the activities in both fractions, as before (Table 

3.7). Particularly in the soluble fraction, WWL123 appeared to evoke a 

substantial inhibition. In the membrane fraction, however, the combination of 

JJK048 and WWL123 failed to inhibit 2OG hydrolysis completely, suggesting 

another serine hydrolase might be present. 
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Table 3.8 [3H]-2OG hydrolytic activity in epithelial layer of rat small intestine. 

Data are % control from a single experiment performed in duplicate. 

 Epithelial soluble Epithelial membrane 

Control 100% 100% 

MAFP (1 µM) 2% 2% 

JJKK048 (1 µM) 22% 34% 

WWL123 (1 µM) 11% 63% 

JJKK048+WWL123 6% 28% 

 

3.4.6 Activity in Transfects 

3.4.6.1 Introduction  

One of the aims of this study was to generate stable cell lines that independently 

express the three human serine hydrolases. However, many efforts at producing 

stable cell lines for enzyme expression were attempted and screened using the 

radiometric assay (Figure 3.5 and Table 3.9). Optimization was attempted using 

a variety of approaches, for example:   

 Different plasmid source: two sources of plasmids was tried: a 

commercial version (GeneCopoeia, V0321) and a plasmid made in house.  

 Different host cells: three type of host cells were used, HEK293 human 

kidney fibroblasts, SH-SY5Y human neuroblastoma cells and Chinese 

hamster ovary (CHO) fibroblasts. 

 Different concentrations of selected antibiotics: although the killing curve 

indicated a fixed concentration to be used for each cell line, variable 

concentrations of antibiotic were examined. 

 Different antibiotic: neomycin and G418 were used. 

 Different vectors: pReceiver-M02  and pcDNA3.1       
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Figure 3.5 Representative figure comparing stable versus transient transfection. 

Data are from a single experiment performed in duplicate. 

 

  

Table 3.9 [3H]-2OG hydrolytic activity assayed in membrane fractions of transient vs stable 

transfection in HEK293. 

Data (from Figure 3.5) are mean values from a single experiment performed in 

duplicate. 

Transfection 

type 

Total 2OG 

hydrolysis 

WWL123-sensitive 

hydrolysis 

Residual 

hydrolysis 

 nmol/min/mg nmol/min/mg nmol/min/mg 

Transient 10.8 8.5 2.3 

Stable 14.4 3.5 10.9 

 

Transient transfection (of all of the cloned genes) was assessed with different 

approaches; first co-transfection with GFP (see Section 2.2.4) to indicate 

transfection efficiency. Results showed that there were ~20-30% fluorescent cells 

within the seeded HEK293 cell population (Figure 3.6) which was considered 

satisfactory for continuing with transient transfection. Next, ABPP (with and 

without the use of relevant inhibitors) also confirmed successful transient 

transfection (Figure 3.9 and 3.12). Finally, functional testing of these cells with 

the radiometric assay using fixed and or/ serial dilutions of relevant inhibitors 

(Figures 3.8, 3.10 and 3.11; Tables 3.9 and 3.10) confirmed efficient transient 

transfection. Figure 3.7 (representative for transient ABHD6 transfection in 

comparison to an empty vector, pcDNA 3.1 alone) showed [3H]-2OG hydrolysis 

was inhibited with high potency in the presence of WWL123. Therefore, transient 

transfection was used through the remainder of this study. 
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                      ABHD6                                                                  MAGL1 

                   
                             ABHD12                                                               MAGL2 

 

Figure 3.6 Representative images for co-transfection with GFP in HEK293. 

Cells were viewed under fluorescent microscopy after 28 h. Left column for ABHD6 and 

ABHD12. Right column for MAGL1 and MAGL2. Co-transfections with empty vectors were 

also done (image not shown) with similar results. 
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Figure 3.7 Representative image for transfection with an empty vector. 

Concentration inhibition curve of WWL123 on [3H]-2OG hydrolysis in membrane 

preparations of HEK293 cells transiently transfected with ABHD6 and control, 

performed in duplicate. 
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3.4.6.2 MAGL activity in transfected HEK293 

Two isoforms of human MAGL were successfully cloned followed by over 

expression in HEK293 cells. Cloning, transfection, harvesting and separation of 

the lysate into soluble and membrane fractions with its protein quantification 

were described in the second Chapter. The transfects were then assayed using the 

radiometric method and investigated using serial dilutions of JJKK048 as a 

reported MAGL-selective inhibitor (Figure 3.8 and Table 3.10). 
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Figure 3.8 Concentration inhibition curve of JJKK048 on [3H]-2OG hydrolysis in transfected 

HEK293 cells with MAGL1 and MAGL2. 

Data are mean ± SEM from 4-6 independent experiments performed in duplicate. 
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Table 3.10 [3H]-2OG hydrolysis in HEK293 cells transfected with MAGL1 and MAGL2 in four independent experiments performed in duplicate. 

 Total activity JJKK048 sensitive activity Residual activity 

 nmol/min/mg nmol/min/mg % inhibition pIC50 Slope nmol/min/mg % control 

MAGL1 

soluble 
181.7 ± 1.2 181.0 ± 1.2 100  ± 0 10.1 ± 0.1 -0.90  ± 0.06 0.65 ± 0.5 0 

MAGL1 

membrane 
81.6 ± 2.4 80.6 ± 2.3 99  ± 1 9.8. ± 0.3 -0.78  ± 0.03 1.0 ± 0.5 1  ± 1 

MAGL2 

soluble 
8.1 ± 0.6 7.4 ± 0.8 91  ± 4 8.7 ± 0.2 -1.00  ± 0.30 0.7 ± 0.2 9 ± 3 

MAGL2 

membrane 
18.7 ± 0.9 16.8 ± 1.3 90  ± 5 9.3 ± 0.5 -0.82  ± 0.23 1.9 ± 0.9 10  ± 5 
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JJKK048 was able to fully inhibit both isoforms at 100 nM. The two fractions of 

MAGL1 exhibited almost identical properties, while the soluble and membrane 

activities of MAGL2 were also similar to each other (Figure 3.8). However, 

comparison of the two splice variants suggested that they displayed slightly 

different pIC50 and slopes which might reflect different biochemical and 

pharmacological properties between the two isoforms. The two isoforms also 

showed differences in their subcellular distributions; MAGL1 appeared to have a 

greater proportion of activity in the soluble fraction, while MAGL2 appeared 

predominantly associated with the membrane fraction (Table 3.10).  

Activity-based protein profiling (ABPP) analysis confirmed the inhibitory effect 

of JJKK048 on both isoforms. It also showed the doublet characteristic of 

MAGL1 reported in the literature (Blankman et al., 2007; Dinh et al., 2002a; 

Karlsson et al., 2001; Long et al., 2009b)(Figure 3.9). 

 
Figure 3.9 Activity Based Protein Profile of MAGL transfects. 

Right side image showed the molecular marker and native (un-transfected) HEK293 as a 

control. Middle image showed the soluble fraction of transfected HEK293 with 

MAGL1 with and without JJKK048. Left hand side image showed the membranous 

fraction of transfected MAGL1 HEK293 and MAGL2 with and without JJKK048. 
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3.4.6.3 ABHD6 activity in transfected HEK293 cells 

Parallel to the hMAGLs, human ABHD6 was the subject of the same 

methodologies for pharmacological and biochemical characterization. WWL123 

was chosen as a selective inhibitor for ABHD6 (Bachovchin et al., 2010) to be 

investigated, with a reportedly improved blood brain barrier penetration 

(Bachovchin et al., 2010) compared to WWL70 (Poursharifi et al., 2017). The 

profile of WWL123 with ABHD6 membrane transfects is shown in Figure 3.10 

and Table 3.11. In addition, ABHD6 transfects (soluble and membrane) were 

challenged with another selective ABHD6 inhibitor - WWL70 (Figure 3.11). 

Noticeably, there was 20% control activity resistant to WWL123 or WWL70 at 

10-4 M (Figure 3.10 and 3.11).  
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Figure 3.10 Concentration inhibition curve of WWL123 on [3H]-2OG hydrolysis in   ABHD6 

transfected HEK293 cell membranes. 

Data are mean ± SEM from three independent experiments performed in duplicate. 
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Figure 3.11 Concentration inhibition curve of WWL70 on [3H]-2OG hydrolysis in soluble 

and particulate fractions of an ABHD6-transfect. 

Data are from a single experiment performed in duplicate, pIC50 7.5 and slope -1.1 in both 

fractions. Total 2OG activity for the membrane was 7.4 nmol/mg/min, ABHD6 was 6.4 

nmol/mg/minute and 1.0 nmol/mg/minute was the insensitive fraction. 

 

Fixed concentrations of different inhibitors were assessed using soluble and 

membrane fractions of ABHD6 transfects in four independent experiments (Table 

3.12). These inhibitors are MAFP (as a nonselective irreversible inhibitor of many 

serine hydrolases (Deutsch et al., 1997)), JJKK048 (as a selective MAGL 

inhibitor (Aaltonen et al., 2013)) and WWL123 (a selective ABHD6 inhibitor  

(Bachovchin et al., 2010)). Results showed that MAFP produced almost complete 

inhibition in both fractions. Both JJKK048 (100 µM) and WWL123 (1 µM) 

displayed an inhibition on ABHD6 transfects and on both fractions, though to 

variable extent (Table 3.12). 

The inhibitory effect of 1 µM JJKK048 was clearly observed in the membrane 

fraction in the ABPP gel (Figure 3.12) as a complete inhibition of ABHD6, 

similar to MAFP. This is consistent with reports of ABPP using mouse brain 

membrane with 10-6 M JJKK048 which clearly inhibited labelling of both 

ABHD6 and FAAH (Aaltonen et al., 2013). In a further analysis, ABHD6 activity 

in both fractions was also inhibited at 100 nM JJKK048 to roughly similar levels 

(Table 3.12).  
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Table 3.11  [3H]-2OG hydrolysis in ABHD6-transfected HEK293 cells. 

Data are mean ± SEM from four independent experiments performed in duplicate. 

 Total activity WWL123 sensitive activity Residual activity 

 nmol/min/mg nmol/min/mg % control pIC50 Slope nmol/min/mg % control 

ABHD6 

particulate 
11.6 ± 0.6 8.8 ± 0.5 76 ± 1 7.8 ± 0.2 -0.62 ± 0.09 2.8 ± 0.2 24 ± 1 

 

 

Table 3.12 [3H]-2OG hydrolysis in both fractions of ABHD6-transfected HEK293 cells in the 

presence of fixed concentrations of different inhibitors. 

                            Data are from3-4 independent experiments performed in duplicate. 

 ABHD6 soluble ABHD6 membrane 

 nmol/min/mg % control nmol/min/mg % control 

Control 4.7 ± 0.5 100 11.1 ± 0.8 100 

MAFP (1 µM) 0.4 ± 0.1 9  ± 2 0.1 ± 0.1 1  ± 1 

JJKK048 (100 nM) 1.4 ± 0.2 30  ± 5 3.8 ± 0.7 34  ± 5 

WWL123 (1 µM) 1.6 ± 0.2 35  ± 4 2.5 ± 0.3 23  ± 1 
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Figure 3.12 Activity Based Protein Profile of ABHD6-transfected HEK293 cells with 

1 µM of MAFP and JJKK048. 

 

Consequently, concentration inhibition curves of JJKK048 in membrane fractions 

of ABHD6 transfects were assessed (Figures 3.13). However, the effects of the 

inhibitor did not show the typical sigmoidal curve expected. It showed that 

JJKK048 at 100 nM evoked an inhibition to 37± 5 % control.  
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Figure 3.13 Concentration inhibition curve of JJKK048 on [3H]-2OG hydrolysis in 

ABHD6- transfected HEK293 cells. 

Data are from a single experiment performed in duplicate. Total [3H]-2OG 

hydrolysis was 12.4 nmol/min/mg. 
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3.4.6.4 ABHD12 transfection 

The absence of a selective inhibitor for ABHD12 has limited its further 

exploration. In this study, MAFP (an inhibitor of serine hydrolases) was used for 

checking transfected cells. Total [3H]-2OG hydrolysis in ABHD12 transfects was 

51.5 nmol/mg/min and upon using MAFP, it dropped to 0.6 nmol/mg/min (1% 

control).  

ABHD12 was also investigated with different inhibitors (in the radiometric assay) 

(Figure 3.16). 

3.4.7 [3H]-AEA as substrate 

To exclude any potential amidase activity in the MAGLs and ABHD6 transfects, 

5 µM AEA was used as a substrate, instead of 2OG, with rat liver membrane as 

a positive control (Figure 14).  

There was high level of activity detected in liver compared to transfects. Liver 

hydrolysed AEA which was blocked in the presence of URB597 –as expected- 

which indicate FAAH like activity. AEA hydrolysis was not altered in the 

presence of JJKK048 in liver and slightly reduced with WWL123 (Figure 14). 

The three transfects (MAGL1, MAGL2 and ABHD6) showed negligible AEA 

hydrolysis indicating that AEA is not a substrate for these enzymes. 
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Figure 3.14 [3H] AEA hydrolysis in the membrane fractions of MAGL1, MAGL2 and 

ABHD6-transfected HEK293 and rat liver. 

Data are radioactive counts (dpm) from a single experiment conducted in duplicate. 
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3.4.8 Activity with different inhibitors 

In this Section, samples from different types of transfects and cellular fractions 

were used to assess the selectivity of a series of inhibitors. The final concentration 

of these inhibitors was 1 µM, except for URB602 which was examined at 100 

µM. Inhibitors were  

 URB597 – a selective FAAH inhibitor (Piomelli et al., 2006) 

 JZL184 -a selective MAGL inhibitor (Long et al., 2009b)  

 URB602 -a selective inhibitor of MAGL (King et al., 2007) 

 WWL123 and WWL70-as selective ABHD6 inhibitors 

There has been a controversy about the selectivity (and potency) of URB602 for 

MAGL over FAAH. Therefore, 100 µM (a relatively high concentration) was 

used as the final concentration. Hohmann and co-workers used 100 µM URB602 

and failed to show FAAH inhibition (Hohmann et al., 2005). In addition, (King 

et al., 2007) used 100 µM URB602 as the optimal concentration for definition of 

MAGL. Later on, 100 µM of URB602 was used to assess the activity in rat ileum 

and liver (which is known to be rich in FAAH). (Duncan et al., 2008) showed 

that this inhibitor evoked significant inhibition of ileum soluble MAGL activity, 

in contrast, URB602 evoked much more modest inhibition of rat liver particulate 

FAAH activity (Vandevoorde et al., 2007). Based on this evidence, 100 µM of 

URB602 was chosen as a final concentration to measure MAGL. 

The data in Figures 3.15 show that JZL184 and URB602 displayed approximately 

similar levels of near-complete inhibition in MAGL transfects (Figure 3.15) 

similar to the levels described in the literature though it appeared less sensitive 

with membranous MAGL2. URB597 showed negligible interference with 2OG 

hydrolysis in these preparations (Figures 3.15, 3.16 and 3.17). WWL70 showed 

minor inhibition to similar levels in both MAGLs and ABHD12 transfects, which 

might represent the endogenous ABHD6 in HEK293 cells (Table 3.13 and Figure 

3.16). In Figure 3.16, URB602 caused an inhibition in ABHD6 and ABHD12 

activity, although it appeared not to be as active compared to the MAGL isoforms. 

WWL70 caused considerable level of inhibition in ABHD6 fractions with 

negligible inhibition in ABHD12 and MAGLs transfects (Figure 3.15 and 3.16). 
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JJKK048 evoked complete inhibition of MAGLs and modest inhibition of 

ABHD6 (Figure 3.17), while WWL123 showed considerable level of inhibition 

in the ABHD6 transfect. 
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Figure 3.15 [3H]-2OG hydrolysis in both fractions of MAGL1 and MAGL2 transfected- 

HEK293 cells. 

Data are radioactive counts (dpm) from a single experiment conducted in duplicate 
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Figure 3.16 [3H]-2OG hydrolysis in both fractions of ABHD6 and ABHD12-transfected 

HEK293 cells. 

Data are radioactive counts (dpm) from a single experiment conducted in duplicate. 
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   Figure 3.17 [3H]-2OG hydrolysis in membranous fraction of MAGL1, MAGL2 

and ABHD6-transfected HEK293. 

        Data are radioactive counts (dpm) from a single experiment conducted in 

duplicate. 

 

3.4.9 Activity in native HEK293 cells 

[3H]-2OG hydrolysis was also investigated in native HEK293 cells in soluble and 

particulate fractions (and with different passage number) to measure the 

background activity before transfection. Fixed concentrations of inhibitors were 

used: 1 µM MAFP, JJKK048 and WWL123 (Table 3.13). Results showed that 

MAFP displayed almost complete inhibition, while the other two inhibitors 

displayed more modest inhibitions. 

        

  Table 3.13 [3H]-2OG hydrolysis in both fractions of native HEK293 cells. 

  Data are mean ± SEM from 4-5 independent experiments performed in duplicate. 

 HEK293 soluble HEK293 membrane 

 nmol/min/mg 
% 

control 
nmol/min/mg 

% 

control 

Control 1.6 ± 0.2 100 2.4 ± 0.2 100 

MAFP (1 µM) 0.3 ± 0.0 16 ± 3 0.1 ± 0.0 4 ± 1 

JJKK048 (1 µM) 1.0 ± 0.1 62 ± 1 1.8 ± 0.2 74 ± 5 

WWL123 (1 µM) 1.4 ± 0.2 89 ± 3 1.7 ± 0.3 69 ± 5 

 

3.4.10 Activity in other cell lines 

Different cell lines were assayed with the aim of identifying a cell line that 

expressed ABHD6 activity intrinsically, by using the radiometric assay and fixed 

concentrations of selected inhibitors as indicated in Tables 14, 15 and 16. Soluble 
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and membrane fractions were prepared and examined in the presence of fixed 

concentrations of inhibitors. These cells were: N2a mouse neuroblastoma cells, 

which were suggested to express ABHD6 in ABPP experiments (Baggelaar et al., 

2015), HCA-7 human colon cancer and Caco-2 human Caucasian colon 

adenocarcinoma cells; both as representatives of human intestinal tissue.  

 Table 3.14 [3H]-2OG hydrolysis in fractions of HCA-7 cells. 

  Data are mean ± SEM from three independent experiments performed in duplicate. 

 HCA-7 soluble HCA-7 membrane 

 nmol/min/mg % nmol/min/mg % 

Control 0.5 ± 0.3 100 1.3 ± 0.1 100 

MAFP (1 µM) 0.1 ± 0.0 11 ± 1 0.0 ± 0.0 1 ± 3 

JJKK048 (1 µM) 0.2 ± 0.2 33 ± 5 0.7 ± 0.1 53 ± 2 

WWL123 (1 µM) 0.5 ± 0.2 93 ± 3 1.1 ± 0.1 84 ± 5 

JJKK048 + WWL123 0.3 ± 0.1 62 ± 3 0.5 ± 0.0 39 ± 3 

 

     Table 3.15 [3H]-2OG hydrolysis in fractions of N2a cells. 

Data are mean ± SEM from 2-5 independent experiments performed in duplicate.  (MAFP 

and JJKK048 were not analysed for the soluble fraction). 

 N2a Soluble N2a Membrane 

 nmol/min/mg % nmol/min/mg % 

Control 9.8 ± 0.5 100 13.2 ± 1.0 100 

MAFP (1 µM) Not investigated - 3.3 ± 0.7 23 ± 1 

JJKK048 (1 µM) Not investigated - 7.5 ± 1.6 53 ± 3 

WWL123 (1 µM) 8.7 ± 0.8 94 ± 1 10.7 ± 1.2 80 ± 4 

                

     Table 3.16 [3H]-2OG hydrolysis in fractions of Caco-2 cells. 

Data are mean ± SEM of 2-5 independent experiments performed in duplicate. Data 

presented as mean ± SE. (MAFP and JJKK048 were not analysed for the soluble fraction). 

 Caco-2 Soluble Caco-2 Membrane 

 nmol/min/mg % nmol/min/mg % 

Control 3.6 ± 0.7 100 9.1 ± 1.0 100 

MAFP (1 µM) Not investigated - 0.3 ± 0.2 2 ± 1 

JJKK048 (100 nM) Not investigated - 4.2 ± 0.6 40 ± 5 

WWL123 (1 µM) 1.6 ± 0.4 43 ± 2 5.8 ± 0.7 64 ± 2 

 

HCA-7 and Caco-2 cells are human colon cancer cell lines of an epithelial type, 

although they were derived from different stages of differentiation.  HCA-7 cells 

are a well differentiated cell line often used to investigate COX-2 activity, while 

Caco-2 cells are often used in the literature as a model of the small intestinal 

epithelial barrier and intestinal absorption. 
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Because of the low levels of total activity in HCA-7 cells, the influence of the 

inhibitors is likely to be more variable, and hence less reliable (Table 14). 

Caco-2 cells were grown (in different passage number) in trans-well plates and 

harvested after 15 and 22 days (to allow cell differentiation and villi maturation) 

(see Methodology Chapter). Caco-2 cells were also grown in T-75 flasks for 7 

days. Both conditions yielded similar results using the radiometric assay; Table 

3.16 identifies the combined data from both conditions. These cells were the best 

in terms of expressing WWL123-sensitive 2OG hydrolysis (presumably ABHD6) 

among the cells tested, although they expressed MAGL as well.  

N2a cells showed the highest measurable total [3H]-2OG hydrolysis among other 

selected cells in both fractions with JJKK048 insensitive and WWL123 

insensitive activities of 53% and 80% in the membrane partition, respectively 

(Table 15).   

3.4.11 Activity in primary culture cells 

For more focus on the individual cell types that comprise the rat brain, astrocytes, 

neurons and microglia, were tested in the radiometric assay (Figure 3.18). 

Microglia exhibited the lowest 2OG hydrolysis activity within these three primary 

cell types. Relatively high hydrolytic activity insensitive to MAFP appeared in its 

soluble fraction. No WWL123-sensitive (ABHD6) activity was detected in the 

soluble fraction and only ~ 10 % in the membrane fraction (Figure 3.18). Neurons 

expressed the highest activity sensitive to WWL123 (ABHD6) in both fractions 

(Table 3.17). The level of activity (as nmol/min/mg protein) sensitive to 

WWL123 (ABHD6) in the membrane fractions in astrocytes was close to that in 

the neuronal membrane fraction (Table 3.17).  

MAGL activity (i.e. that inhibited by JJKK048) was highest in the membrane 

fraction of astrocytes, followed by neuronal membranes, while JJKK048 

inhibited ~20-40% of hydrolysis in microglia (Figure 3.18). A similar level of 

JJKK048-sensitive MAGL activity was apparent in the soluble fraction of both 

neurones and astrocytes (3.4 and 3.6 nmol/min/mg, respectively) (Table 17).
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Table 3.17 [3H]-2OG hydrolysis in both fractions of rat astrocytes, neurons and microglia. 

Data are mean ± SEM from 3-4 independent experiments performed in duplicate. 

 2OG hydrolysis (nmol/min/mg protein) 

 Astrocytes Neurones Microglia 

 Soluble Membrane Soluble Membrane Soluble Membrane 

Control 4.8 ± 0.3 10.1 ± 1.0 5.2 ± 0.2 7.2 ± 0.1 0.9 ± 0.3 1.4 ± 0.4 

MAFP (1 µM) 0.7 ± 0.3 1.1 ± 0.8 0.3 ± 0.0 0.1 ± 0.1 0.3 ± 0.1 0.1 ± 0.0 

JJKK048 (100 nM) 1.2 ± 0.3 2.7 ± 0.5 1.8 ± 0.2 3.1 ± 0.4 0.7 ± 0.2 0.8 ± 0.1 

WWL123 (1 µM) 4.5 ± 0.4 8.4 ± 0.4 4.1 ± 0.3 5.2 ± 0.2 0.9 ± 0.3 1.1 ± 0.2 
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Figure 3.18 [3H]-2OG hydrolysis in cells derived from rat brain (neurons, astrocytes and microglia). 

                Data are mean ± SEM from 3-4 expressed as a percentage of the response in the absence of inhibitors. 
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3.5  Discussion 

This Chapter described characterization of MAGL and ABHD6 activities in multiple 

rat tissues, multiple cell lines and in primary cells. Successful cloning allowed 

generation of MAG hydrolase enzymes (and for the first time MAGL2) in HEK293 

as host cells and confirmed by different techniques. Using radiometric assay, MAGL 

and ABHD6 like activities were detected; being the highest in rat intestines for 

ABHD6 while high MAGL was measured in rat brain.   

3.5.1 MAGL and ABHD6 in rat neural tissues 

In this study, the use of a well-established assay of monoacylglycerol turnover, using 

2-oleoyl-3H-glycerol as substrate, was applied in order to investigate the biochemical 

characterization of MAGL, ABHD6 and ABHD12. JJKK048 was used to define the 

contribution of MAGL as it has previously been described as the most potent and 

selective MAGL inhibitor (Aaltonen et al., 2013) commercially available. Using this 

inhibitor, about 60 and 75 % of hydrolase activity in the soluble and membrane 

fractions of rat spinal cord could be ascribed to MAGL (Table 3.1). In the PFC, 

corresponding activities appeared higher at ~ 75 and 85 %, respectively.  

Many reports in the literature have provided evidence for MAGL as the main MAG 

hydrolase in different parts of the nervous system. Thus, immune depletion of 

MAGL in soluble fractions of rat brain inhibited about 50% of total 2-AG-hydrolysis 

(Dinh et al., 2004). Rat cerebellar membranes treated with N-arachidonoyl 

maleimide (an irreversible MAGL inhibitor) showed a ~85% decreased 2-AG 

hydrolysis (Saario et al., 2005). ABPP identified that MAGL was responsible for 

~85% of 2-AG hydrolase in mouse brain membranes (Blankman et al., 2007) and 

MAGL activity was the most pronounced in mouse prefrontal cortex (Baggelaar et 

al., 2017). However, this study described the remaining activity in three parts of 

brain. Using the same enzyme assay reported in this study, (Woodhams et al., 2012) 

reported ~ 25% activity resistant to a selective MAGL inhibitor in both tissue 

fractions of Sprague Dawley rat spinal cord.  

JJKK048 potencies for inhibition of 2OG hydrolysis (Table 3.1) were comparable 

or higher than those described for 2-AG hydrolysis (based on glycerol detection) in 
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rat cerebellar membranes and hMAGL overexpressing HEK293 lysates, with 

reported pIC50 values of 9.67 and 9.44, respectively (Aaltonen et al., 2013). In 

addition, in the lysate of HEK293 cells transfected with empty plasmid, JJKK048 

pIC50 value was 9.39 (Laitinen et al., 2014). 

The next step was to investigate whether ABHD6 activity was responsible for the 

2OG hydrolysis in the JJKK048-insensitive fraction in the two tissues (Figure 3.2). 

WWL123 has been described as a selective ABHD6 inhibitor (Bachovchin et al., 

2010) where ABPP identified a pIC50 value of 6.3 in lysate from recombinant 

expression in COS7 (monkey fibroblast).  This inhibitor has also been administered 

in vivo, where it was able to reduce the severity of seizures in a mouse model of 

epilepsy (Naydenov et al., 2014). As yet, there appear to be no reports of the use of 

WWL123 and/or an investigation of ABHD6 activity in rat tissues. The results 

showed a limited contribution of ABHD6 to 2OG hydrolysis in spinal cord or PFC. 

This might be attributed to the predominance of MAGL in these tissues, therefore, 

the following experiments were designed to investigate ABHD6 (or other enzymes) 

activity in the absence of MAGL activity. In the presence of 100 nM JJKK048, a 

serial dilution curve to WWL123 was constructed (Figure 3.3). As expected, 

JJKK048-sensitive MAGL activity appeared responsible for the bulk of hydrolysis 

ranging from 70-85% total activity, while WWL123-sensitive ABHD6 activity 

appeared to be only 1-2% of total hydrolysis in these tissues. Noticeably, the highest 

remaining activity was detected in the soluble fraction of rat spinal cord (Figure 3.3). 

It is important to mention that there were variable levels of total [3H]-2OG hydrolysis 

detected in spinal cord and prefrontal cortex (Tables 3.1 and 3.3). This might be 

attributed to variations in substrate concentration in each experiment. 2OG is 

reported to be a low affinity substrate for MAGL (IC50 value of 15 µM in rat brain 

against 2 µM 3H-2OG (Ghafouri et al., 2004) and the concentration of substrate used 

in the present series of experiments is likely to be a non-saturating one. 

To summarize, the hydrolysis of 2OG in rat spinal cord and PFC appears to be 

mediated predominantly through MAGL activity and an unidentified lipase/s, with 

little contribution from ABHD6. The attempt to detect ABHD6 in the presence of 

JJKK048 inhibition of MAGL failed. One potential explanation for the absence of 
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detectable ABHD6 activity in these regions is that 2OG may not be a ‘good’ 

substrate for ABHD6, while previous investigations have focussed on the use of 

2AG as substrate or ABPP using -rhodamine-FP. 

3.5.2 MAGL and ABHD6 in rat intestines 

The next aim was to determine whether it was possible to distinguish the activities 

of MAGL and ABHD6 in rodent intestine, comparing mRNA expression levels and 

enzyme activities. Monoacylglycerols (and fatty acids) are present in the intestinal 

lumen following pancreatic lipase digestion of dietary fat as a major source of 

calories and cell membrane building blocks (Chon et al., 2007; Storch et al., 2008).  

MAGL mRNA has been detected in rodent small intestine mucosa, full thickness 

ileum and in Caco-2 cell lines (Duncan et al., 2008; Ho et al., 2002) while MAGL 

protein was widely distributed throughout the length of gut co-localized with enteric 

neurons, based on fluorescence microscopy. During a  high fat diet, 2OG was found 

to be formed in abundance in the intestine (Hansen et al., 2011). MAG expression 

was found to be elevated as well (Chon et al., 2007), which might indicate dietary 

control of MAGL expression levels. Another role for MAGL in vivo was identified 

following URB602 inhibition; there were trends to slow both upper GI transit and 

colonic propulsion (Duncan et al., 2008). Furthermore, MAGL has been predicted 

to have an anti-inflammatory role by decreasing arachidonic acid in the gut (Nomura 

et al., 2008).  

This is the first study to demonstrate the presence of ABHD6 in small and large 

intestine, in soluble and membrane fractions of male and female rats. The results in 

Figure 3.4 and Table 3.4 confirmed principally the consistency of mRNA expression 

and activity for ABHD6. There appeared to be a higher level of ABHD6 activity 

over MAGL in some tissues, for example, in female small intestine and cytosol of 

male small intestine. The activities were almost equal in the soluble fractions of large 

intestine of both sexes. Whether the higher levels of ABHD6 activity in female 

intestine is relatively to a sex-specific role needs further investigation. 

Previous results showed that, in rodent, the highest activity of 2OG hydrolysis was 

present in the soluble fraction of the duodenum and the lowest was in the distal colon 
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in male Sprague-Dawley rats (Duncan et al., 2008). This is consistent with the male 

rat results observed here, nevertheless, the reverse was found in female rat. In the 

published study, URB602 was able to inhibit MAGL in both fractions of ileal 

mucosa, though the soluble part was more sensitive to the inhibitor and the authors 

predicted the presence of a “novel MAGL” in the membrane fraction.  

Interestingly, WWL123 exhibit higher potency than is reported in the literature 

(Bachovchin et al., 2010). At the moment, there is no obvious explanation for this. 

One possibility is that it may be related to the assay method, although a similar 

potency was found in ABHD6 HEK293 transfects. Alternatively, it may be a species 

related phenomenon or due to differences in post-translational modification. It would 

be useful to further explore this point, for example using tissues from mice with and 

without targeted disruption of the ABHD6 gene to compare the selectivity and 

potency of WWL123.  

It was slightly surprising to identify this high level of ABHD6 activity in the soluble 

fractions of the gut, because ABHD6 was initially defined as a membrane-bound 

enzyme. As an example (Marrs et al., 2010) identified ABHD6 in membrane 

fractions of mouse brain by immunoblotting. For some proteins, there is a proteolytic 

step which generates a soluble product from a membrane-bound enzyme. To 

investigate whether the soluble activity was generated by the action of proteolytic 

enzymes, protease inhibitors were mixed with the tissue before homogenization, and 

also during the enzyme assay to identify whether they might interfere directly 

(Tables 3.5 and 3.6). Added directly to the assay, the protease inhibitor combination 

inhibited 2OG hydrolysis in a concentration-dependent fashion in both soluble and 

membrane fractions of the rat small intestine (Table 3.5). However, incubation with 

protease inhibitors during the homogenization process and dilution in the enzyme 

assay failed to show any effect on the proportions of MAGL or ABHD6 in either 

membrane or soluble fractions (Table 3.6). This implies that protease activity is not 

an influence for generation of soluble ABHD6 activity. 

There is very limited evidence in the literature supporting the presence of active 

ABHD6 in the soluble fraction. (Blankman et al., 2007) highlighted the presence of 

a predicted trans-membrane domain in ABHD6 and ABHD12 by hydropathy study. 
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Further, they determined the average peptide spectral counts in mouse brain 

proteome showed that ABHD6 had 149 ± 7 and 5 ± 1 arbitrary units for the 

membrane versus soluble fraction, respectively. Fluorescence from an ABHD6-GFP 

fusion protein was identified in the cytoplasm of transfected AD293 cells (Li et al., 

2009). In another study; ABHD6 activity was measured in the soluble fraction of 

INS832/13 (rat pancreatic-ß cells) that could be inhibited by 10 µM WWL70 to 

~60% (Zhao et al., 2014). Taken together, the appearance of ABHD6 protein and 

activity in the soluble fraction appears reproducible, although it appears more 

abundant in the membrane fraction.    

On separation of the epithelial layer of small intestine and subsequent enzymatic 

assay, it appeared most of the activity was inhibited with WWL123 more than 

JJKK048, with complete inhibition with MAFP. However, the combination of the 

inhibitors did not reach the level of MAFP inhibition indicating the presence of 

another 2OG (serine) hydrolase in the intestine.  

In summary, it appears that multiple serine hydrolases, including MAGL and 

ABHD6, are active as monoacylglycerol hydrolases in the rat intestine. Whether 

these enzymes play metabolic or signalling roles will need to be examined in further 

experiments. 

3.5.3 Activity in transfects 

Searching the NCBI database for human genes identified three MAGL isoforms, one 

ABHD6 and two ABHD12 isoforms. In this study, MAGL1, MAGL2, ABHD6 and 

ABHD12 were successfully sub-cloned according to the map shown in Appendix- 

Table A.1.  

MAGL3 isoform (NM_001256585.1) was described in NCBI as “a shorter form than 

MAGL 1 and it lacks an exon in the 3’ coding region”. However, alignment 

comparison (using APE software) of the coding DNA sequence (CDS) of the 

MAGL1 and MAGL3 isoforms showed that they shared identical starting codon and 

stopping sequence. However, the difference is located in the middle fragment (90 

base pair missing as shown in Appendix-Table A.3), then maintains again the 

reading frame. This result would make MAGL3 protein shorter than MAGL1 by 30 
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amino acids. To date, there are no published data on the presence of MAGL3 and 

whether or not there is in fact MAGL3.  

Regarding a second isoform of ABHD12 (NM_015600.4), many trials to amplify 

the gene by PCR were conducted without detection on agarose gels. This means that 

it is either not present or another template (e.g. eye cDNA) might be more successful.  

Many trials for making stable cell lines expressing these enzymes using different 

optimization methods were unsuccessful. In fact, until recently, there were no 

literature reports of stable cell transfects for ABHD6 and ABHD12. The exception 

is a very recently published work of (Chicca et al., 2017). A MAGL stable cell line 

(with tagged 3HA) was reported (Savinainen et al., 2010) and in two papers using a 

retrovirus system (Hu et al., 2014; Nomura et al., 2010). The difficulty in expressing 

these enzymes stably might indicate the protein or it’s products might be toxic in the 

host cells, or that the substrate/s are essential for cell survival.  

The transfected cells were visualised by fluorescence detection after co-transfection 

with GFP (Figure 3.6) and assessed by measuring 2OG hydrolysis. As mentioned, 

the transient transfection system was found to be more efficient than the stable one 

(Figure 3.5). Results also showed that the transfects hydrolysed 2OG extensively 

compared to empty vector transfection (Figure 3.7) or non-transfected HEK293 cells 

(Table 3.13).  

This is the first study to clone and determine the activity of MAGL2. MAGL2 lacks 

exon 5 and has a shorter N-terminus compared to the first isoform. This missing 

segment encodes for the lid region of MAGL and is implicated in substrate 

selectivity and membrane localization (Bertrand et al., 2010; Labar et al., 2010a; 

Labar et al., 2010b; Scalvini et al., 2016). This might explain the biochemical 

differences observed (see below) between MAGL1 and MAGL2.   

Two research groups have reported two distinct crystal structures of MAGL and 

determined its catalytic site (Bertrand et al., 2010; Labar et al., 2010a). Both of them 

described two protein molecules per asymmetric unit with its catalytic region facing 

the phospholipid membrane (Scalvini et al., 2016).  
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Over-expression of MAGL1 and MAGL2 isoforms in HEK293 cells showed they 

could be completely inhibited by the “ultra-potent” MAGL inhibitor JJKK048 

(Figures 3.8 and 2.9 and Table 3.10)  (Aaltonen et al., 2013) although a slight 

difference in pIC50 values between the two isoforms was observed.  Total [3H]-2OG 

activity was higher in MAGL1 than MAGL2 transfects. MAGL1 appeared to be 

more active in the soluble fraction. Previously reported MAGL overexpression by 

adenovirus revealed equal activity in cytoplasm and membrane of host cells (Dinh 

et al., 2002b). MAGL2 appeared much less active in both fractions than MAGL1, 

although it was more active in the membranes. The consistency in the absolute levels 

of JJKK048-resistant hydrolysis between MAGL1 and MAGL2 (in nmol/min/mg) 

suggests there is no difference in background hydrolysis between the two cells. The 

difference in biochemical parameters (substrate hydrolysis and enzyme inhibitor 

potency) may result from conformational changes in the enzyme around the active 

site (see Figures A.4, A.5 and A.6 in Appendix- for 3D structure of MAGL). Indeed, 

very recently it has been reported that mutation in the lid region of MAGL (where 

MAGL2 truncation occurs) can change substrate selection (Riccardi et al., 2017). 

Obtaining crystal structures of the enzyme splice variants would allow a more 

detailed analysis of any change to be examined. 

Both MAGL1 and MAGL2 were shown to have two bands on migration on ABPP 

gels (Figure 3.9) and both were inhibited in the presence of 1 µM JJKK048. This 

might indicate the presence of novel variants for each isoform (Labar et al., 2010b) 

or it might be attributed to post-translational modification. Further investigation 

using inhibitors of glycosylation or the addition of glycosidase enzymes could 

examine the role of this particular post-translation modification. 

ABHD6 transfects were used to identify the potency of inhibitors and enzyme 

distribution within the cell. The potency of WWL123 (Table 3.11) was slightly 

higher than with the only previously reported study (in ABPP) (Bachovchin et al., 

2010) (-7.8 versus -6.3, respectively). A similar potency (pIC50 ~8) was observed in 

rat intestines (Table 3.4). This might be attributed to the enzyme assay system used 

or WWL123 might also affect another off target enzyme. Future studies should 
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investigate other tissues or other species (for example, human) or whether similar 

potency would be detected in tissues from ABHD6 disrupted animals. 

In ABHD6 transfects, 20% of total 2OG hydrolysis was insensitive to the presence 

of 10-4 M WWL123. To follow up this point and check ABHD6 selectivity, a pilot 

study with WWL70 was conducted and a similar result was found. This is in line 

with a previous report of WWL70 inhibition of [3H]-2-AG hydrolysis in mice brain 

homogenate with 20% activity remaining (Marrs et al., 2010). On the other hand,  

(Patel et al., 2015) detected ~5% insensitive fraction using a fluorescent glycerol 

detection assay using lysates of HEK293 cells transiently overexpressing ABHD6 

and using 1-AG instead of 2-AG as a preferred substrate. This might indicate the 

limited ability of the host cells to over-express ABHD6, which also express another 

2OG hydrolysing enzyme/s insensitive to either WWL70 or WWL123. Arguably, 

this discrepancy in residual activity might be attributed to the different substrates 

used in each experiment.    

A number of experiments were done to exclude the role of AEA-hydrolysing 

enzymes and to assess the selectivity of different inhibitors with different transfects 

(Figures 3.14, 3.15, 3.16 and 3.17). Generally, the results were consistent with the 

expected role of the relevant inhibitor, yet, with some limited variabilities.  

ABHD6 activity was measured in the presence of fixed concentrations of MAFP, 

JJKK048 and WWL123 in the two subcellular fractions (Table 3.12). The total 

measured activity was lower in the soluble compared to the membrane fraction. 

MAFP showed complete inhibition in both fractions. Because 1 µM JJKK048 

affected ABHD6 activity in the ABPP assay (Figure 3.12), 100 nM was examined 

(Table 3.12) and concentration inhibition curves to JJKK048 in ABHD6 transfects 

(Figure 3.13) were constructed to assess its inhibition profile.  

The Aaltonen group reported that JJKK048 had a “moderate” inhibition of hABHD6 

with a selectivity ratio of hMAGL over hABHD6 of ~630 fold making ABHD6 the 

“closest” off target. However, ABPP in the mouse brain membrane proteome 

showed that even at 10-7 M JJKK048, a reduced activity band of ABHD6 appeared, 

indicating poor selectivity of JJKK048 at this concentration. This might explain the 
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effects of JJKK048 on ABHD6 transfects in the present study (Table 3.12 and Figure 

3.12).  

There were variable effects of the FAAH inhibitor URB597 in the different 

transfects, although none of the enzymes exceeded 20% inhibition in the best 

condition (Figure 3.15, 3.16 and 3.17). While one group described URB597 with a 

lack of selectivity (Alhouayek et al., 2014), others described URB597 as a selective 

FAAH inhibitor with no MAGL effect (Kathuria et al., 2003). However, in a wide 

proteome study, URB597 has been identified as having off-target enzyme effects 

(Lichtman et al., 2004), possibly among them ABHD6 and ABHD12 (Bosier et al., 

2013).   

Finally, exploration of ABHD12 in transfected cells was limited in this thesis 

because of a lack of availability of selective inhibitors. 

3.5.4 Native Enzyme Activities in cell lines  

With the aim to find endogenous ABHD6 expression, a number of cell lines (N2a, 

HCA-7 and Caco-2) were enzymatically assayed HEK293 cells as potential hosts 

were assayed to determine background levels ABHD6 and MAGL like activity 

before transfection. This is the first study to determine the activity of ABHD6 and 

MAGL activities in these cell lines using the 2OG radioisotope enzyme assay as N2a 

was reported to express ABHD6 (Baggelaar et al., 2015) while HCA-7 and Caco-2 

were used as intestinal model (as an additional step for ABHD6 exploration in 

human gut after its characterization in rat intestine (Table 3.4 and Figure 3.4). 

HEK293 cells almost equally expressed low activities of ABHD6 and MAGL like 

activities in the membrane fraction while MAGL like activity was more elevated in 

the soluble fraction (Table 3.13). HCA-7 cells had the lowest total 2OG hydrolysis 

in both fractions (Table 3.14), suggesting that results from investigating inhibitors 

effects were unlikely to be dependable. 

In contrast, enzyme assay of N2a cells showed the total [3H]-2OG hydrolysis was 

measurable in both fractions –Table 3.15. MAFP largely inhibited the hydrolysis in 

membranes which indicates the presence of serine hydrolase enzymes, while 

JJKK048 at the relatively high concentration of 1 µM only inhibited ~ 50% 
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indicating the presence of multiple enzyme activities in these cells. While no 

detectable ABHD6 like activity could be measured in the soluble portion, nearly -

and unexpectedly- only 20% of total 2OG in membrane fraction could be attributed 

to ABHD6 (Table 3.15). This was in contrast to ABHD6 detection using the ABPP 

method (Baggelaar et al., 2015).  

Caco-2 cells appeared to have the highest ABHD6-like activity in radioisotope 

enzyme assay among the selected cell lines (Table 3.16). MAFP was shown to 

completely inhibit 2OG hydrolysis in the particulate fraction. The detection of 

ABHD6 like activity (WWL123 inhibition) in the soluble fraction and ABHD6 and 

MAGL activities in the membrane fraction were in line with our previous results of 

ABHD6 and MAGL detection in rat gut (Table 3.4).   

3.5.5 Activity in primary cell culture 

Because measuring activities in neural tissues failed to identify ABHD6-like enzyme 

activities, the next step was to investigate individual cell types within these tissues. 

There were previous studies (Baggelaar et al., 2015; Grabner et al., 2016; Marrs et 

al., 2010; Viader et al., 2015; Viader et al., 2016) investigating the distribution of 2-

AG hydrolases in these types of cells using various assays and immunostaining tools 

especially in mice brain, nevertheless, this is the first study to measure the activity 

of 2OG as substrate.  

It was reported that in mice primary microglial homogenates, MAGL and ABHD6 

did not contribute to [3H]-2-AG hydrolysis, using JZL184 and WWL70 as inhibitors 

(Marrs et al., 2010). However, in this Chapter, it has been shown that MAGL was 

responsible for ~40% and 20% of 2OG hydrolysis in microglial membranes and 

cytosol, respectively (Figure 3.18 and Table 3.17). This can be explained by the 

relatively low levels of total 2OG hydrolysis in microglia and thus, the less reliable 

data of ABHD6 and MAGL like activity in these cells. 

ABHD6 was not detected by immunostaining in mouse primary microglia while it 

was present in the mouse microglial BV-2 cell line using quantitative PCR (Marrs 

et al., 2010) . However, another study identified ABHD6 in microglia in cross 

sections of spinal cord of an experimental autoimmune encephalomyelitis mice 
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model, co-localized with F4/80 (a marker for macrophages/microglia) (Wen et al., 

2015). The authors hypothesized that ABHD6 was upregulated during inflammation. 

Another group reported the presence of ABHD6 in J774, RAW267.7 and BV-2 

microglial cell lines of mice (Alhouayek et al., 2014). Although these cells were 

used as surrogates for different functional aspects of microglia, their phenotypes 

were reported by many laboratories to be quite different from primary microglia 

(Marrs et al., 2010). BV-2 cells are reported to express functional ABHD6; 

suggested to be responsible for ~50% of 2-AG hydrolysis (as indicated by WWL70 

inhibition) in two separate research group (Marrs et al., 2010) and (Tanaka et al., 

2017) while primary microglia were not.  

Regarding MAFP in these primary cells, the results (Figure 3.18) showed almost 

complete inhibition, except in microglia and astrocyte cytosols with ~20% and 15% 

insensitive fractions, respectively. Further biochemical analysis would be required 

to define enzymes involved. 

In neurons (Figure 3.18), MAGL represented ~60% of 2OG hydrolysis, while in 

astrocytes, it represented ~80%. (Dinh et al., 2002a) reported MAGL 2-AG 

hydrolysis in rat neurons in soluble (0.3) and particulate (0.2 pmol/min/mg protein) 

fractions, respectively. With another study, it was shown that in neuronal 

homogenates, JZL184 alone inhibited ∼50% of the total 2-AG hydrolysis whereas 

in combination with WWL70, it supressed almost all of the hydrolysis. In the same 

study, the combination of 10 µM WWL70 and 1 μM JZL184 inhibited all 2-AG 

hydrolysis in intact neurons measured by [3H]-glycerol production (Marrs et al., 

2010). In mouse astrocytes, the Stella group reported that MAGL was expressed, 

using 2-AG as a substrate in radiometric assay and in immunoblotting (Walter et al., 

2004). These data are in agreement with results in this study (Figure 3.18).   

ABHD6 appeared responsible for ~30% and 20% in membrane fractions of neurons 

and astrocytes, respectively. The Cravatt group have shown ABHD6 was responsible 

for ~50% of hydrolysis of 2-AG in neurons using the maximally effective 

concentration of 10 µM WWL70. They confirmed the expression of ABHD6 mRNA 

in primary neuron and microglia with the radiometric assay (Marrs et al., 2010). In 
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addition, they conducted immunocytochemistry of mouse primary cells and showed 

that ABHD6 was expressed in neurons and astrocytes, but not in microglia.  

As mentioned earlier, the lack of available ABHD12 inhibitors limits its 

characterization in these cells. It has been reported in the literature that ABHD12 

was greatly responsible for 2-AG hydrolysis in microglia (Savinainen et al., 2012)  

(and astrocyte) but not in neurons using an ABHD12 knockout mouse (Viader et al., 

2016).  

In conclusion, this Chapter gave an indication of the subcellular distribution of 

MAGL, ABHD6 and other “unknown” MAG metabolising enzymes in various 

cellular and tissue contexts. In order to expand and draw complete picture, genetic 

expression and protein visualization would be required. The next Chapter, the 

mRNA expression of MAGL and ABHD6 in various rat tissues will be investigated. 

In addition, visualization of these proteins in recombinant expression will be 

assessed.   
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 mRNA detection and subcellular localization of 

MAGLs and ABHD6 

4.1 Introduction 

4.1.1 Genetic expression in rat tissues  

The wide distribution of mRNA encoding for MAGL has been described. MAGL 

was reported to be expressed in many rat tissues including ovary, heart, spleen, 

lung, liver, skeletal muscle with the highest expression in adipose tissue, adrenal 

glands, kidney and testis (Karlsson et al., 1997). In rat brain, MAGL mRNA was 

high in hippocampus, cerebellum, thalamus and cortex which also express high 

levels of the CB1 receptor (Dinh et al., 2002a; Tsou et al., 1998). In rat intestine, 

MAGL mRNA was higher in submucosa and myenteric plexus than in the 

mucosal layer (Duncan et al., 2008).   

In an interesting study using mouse intestinal MAGL, dramatic changes in mRNA 

levels and activity took place during ontogeny (Chon et al., 2007). There was a 

relative abundance of mRNA expression at the early stage of life, which was in 

contrast to MAGL activity at the same age. There was a gradual decrease to low 

but detectable levels of expression which appeared opposite to enzyme function 

(high activity measured) at 100 days old. Both expression and activity were 

elevated after administration of a high fat diet, but not starvation, suggesting a 

potential role in dietary lipid control. This discrepancy between MAGL mRNA 

and activity has also been reported in adult rat neurones, astrocytes and microglia 

where the activity was inverted with respect to mRNA levels (Viader et al., 2016). 

This raises the possibility that MAGL in this tissue undergoes some further 

editing at the translational or post-translational levels.  

Regarding mRNA for ABHD6, it has also been shown to be widely expressed. It 

has been described in liver, heart, lung, brown adipose tissue, kidney, spleen, 

small intestine, testis, brain and skeletal muscle of mice; with the highest levels 

found in small intestine followed by adipose tissue and liver (Thomas et al., 

2013). As with MAGL, ABHD6 expression appears to be influenced in diet. 
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Thus, high fat diet feeding in mice lead to increased ABHD6 mRNA expression 

in the small intestine and liver (Thomas et al., 2013). ABHD6 mRNA was highly 

expressed in neonatal mouse primary hippocampal neurons and increased until 

adulthood when it remained stable (Wei et al., 2016) with no sex differences 

observed between male and female mice (Chesworth et al., 2018). 

Upon searching for rat MAGL mRNA on the NCBI database, two transcripts 

appear: MAGL and a predicted variant termed X1MAGL. X1MAGL exhibits a 

16 amino acid deletion at the beginning of the 5’ region in comparison to MAGL.  

It is not known for now whether the rat MAGL has similar variants to human as 

no data are available regarding the second variant of MAGL (X1 MAGL) in rat. 

4.1.2 Subcellular localization of the enzymes 

It has been postulated that ABHD6 and MAGL might be located in the nuclear 

membrane and mitochondria (Marrs et al., 2007). However, this suggestion 

remains to be confirmed. This speculation was based on the presence of 2-AG 

hydrolytic activity in different fractions from intact cells, for example; in plasma 

membrane, nuclear membrane and mitochondria, suggesting different subcellular 

localization of the enzymes was responsible for a distinct pool of 2-AG hydrolysis 

(Marrs et al., 2007).  

For MAGL, the subcellular localization was first studied in 1981 in rat fat cells 

where the activity was detected in multiple cellular fractions (Sakurada et al., 

1981). These were (in descending order): in cytosolic fraction, membranes, 

microsomes, nuclear and mitochondrial fractions. Later, different studies reported 

the presence of MAGL in the cytoplasm (Dinh et al., 2002a; Dinh et al., 2004), 

in membranes (Saario et al., 2005; Woodhams, 2012) and in both fractions 

(Blankman et al., 2007; Labar et al., 2010b; Long et al., 2009a). MAGL was 

found to be equally distributed between the cytosolic, nuclear, mitochondrial and 

microsomal fractions of mice neurons (Muccioli et al., 2007). Given these 

alternatives, it is possible that MAGL might have different localization in 

different species and cell types.  
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Muccioli et al. (2007) identified a novel MAGL-like activity enriched in 

mitochondrial and nuclear fractions in BV-2 mouse microglial cells (Muccioli et 

al., 2007). ABHD6 was later found to be responsible for ~ 50% of 2-AG 

hydrolysis in these cells and hence suggested to represent the previously reported 

“novel MAGL” activity (Marrs et al., 2010). An ABHD6-GFP fusion protein was 

detected in cytoplasm in host transfecting cells (Li et al., 2009). Most recently, 

ABHD6 was reported to be enriched in endoplasmic reticulum membranes and in 

the perinuclear area of transfected COS-7 cells (Pribasnig et al., 2015). Given the 

detection of ABHD6 in the cytoplasm in this study (Chapter 3 with rat intestines 

and in human transfects), the identification of the subcellular localization of this 

enzyme in different conditions (native and overexpressed condition) and in 

different types of cells (cell line and primary cell culture) would be important to 

complete an understanding of the function of the activity.  

Because of the constraints in finding a specific ABHD6 antibody to study its 

distribution (see Section 4.3 below) and because of the lack of a selective 

antibody to discriminate the two MAGL isoforms, HA-tagging at both termini  

(N- and C-) of each gene was conducted (primers and methods were  described 

in Chapter Two, Sections 2.4.1 and 2.4.3).  

A link between ABHD6 and neuronal cells has been described in the literature 

(Marrs et al., 2010; Straiker et al., 2009; Viader et al., 2016). However, these 

studies did not investigate the subcellular location of ABHD6.  Keeping in mind 

the difficulties of introducing genes in primary cell cultures, viral infection has 

been used in this Chapter to identify subcellular localization of ABHD6 in 

multiple cell types.  
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4.2 Aim of this Chapter 

The aim of this Chapter was mainly to provide a dataset combining different 

techniques and tissue sources. The objectives were to: 

 Quantify gene expression in different rat tissues.  

 Identify the subcellular localization of human ABHD6, MAGL1 and 

MAGL2 in recombinant expression using immunostaining, 

immunoblotting and radiometric enzyme assay. 

 Investigate the subcellular localization of ABHD6 in primary neuronal 

cell culture cells using viral infection.   

4.3  Methods 

RNA isolation and conversion to cDNA were described in Sections 2.4.4 and 

2.4.5, respectively. Specific Taqman primers and probes were designed for the 

two MAGL variants, as well as for rat ABHD6, and for three reference genes (β–

actin, TBP and GAPDH). The mRNA expression levels of selected genes were 

quantified in this Chapter using TaqMan®-Based Detection qRT-PCR (Section 

2.4.6).  

There were many attempts in this study to measure ABHD6 protein using two 

polyclonal antibodies (anti-ABHD6 antibody abcam, 74681 and Gene Tex, 

GTX87697), using different dilutions, different blocking buffers and different 

sources of enzyme (tissues and cell lines). All failed to provide evidence for 

functional antibodies (see Figure A.7 in Appendix as a representative image). 

HA-tagging of the enzyme by cloning was attempted, attaching at both C- and N- 

terminals for ABHD6. The HA-tag (human influenza hemagglutinin) is 9 amino 

acids in length and in common use due to its immunogenicity and easy detection 

without apparently interfering with protein function. In addition, HA-tagging was 

conducted with human MAGL1 and MAGL2 at both termini.  Stripping and re-

probing of immunoblots was performed as described in Section 2.6.3. Subcellular 

localization of ABHD6 in primary cell cultures by viral infection was conducted. 
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Primary cell culture represents a more physiological model, in terms of the 

physiological relevance of protein distribution, compared to CHO and HEK cells. 

It is, however, accompanied by the difficulties of culturing enough cell numbers 

for investigation and there is less efficient expression when transiently 

transfected.  Therefore, this study aimed to introduce the ABHD6 gene using viral 

vectors into rat primary cell cultures, namely neurones and astrocytes, for the first 

time in literature. The use of viral vectors represents a powerful tool of 

transferring a gene into a hosting genome (Hwang et al., 1984) and it is efficient 

to deliver the gene of interest into primary and other hard-to-transfect mammalian 

cells. 

The virus type produced here was pseudo particles of retrovirus taking advantage 

of the Gateway® Technology system (details of viral infection are described in 

Section 2.9 and Appendix, Section B). In order to produce a lentivirus, 

transfection of a suitable host cell line (HEK293FT) with three types of plasmids 

is needed: first a transfer plasmid (N-ABHD6). The second one is the packaging 

system plasmid (pxPAX2) and finally the envelope plasmid (pMD2.G). 

pINDUCER system was chosen as a destination vector of the virus as it is well 

known to provoke a rapid and doxycycline dependent expression of different 

genes in different cell types (Meerbrey et al., 2011). GFP-virus was used as a 

control. 

Subcellular fractionation and protein quantification followed Sections 2.6.1.2 and 

2.5.1. Immunostaining and details of antibodies used are described in Sections 

2.7 and 2.6.  All images were captured in the SLIM unit of the School of Life 

Sciences using confocal microscopy (Zeiss LSM880C, Germany).  

4.4 Results 

4.4.1 Determination of mRNA level in rat tissues 

RT-qPCR was used to characterize gene expression levels of selected genes 

(Figure 4.1). The highest levels of ABHD6 gene expression, compared to MAGL 

and X1MAGL, were found in the gut (large and small intestine), where MAGL 

levels appeared the lowest level among the tissues investigated. ABHD6 was also 
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highly expressed in liver and kidney. An intriguing observation of the three genes 

in neural tissues was that they appeared to be equally well expressed. MAGL 

showed highest levels in adipose tissue, kidney and testis in broad agreement with 

another study that reported that MAGL mRNA levels were particularly high in 

those tissues (Karlsson et al., 1997), although that study did not investigate the 

levels of X1MAGL expression. The X1MAGL variant was highest in testis and 

lowest in small intestine.  Comparing MAGL and X1MAGL expression, kidney 

(both cortex and medulla) and adipose tissue had greater relative levels of MAGL, 

while X1MAGL appeared much higher than MAGL in testis (Figure 4.1).  

In addition, mRNA detection were conducted for abdominal, thoracic and 

mesenteric rat aorta. Results are shown in the Appendix -Figure A.3.  

The rank orders of individual gene expression levels were assessed and the results 

were then compared (Figure 4.2).  The range of mRNA expression of ABHD6 

was more limited (range 0.20-2.04 arbitrary units) compared to MAGL (0.15-

8.66) and the X1 MAGL variant (0.08-10.36).  

In comparing rank orders of expression of MAGL and ABHD6 (left graph of 

Figure 4.2), the testes, kidney cortex, mid brain and heart were tissues where 

MAGL ranked higher than ABHD6. On the other hand, ABHD6 expression 

ranked higher than MAGL in large, small intestine and the hippocampus. 

Similarly, by comparing X1MAGL and ABHD6 (right of Figure 4.2), the same 

above-mentioned tissues for MAGL (testes, midbrain and heart) ranked higher 

than ABHD6 while ABHD6 ranked higher in intestine (both the small and large 

one), liver and kidney medulla.   
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Figure 4.1 RT-qPCR analysis of the distribution of rat MAGL, X1MAGL and ABHD6 mRNAs in 

19 different rat tissues. 

Data were normalized to the geometric mean of three reference genes (β–actin, TBP and 

GAPDH). Data represent means ± SEM of three technical separate experiments from a single 

male rat. 
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Figure 4.2 Comparison of the expression level of the three genes in rat tissues (visual correlation 

analysis). 

Rank level of MAGL, X1MAGL and ABHD6 in 19 rat tissues were graphically compared. The 

middle dashed lines in each graph represents an arbitrary line of unity while the outer lines 

represent three rank units of the independent variable. 

 

Generally, there was a level of independence between ABHD6 and the MAGLs 

while there was good correlation of the rank order of expression of mRNA 

encoding the two MAGLs (middle graph of Figure 4.2) except in kidney cortex 

& medulla and liver which showed MAGL ranked noticeably higher than the X1 

variant (figure 4.2).  

4.4.2 Immunostaining of human recombinant tagged MAGLs  

Appropriate negative controls (native HEK293 and empty vector transfection; 

omitting primary and/or secondary antibodies) were identified to have no 

detectable background signal (Figure 4.3) using Zeiss SM880 confocal 

microscopy. 

The results of human MAGL1 HA-tagged at both terminals are shown in Figures 

4.4 and 4.5. The images revealed that the distribution of the C-tagged version was 

reasonably diffuse and occasionally punctate through the cytoplasm, without 

obvious association with either nuclear or plasma membranes. For the N-tagged 

version, the distribution is fairly similar, maybe with a more punctate appearance.  
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For MAGL2, the results for HA-tagging from both sides were shown in Figures 

4.6 and 4.7. Notably, a weak fluorescent signal was detected with anti-HA 

staining in the red channel compared to that of MAGL1. MAGL2 appeared to be 

more associated with membranes, with a relatively minor cytoplasmic 

distribution.   

   
Figure 4.3 Representative images of native HEK293 cells as negative controls. 

Right image: Anti-HA (red). Middle: DAPI (blue). Left: Merge image. Scale bar = 20 μm. 

  

   
Figure 4.4 Subcellular localization of C-terminal HA-tagged MAGL1 expressed in HEK293 

cells. 

Right image: Anti-HA (red). Middle: DAPI (blue). Left: Merge image. Scale bar = 5 μm. 

   
Figure 4.5 Subcellular localization of N-terminal HA-tagged MAGL1 expressed in HEK293 

cells. 

Right image: Anti-HA (red). Middle: DAPI (blue). Left: Merge image. Scale bar = 5 μm. 
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Figure 4.6 Subcellular localization of C-terminal HA-tagged MAGL2 expressed in HEK293 

cells. 

Right image: Anti-HA (red). Middle: DAPI (blue). Left: Merge image. Scale bar = 5 μm. 

 

     
Figure 4.7 Subcellular localization of N-terminal HA-tagged MAGL2 overexpressed in 

HEK293 cells. 

Right image: Anti-HA (red). Middle: DAPI (blue). Left: Merge image. Scale bar = 5 μm. 

 

 

In a parallel investigation, immunoblotting was carried out on these tagged 

transfects using two simple cellular fractions: cytosol and membranes (Figures 

4.8 and 4.9). Native un-transfected HEK293 cells were used as a negative control 

and β-actin as a whole cell cytoskeleton marker according to the Abcam guide 

(Loading Control Guide). Both N- and C-terminal tags (with the same amount of 

protein was run for each sample) were detected for each gene (Figures 4.8 and 

4.9). For MAGL1, the N-terminal tagged version appeared fainter than the C-

terminal version, with a possible definition of a doublet for the C- but not N-

terminal tag (Figure 4.8). Similarly for MAGL2, the C-terminal tagged version 

appeared to be more densely expressed (Figure 4.9), although both versions 

appeared to be present as a single band only.  
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Functional activity of these tagged enzymes was assessed by [3H]-2OG 

hydrolysis, in a pilot study, and the results are shown in Table 4.1. The transfected 

enzymes (MAGL1 and MAGL2), unexpectedly, produced high levels of activity 

(more than 15% of substrate was hydrolysed within the 30 min incubation period, 

indicating non-linear kinetics). However, both fractions were sensitive to 100 nM 

JJKK048, indicating primarily MAGL activity.  Table 4.1 indicates that N- or C-

terminal tagged versions of MAGLs were expressed to similar levels and 

displayed a similar, and evenly balanced, subcellular distribution. 

 
     Figure 4.8 Representative immunoblot of HA-tag and β-actin in un-transfected and 

MAGL1-transfected HEK293 cells. 

         Data are from a single experiment, which are representative of two experiments with 

similar profiles. 

  

 
Figure 4.9 Representative immunoblot showing expression of tagged 

MAGL2 in two fractions, cytosol and membrane in transfected HEK293. 

              B-actin was used as a loading control. 
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Table 4.1 Hydrolytic activity in tagged MAGL1 and MAGL2 transfected HEK293 cells. 

Data are mean % conversion of [3H]-2OG to glycerol from a single experiment performed in 

duplicate. Raw data were multiplied by the sample volume (adjusting for recovery) and 

divided by the total radioactivity present to calculate the amount of glycerol produced from 

2OG. 

 MAGL1 Control 

JJKK048 

(100 

nM) 

MAGL2 Control 
JJKK048 

(100 nM) 

C-tag 
cytosol 60.2% 2.7 % cytosol 61.4% 2.4% 

membrane 58.7 % 3.8 % membrane 61.3% 2.6% 

N-tag 
cytosol 53.7 % 1.6% cytosol 46.6% 0.5% 

membrane 54.1% 2% membrane 51.4% 1.8% 

 

4.4.3  Immunostaining of human recombinant tagged ABHD6  

Immunostaining was applied as a further step toward investigating ABHD6 

subcellular distribution beyond the two fractions (cytoplasmic and membrane), 

Making use of an anti-lamin β1 antibody as a nuclear envelope marker. Figure 

4.10 represent an empty vector transfected HEK293 cells immunostaining as a 

control.  

C-and N-terminal HA-tagged clones of ABHD6 were expressed in HEK293 cells 

(Figures 4.11 and 4.12). Using the anti-lamin β1 antibody, there was good overlap 

of immunostaining with the DAPI stain (Figure 4.11B and 4.11C; Figure 4.12B 

and 4.12C). Assessing the distribution of the C- and N-tagged versions of 

ABHD6, immunostaining was evident on or in close proximity to the nuclear 

membrane identified by the anti-lamin β1 antibody. In addition, 

immunoreactivity was also evident extending into the cytoplasm, possibly 

involving the plasma membrane. 
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                         D 

Figure 4.10 Representative immunostaining of empty vector transfected HEK293 cells.  

A- Merge image. B-Anti-Lamin B1 antibody as nuclear membrane marker (green). C-DAPI (blue) 

and D- Anti-HA antibody. Scale bar = 20 μm. 
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Figure 4.11 Localization of C-terminus HA-tag protein in transfected HEK293 cells. 

A-Merge. B- B-Anti-Lamin β1 antibody as nuclear membrane marker (green). C-DAPI (blue) 

and D- Anti-HA antibody (magenta). Scale bar = 20 μm. 
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D 

 

Figure 4.12 Localization of N-terminus HA-tag protein in transfected HEK293 cells. 

      A-Merge. B- B-Anti-Lamin β1 antibody as nuclear marker (green). C-DAPI (blue) and 

D- Anti-HA antibody (magenta). Scale bar = 20 μm. 

 

Because HEK293 cells have large nuclei relative to the cell size, it is often 

difficult to discriminate between nuclear and plasma membranes. Imaging was, 

therefore, repeated with differential interference contrast (DIC) microscopy 

(Figures 4.13 and 4.14). Using this technique, an association of a proportion of 

C-terminus HA-tagged ABHD6 immunoreactivity with the plasma membrane 

was evident (Figure 4.13). This was not so obvious with N-terminal HA-tagged 

ABHD (Figure 4.14). 

       B 
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Figure 4.13 Microscopy of C-terminus HA-ABHD6 in HEK293 cells. 

Arrows indicate plasma membranes. Scale bar=20 µm. Right side image: Differential interference 

contrast, middle image: fluorescence and left side image: merge. 

 

   

Figure 4.14 Microscopy of N-terminus HA-ABHD6 in HEK293 cells. 

Arrows indicate plasma membranes. Scale bar=20 µm. Right side image: Differential interference 

contrast, middle image: fluorescence and left side image: merge. 

 

Alpha-tubulin, a cytoplasmic marker (Planès et al., 2016) was used as a loading 

control for immunoblotting of the two tagged versions of ABHD6 (Figure 4.15). 

α-Tubulin was apparent in cytoplasmic fractions from empty vector and N- and 

C-terminus tagged ABHD6-expressing cells (Figure 4.15). Immunoreactivity in 

the membrane fractions from the same cells was absent. Both cytosolic and 

membrane fractions of the ABHD6-transfected cells showed immunoreactivity 

for HA-tags in both N- and C-terminals.  
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Figure 4.15 Immunoblotting of cytosolic and membrane fractions of HEK293 cells 

transfected with empty vector or N- or C-terminal HA-tagged ABHD6. α-tubulin was 

used as a loading control. 

 

To check whether tagged versions of ABHD6 retained functional activity, cell 

fractions were assessed in the radiometric enzyme assay (Table 4.2). In general, 

1 µM WWL70 evoked an incomplete inhibition of 2OG hydrolysis in all fractions 

of the transfected cells. N-terminal tagged ABHD6 appeared more highly 

expressed than C-terminally tagged versions, with a predominant association with 

the membrane, rather than cytosolic fraction. 

 

Table 4.2 Hydrolytic activity in tagged ABHD6 transfected HEK293. 

Data are % conversion of [3H]-2OG to glycerol. Representative data are from a single 

experiment performed in duplicate, representative of three experiments. 

 ABHD6 Control 
WWL123 

(1 µM) 

C-tag 
Cytosol 1.8% 1.3% 

Membrane 8.6% 2.5% 

N-tag 
Cytosol 6.5% 1.9% 

Membrane 16.3% 4.4% 
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4.4.4 Nuclear distribution of MAGL and ABHD6 

As the N-terminal HA-tagged version of ABHD6 showed the greatest hydrolase 

activities and there was no obvious difference between tagging MAGLs, the C-

terminal HA tagged version of MAGLs were chosen for further experiments to 

investigate the potential nuclear localisation of these enzymes and mitochondrial 

activity of ABHD6 -Table 4.3. 

In un-transfected HEK293 cells, 2OG hydrolysis was evident in the nucleus and 

was almost completely inhibited in the presence of MAFP. The activity was partly 

sensitive to WWL123, but was unaltered in the presence of JJKK048 (Table 4.3). 

This suggests the potential endogenous expression of ABHD6 in these cells.  

In HEK293 cells transfected with ABHD6, there was a modest increase in nuclear 

2OG hydrolysis. Activity was substantially inhibited in the presence of either 

JJKK048 or WWL123. This suggests a modest localization of ABHD6 to the 

nuclear fraction. 

In HEK293 cells transfected with MAGL1 and MAGL2, there was a large 

increase in nuclear 2OG hydrolysis, which was unaffected by WWL123, but was 

almost completely inhibited in the presence of JJKK048. This suggests that 

MAGL1 and MAGL2 can be expressed in the nuclear fraction, at least under 

conditions of overexpression. 

In native HEK293 cells, 2OG hydrolysis in the mitochondrial fraction was low 

and was only modestly inhibited in the presence of WWL123 (Table 4.3) while 

2OG hydrolysis in the mitochondrial fraction was elevated following ABHD6 

transfection, but was only partly sensitive to WWL70. This suggests that 

increased expression of ABHD6 is associated with increased activity in the 

mitochondrial fraction. 
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Table 4.3 Hydrolytic activity in nuclear fractions of native HEK, MAGL1, MAGL2 and 

ABHD6 transfects in response to three inhibitors and mitochondrial fraction in native HEK 

and ABHD6 transfects in response to WWL123. 

Data are mean % conversion of [3H]-2OG to glycerol from a single experiment performed 

in duplicate. 

 Control 
MAFP 

(1 µM) 

JJKK048 

(100 nM) 

WWL123 

(1 µM) 

Nuclear 

fraction 

Native 

HEK 293 
4.8% 0.7% 4.2% 3.2% 

ABHD6 9.6 % 0.4 % 7% 4.7% 

MAGL1 63.6 % 1% 1.9% 62.5 

MAGL2 59.8% 0.9% 2.8% 56.5% 

Mitochondria 

Native 

HEK293 
2.3% - - 1.5% 

ABHD6 11.2% - - 5.6% 

 

Subcellular fractionation to isolate nuclei and plasma membranes was assessed 

using antibodies directed against lamin β1 (a nuclear envelope marker) and 

Na+/K+-ATPase (as a plasma membrane marker) (Figures 4.16). In the plasma 

membrane fraction, both native and N-terminal HA-tagged ABHD6-transfected 

cells showed immunoreactivity for Na+/K+-ATPase (100 kDa, Figure 4.16 ), 

while the same samples exhibited immunoreactivity for lamin β1 in the nuclear 

fraction (66 kDa, Figure 4.16). Both plasma membrane and nuclear fractions from 

ABHD6-transfected, but not native, HEK293 cells showed immunoreactivity for 

HA (Figure 4.16).  
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Figure 4.16 Western blot of nuclear and plasma membrane fractions of HA-ABHD6 transfects 

and native HEK293. 

Samples were probed for Na+/K+-ATPase, lamin β1 and HA, as indicated. 

 

To confirm the ability of the cell fractionation methodology to differentiate 

plasma membrane and nuclear fractions, blots were stripped (Figure 4.17) and 

then re-probed with the contrary antibody (i.e. plasma membrane fractions were 

probed with anti-lamin β1 antibodies). Re-probing (Figure 4.18) showed that 

there was minor contamination between plasma and nuclear membranes in 

ABHD6 transfects and native cells. To further clarify this point with more focus 

on the plasma membrane marker, another experiment was done. Two blots of 

nuclear fraction only of ABHD6 transfects and control (Figure 4.19) were probed 

with the two markers and the results showed that there was clear labelling of 

nuclear fractions with plasma membrane marker, indicating either impurity of the 

nuclear membrane with plasma membrane or low specificity of the primary 

marker antibody. In another trial with nuclear and membrane extracts of HA-

MAGL1, similar results for Na/K ATPase marker were obtained as it was evident 

in both fractions, while Lamin-B1 appeared only in the nuclear fraction of HA-

MAGL1 and native control (Figure 4.20). 
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Figure 4.17 Stripping of nuclear and membranous blots of HA-

ABHD6 transfects and native HEK293. 

Mild stripping was required for the membranous blot while harsh treatment 

was needed for the nuclear blot to remove primary and secondary antibodies. 

 

 

 
Figure 4.18 Re-probing of above stripping blots. 

Using nuclear marker antibody for membranous fraction of HA-ABHD6 and native 

control cells and plasma membrane antibody for nuclear fraction of ABHD6 and 

Native control cells. 
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Figure 4.19 Western blot of nuclear fraction of HA-ABHD6 transfects and native HEK with 

the two membrane markers. 

N=nuclear fraction. 

 

 
Figure 4.20 Western blot of nuclear and membranous fractions of HA-MAGL1   probed with 

the two membranous marker antibodies. 

N=nuclear fraction and M=membrane fraction. 

 

4.4.5 Subcellular localization of ABHD6 in neurons and astrocytes 

The experiments described in this Section were conducted with the kind 

assistance of Dr. Alex Tarr, and Monika Owen.  

Control (un-infected) mice cortical neurones were stained with DAPI and anti-

lamin β1 to visualize nuclei and nuclear membranes, respectively (Figure 4.21). 

Lamin β1 was detected across the nuclei, while DAPI staining was more punctate, 

presumably picking out nucleoli. Viral infection of GFP in these neurones was 

used to illustrate successful application of the technique (Figure 4.22). GFP, 

although not expressed in every cell in the field of view, appeared to be present 
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throughout the cell body and extended through the cytoplasm into axons. Viral 

infection of N-terminus HA-tagged ABHD6 appeared to show immunoreactivity 

present in the cytoplasm of cerebral cortical neurones, extending into the axons, 

with some concentration around or on the nuclear membrane (Figure 4.23). 

 

Figure 4.21 Representative image of mice neonatal cortical neurones. 

Neurons stained with DAPI (blue) (B) and anti-lamin β1 (green) (C); merge image (A). Scale bar=20 

µm. 

 

A B C 

Figure 4.22 Viral expression of GFP in mice neonatal cortical neurones. 

A-Merge. B- DAPI (blue) and C- GFP (green). Scale bar = 20 μm. 
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Figure 4.23 Localization of virally expressed N-terminus HA-tagged ABHD6 in mice neonatal 

cortical neurones. 

A-Merge. B- HA (red). C- DAPI (blue) and D lamin β1 (green). Scale bar = 20 μm. 

 

Viral transfection of astrocytes with GFP was also conducted (Figure 4.24) as a 

control. GFP was expressed throughout the cytosol in astrocytes, at times with a 

striped appearance. Viral infection with ABHD6 allowed identification of 

cytosolic expression with some concentration on or close to the nuclear 

membrane (Figure 4.25).   
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Figure 4.24 Viral expression of GFP in rat neonatal cortical astrocytes. 

A-Merge. B- DAPI (blue) and C- GFP (green). Scale bar = 20 μm. 
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C 
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Figure 4.25 Viral expression of N-terminus HA-tagged ABHD6 in rat neonatal cortical astrocytes. 

  A-Merge. B- HA (red). C- DAPI (blue) and D- Lamin β1 (green). Scale bar = 20 μm. 
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4.5 Discussion 

This part of the project focussed on attempting to determine cellular and 

subcellular locations of MAGL and ABHD6 in rat tissues and in heterologous 

expression. 

4.5.1 Exploring mRNA in rat tissues 

One of the aims of the investigations in this Chapter was to compare the genetic 

expression of MAGL splice variants and ABHD6 in 19 different rat tissues. 

Normalization of gene expression was conducted to the geometric mean of the 

three reference genes (β–actin, TBP and GAPDH) as the use of two or three 

house-keeping genes should reduce the influence of experimental conditions 

(Bookout et al., 2003; Bustin, 2002).  

A pilot investigation of MAGL and ABHD6 gene expression was conducted in 

tissue extracts from a single male rat (Figure 4.1). Although these data are limited 

in terms of not reflecting variation between different animals, or indeed different 

sexes, ages, nutritional or disease states, the data confirmed the previously 

reported information about the widespread distribution of MAGL and ABHD6 

(Chon et al., 2007; Dinh et al., 2002a; Karlsson et al., 1997; Tsou et al., 1998). 

Analysis of individual rank orders of expression of the three genes indicated they 

were all relatively abundant in adipose tissue followed by cerebral cortex, which 

prompts questions about the potential role of ABHD6 in adipose tissue. Indeed 

elevation of both ABHD6 and MAGL mRNA has been observed in response to a 

high fat diet (Thomas et al., 2013; Viader et al., 2016).  

Figure 4.2 compared the ranking of expression levels of the three enzymes on a 

visual scale. Where the ranking is identical or close-to-identical, points lie on or 

close to the line of unity. The good correlation between MAGL and X1MAGL 

(as many tissues lie on or close to the line of unity) is indicative of some 

relationship between expressions of the two splice variants. The plots for ABHD6 

compared to either MAGL or X1MAGL were not so well aligned, implying these 

gene products are more independent of one another. Further analysis indicated 

that small and large intestines were the highest ranking for ABHD6 relative to the 
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MAGL isoforms. This reinforced the need for attention on these tissues for 

investigating ABHD6 enzymatic activity, as in the previous Chapter.  

One study with similar results to this pilot found that there were relatively high 

levels of MAGL expression in testis, kidney and white adipose tissue in 

comparison to ABHD6 (Zhao et al., 2014).  MAGL expression was also high in 

heart and (presumably skeletal) muscle. The expression of ABHD6 was higher 

than MAGL in brain and liver. Very low levels of MAGL and low ABHD12 

expression in pancreatic islets and INS832/13 cells (β- cells model) was observed 

compared to that of ABHD6. In that study, ABHD6 was suggested to control 

MAG signalling for insulin secretion as its inhibition enhanced glucose 

accumulation and insulin secretion (Zhao et al., 2014). Similarly high ABHD6 

expression was found in mouse liver and small intestine (Thomas et al., 2013).   

Only one human study of ABHD6 gene expression (using multiple tissue cDNA 

panels) appears in the literature, with confirmation of its wide distribution in 

different tissues (Li et al., 2009). ABHD6 was relatively high in liver, kidney, 

ovary and small intestine. It was also screened in some human tumour cell lines; 

it appeared extremely elevated in U2OS (bone osteosarcoma), PC-3 (prostate 

cancer), and Jurkat (T-lymphocyte leukaemia) cells with no detection in Hela 

(cervical adenocarcinoma) and U251 (human glioblastoma) cells.  

To summarize, the data reported in this study were in line with previous published 

work for MAGL and ABHD6 gene expressions. This is the first study to 

investigate expression of the X1 variant of MAGL. The significance of high 

mRNA levels of a particular gene in particular tissues can be used to focus on a 

potential role of that protein there, for example, for MAGL in adipose tissue and 

testes and ABHD6 in intestines and pancreatic secretion.    

4.5.2 Subcellular localization of human MAGL1, MAGL2 and ABHD6 in 

transfected cells and primary cell culture 

The presence of two isoforms of MAGLs underlines the importance of cellular 

and subcellular localization studies and raises the possibility of tissue-selective 

targeting of the two isoforms in the future. There are a limited number of studies 
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on the subcellular distribution of MAGL and ABHD6, however, this is the first 

to study the subcellular distribution of MAGL2. 

Two tagged versions of both MAGL variants and ABHD6 were visualized in 

immunoblots and shown to be functionally active in the radiometric assay, 

indicating that tagging did not affect enzyme activities. MAGL1 and MAGL2 

were shown to have a similar high level of activity and were inhibited in both 

fractions by 100 nM JJKK048, while ABHD6 transfects were inhibited by 1 µM 

WWL70 (Table 4.1 and 4.2).  

MAGL1 staining in transfected HEK293 cells showed that this protein appeared 

widely across the cell fractions (Figure 4.4 and 4.5). Nuclear extraction also 

demonstrated the presence of MAGL1 activity and immunoreactivity. This 

cytoplasmic and membrane distributions  were in line with previous studies 

(Blankman et al., 2007; Dinh et al., 2002a; Dinh et al., 2004; Saario et al., 2005; 

Woodhams et al., 2012) while the nuclear and microsomal existence were also 

reported, but only once (Sakurada et al., 1981). MAGL2 (Figure 4.6 and 4.7) 

seemed to be more associated with membranes, consistent with observations from 

Chapter 3 using the radiometric enzyme assay. In another study, the rat MAGL 

was tagged with V5 (14 amino acids) and the construct transiently introduced into 

HEK293 cells. The images showed MAGL was distributed all over the cells 

(Straiker et al., 2009), while HA-tagged mouse ABHD6 was found as 

cytoplasmic and peri-nuclear locations in transfects. This study failed to make 

clear to which terminal the tag was applied. Interestingly, Straiker et al cultured 

hippocampal preparations, principally neurons, and found ABHD6 within some 

populations of astrocytes, juxtaposed to synapses and co-localized with some 

dendritic spines. COS-7 cells overexpressed with C-terminus tagged ABHD6-

ECFP (fluorescent protein tag) showed a perinuclear concentration of ABHD6, 

and also in the endoplasmic reticulum (Pribasnig et al., 2015). In the same study, 

ABHD6 was found to co-localize with late endosomes/lysosomes within the cell, 

which are organelles responsible for lipid sorting. 

In this Chapter, ABHD6 protein showed an interesting distribution with different 

tags. While the C-terminus tagged-version appeared to be distributed around the 
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plasma membrane, the N-terminus-tagged version appeared to be expressed 

around the nucleus. Both versions showed cytoplasmic distribution. This was 

very clear in difference interference contrast images (Figures 4.13 and 4.14). A 

transmembrane domain within the ABHD6 sequence has been described near the 

N-terminus (Hsu et al., 2010; Lord et al., 2013). In a recent study, with the 

intention to study different mutations of ABHD6 in transfected HEK293T cells, 

ABHD6 was tagged to Myc (polypeptide protein tag of 10 amino acids) at both 

terminals. The results showed that when N-tagged myc-ABHD6 was stained, the 

distribution appeared to be in the plasma membrane mainly and in the cytoplasm. 

While in C-tagged ABH6-myc, the protein appeared located more around the 

nuclear membrane and cytoplasm (Wei et al., 2016). Thus, consistent with this 

present study, the enzyme appeared to locate in different positions in the cell 

dependent on the different location of the tag, at least with recombinant system.  

The detection of MAGL and ABHD6 proteins in the soluble and membrane 

fractions observed in this Chapter were in line with radiometric results generated 

in Chapter 3. For example: MAGL1, in comparison to MAGL2, expressed 

stronger fluorescent signals in ICC which might parallel the higher total 2OG 

activity detected in the previous Chapter. Similarly, the greater proportion of 

MAGL2 associated with membranes in ICC, in comparison to its cytosolic 

partition, might reflect the higher total 2OG hydrolysis detected in MAGL2 

transfected HEK293 membranes than its soluble fraction. Another example: 

ABHD6 evident in the soluble fraction of these host cells (in ICC) were consistent 

with the -relatively low-activity detected in the soluble fraction of ABHD6-

HEK293 transfects (in radiometric assay).  

It is not uncommon when trying to blot or stain a sample, to encounter problems 

with non-specific binding and/or antibody selectivity, particularly with 

polyclonal antibodies. In this study, many attempts to detect ABHD6 

immunoreactivity using commercially available antibodies (with many different 

optimization trials) ended with multiple non-specific binding and no obvious 

immunoreactivity for ABHD6. Previous studies have made use of locally-

generated antibodies (Marrs et al., 2010; Pribasnig et al., 2015; Straiker et al., 
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2009; Thomas et al., 2013). The authors of the study were approached but had no 

stocks available for further investigations. Recently, Wei et al were successful in 

using a commercial ABHD6 antibody (Abcam, 87532) (Wei et al., 2016), 

although it was no longer available on the website. To overcome this issue, a HA-

tag was cloned and attached to MAGL and ABHD6. Because tagging might cause 

changes into the protein, tagging was conducted at both termini and assessed by 

different methods.  

Na+/K+-ATPase, an integral membrane protein, was chosen in this study as it has 

long been a marker for plasma membranes (Holtbäck et al., 1999; Meier PJ et al., 

1984; Pohl et al., 2005; Van Dyke, 2004) and can be detected with a monoclonal 

specific antibody (Abcam, EP1845Y). However, Na+/K+-ATPase was also found 

to be present and functionally active  in the nuclear envelope of HEK293 cells 

(Galva et al., 2012). This observation may explain the extensive appearance of 

this marker in the nuclear fractions in Figures 4.19 and 4.20, which suggest that 

it was not an appropriate marker to distinguish between nuclear and plasma 

membranes.  This was not the case for lamin β1 and α-tubulin, which might 

indicate a greater specificity of these markers for nuclear membrane and cytosol 

labelling, respectively, thus highly referred to the presence of ABHD6 in the 

nuclear membrane and cytosol of the selected cells as shown in Figures in this 

Chapter.  

4.5.3 Focus on primary cell culture and viral infection 

One of the limitations in this Chapter was the use of cultured cells from different 

species. Immunostaining was conducted on neonatal cortical astrocytes from rat 

and neonatal cortical neuronal primary cells from mice, as these were available 

locally in Nottingham. Mouse ABHD6 shares high sequence identity with 

human (94%) and rat (97%) orthologues (Thomas et al., 2013), indicating a high 

degree of overlap across the species. ABHD6 localization in neurons and 

astrocytes appeared to be distinct. In neuronal cells, it appeared more a 

cytoplasmic than a membrane-associated protein, while in astrocytes, it 

appeared associated more with the nuclear membrane with a minor cytoplasmic 

expression.  
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This distribution of ABHD6 in primary cells (using N-tag) was not the same 

when the same tag was introduced in HEK293 cells. The use of 

immortalized/un-specialized cell lines are often standard in biological 

experiments for many reasons, for example, ready availability, low manipulation 

time, unlimited expansion capacity and a step toward minimized animal 

experimentation (Pan et al., 2009b). However, cell lines may miss tissue-

specific properties and be subject to genetic drift quite different from cells in 

vivo (Pan et al., 2009b). In contrast, primary cell culture retains greater in vivo 

tissue genetic makeup and function, thus, more closely mimics the physiology 

of cells in vivo  (Primary Cell Culture online). This might explain the 

discrepancy of tagged ABHD6 in HEK293 cells from primary cell culture. 

Particularly and in support of such a notion, a similar pattern of expression 

(membrane and nuclear) was reported with myc-ABHD6 and ABHD6-myc, 

respectively, in HEK293 cells (Wei et al., 2016).   

Introducing the genes of interest into primary cells was possible by conducting 

the powerful and efficient tool of viral infection (Hwang et al., 1984).  To take 

advantage of this ABHD6- virus, it could be possible, in the future, to study 

ABHD6 cellular and subcellular localization in real tissues, in vivo. According 

to our data in Chapter 3, intestine may be the best tissue to be explored first. As 

this ABHD6-virus was cloned with HA- tags, it could also be possible to 

visualize its distribution in live cells taking advantage of a highly selective 

monoclonal anti-HA antibody and the power of confocal microscopy. However, 

it should be kept in mind  that there is a risk of photo-toxicity (interaction 

between a fluorescent dye and excitation light) caused by this type of 

microscopy (Dobrucki et al., 2007).  

4.5.4 Implication of ABHD6 distribution   

Although more research is needed, it is interesting to note here that ABHD6 

(specifically, the soluble fraction) seemed to be complemented by ECB receptors: 

CB1 and CB2, intracellularly (see below), which might give clue about how all of 

these components could control level of ECBs (in this case 2-AG) away from its 

lipid environment (plasma membrane).  It is well-known that a large proportion 
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of CB1 -and to less extent CB2 -receptors in brain cells were primarily positioned 

as pre-synaptic (plasma membrane associated) to inhibit neurotransmission often 

through inhibition of voltage gated calcium channels, although post-synaptic 

expression (Atwood et al., 2012; Lovinger, 2008) was also well described in 

literature (Busquets-Garcia et al., 2017). Surprisingly, CB1 (Delgado-Peraza et 

al., 2016; Freund et al., 2003; Thibault et al., 2013) and CB2 (den Boon et al., 

2012) receptors were both found intracellularly. In addition, mitochondrial 

expression of CB1 receptors, whether centrally (in  hippocampus) (Benard et al., 

2012) or peripherally (in sperm) (Aquila et al., 2010), were reported. Recently, 

cytosolic expression of CB1 and CB2 receptors has been reported in human 

malignant thyroid lesions (Lakiotaki et al., 2015). These studies referred to the 

presence of cannabinoid receptors within the soluble fraction of the cells 

alongside ECB degrading enzymes, for example: MAGL (Blankman et al., 2007; 

Dinh et al., 2002a) and ABHD6 (as shown in this Chapter).  Thus, this might help 

in understating spatial network constraints responsible for regulating 2-AG 

bioavailability within different cellular compartments.  

It is tempting to speculate that ABHD6 distribution in the nuclear compartment 

might be linked to the recently published nuclear DAGL localization (specifically 

DAGLα) in rat brain cortical neurons (Caño et al., 2015) (by high resolution 

fluorescence microscopy, nuclear fractionation and western blot analysis) in that 

ABHD6 and DAGL are enzymes responsible for 2-AG degradation and 

production, respectively. This close proximity might mediate regulatory 

processes such as gene transcription (Caño et al., 2015). In addition, despite the 

significant MAGL like activity recently reported in isolated rat brain cortical 

nuclei (by using 10 µM NAM as a MAGL inhibitor by liquid chromatography 

and mass spectrometry), it was found that MAGL was not the “main” enzyme 

responsible for 2-AG hydrolysis in nuclear compartments in those cells (Caño et 

al., 2015). This might implicate ABHD6 expression (as a 2-AG metabolising 

enzyme) in nuclear membranes.   

While this study does not address the issue of ABHD6 within the synaptic area 

(whether pre-or post-synaptic), a link to DAGL distribution is plausible. Two 



 

 

131 

 

DAGL isoforms were identified in 2003 (Jain et al., 2013): DAGLβ -which is 

thought to be more predominant in the developing central nervous system- 

(Bisogno et al., 2003; Jain et al., 2013; Wu et al., 2010) and DAGLα, 

predominant in adult brain (Gao et al., 2010; Tanimura et al., 2010; Yoshino et 

al., 2011). For neuronal DAGLβ, the precise localization within the synapse is 

still unknown (Reisenberg et al., 2012); probably at presynaptic terminals or post-

synaptically reported in mature autaptic hippocampal neurons (Jain et al., 2013). 

In contrast, it has been recognised that DAGLα exhibited an “exquisite mirrored 

pattern” of the CB1 receptor throughout synapses in the nervous system, with the 

CB1 receptor restricted to the presynaptic terminal and DAGLα to the 

complementary postsynaptic site (Katona et al., 2006; Reisenberg et al., 2012; 

Uchigashima et al., 2007; Yoshino et al., 2011). In parallel, it has been reported 

that neuronal ABHD6 sits post-synaptically juxtaposed with presynaptic CB1 

receptors, while MAGL is found as a pre-synaptic enzyme (Savinainen et al., 

2012). This spatial expression of the enzymes reveals a well-designed molecular 

picture to allow privileged access of 2-AG to the CB1 receptor (Reisenberg et al., 

2012).  

In the same context, COX-2 has been reported also to be expressed by excitatory 

neurons at post-synaptic sites in rat cerebral cortex (Caño et al., 2015; Kaufmann 

et al., 1996; Slanina et al., 2005) and it was expressed “exclusively” in neurons 

rather than glia or microglia (Kaufmann et al., 1996; Yamagata et al., 1993). In 

addition, COX-2 was detected in the nuclear membrane (Morita et al., 1995; 

Yuan et al., 2015) . Keeping in mind the reported link between ECB and the 

eicosanoid system (see Sections 1.6.4, 1.6.5 and 1.7.1 in Chapter 1), in particular 

the very recent description link with ABHD6 (Tanaka et al., 2017; Wen et al., 

2018), this shared pattern of intracellular compartmentalization of  ABHD6 and 

COX-2 (around nucleus and post-synaptic site) might explain the interplay 

between them. Thus, the relative expression of COX-2 and ABHD6 might control 

or direct 2-AG levels toward prostaglandin production, or might point to the role 

of COX-2 in controlling the level of 2-AG available at CB1 receptor. This implies 

a role for prostaglandin signalling in brain synaptic plasticity.  
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Another proposed molecular target for ABHD6 in brain could be glutamate and 

GABA neurotransmission (see below). AMPA receptors, dynamically, control 

synaptic transmission and plasticity and deficit in these processes are strongly 

linked to psychiatric and neurodegenerative disorders, for example: Alzheimer’s 

disease, schizophrenia and autism (Henley et al., 2016; Huganir et al., 2013; Wei 

et al., 2017). It has been reported that ABHD6 is one of the putative auxiliary 

proteins for native AMPA receptor complexes (regulatory proteins) for which an 

exact function remains to be elucidated (Schwenk et al., 2012; Wei et al., 2016). 

Overexpression of ABHD6 inhibited AMPA receptor–mediated synaptic 

transmission and post-synaptic surface AMPA receptors of three types of AMPA 

(GluA1, GluA2 and GluA3) in neurons and in recombinant system,  as well as, a 

loss of ABHD6 in cultured neurons elevated AMPA receptor-mediated synaptic 

transmission (Wei et al., 2017; Wei et al., 2016). On the other hand, it has been 

shown that ABHD6 was a potential therapeutic target for epilepsy by interacting 

with brain GABA receptors (Naydenov et al., 2014). ABHD6 inhibition by the 

brain penetrant inhibitor, WWL123, alleviated epileptic symptoms during 

pentylenetetrazole- induced seizures (seizure evoking drug) and this blockade 

was absent in the presence of picrotoxin (GABAA receptor antagonist). The 

authors reported the lack of tolerance or motor or cognitive impairment on 

chronic ABHD6 blockade and attributed this “non CB1 receptor” effects to the 

spatiotemporal specificity of ABHD6 blockade and its weak enzymatic activity 

that controls only local levels of 2-AG (Naydenov et al., 2014).  2-AG potentiates 

GABAA receptors at low concentrations of GABA, see Sigel et al., (2011). 

It is also important to consider ABHD6 substrates. Interestingly, a number of 

potential physiological substrates for ABHD6 have been uncovered. Recently, 

ABHD6 has been found to degrade about 90% of  

bis(monoacylglycero)phosphate with high specific activity in liver (Pribasnig et 

al., 2015) (see Section 1.6.1 in Chapter 1). In addition, phospholipids and 

lysophospholipids have found to accumulate  in ABHD6 ASO-treated mice livers 

(Thomas et al., 2013), suggesting ABHD6 can act both as a monoacylglycerol 

lipase and lysophospholipase (Thomas et al., 2013). Lysophospholipids are 
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known to play various roles as mediators (Makide et al., 2009). These studies 

might be taken as evidence for the presence of other potential endogenous 

substrates and/or functions for ABHD6 waiting to be explored. 

In this Chapter, it has been shown that ABHD6 was detected in the soluble 

fraction of transfected HEK293 and infected primary cell cultures- Figure 4.13, 

4.23 and 4.25. This mean that this enzyme is in contact with hydrophobic nature 

of substrate/s. This would raise the question of how it hydrolyses various lipid 

substrates. On one hand, it might be explained by a phenomenon named 

interfacial activation which has been postulated for lid domain lipases (Berg et 

al., 2001; Verger, 1997). Basically when lipase comes into contact with water-

lipid surfaces, a conformational rearrangement would result in displacement of 

the lid which in turn makes the active site accessible to the substrate for lipolysis 

(Kingsley et al., 2013). On the other hand, it might indicate the presence of 

specific carriers or transport proteins to convey substrates to ABHD6. Future 

studies should address this intriguing hypothesis. This hypothesis could be 

applied also to an artificial, surrogate substrate, for example, MUH, which will 

be discussed in the following Chapter as a novel HTS for ABHD6. 

To summarize, versions of MAGL1, MAGL2 and ABHD6 were generated tagged 

at both termini and expressed in both cultured and primary cell preparations. For 

some of these enzymes, the location of the tag appeared to influence the 

subcellular location of the protein. 
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 MAGL and ABHD6 high throughput assays 

5.1 Introduction 

MAGL, ABHD12 and ABHD6 belong to the serine α/β-hydrolase fold 

superfamily (Karlsson et al., 1997; Lord et al., 2013). This family shares a 

common motif made up of 8 parallel β-sheet strands (except for the second strand) 

surrounded by α-loops and helices (Figure 5.1). Since their identification, there 

has been an interest in the potential therapeutic benefits of these enzymes. MAGL 

and/or ABHD6 inhibition has been suggested to have potential benefit in many 

pathologies and diseases (Sections 1.6 and 1.7). Thus, identifying assays, 

substrates and inhibitors can aid in identifying the enzymes’ patho/physiological 

role/s and hence therapeutic potential in the future.   

 
Figure 5.1 A schematic of the α/β hydrolase fold protein superfamily. 

Adapted from (Nardini et al., 1999) 

 

One of the common methods used to measure MAGL activity has been gas or 

liquid chromatography mass spectrometry of the products of catalysis, where 2-

AG has been used as the substrate (Muccioli et al., 2008b).  

A “gold standard” method used to measure MAGL activity has been the 

radiometric assay as it provides accurate and sensitive readings.  It is based on 

the use of a radiolabelled substrate (in this study, 2OG labelled in the glycerol 

moiety of the compound) incubated for a set period of time with a tissue 

preparation. Then, organic solvent (or in this study, charcoal) is used to stop the 
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reaction and to separate two phases: aqueous and organic fractions (or charcoal 

pellet and supernatant layer). The radiolabelled glycerol liberated by hydrolytic 

action of the enzyme is retained in the aqueous phase (or supernatant layer) and 

can be sampled and measured using liquid scintillation spectroscopy. Both 

methods are considered laborious, time consuming, expensive, and not suitable 

for high throughput inhibitor screening.   

The first reported non-radiometric enzyme assay for MAGL made use of 7-

hydroxycoumarinyl arachidonate as a fluorogenic substrate, which could be 

hydrolysed into arachidonic acid and the highly fluorescent 7-hydroxycoumarin 

(Wang et al., 2008). This assay had a Z’ score (which is used as a measure of 

quality and suitability for high throughput screening, HTS, assay) of 0.7-0.9, 

which indicates very good assay properties. However, later on, it was found that 

this assay was highly affected by the presence of BSA (it had an esterase like 

activity exaggerating measurement) indicating it was less suitable for biological 

samples (Savinainen et al., 2010).  

Another example of a fluorescent product employed in assessing hydrolytic 

activity of lipases is 4-methylumbelliferone, 4MU (Dolinsky et al., 2004; Gilham 

et al., 2005). A variety of its esters are available and have been tested in enzymatic 

hydrolysis assays. Among them, the heptanoyl ester, 4-methylumbelliferyl 

heptanoate (MUH), seemed to show a similar affinity, Km =100 µM, in different 

species (porcine, wheat, caster and peanut) for undefined esterases (Jacks et al., 

1967). MUH as a substrate, had been recommended previously for lipase assays 

as it is not hydrolysed by other esterases (Guilbault et al., 1969). MUH has been 

suggested to be highly sensitive as low rates of hydrolysis can be accurately 

detected because of the intense fluorescent nature of the reaction product, 4MU, 

and because of a monomolecular detection basis as only one fatty acid is esterified 

to 4MU (Jacks et al., 1967). The degradation of MUH requires an enzyme that 

could metabolise substrates with a hydrophobic character and an extended alkyl 

chain (Dolinsky et al., 2004). 

Another method for measuring MAGL activity uses colorimetric reaction 

products, which are attractive for HTS methodologies, first conducted with 
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human recombinant MAGL (Muccioli et al., 2008a) then using native tissue 

(Muccioli et al., 2008a; Patel, 2009). 4-nitrophenylacetate (4-NPA) is a 

chromogenic substrate hydrolysed to produce a yellow coloured product that can 

be monitored over time in a kinetic assay. This 4-NPA assay does not need 

stopping solutions allowing a kinetic approach to assays (Gilham et al., 2005). It 

is simple, inexpensive and can have a Z’ score of 0.84 (Patel, 2009). A major 

disadvantage is that it is a nonspecific substrate for esterases and so a previous 

investigation suggested that follow up investigations by conventional assays were 

required to confirm specificity (Patel, 2009). 

ABPP is a relatively new strategy for measuring enzyme activity in relatively 

physiological conditions. It relies on covalently linking a probe to the active site 

of an enzyme where the probe has a reporter tag (Liu et al., 1999a). It was the 

assay used to detect the roles of ABHD6 and ABHD12 in 2-AG hydrolysis 

(Blankman et al., 2007), and is useful for screening multiple members of the same 

protein family simultaneously. Probes have been designed with a deliberate lack 

of selectivity, so are not suitable to screen individual enzymes in different tissues 

and cells.    

A further alternative method used a glycerol detection assay as a highly sensitive 

method to provide kinetic information (Navia-Paldanius et al., 2012). It measures 

glycerol liberated using an enzymatic cascade coupled to hydrogen peroxide to 

generate fluorescent resorufin (Figure 5.2). It was used successfully to investigate 

MAGL, ABHD6 and ABHD12 in a recombinant system (Navia-Paldanius et al., 

2012). A drawback of this assay is that the kits commercially available are 

relatively expensive. 
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Figure 5.2 The glycerol detection assay of endocannabinoid hydrolysing enzymes. 

Adapted from(Navia-Paldanius et al., 2012)). Glycerol is converted to glycerol-1-phosphate 

(G-1-P) in the presence of adenosine triphosphate (ATP) and glycerol kinase (GK), which is 

further converted to hydrogen peroxide H2O2 in the presence of glycerol 3-phosphate oxidase 

(GPO). Horseradish peroxidase (HRP) converts Amplifu™ Red to resorufin which can be 

measured kinetically at the wavelengths indicated. 
 

5.2 Aim of this Chapter 

The aim in this Section was to develop in vitro HTS assays that were simple, 

inexpensive (in terms of time and cost), reproducible and sensitive enabling 

measurement of human recombinant MAGL1, MAGL2, ABHD6 and ABHD12 

and the screening of a large library of potential inhibitors. The objectives were: 

 Screening of these enzymes using a chromogenic substrate 4-nitrophenyl 

acetate (NPA). 

 Screening of these enzymes using two fluorogenic substrates: 4-

methylumbelliferyl heptanoate (MUH) and its analogue 4-

methylumbelliferyl oleate (MUO). 

 Development of a local version of a glycerol detection assay. 
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5.3 Methods 

The previously described transfects were used in this Chapter, MAGL1, MAGL2, 

ABHD6 and ABHD12. A negative control, empty vector pcDNA3.1 transfection 

was also used in parallel.  Reagent details were mentioned in Methodology 

Chapter, Section 2.1. All data were analysed by GraphPad Prism 7 and presented 

either as absorbance units, relative fluorescent units or percentage control of 

hydrolysis. Log IC50 values and residual activities were calculated from non-

linear regression curves fitted to inhibitor concentration-effect data using the four 

parameter logistic equation (where the top was constrained to values in the 

absence of inhibitor, 100 %). 

5.3.1 4-NPA assay 

200 µl of freshly prepared 2 mM NPA was mixed with 20 µl transfect 

preparations (cytosolic and membrane fractions) in 96-well microtitre plates at 37 

°C with occasional shaking and monitored at 405 nm continuously using a 

microplate spectrophotometer (Spectra MAX 340pc plate reader (Molecular 

Devices, CA)) for up to two hours. Appropriate blanks were used alongside.  

NPA is a substrate for many esterases (Muccioli et al., 2008a) including MAGL.  

Upon incubation with the enzyme source, hydrolysis of NPA generates 4-

nitrophenol (yellow product absorbing at 405 nm) and acetic acid (Figure 5.3). 

        
Figure 5.3 Schematic clarify the chemical reaction of 4-NPA hydrolysis. 

 

5.3.2 4-Methylumbelliferyloleate and 4-methylumbelliferylheptanoate 

assays 

MUO hydrolysis was conducted in a total reaction volume of 100 µl at a final 

concentration of 12.5 µM MUO. The MUH assay consisted of the same volume 

but with varying substrate concentrations. Soluble and membrane fractions were 
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incubated with the substrate with occasional shaking at 37 ˚C. The fluorescent 

4MU product (Figures 5.4 and 5.5) was read at excitation/ emission wavelengths 

of 355/460 nm (Guilbault et al., 1969; Jacks et al., 1967).  

 

 
Figure 5.4 Schematic clarify the chemical reaction of 4-MUO hydrolysis. 

 

 
Figure 5.5 Schematic clarify the chemical reaction of 4-MUH hydrolysis. 

 

 

5.3.3 Glycerol detection assay  

The glycerol detection kit (MAK117) and individual glycerol assay materials 

were bought from Sigma Chemical Company (Dorset, UK). Monoacylglycerol 

substrates were purchased from Tocris (Bristol, UK).  The protocol applied here 

followed that of Savinainen et al (Savinainen et al., 2010) but with minor 

modifications. In this study, the assay volume of 100 µl was made up from 25 µl 

substrate, 25 µl enzyme (membrane fraction) and 25 µl buffer incubated at 37 ˚C 

for 30 minutes followed by the addition of 25 µl master mix of detection enzymes, 

kinetically assayed at room temperature. Final concentrations of enzymes and 

substrates are indicated in Table 5.1).  
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Table 5.1 Master mix component and final 

concentrations in glycerol detection assay. 

Component Final concentration 

HRP, GPO and GK 0.4 unit/ ml 

ATP 0.25 mM 

AmplifuTM Red 20 µM 

Substrate 25 µM 

 

5.4 Results 

Much of the data reported in this Section were produced in collaboration with 

Yousra Adel and Sadia Shabnam, whilst they were conducting research projects 

under my supervision on the MSc. in Drug Discovery and Pharmaceutical 

Sciences at the University of Nottingham.   

5.4.1 4-NPA assay 

A pilot study was conducted using a range of NPA concentrations with membrane 

and soluble fractions of a MAGL1 transfect and an empty vector transfect (Figure 

5.6). Attempts to fit Michaelis-Menten (rectangular hyperbola) curves to the data 

from the mock-transfected preparation failed due to low rates of hydrolysis 

(Figure 5.6). In contrast, Km values could be calculated of 1.0 mM for both 

cytosolic and membrane fractions of the MAGL1 transfect with Vmax values of 

1.1 and 0.8 AU, respectively (Figure 5.6).  
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Figure 5.6 Michaelis-Menten analysis of 4-NPA hydrolysis by two fractions of recombinant 

MAGL1 transiently expressed in HEK293 cells. 

Data are mean ± SEM from a single experiment performed in quadruplicate. Background 

absorbance (in the absence of added protein) was subtracted. 

 

Using NPA at a concentration twice the Km value, screening of cytosolic and 

membrane fractions of transfected enzymes was conducted (Figure 5.6). Basal 

levels of hydrolysis (NPA in the absence of enzyme source) were relatively 

constant during the incubation period, indicating a stable substrate. Elevated basal 

readings were observed upon using substrate solutions which had undergone 

freezing and thawing, and so fresh preparations were made up with each 

experiment.  

Preparations from HEK293 cells transfected with the pcDNA empty vector 

showed a linear increase with time, with higher activity in the membrane fraction 

(Figure 5.7). Membrane fractions from ABHD6 or ABHD12 transfects failed to 

show increased levels of hydrolysis relative to the empty vector. MAGL1 showed 

the highest activity in this screen for both cytosolic and membrane fractions, with 

a non-linear profile, suggestive of a saturation phenomenon. MAGL2 also 

showed elevated rates of hydrolysis compared to the pcDNA transfect in both 

cytosol and membrane fractions. Cytosolic extract from the ABHD6 transfect 

showed an apparently linear increase in hydrolysis with time (Figure 5.7). 
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Figure 5.7 Hydrolysis of 2mM 4-NPA by two fractions of recombinant enzymes. 

Data represent mean ± SEM of a single experiment performed in quadruplicate, 

representative of 5 transfection repeats. 

 

In these initial examinations, the cellular lysate was undiluted, therefore, the next 

step was to explore serial dilutions of MAGL1 to identify a useable condition for 

screening of potential inhibitors. Diluting the mock transfected cytosolic 

preparation made little difference to the rate of NPA hydrolysis (Figure 5.8), 

while dilution of the MAGL1 cytosolic fraction eight-fold appeared to have levels 

of hydrolysis similar to the background. The membrane fraction of the pcDNA-

transfected cells exhibited a modest dilution-dependent reduction in the rate of 

hydrolysis (Figure 5.8). Similarly, to the cytosolic fraction, dilutions of the 

MAGL membrane fractions to eight-fold or more appeared not different to 

background.   

Further studies using this substrate were, therefore, discontinued due to the poor 

rates of hydrolysis, which would require relatively large quantities of the 

transfected MAGL isoforms. 
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Figure 5.8 Hydrolysis of 4-NPA by 5 points protein dilution of recombinant MAGL1 and control. 

  Data represent mean ± SEM of a single experiment performed in quadruplicate, representative   

of 5 transfection repeats. 

 

5.4.2 4-MUO assay 

To characterise MUO as a substrate, the time course of hydrolysis of different 

substrate dilutions with a soluble fraction from rat liver was conducted (Figure 

5.9 &5.10). Background hydrolysis of MUO (in the absence of an enzyme source) 

was low and relatively constant over the incubation period, indicative of a stable 

substrate. The lowest concentration of substrate (1.56 µM) was not hydrolysed at 

a rate much different from the background, while 12.5 µM MUO appeared 

elevated (relative to background) and linear with time, while 25 µM MUO was 

elevated (relative to 12.5 µM MUO) and appeared to show a saturation 

phenomenon. Serial dilutions of the rat liver soluble fraction showed the rate of 

hydrolysis was relatively constant at around 40 fold increase over background 

even at 64 fold dilution (Figure 5.10).  
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   Figure 5.9 Hydrolysis of different concentrations of 4-MUO by rat liver soluble fraction. 

Data represent mean ± SEM of a single experiment performed in quadruplicate. 
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     Figure 5.10 Hydrolysis of 4-MUO by doubling protein dilutions of rat liver and control. 

       Data represent mean ± SEM of a single experiment performed in quadruplicate. 

 

The next step was to screen the recombinant enzymes in this assay using the 

concentration of MUO identified to retain linearity of hydrolysis with the rat liver 

soluble fraction (12.5 µM, Figure 5.9 & 5.10). As in the first experiments, the 

enzyme blanks were stable over time (Figure 3.11). MUO hydrolysis in the 

presence of the samples from the pcDNA-transfected cells was linear over time. 

Fractions from the enzyme-transfected cells were not substantially different from 

the pcDNA control, although the membrane fraction from the ABHD6 transfect 

was modestly elevated compared to the background (Figure 3.11).  



 

 

146 

 

 

0 3 0 6 0 9 0

0

5

1 0

1 5

2 0

M e m b r a n e

T im e  (m in )

M
U

O
 h

y
d

r
o

ly
s

is

(R
F

U
)

p c D N A

M A G L1

M A G L2

A B H D 6

A B H D 1 2

B la nk

0 3 0 6 0 9 0

0

5

1 0

1 5

2 0

S o lu b le

T im e  (m in )

M
U

O
 h

y
d

r
o

ly
s

is

(R
F

U
)

 
Figure 5.11 Hydrolysis of 4-MUO by two fractions of recombinant enzymes. 

Data represent mean ± SEM of a single experiment performed in quadruplicate. 

 

Given the poor rates of hydrolysis of MUO, further studies using this substrate 

were discontinued. 

5.4.3 Glycerol detection assay 

The previous substrates were synthetic and, although useful for screening 

purposes, might have a distinct profile to the endogenous substrate/s. A glycerol 

detection assay would allow the hydrolysis of endogenous monoacylglycerols to 

be measured. The assay uses a cascade of enzymes to produce hydrogen peroxide 

which, in the presence of horseradish peroxidase (HRP), converts Amplifu™ Red 

to the fluorescent product resorufin. The enzymes included in the coupled system 

are glycerol kinase and glycerol 3-phosphate oxidase (Figure 5.2).  As part of the 

preliminary validation, a glycerol standard curve was constructed using a 

commercial kit and a much cheaper assay mix making use of the same enzymes 

bought separately (Figure 5.12). The commercial assay kit generated a linear 

glycerol standard plot at different time points ranging from 10-90 min. For the 

self-generated kit, the glycerol standard curve appeared non-linear. At 30 min, 

the lab version revealed high signals of more than 250 RFU at a much lower 

glycerol level of 0.75 nanomoles while the commercial kit had around 100 RFU 

at 5 nanomoles of added glycerol.   
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Figure 5.12 Linearity of glycerol standard plot in lab generated kit and commercial kit assays at 

various time points. 

Data represents a single experiment performed in duplicate. Background glycerol (at zero 

time) has been subtracted from each time point. 

 

Three commercially available 2-monoacylglycerols (2-arachidonylglycerol, 2-

palmitolglycerol and 2-oleolyglycerol) were tested as substrates in this assay 

(Figure 5.13).  Detection of hydrolysis of 2OG using the commercial kit identified 

time-dependent activity with membrane preparations from pcDNA and enzyme-

transfected HEK293 cells, with the enzyme transfects having greater activity than 

the mock transfect (Figure 5.13-D). The fluorescent signal detected from the self-

generated kit was much lower than the commercial one (Figure 5.13-A-B-C).  

Further, the self-generated detection method showed low rates of hydrolysis for 

the mock transfect and no increase with the enzyme transfects.  

Given the lack of reproducibility of the commercial kit using the lab-generated 

version and the cost of the commercial kit, this assay method was discontinued. 
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Figure 5.13 Hydrolysis of three 2-monoacylglycerol substrates in lab generated kit. 

The hydrolysis of 100 µM of (A) 2OG, (B) 2-PG and (C) 2-AG by membrane fractions of the 

recombinant enzymes using the lab mix kit while (D) with 2OG using the commercial kit. Data 

represent a single experiment performed in duplicate, representative of 3-4 separate transfection 

preparations. 

 

5.4.4 4-MUH assay 

The chromogenic substrate MUH proved to be usable for measuring ABHD6 

activity (Figure 5.14) compared to other selected enzymes. This was shown by 

the MSc students at a final concentration of 250 µM substrate (Mahmood et al., 

2017). There was a low background activity over time (indicating a stable 

substrate) along with a larger signal window between ABHD6 and other 

transfects (including mock transfects), although with an apparent saturation 

phenomena in both soluble and membrane fractions (Figure 5.14). There was a 

modest increase in hydrolysis in the presence of ABHD12. Therefore, further 

work was conducted to characterize the use of MUH as a substrate for ABHD6.  
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 Figure 5.14 Hydrolysis of 4-MUH by two fractions of recombinant enzymes at 250 μM final 

concentration. 

Data represents mean ± SEM of a single experiment performed in 8 replicates. 

 

The experimental setup allowed comparison of enzyme activities to two types of 

blanks: MUH blanks and tissue blanks, where either the substrate or the enzyme 

preparation, respectively, were omitted. Michaelis-Menten analysis was 

conducted using 75 µl MUH dilutions and 25 µl of ABHD6-HEK293 membrane 

preparations (1:100 fold diluted), kinetically assayed at room temperature. 

Assessing inhibitor effects was conducted using 50 µl of MUH, 40 µl enzyme 

and 10 µl buffer vehicle or inhibitor.  

Using a range of MUH concentrations, saturation of hydrolysis rates was apparent 

(Figure 5.15, B), allowing calculation of a Km value of 32 ± 8 µM (from at least 

5 separate transfection preparations). Subsequent experiments were conducted 

using 50 μM MUH.  
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Figure 5.15 Michaelis-Menten analysis of 4-MUH in ABHD6-HEK293 membrane 

preparations. 

(A) Represents “raw” data while (B) after background MUH hydrolysis subtraction (blank). 

Data represent mean ± SEM of a single experiment performed in triplicate, representative 

of 5 separate transfection preparations. 

 

The next step was screening of different compounds to validate the assay for 

ABHD6 screening. Figure 5.16 shows 11 selected inhibitors used to identify 

MUH hydrolysis; these were:  

 MAFP as a non-selective irreversible serine hydrolase family inhibitor 

(Deutsch et al., 1997),  

 JJKK048 (Aaltonen et al., 2013), JZL184 (Long et al., 2009a), pristimerin 

(King et al., 2009) and URB602 (Hohmann et al., 2005) as reportedly-

selective MAGL inhibitors,  

 WWL123 and WWL70 as reportedly-selective ABHD6 inhibitors,  

 JNJ1661010 (Karbarz et al., 2009), URB597 (Piomelli et al., 2006) and 

PF3845 (Ahn et al., 2009b) as FAAH inhibitors and  

 benzil as carboxylesterases inhibitor (Hyatt et al., 2006).  

The screening assay started with a 15 min pre-incubation of the ABHD6 transfect 

with the inhibitors, followed by 60 min of incubation at 37 ˚C at a final inhibitors 

concentration of 1 µM. Due to variability in baseline activity (controls) between 

transfects, it was not possible to apply parametric analysis of the data. MAFP, 

JJKK048 and WWL70 produced significant inhibition, as expected. Other 

inhibitors were ineffective (Figure 5.16). 
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Figure 5.16 Hydrolysis of MUH by 1 µM concentrations of eleven different inhibitors in 

ABHD6-HEK293 membrane preparation. 

Data represents mean ± SEM from seven separate preparations performed in duplicate. 

*P≤ 0.01, **P≤ 0.001 and ***P≤ 0.0001 (Freidman analysis with uncorrected Dunn's 

test). Statistical analysis was conducted by a colleague (SPH Alexander) blinded to the 

construction of the assay. 

 

The concentration dependence of the most effective inhibitors MAFP, JJKK048, 

and WWL70 was assessed further. WWL123 was also included in this analysis 

given the unexpected lack of inhibition in the preliminary screen (Figure 5.17). 

pIC50 values of four inhibitors were 8.0 ± 0.01 and 7.1 ± 0.06 for MAFP and 

JJKK048, respectively with no residual activity, while for WWL123 and 

WWL70, values were 6.3 ± 0.1 (residual activity of 45 ± 2% control) and 7.3 ± 

0.05 (residual activity of 6 ± 1% control), respectively (Figure 5.17). 

 

 

 



 

 

152 

 

 

-1 6 -1 4 -1 2 -1 0 -8 -6 -4

0

2 5

5 0

7 5

1 0 0

[ In h ib ito r ] [ lo g M ]

M
U

H
 h

y
d

r
o

ly
s

is

(%
 c

o
n

tr
o

l)

M A F P

J J K K 0 4 8

W W L 7 0

W W L 1 2 3

 
Figure 5.17 Concentration inhibition curves of MAFP, JJKK048, WWL123 and 

                 WWL70 for 4-MUH hydrolysis in ABHD6-HEK293 membrane preparations. 

Curve fitting to the four parameter logistic equation was conducted by 

a colleague (SPHAlexander) blinded to the construction of the assay. Data are mean ± SEM 

from four (MAFP and JJKK048) or five (WWL70 and WW123) separate transfection 

preparations performed in duplicate. 

 

The Z’ score is a simple statistical coefficient that has been recommended for 

evaluation and comparison of the quality of assays, and the optimization and 

validation of high throughput screening assays (Zhang et al., 1999). It is used to 

indicate the suitability of an assay for large scale compound screening. It involves 

four parameters: means and standard deviations of both positive (p) and negative 

(n) controls: 𝑋 𝑝 𝑎𝑛𝑑 𝑋𝑛, and σ 𝑝 and σ 𝑛 respectively in the following equation:  

Z = 1-((3 * 𝑋 𝑝 + 3 *𝑋𝑛)/(σ 𝑝 - σ 𝑛)) 

If the result is between 0.5-1, the interpretation is considered an excellent assay; 

between 0-0.5 means a marginal assay which would require independent 

confirmation for any ‘hits’.  

Using 1 µM WWL70 as a positive control allowed calculation of a Z’ score of 

0.42. Consequently, screening of 36 different compounds was conducted at 10 

µM final concentration (Figure 5.18) after 60 min of simultaneous incubation 

with 80 µl ABHD6 preparation and 10 µl MUH. The screening was conducted 
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blindly; inhibitor solutions were prepared by a third party and results were 

analysed by someone not involved in the construction of the experiment.  

The majority of the compounds were ineffective. Some had a small, but 

statistically significant, inhibition. Typically, the level of inhibition by these 

agents was less than 10 %, so no further analysis was conducted.  Greater levels 

of inhibition were observed with orlistat (31 ± 13 % control) and palmitic acid 

(53 ± 12 % control). Orlistat was further investigated in a serial dilution inhibition 

curve (Figure 5.19) revealing pIC50 value of 6.5 ± 0.3 with almost complete 

inhibition of enzyme activity. 
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                 Figure 5.18 Blind screening of a range of drugs as potential inhibitors of MUH 

hydrolysis in ABHD6-HEK293 membrane preparations. 

WWL70 at 1 µM was used as a positive control on every plate assessed. The final concentration 

of other drugs was 10 µM. Data represent mean ± SEM from four separate preparations 

performed in duplicate. Note: CCP in second plate is N-cyclohexane carbonyl pentadecylamine, 

an inhibitor of NAAA. *P≤ 0.01, ** P≤ 0.001, ***P≤ 0.0001 repeated measures ANOVA with 

Dunnett's multiple comparisons test. 
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              Figure 5.19 Concentration inhibition curve of orlistat for MUH 

               Hydrolysis in ABHD6-HEK293 membrane preparation. 

            Data represent mean ± SEM from four separate transfection 

 Preparations performed in duplicate. 

 

To further characterise the assay, six “alternative” substrates were screened at 100 

µM final concentration (Figure 5.20), and 60 min of co-incubation. 1-OG, AEA 

and 2-PG were without effect, while 2OG, 2-AG and N-arachidonylglycine 

(NAGLY) evoked significant inhibitions of MUH hydrolysis. 100 µM 2-AG 

appeared to have the greatest impact but still failed to elicit inhibition greater than 

50 % (68 ± 4 % control), so further investigation of its potency was not conducted. 
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                       Figure 5.20 Hydrolysis of 4-MUH by putative substrates (at 100 µM) 

                                                       In ABHD6-HEK293 membrane preparation. 

Data represent mean ± SEM from seven separate preparations performed in 

duplicate. * P≤ 0.01, and ** P≤ 0.001 repeated measures ANOVA with Dunnett's 

multiple comparisons test conducted by a colleague blinded to the construction of 

the experiment. 
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Given that MUH was a poor substrate for other recombinant esterases 

investigated in this study (Figure 5.14), this substrate was used to investigate 

ABHD6 activity in rat tissues. Rat intestine was the first choice to establish this 

exploration, based on the results from Chapter 3 using the radiometric assay. In 

particular, female small intestine particulate preparations showed a higher 

ABHD6 activity in comparison to male preparations. Therefore, it was chosen for 

the subsequent experiments. 

Serial protein dilutions with and without 1 µM (final concentration) WWL70 and 

orlistat (potentially to detect other lipase activities) displayed an unexpected time 

course profile. Figure 5.21 illustrates results in the presence of tissue diluted 125-

fold. The control (intestine preparation in the absence of inhibitors) exhibited a 

very high basal hydrolytic level (at t=0) which rose after 10 min and then 

gradually declined over time till 60 min when there were no differences between 

the control and the presence of the two inhibitor (Figure 5.21).  A potential 

confounding effect of another enzyme/s present in the intestine that would also 

metabolise MUH or potentially the product 4MU was considered.  Michaelis-

Menten analysis in the absence and presence of 1 µM WWL70 was difficult as 

there was no major inhibitory effect of WWL70 until higher concentrations of 

MUH were reached (225 and 250 µM, Figure 5.22). The pattern of activity was 

not consistent with the ABHD6 transfects (Figure 5.15).  
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   Figure 5.21 Hydrolysis of 4-MUH by 125X fold protein dilution of rat intestine membranes. 

Final concentration of WWL70 and Orlistat was 1 µM.  Data represent mean ± SEM 

of a single experiment performed in triplicate. Background MUH hydrolysis has been 

subtracted. 
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                Figure 5.22 Michaelis-Menten analysis of 4-MUH in rat intestine membranes. 

        Data represents mean ± SEM of a single experiment performed in triplicate,   

           representative of 5 separate preparations. Background MUH hydrolysis has been 

subtracted. 

 

Several optimization experiments were conducted, designed to characterise MUH 

hydrolysis in rat intestine including assessing soluble and membrane fractions 

and both sexes. All these experiments, however, failed to establish a solid base 

for further investigation in this tissue. To exclude any role for the presence of an 
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esterase or any other enzymes in intestine that could interfere with this assay and 

to have a better separation of particulate and soluble fractions in centrifugation, 

the next step was to investigate ABHD6 activity in a tissue where activity had 

previously been reported in the literature, namely the brain, and specifically, 

hippocampus membranes (Figure 5.23). Based on pilot experiments, a protein 

dilution was selected at 150-fold in all experiments.  
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Figure 5.23 Michaelis-Menten analysis of 4-MUH hydrolysis in rat hippocampus membranes. 

Data represent mean ± SEM of a single experiment performed in triplicate, representative of 

five separate preparations. Background MUH hydrolysis has been subtracted. 

 

Table 5.2 Km values for MUH hydrolysis in rat hippocampal membranes. 

Data from five separate preparations presented as mean ± SEM. 

 Km (µM) 

Total hydrolysis 31 ± 5 

Sensitive to WWL70 45 ± 7 

Insensitive to WWL70 25 ± 4 

 

Using a range of MUH concentrations in the absence and presence of 1 µM 

WWL70, activity sensitive to WWL70 (potentially equivalent to ABHD6 

activity) was calculated by subtracting WWL7-insensitive activity from total 

hydrolytic activity (Figure 5.23). In all three cases, a rectangular hyperbola could 

be fitted allowing determination of apparent Km values of 25-45 µM (Table 5.2). 

The WWL-sensitive portion of MUH hydrolysis represented about 40 % of total 
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hydrolysis. Investigating the total enzyme activity for one- or two-site fits (single 

vs double rectangular hyperbolae), Prism preferred a single site fit, indicating a 

failure to distinguish multiple sites, with a calculated Km value of 31 ± 5 µM. 

The same 11 inhibitors tested in ABHD6 transfects above (Figure 5.16) were also 

tested using rat hippocampal particulate preparations. Although JJKK048 and 

PF3845 produced statistically significant inhibitions, they still failed to elicit 

inhibition greater than 50 % (69 ±10 and 88 ±7, respectively) (Figure 5.24). Only 

MAFP produced an inhibition greater than half (22 ± 11% control). WWL70 was 

investigated further using a range of concentrations (Figure 5.25). Consequently, 

a pIC50 value of 7.4 could be calculated with a maximal inhibition of only about 

30%. However, this non-linear fitting in Prism showed high variability among the 

5 animal tissues tested in terms of individual pIC50 values calculated (ranging 

from 6.6 to 10), slope (-0.17 to -10.14) and maximum inhibition (20% up to 50%). 

These results highlight major inter-individual variation, as well as the presence 

of abundant MUH hydrolysis caused by a serine hydrolase enzyme/s (Figure 

5.24) distinct from ABHD6 (Figure 5.25).   
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         Figure 5.24 MUH Hydrolysis in rat hippocampus membranes in the presence of 1 µM 

concentrations of eleven different inhibitors. 

 Data are mean ± SEM from five separate preparations conducted in duplicate. ** P≤ 0.001,   

*** P≤ 0.0001, repeated measures ANOVA with Friedman test conducted by a colleague 

blinded to the construction of the experiment. 
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      Figure 5.25 Concentration inhibition curve of WWL70 for 4-MUH hydrolysis in rat 

hippocampus membranes 

                Data are mean ± SEM from five separate preparations performed in duplicate. 

 

In order to try to isolate the other enzyme activity/activities responsible for the 

majority of MUH hydrolysis in this tissue, a number of inhibitors were assessed 
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in the presence and absence of WWL70 (Figure 5.26). In this assay, 5 µl of all 

inhibitors at 1 µM final concentration were screened without pre-incubation (due 

to the practical nature of distributing the different additions; to allow mixing, the 

last component added was tissue rather than substrate). A distinct inhibitory 

profile was observed from that obtained in Figure 5.24. The experimental design 

was constructed to answer the following three questions:  

1- Do the inhibitors have an effect on rat hippocampal MUH hydrolysis? 

2- Do they have an effect when combined with WWL70 (anticipated to 

inhibit ABHD6 selectively)? 

3- Is the effect of WWL70 maintained in the presence of those inhibitors? 
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Figure 5.26 MUH hydrolysis in rat hippocampus membranes in the presence of 11 inhibitors 

with and without WWL70. 
The final concentration of each inhibitor was 1 µM. Data are mean ± SEM from five separate 

preparations performed in duplicate. Data were analysed by one way ANOVA and Uncorrected 

Fisher's Least Significant Difference by a colleague blinded to the construction of the 

experiment. 

 

To answer the first question, all of the inhibitors were used without further 

combination and were compared statistically with a control (an absence of 

inhibitor). All of the inhibitors examined evoked a significant reduction in MUH 
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hydrolysis except benzil. Given the selectivity profile of benzil (Hyatt et al., 

2006), this suggests that carboxylesterases do not contribute to MUH hydrolysis 

in this tissue. WWL70 was only capable of evoking ~25 % inhibition of 

hydrolysis, while MAFP evoked the largest inhibition of MUH hydrolysis (to 17 

± 2 % control). Three inhibitors showed an inhibitory effect of approximately 

half: URB602 (50 ± 4 % control), pristimerin (52± 7 % control) and PF3845 (55 

± 4 % control). The level of inhibition by those agents were different from that 

shown in Figure 5.24. 

The next step was to use a combination of the inhibitors with WWL70 to 

investigate whether the inhibitor was still able to evoke a significant effect. The 

hypothesis being tested was that if WWL70 inhibits ABHD6 selectively (and 

completely) and a second agent still has an inhibitory effect (in combination), this 

would indicate the presence of multiple MUH hydrolysing activities other than 

ABHD6. For benzil, which failed to inhibit MUH hydrolysis in this tissue 

directly, there was no further effect in the presence of WWL70, which might be 

taken as further evidence for the absence of carboxylesterases. In contrast to 

benzil, WWL70 failed to cause a significant inhibition in the presence of MAFP. 

This is consistent with MAFP acting to inhibit multiple serine hydrolases, 

including ABHD6 (see Chapter 3, Figure 3.12 and Table 3.12). For the other 

inhibitors, the hypothesis being tested was whether they were still able to evoke 

a significant inhibition in the presence of WWL70 (identified as the dashed line 

in Figure 5.26); that is, whether MAGL, FAAH, etc. could also contribute to 

MUH hydrolysis. Thus, significant effects of JJKK048, URB602, JZL184 and 

pristimerin were observed, suggesting a potential contribution of MAGL to MUH 

hydrolysis in this tissue. Further, PF3845 and URB597 also displayed significant 

effects in the presence of WWL70, implying a role for FAAH in MUH hydrolysis. 

Orlistat was able to maintain a significant inhibitory effect in the presence of 

WWL70. Thus, although orlistat was observed to evoke a concentration-

dependent of ABHD6 activity in transfects (see Figure 5.19), it is primarily 

identified as an inhibitor of pancreatic lipase and DAG lipases (Lunagariya et al., 

2014). The mechanism of orlistat action should be the focus of further 

investigation with more selective DAGL inhibitors (currently not commercially 
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available). Unexpectedly, WWL123 in the presence of WWL70 caused a further 

inhibition, indicating WWL123 is not inhibiting the same activity as WWL70. 

Again this possibility could be tested further, possibly using the ABPP technique. 

Finally, in the third comparison, the hypothesis investigated was whether the 

presence of these inhibitors altered the inhibitory effects of WWL70. Benzil did 

not alter the inhibitory effect of WWL70 upon combination, suggesting these 

agents have divergent targets. Activities in the presence of orlistat, WWL123, 

JJKK048, URB597 and JZL184 also retained sensitivity to WWL70, suggesting 

a divergence of molecular targets. As expected, WWL70 showed no further effect 

upon combination with MAFP as the latter is known to inhibit ABHD6 as well as 

multiple other serine hydrolases. Combination with URB602, PF3845 and 

pristimerin failed to allow a significant effect of WWL70, suggesting a potential 

overlap in the molecular action of these agents. 

5.5 Discussion 

No single assay could be applied for screening of all the recombinant enzymes 

under scrutiny. NPA and MUO appear to be of limited value in the investigation 

of MAGL activities in vitro while MUH hydrolysis, by contrast, could be a 

promising assay for screening modulators of ABHD6 in recombinant system. In 

terms of assaying ABHD6 activity in ‘real’ tissues, MUH requires further 

optimisation to be useful. 

5.5.1 4-NPA  

MAGL1 was the only enzyme which showed a clearly elevated NPA hydrolytic 

activity compared to the vector control. This activity was apparent in both 

membrane and soluble fractions and in multiple biological repeats.  

Background hydrolysis of NPA appeared higher in the membranes of MAGL1-

HEK293 compared to the cytosolic fraction (Figure 5.6), while the cytosol 

appeared to be more active for similar dilution levels. This combination would 

make the soluble fraction the preferred source for inhibitor screening.   

The binding cavity of MAGL1 seemed to accommodate the nitrophenol group, 

an effect not observed with the other enzymes. Notably, JZL184, a MAGL-
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selective inhibitor, has a nitrophenyl substituent adjacent to the carbamate, which 

is the site for covalent attachment to MAGL (Long et al., 2009b).  

MAGL2 showed a lower level of activity compared to equivalent dilutions of 

MAGL1 transfects, consistent with previous radiometric enzyme assay results 

obtained in Chapter 1 which could be attributed to a change in the lid area of 

MAGL2 or a reduced efficiency of expression.   

A previous report used 250 µM 4- NPA as a final concentration for inhibitor 

screening in the presence of BSA (Muccioli et al., 2008a). A separate study 

reported that MAGL activity increased with increasing BSA concentration, 

although using a different substrate: 7-hydroxycoumarinyl-arachidonate (7-

HCA) (Wang et al., 2008). It would be potentially useful in the future to 

investigate the effect of BSA with this NPA assay. 

The results described in this report are inconsistent with a previous publication 

using 4-NPA as a substrate for MAGL activity inhibitor screening (Muccioli et 

al., 2008a; Patel, 2009). The report from Muccioli et al. (2008a) indicated a higher 

affinity for hydrolysis of NPA under their conditions (0.2 mM compared to 1 mM 

in the current investigation). Whether this difference is a consequence of the dual 

tagged enzyme expressed in E. coli (Muccioli et al., 2008) compared to the 

untagged enzyme expressed in mammalian HEK293 cells (this study) remains to 

be tested.  

Although this HTS assay is cheap and practical in terms of sample handling and 

ease of quantification, there was an important drawback which was the high cost 

in terms of enzyme production, given that there was a limited dilution range over 

which enzymatic activity was distinguishable from background. 

5.5.2 4-MUO assay 

Through the use of the radiometric assay, it was apparent that all the selected 

enzymes recognized oleate esters since they hydrolysed 2OG. However, the 

lipases appeared less active with MUO as a substrate and the overall production 

of fluorescence was clearly low. It might be because of the difference between 
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the relatively small glycerol head group of 2OG compared to the very much larger 

4MU of MUO, which might impede binding to the active site of these enzymes.  

Although MUO appears not to have been previously used as a substrate for MAG 

hydrolyses, there are reports of its use for other enzymes. For example, it was 

investigated as a substrate of acid lipase in preparations of human leucocytes, 

fibroblasts and liver where it was tested at pH 4 (Koster et al., 1980). Similarly, 

an acid lipase from human spinal cord and cerebellum was assessed with MUO 

as substrate at pH 5 (Hirsch et al., 1977). In the current investigation, a more 

neutral pH of 7.4 was used to more closely mimic physiological conditions. It is 

possible that the assay might be more successful at lower pH, but the deviation 

from physiological conditions would be less likely to generate valid data. 

5.5.3 Glycerol detection assay 

The glycerol assay has been described as a valuable real time fluorescent based 

assay that can detect picomole quantities of end products (Navia-Paldanius et al., 

2012). A commercial kit is available for glycerol detection, but it proved 

impractical from an economic point of view. Attempts to replace it with a lab-

made kit using simple and cheap materials, many from the same vendor, were 

unsuccessful. The lab generated kit, however, exhibited a reduced detection 

capacity with no differences between different substrates (Figure 5.13). A number 

of individual elements were tested and replaced to attempt to recover detection 

capacity without success a so further investigations were discontinued. 

Independent investigation found that the commercial sources of AmplifuTM Red 

have different characteristics outcome in terms of the capacity for signal detection 

in the enzyme assay (personal communication with SPH Alexander). 

5.5.4 4-MUH assay 

It has been suggested that MUH as a substrate is much more suitable for 

measuring lipase activity as it is not easily hydrolysed by non-lipolytic esterases 

(Gilham et al., 2005). Previously, MUH was used for screening lipases and 

esterases at a final concentration of 100 µM (Gilham et al., 2005) based on 

modification of the Dolinsky method (Dolinsky et al., 2004). However, this is the 
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first study to apply the MUH assay for measuring ABHD6 activity. In transfects, 

this assay exhibited a marginal Z’ score providing a valuable method for initial 

high-throughput screening for libraries of ABHD6 modulators or compounds. 

From a practical perspective, it is one of the more straightforward assays to put 

together. 

Results of inhibitor screening in ABHD6 transfects (Figure 5.16 and 5.17) 

showed complete inhibition by JJKK048 which was also described in Chapter 3 

using the radio-metric assay. JJKK048 was reported to be a selective inhibitor of 

MAGL with a potency (IC50 value) less than 0.4 nM- (pIC50 ~ 9.3) -in human 

(Aaltonen et al., 2013). It produced a complete ABHD6 inhibition (Figure 5.17), 

although with lower potency (pIC50 value of 7.1 ± 0.06); a selectivity ratio of 

greater than 100-fold. WWL70 was previously described as a selective and potent 

ABHD6 inhibitor in human recombinants (pIC50 7.07 ± 0.05) (Navia-Paldanius 

et al., 2012) and in mouse brain membrane proteasome (pIC50 of ~ 7.15) 

(Blankman et al., 2007). Similarly, in MUH assay, it produced a pIC50 value of 

7.3 ± 0.05 with slight residual activity of 6 ± 1 % control (Figure 5.17). Regarding 

WWL123, a previous study for the concentration inhibition curve of human 

ABHD6 transfects showed a complete inhibition caused by WWL123 with IC50 

value 0.43 µM (pIC50 ~ 6.4) using ABPP (Bachovchin et al., 2010). In our study, 

WWL123 showed incomplete inhibition of MUH hydrolysis (residual activity of 

45 ± 2% control) in the transfects with a potency of 6.3 ± 0.1, identical to literature 

values. A more detailed examination using conventional Michaelis-Menten 

approaches might identify mechanistic differences between the different 

inhibitors (competitive vs non-competitive, for example). Whether the residual 

activity reflects the presence of an additional enzyme activity in this tissue could 

be explored through the application of the ABPP technique.  

Orlistat (also known as tetrahydrolipostatin) is documented as a DAGL inhibitor 

with a pIC50 value of 7.2 in recombinant expression (Bisogno et al., 2003). It was 

reported to have a pIC50 value of 7.32 in a glycerol detection assay for ABHD6 

activity (Navia-Paldanius et al., 2012). In the present study, we observed a similar 

potency of 6.5 ± 0.3 in this assay. 
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On the other hand, the inhibitor profiles in the rat hippocampus appeared to be 

different from that of ABHD6-transfects and the inhibitor profile in the 

hippocampus was itself highly variable, as shown in Figure 5.24 and 5.26. At the 

current time, there is no obvious explanation for this variation. A minor point of 

variation between the two Figures was that there was no pre-incubation between 

enzyme and inhibitors in Figure 5.26. Another possible explanation is that there 

might be some consequence of the complex mixture of proteins present in the rat 

hippocampus, while the transfect will have fewer non-contributing proteins. 

Interestingly, both circumstances identified a major inhibition by MAFP, 

suggesting serine hydrolases were responsible for the majority of MUH 

hydrolysis. Therefore, it would be useful to apply ABPP to investigate which rat 

hippocampal membrane proteins are tagged by the FP-rhodamine and sensitive 

to MUH (and WWL70, WWL123, 2OG, etc). 

Despite the complicated interpretation of Figure 5.26, there were certain points 

worthy of focus. Benzil was an inhibitor that failed to alter MUH hydrolysis 

whether it was applied alone or in combination with WWL70. This is indicative 

that carboxylesterases do not contribute to hippocampal MUH hydrolysis. 

MAFP, on the other hand, caused a significant inhibition in which was not altered 

in combination with WWL70. The major effect of MAFP suggests a predominant 

role for serine hydrolases, although a more precise definition could not be made 

as MAFP is a potent non-selective lipase inhibitor.   

The inhibitory effects of URB597 and PF3845 suggest that FAAH might also 

hydrolyse MUH. This could be tested with the recombinant enzyme. 

Additionally, inhibition by JZL184, JJKK048, URB602 and pristimerin suggests 

that MAGL might also be capable of hydrolysing MUH. This contrasts with the 

data from the expression of MAGL isoforms, both of which were poorly active 

as MUH hydrolysing activities (Figure 5.14). Potentially, there might be species 

differences between rat and human MAGL, or the post-translational 

modifications in the different cellular contexts might have some influence. The 

application of ABPP might resolve this issue. 
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The effect of orlistat was independent of the effect of WWL70 and could indicate 

a role for DAGL in MUH hydrolysis.  

A similar substrate, 6,8-difluoro-4-methylumbelliferyl octanoate (DiFMUO),  

has been used to screen DAGL activity in recombinant assays (Singh et al., 2016). 

It showed that there is the potential for similar substrate being metabolized by 

DAGL. Since DAGLα is present in the adult brain (Gao et al., 2010; Tanimura et 

al., 2010), it might be some of the hydrolysis is mediated by DAGL. However, 

the ABPP approach using FP-rhodamine is reported to be unsuccessful with 

DAGL (Hoover et al., 2008).  

Results in Figure 5.26 might highlighted mechanistic differences between 

different inhibitors. Hypothetically, if WWL70 failed to elicit a further inhibition 

when combined with any of these selected agents, then the implication is that this 

agent and WWL70 might have a similar mechanism of action.  URB602, 

pristimerin and PF3845 are examples of such agents.  

Another potential interpretation of the data shown in Figure 5.26 is the lack of 

selectivity of these inhibitors.  An expectation for WWL70 and WWL123 is that 

they should both inhibit ABHD6 selectively, while in combination (in Figure 

5.26), there was further inhibition. URB597 and PF3845 (FAAH inhibitors) were 

anticipate to have the same effect but failed to show a similar level of inhibition. 

Similarly, JJKK048, JZL184, pristimerin and URB602 (MAGL inhibitors) were 

able to inhibit MUH hydrolysis but with a variable level indicating a lack of 

selectivity.  

Keeping in mind MUH was not a good substrate for hMAGL (in transfects cells) 

(Figure 5.14) and the implications of multiple enzymes involvement with MUH 

in rat (as discussed above) including MAGL, this might reflect species variation. 

It would be useful to investigate MUH in a recombinant rat enzymes. In particular 

JZL184 (a gold standard inhibitor for human MAGL but not in rat (Long et al., 

2009a)) which caused a significant inhibition in MUH hydrolysis in rat 

hippocampus, it would be useful to assess its potency in rat by conducting serial 

inhibition curve. 
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It would be useful to have tissue available from mice in which the genes encoding 

ABHD6, ABHD12 and MAGL were disrupted in order to assess whether these 

inhibitors were acting selectively through these enzymes using the MUH assay in 

mice hippocampus preparations.   

To summarize, as it has been shown above, in intestine and hippocampus, there 

were unpredicted and difficult to explain data in real tissues making the 

application of MUH to screen for ABHD6 activity impractical without further 

characterisation. 
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 General Discussion 

6.1 Discussion  

A number of key advances in cannabinoid research –aimed at generating 

therapeutic compounds- have been achieved over the last two decades, 

particularly in our understanding of the composition of the endocannabinoid 

system and its complexity. The study of the hydrolase enzymes is projected to be 

beneficial as their targeting is postulated to have a major influence on the 

maintenance of ECBs levels.  The present thesis aimed principally to identify the 

biochemical characteristics and distribution (cellular and subcellular) of ABHD6 

and MAGL, in recombinant systems, in preparations from animal tissues and in 

primary cell culture. To achieve this goal, multiple molecular, biochemical and 

pharmacological techniques were applied, ranging from genetic expression tools, 

functional activities, immunoblotting and immunostaining to ABPP.   

The characterization of ABHD6 in this project suggests that there is a relative 

abundance of ABHD6 (at both genetic and functional levels) in the intestine, 

however, its role in digestion/or signalling is yet to be defined. ABHD6 was found 

to be abundantly active in the soluble fractions of rat small and large intestines 

with some male: female dimorphism apparent. This soluble ABHD6 activity, 

when the literature suggests the enzyme to be membrane bound, appeared 

independent of protease activity. Moreover, Caco-2 cells, often used in the 

literature as a model for human intestine, showed the highest ABHD6 activity 

among other screened cell lines (as discussed in Chapter 3). Thus, there is 

accumulating evidence implicating roles for ABHD6 (and possibly other 

unidentified monoacylglycerol hydrolases) in the intestine.  

The data in this thesis add to the growing evidence-base describing the 

distribution of ABHD6. Interestingly, ABHD6 showed different subcellular 

localization with different positions of tags in HEK293 transfects. Using confocal 

microscopy and with differential interference contrast microscopy, the C 

terminal-tagged version was visualized around the plasma membrane while the N 

terminal-tag was localized around the nuclear membrane. Furthermore, using 
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viral infection of neurons and glial cells, ABHD6 retained activity in these 

primary cells, albeit to variable extents. In astrocytes, ABHD6 showed a tendency 

to be distributed around the nuclear membrane more than the plasma membrane 

using N-tagging. Notably, ABHD6 could be visualized in the cytoplasm of the 

cells, particularly in neuronal axons. The soluble appearance of ABHD6 was also 

evident in a number of studied cell lines in this thesis.  The different subcellular 

locations of ABHD6 observed in different cells may result from differential 

trafficking of protein. 

Chapter 4 revealed, as a precursor to rat tissue radiometric assay exploration, new 

insights regarding the mRNA expression of three target enzymes (ABHD6, 

MAGL and for the first time, X1 MAGL) in rat tissues. mRNA of ABHD6 and 

MAGL were extensively expressed in all tissues and consistent with the reports 

from literature. Generally, there were approximate equivalent levels of mRNA 

expression between ABHD6 and MAGL in rat neural tissues (Figure 2.1) (or even 

higher ABHD6 expression, as in spinal cord for example), however, in 

radiometric assay of these tissues (Chapter 3), the results showed predominant 

MAGL activity over ABHD6 (under same experimental conditions). The 

interpretation of this discrepancy between mRNA level and activity is complex 

but it might reflect that the substrate preferences are different for these two 

enzymes. A broad unbiased metabolomics approach to investigate the 

comparative effect of selective inhibitors in cells and tissues on levels of different 

metabolites might identify novel, ‘preferred’ substrates for these enzymes. 

Alternatively, mRNA transcribed from these two genes may not be translated into 

functional protein with the same efficiency. This could be further explored by 

investigating the stability of mRNA and whether there is a difference in the 

turnover of one compared to other which might affect the conversion into protein.   

Results from the literature suggest expression of MAGL and ABHD6 activities 

in brain, yet a direct comparison between both enzymes, using 2OG as a substrate 

and under the same radiometric assay conditions, has not previously been 

investigated. This study addressed the enzyme distribution in the CNS and in 

recombinant systems by looking at their activities in the absence and presence of 
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reportedly-selective inhibitors. Results in Chapter 3 showed that MAGL was the 

major enzyme responsible for 2OG hydrolysis in different areas within rat CNS 

tissues (in both soluble and membrane fractions) while ABHD6 could not be 

reliably quantified.  

A further novel aspect of the project was the characterization of the second splice 

variant of human MAGL. Generally, enzyme isoforms which differ substantially 

in their amino acid sequence are expected to differ in the kind of reaction they 

catalyse or reaction rates, in their substrate affinity or other functional properties 

(Gunning, 2001; Tomaiuolo et al., 2008). In this thesis, it was found that MAGL2 

appeared to differ from MAGL1 in terms of reaction rates in recombinant system 

(under identical experimental conditions) in both radiometric (Chapter 3) and 

colorimetric assays (Chapter 5).  

JJKK048 was found in this study to be a potent MAGL inhibitor consistent with 

its description in the literature (Aaltonen et al., 2013; Laitinen et al., 2014) with 

an off target, lower potency action at ABHD6. In contrast to the literature, 

WWL123 showed a potency of pIC50 ~ 8 (higher than reported (Bachovchin et 

al., 2010)) in the radiometric enzyme assay in the recombinant system and in 

animal tissues. This was not the case using a fluorogenic substrate in the MUH 

assay (Chapter 3) where WWL123 evoked a concentration-dependent inhibition 

with a pIC50 value of 6.3. The application of different assay techniques and/or 

conditions could generate different inhibitors potencies and this complicates 

interpretation of data (Navia-Paldanius et al., 2012; Saario et al., 2004; 

Woodhams, 2012). Therefore, it would be useful to have a systematic analysis of 

inhibitors profiles in different enzyme assays to determine whether there is a 

“real” variation based on enzyme methodology. 

It appeared that inhibition of a single enzyme is an attractive and potentially 

successful approach for therapeutic exploitation of the endocannabinoid system. 

FAAH inhibitors as a potential drugs have been tried before and showed a failure 

in the clinical trials (Fowler et al., 2017; Huggins et al., 2012; Wagenlehner et 

al., 2017), also see (van Esbroeck et al., 2017). Thus, there is a need to explore 

MAGL inhibitors for a potential focused therapeutic strategies in vivo keeping in 
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mind that MAGL is the main 2-AG hydrolytic enzyme. Developing MAGL 

inhibitors is considered a promising approach in the treatment of inflammation, 

cancers, pain and other pathological conditions (see Chapter 1). However, the 

side effects of chronic treatment with irreversible compounds could be an 

obstacle toward testing these compounds beyond the pre-clinical level, which is 

the current status for MAGL inhibitors (Fowler, 2012). This might be possible by 

developing reversible MAGL inhibitors or causing less potent inhibition to elicit 

a more subtle effect on 2-AG accumulation at synapses. Indeed, Aghazadeh et al. 

(2018)  have described a new class of reversible MAGL inhibitor, 

diphenylpyrazole derivatives with IC50 0.5 µM, with promising anti-proliferative 

activity in high-grade serous ovarian cancer (OVCAR3) both in vitro and in vivo 

(Aghazadeh Tabrizi et al., 2018).   

ABHD6 inhibitors, although only a limited number of which are currently 

available and have been studied, also have promising therapeutic potential (as 

discussed in the Introduction). The use of ABHD6 inhibitors might even have a 

beneficial role over the use of MAGL inhibitors, as ABHD6 inhibition leads to 

smaller, potentially more localised, increases in 2-AG accumulation and hence, 

may be associated with fewer unwanted effects, for example, through receptor 

desensitization (Long et al., 2009b). The lack of selective ABHD12 inhibitors up 

to now has impeded its exploration and so the therapeutic potential of targeting 

this enzyme is largely unknown.  Based on these observations, therefore, there 

was a need to develop HTS assays to facilitate the rapid discovery of useful 

inhibitors/substrate. However, in our hands, none of the assay methodologies 

applied in this study were successful for this enzyme. It is worthy to mention that, 

since the reports of its 2-AG hydrolase activity 10 years ago (Blankman et al., 

2007), there has been no further evidence to support ABHD12 belonging to ECB 

family. This raises questions regarding the enzymes “real” endogenous substrate 

preference. 

In the last part of this project -Chapter 5-, a number of different substrates were 

assessed for in vitro assays for the three enzymes.  Among them, MUH hydrolysis 

assay (with a Z score of 0.42 as an indication of assay quality and its suitability 
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for HTS (Wang et al., 2008)) proved to be useful for ABHD6 screening in 

recombinant systems. However, the use of MUH as a substrate in tissue screening 

of ABHD6 was complicated and proved difficult to interpret. 

6.2 Limitations 

This work has a number of limitations. ABPP represents a useful functional 

enzymatic activity-based technique used to a limited extent in this study as a 

confirmatory tool. It was used to identify MAGL1, MAGL2 and ABHD6 with 

and without relevant inhibitors. However, studies were limited due to technical 

problems with the gel scanner. It would be useful if the soluble fraction of rat 

intestine could be visualized alongside the membranes in ABPP gel. This could 

serve to highlight the presence of ABHD6 activity in this tissue with the benefit 

of identifying the molecular size of the functional entity. It could also provide 

information about the level of inhibition by selective ABHD6 inhibitors (as a 

comparison) or as an off target by other non-selective inhibitors.  

The paucity of primary cell availability during the project time frame limited the 

numbers of repetitions and further exploration of ICC. It would be useful to 

determine distribution of the C-tagged version of ABHD6 in these cells. This 

could also be applied to the tagged MAGL versions, especially MAGL2, to see if 

there is spatial and temporal distribution distinct from MAGL1.  

Assays using 4-NPA, 4-MUO and a home-made glycerol detection method 

(described in Chapter 3) had drawbacks associated with their use for these 

enzymes and still need further optimization steps to improve their selectivity and 

sensitivity. Especially for the lab-made glycerol detection assay, it seemed there 

were subtle but relevant factors affecting its sensitivity, although it was 

apparently identical in terms of component final concentrations to the original 

reported assay. However, within the limited time of the project period, 

optimization could not be completed.    

Finally, despite the difficulties and challenges in cloning and transfection steps 

(mentioned in Chapter 3), it was rewarded by providing successful sustainable 

resources of MAGL1, MAGL2, ABHD6, ABHD12, FAAH1 and FAAH2. The 
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characterization of FAAH1 and FAAH2 is to be continued by Master students.  A 

second variant of ABHD12 (NM_015600.4, NCBI with 404 aa) was not 

successfully cloned, despite many optimization attempts. It is described as having 

an alternate 3' terminal exon compared to variant 1, resulting in a longer isoform 

with a distinct C-terminus compared to the one cloned in this thesis 

(NM_001042472.2, NCBI with 398 aa). Only one report predicted the presence 

of a second ABHD12 isoform (Lord et al., 2013), that is of shorter length to our 

cloned ABHD12 (362 aa) and the authors acknowledge that it was not confirmed 

at the protein level. Whether a second variant is present or not, the lack of 

selective inhibitors limits further investigation of ABHD12. 

6.3 Future perspectives 

It is now widely accepted that endocannabinoids have multiple physiological, 

psychological and pathological effects.  One area of research is now looking into 

how to increase endogenous ECB levels for potential therapeutic benefit by 

pharmacological or genetic inhibition. Generally, in order to be able to develop 

ABHD6/MAGLs as drug targets, it is imperative to investigate their subcellular 

distribution and expression in different cellular and tissue contexts and whether 

tissue-selective inhibitors will be crucial for effective and safe therapeutic 

purposes. This thesis has explored most of these aspects. However, based on our 

novel information regarding ABHD6/MAGL potential biochemical roles in small 

and large intestines (which are one of the key sites for dietary energy metabolism 

and transformation) and based on previous reports regarding ABHD6 

involvement in metabolic diseases (Fisette et al., 2016; Thomas et al., 2013; Zhao 

et al., 2016), it would be of potential benefit to focus on the roles of these enzymes 

in  metabolic diseases.  Chronic metabolic disorder is caused by impaired lipid 

metabolism and is associated with “low grade inflammation” (Poursharifi et al., 

2017); ABHD6 and MAGL are regulators of lipid metabolism so it is not difficult 

to propose a wider involvement for them in different metabolic diseases: obesity, 

cardiac disease, diabetes and insulin resistance and in non-alcoholic fatty liver 

disease (Pribasnig et al., 2015).  
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Pharmacological inhibition serves as a useful investigative tool to disclose 

pharmacological properties of ECB (Owens et al., 2017). It increases the 

endogenous tone of ECB or preserves exogenously administered cannabinoids by 

delaying degradation (Patel, 2009). Thus, to explore how inhibition of these 

enzymes, in vivo, could affect dietary lipid metabolism in the gut, determination 

of MAGs species levels before and after a meal containing a selective 

ABHD6/MAGL inhibitor in blood plasma or specific tissues would be valuable. 

It would be of interest to examine orlistat, which is known to inhibit pancreatic 

lipase (Lunagariya et al., 2014) and in our hands (Chapter 3) ABHD6 at a 

reasonable potency but inactive against MAGL (Bisogno et al., 2006).  This could 

be further extended in assessing acute doses of these inhibitors versus repeated 

chronic doses.    

In particular, if a selective ABHD6 inhibitor could be synthesized that is not well 

absorbed but still has an activity in gut, how it might be related on long repeated 

administration to an animal model of inflammatory bowel disorders (ulcerative 

colitis and Crohn's disease model, for example), especially after a recent report 

describing anti-inflammatory effect of pharmacological ABHD6 inhibition in an 

animal model of multiple sclerosis (Wen et al., 2015).  

Projecting forward, it would be also useful to run similar experiments (assuming 

inhibitors safety) in human, especially for patients with gut diseases like 

inflammatory bowel diseases. It would be worthy to investigate the potential role 

of ABHD6 inhibition on bowel lesions and to assess the effect from acute vs 

repeated drug exposure including any potential side effects.  The intestinal 

epithelium can be easily disrupted during gut inflammation (Martini et al., 2017). 

If a comparison is made between healthy volunteers and patients by giving low 

doses of osmotic laxatives (such as lactulose) which are normally not absorbed 

by the bowel.  Measurement of urinary excretion for those agents - which would 

indicate some absorption of lactulose- would provide an indirect index of the 

tightness of the gut epithelium. Imaging studies using fluorinated version (18F) of 

ABHD6 inhibitor/s Positron emission tomography (PET) scans can show the 

distribution of these agent/s, whether they stay in the gut or get absorbed. 
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Alternatively, we can investigate any potential therapeutic role of ABHD6 

inhibition in those patients by comparing inflammatory markers such as: C-

reactive protein, prostaglandins, and cytokines before and after treatment, for 

example.  

On other hand, genetic inhibition could also represent new platform for further 

studies. For example, generation of conditional knockout animal models 

(intestinal knockouts or knockout in specific cells) would be useful to investigate 

changes in metabolic parameters like: MAGs species (centrally and peripherally) 

or appetite affection, body weight, etc.  

In parallel, it would be useful to compare ABHD6 knockout animals with 

wildtypes to investigate WWL123 as a brain penetrant inhibitor (Naydenov et al., 

2014) (on repeated administrations) on signalling pathway/s in epilepsy (as 

ABHD6 inhibition has been shown to be  effective in vivo, by reducing seizures 

in an epilepsy model).  

It is also desirable to assess whether there are genetic variation of ABHD6 in 

human and if there are natural variants which associate with disease/drug 

susceptibility/etc. For example, it would be valuable to investigate the sequences 

and expression levels of ABHD6 in the gut of normal volunteers and those with 

metabolic diseases or epilepsy.  

In addition, this thesis supplies information about the expression of these enzymes 

in cells of the nervous system: astrocytes, microglia and neurons. However, the 

physiological roles in these cells were not inspected. It would be beneficial if 

ABHD6/MAGL were investigated in vivo to address its primary role in those cells 

using viral infection (which was successfully applied for ABHD6 in this study) 

as an efficient tool for gene transfer to various cells and tissues.   

It is now accepted that ABHD6 is able to hydrolyse specific pools of 2-AG in 

brain (Blankman et al., 2007; Marrs et al., 2010; Marrs et al., 2011). It was stated 

that ABHD6 preferred 2-AG over 2OG (Navia-palidus 2012) in a glycerol 

detection assay. Clearly, a focus of future research must be to determine if 

ABHD6 has other physiological substrates in vivo. Therefore, it would be useful 
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to investigate other MAGs, in particular 2-AG and 

bis(monoacylglyceryl)phosphate (Pribasnig et al., 2015). However, radiolabelled 

2-AG is commercially available but it is not the case for 

bis(monoacylglyceryl)phosphate. It may also be worthwhile to try the 1 (3)-

isomer of 2-AG (as it is the preferred structure of MAGs to hABHD6)(Navia-

Paldanius et al., 2012). Alternatively, 1-PG was also reported to be a useful 

ABHD6 substrate in INS82/13 β cell extracts by HPLC (Zhao et al., 2014). 

Screening would best be achieved with a generalised metabolomics investigation 

in the presence and absence of a selective inhibitors of ABHD6 (and MAGL, 

ABHD12, etc.) in miscellaneous cell types, for example: brain slices and liver 

slices. Furthermore, multiple glycerides can be detected in rat tissues ranging 

from palmitate, oleate, stearate to the polyunsaturated fatty acids (PUFAs) such 

as Docosahexaenoic acid (DHA), Eicosapentaenoic acid (EPA) (although DHA 

and EPA (omega-3 fats) are commercially not available but they could be 

synthesised).  

Developing an HTS method is important in the next step of investigation for these 

ECB metabolising enzymes. This is especially true for MAGL2 and ABHD12, 

which have been characterised in only a very limited manner. I would suggest to 

apply MUH assay to screen for selective ABHD6 inhibitors in the recombinant 

system as it would be crucial for the next step of ABHD6 exploration. It would 

also be useful to test other substrates, for ABHD6 and other lipases. For example: 

screening different fatty acid esters side chain  (butyryl, hexanoyl, palmitoyl, 

oleoyl, etc) of 4-MU (as a common substrate for all lipases (Gilham et al., 2005) 

would be useful as well as the  thioester analogue of 2-arachidonyl glycerol: 

arachidonoyl-1-thioglycerol (Figure 6.1).  

 
Figure 6.1 Chemical structure of arachidonoyl-1-thioglycerol. 

 

 



 

 

179 

 

The availability of relevant high throughput screening assays for compound 

libraries to identify inhibitors will pave the way for further investigation of 

different biochemical and pharmacological aspects of these enzymes and will 

open the door for further in vivo studies.   Furthermore, physiological studies of 

all of these enzymes, with specific mutations and the use of selective enzyme 

inhibitors, in intact cells to study the acute regulation of enzyme activity 

(phosphorylation and SUMOylation, for example) in these transfects would be of 

high interest. Eventually, it is hoped that further studies will discover compounds 

with a good balance between potency and selectivity toward other potential off-

targets and with therapeutic efficacy.  

To conclude, this project characterized ABHD6 and MAGL1 and identified a 

novel MAGL2 in different host contexts. This study set up and developed a high 

throughput screening in vitro assay for ABHD6 to test and broaden its 

substrate/inhibitor library profile in the future. It is anticipated that the 

information from these studies will aid in more complete understanding of the 

role of endocannabinoid system and provide significant bearing on the therapeutic 

potential of these enzymes. 
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 Appendix 

8.1 Section A 

This section encompassing various Tables, maps and Figures. 

Table A.1: Detailed cloning information of MAGL1, MAGL2, ABHD6, ABHD12, FAAH1 

and FAAH2 and their vectors and maps. 

Plasmid Name MAGL1 –pcDNA3.1(-)zeo 

Protein Monoacylglycerol lipase1 

Species Human 

Genbank ID NM_007283.6 

Vector pcDNA3.1(-)zeo 

Restriction sites used BamHΙ and HINDΙΙΙ 

Forward primer 

sequence 

ACAGGATCCGGCTGAGCGCCCCAGCCCGA 

Reverse primer 

sequence 

ACAAAGCTTGGAGAGGCAGGGCAGAGGCTTGGC 

Insert Source Human brain RNA 

Antibiotic selection Ampicillin 

DNA insert size (bp) 1405 bp 
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DNA sequence of insert ggctgag cgccccagcc cgaaaggcag ggtctgggtg cgggaagagg 

gctcggagct gccttcctgc tgccttggggccgcccagat gagggaacag 

cccgatttgc ctggttctga ttctccaggc tgtcgtggtt gtggaatgca 

aacgccagcacataatggaa acaggacctg aagacccttc 

cagcatgccagaggaaagtt cccccaggcg gaccccgcag agcattccct 

accaggacct ccctcacctg gtcaatgcag acggacagta cctcttctgc 

aggtactgga aacccacagg cacacccaag gccctcatct ttgtgtccca 

tggagccgga gagcacagtg gccgctatga agagctggct cggatgctga 

tggggctgga cctgctggtg ttcgcccacg accatgttgg ccacggacag 

agcgaagggg agaggatggt agtgtctgac ttccacgttt tcgtcaggga 

tgtgttgcag catgtggatt ccatgcagaa agactaccct gggcttcctg tcttccttct 

gggccactcc atgggaggcg ccatcgccat cctcacggcc gcagagaggc 

cgggccactt cgccggcatg gtactcattt cgcctctggt tcttgccaat cctgaatctg 

caacaacttt caaggtcctt gctgcgaaag tgctcaacct tgtgctgcca aacttgtccc 

tcgggcccat cgactccagc gtgctctctc ggaataagac agaggtcgac 

atttataact cagaccccct gatctgccgg gcagggctga aggtgtgctt 

cggcatccaa ctgctgaatg ccgtctcacg ggtggagcgc gccctcccca 

agctgactgt gcccttcctg ctgctccagg gctctgccga tcgcctatgt 

gacagcaaag gggcctacct gctcatggag ttagccaaga gccaggacaa 

gactctcaag atttatgaag gtgcctacca tgttctccac aaggagcttc ctgaagtcac 

caactccgtc ttccatgaaa taaacatgtg ggtctctcaa aggacagcca 

cggcaggaac tgcgtcccca ccctgaatgc attggccggt gcccggctca 

tggtctgggg gatgcaggca ggggaagggc agagatggct tctcagatat 

ggcttgccaa aaaaaaaaaa aaaaaaaaat cagaaattgg agaaatcctt 

agcacaattt tctaaaaaat aacagacatt tttgttatac attagactat cagacactgg 

acctacctta atggttagac actttatgca aaaaaagaga aaggtcccag gtgattttcc 

acaaagaatg tgctaaaatg tccactgaaa acaaagccaa gcctctgccctgcctctcc 

Protein sequence Met E T G P E D P S S Met P E E S S P R R T P Q S I P Y Q D 

L P H L V N A D G Q Y L F C R Y W K P T G T P K A L I F V 

S H G A G E H S G R Y E E L A R Met L Met G L D L L V F 

A H D H V G H G Q S E G E R Met V V S D F H V F V R D V 

L Q H V D S Met Q K D Y P G L P V F L L G H S Met G G A 

I A I L T A A E R P G H F A G Met V L I S P L V L A N P E S 

A T T F K V L A A K V L N L V L P N L S L G P I D S S V L 

S R N K T E V D I Y N S D P L I C R A G L K V C F G I Q L 

L N A V S R V E R A L P K L T V P F L L L Q G S A D R L C 

D S K G A Y L L Met E L A K S Q D K T L K I Y E G A Y H 

V L H K E L P E V T N S V F H E I N Met W V S Q R T A T A 

G T A S P P  

Calc Mol Weight (kDa) 34270.57  KDa 

General Description The purple colour indicates the forward and reverse primers 

while the blue colour indicates the starting and stopping codons. 

 

Map: 

5' site BamHΙ                               3' site HINDΙΙΙ 

                                  MAGL1. 1405 BP    
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                              pcDNA3.1 (-)zeo, 

                                   5428 bp 

 

 

 

 

 

 

 

Plasmid Name MAGL2 –pcDNA3.1(-)zeo 

Protein Monoacylglycerol lipase 2 

Species Human 

Genbank ID NM: 001003794.2 

Vector pcDNA3.1(-)zeo 

Restriction sites used BamHΙ and HINDΙΙΙ 

Forward primer 

sequence 

ACAGGATCCGCGCTCGTGGCCCCGGACCT 

Reverse primer 

sequence 

ACAAAGCTTCCCCCAGACCATGAGCCGGGCA 

Insert Source Human brain RNA 

Antibiotic selection Ampicillin 

DNA insert size (bp) 981 

DNA sequence of insert gcgctcgt ggccccggac ctgaagaccc ttccagcatg ccagaggaaa 

gttcccccag gcggaccccg cagagcattc cctaccagga cctccctcac 

ctggtcaatg cagacggaca gtacctcttc tgcaggtact ggaaacccac 

aggcacaccc aaggccctca tctttgtgtc ccatggagcc ggagagcaca 

gtggccgcta tgaagagctg gctcggatgc tgatggggct ggacctgctg 

gtgttcgccc acgaccatgt tggccacgga cagagcgaag gggagaggat 

ggtagtgtct gacttccacg ttttcgtcag ggatgtgttg cagcatgtgg 

attccatgca gaaagactac cctgggcttc ctgtcttcct tctgggccac 

tccatgggag gcgccatcgc catcctcacg gccgcagaga ggccgggcca 

cttcgccggc atggtactca tttcgcctct ggttcttgcc aatcctgaat 
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ctgcaacaac tttcaaggtc cttgctgcga aagtgctcaa ccttgtgctg 

ccaaacttgt ccctcgggcc catcgactcc agcgtgctct ctcggaataa 

gacagaggtc gacatttata actcagaccc cctgatctgc cgggcagggc 

tgaaggtgtg cttcggcatc caactgctga atgccgtctc acgggtggag 

cgcgccctcc ccaagctgac tgtgcccttc ctgctgctcc agggctctgc 

cgatcgccta tgtgacagca aaggggccta cctgctcatg gagttagcca 

agagccagga caagactctc aagatttatg aaggtgccta ccatgttctc 

cacaaggagc ttcctgaagt caccaactcc gtcttccatg aaataaacat 

gtgggtctct caaaggacag ccacggcagg aactgcgtcc ccaccctgaa 

tgcattggcc ggtgcccggc tcatggtctg ggggatgcag 

Protein sequence Met P E E S S P R R T P Q S I P Y Q D L P H L V N A D G Q 

Y L F C R Y W K P T G T P K A L I F V S H G A G E H S G 

R Y E E L A R Met L Met G L D L L V F A H D H V G H G 

Q S E G E R Met V V S D F H V F V R D V L Q H V D 

S Met Q K D Y P G L P V F L L G H S Met G G A I A I L T 

A A E R P G H F A G Met V L I S P L V L A N P E S A T T 

F K V L A A K V L N L V L P N L S L G P I D S S V L S R 

N K T E V D I Y N S D P L I C R A G L K V C F G I Q L L N 

A V S R V E R A L P K L T V P F L L L Q G S A D R L C D 

S K G A Y L L Met E L A K S Q D K T L K I Y E G A Y H V 

L H K E L P E V T N S V F H E I N Met W V S Q R T A T A 

G T A S P P   

Calc Mol Weight (kDa) 33240.18  KDa 

General Description The purple colour indicates the forward and reverse primers 

while the blue colour indicates the starting and stopping 

codons. 
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Map:                                          

 5' site BamHΙ                    3' site HINDΙΙΙ 

                                             MAGL2 , 981bp  

  

  

 

 

 

 

 

                                        pcDNA3.1 (-)zeo, 

                                                                5428 bp 
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Plasmid Name ABHD6 –pcDNA3.1(-)zeo 

Protein Alpha – beta hydrolase domain -6 

Species Human 

Genbank ID NM: 020676.5 

Vector pcDNA3.1(-)zeo 

Restriction sites used BamHΙ and HINDΙΙΙ 

Forward primer 

sequence 

ACAGGATCCGGCTGGTCAGGAGTCAGCCAGCCT 

Reverse primer 

sequence 

ACAAAGCTTTGGTGGCTGCGTCAGACTTGGGGG 

Insert Source Human adipose tissue 

Antibiotic selection Ampicillin 

DNA insert size (bp) 1117 bp 

DNA sequence of insert ggctg gtcaggagtc agccagcctg aaagagcagg atggatcttg atgtggttaa 

catgtttgtg attgcgggcg gcacgctggc catcccaatc ctggcatttg 

tggcttcatt tcttctgtgg ccttcagcac tgataagaat ctattattgg tactggcgga 

ggacattggg catgcaagtc cgctatgttc accatgaaga ctatcagttc tgttattcct 

tccggggcag gcctgggcac aaaccctcca tcctcatgct ccacggattc 

tctgcccaca aggatatgtg gctcagtgtg gtcaagttcc ttccaaagaa 

cctgcacttg gtctgcgtgg acatgccagg acatgagggc accacccgct 

cctccctgga tgacctgtcc atagatgggc aagttaagag gatacaccag 

tttgtagaat gcctgaagct gaacaaaaaa cctttccacc tggtaggcac 

ctccatgggt ggccaggtgg ctggggtgta tgctgcttac tacccatcgg 

atgtctccag cctgtgtctc gtgtgtcctg ctggcctgca gtactcaact 

gacaatcaat ttgtacaacg gctcaaagaa ctgcagggct ctgccgccgt 

ggagaagatt cccttgatcc cgtctacccc agaagagatg agtgaaatgc 

ttcagctctg ctcctatgtc cgcttcaagg tgccccagca gatcctgcaa 

ggccttgtcg atgtccgcat ccctcataac aacttctacc gaaagttgtt tttggaaatc 

gtcagtgaga agtccagata ctctctccat cagaacatgg acaagatcaa 

ggttccgacg cagatcatct gggggaaaca agaccaggtg ctggatgtgt 

ctggggcaga catgttggcc aagtcaattg ccaactgcca ggtggagctt 

ctggaaaact gtgggcactc agtagtgatg gaaagaccca ggaagacagc 

caagctcata atcgactttt tagcttctgt gcacaacaca gacaacaaca 

agaagctgga ctgaggcccc gactgcagcc tgcattctgc acacagcatc 

tgctcccatc ccccaagtct gacgcagcca cca 

Protein sequence Met D L D V V N Met F V I A G G T L A I P I L A F V A S F 

L L W P S A L I R I Y Y W Y W R R T L G Met Q V R Y V 

H H E D Y Q F C Y S F R G R P G H K P S I L Met L H G F 

S A H K D Met W L S V V K F L P K N L H L V C V D Met P 

G H E G T T R S S L D D L S I D G Q V K R I H Q F V E C 

L K L N K K P F H L V G T S Met G G Q V A G V Y A A Y 

Y P S D V S S L C L V C P A G L Q Y S T D N Q F V Q R L 

K E L Q G S A A V E K I P L I P S T P E E Met S E Met L Q 

L C S Y V R F K V P Q Q I L Q G L V D V R I P H N N F Y 

R K L F L E I V S E K S R Y S L H Q N Met D K I K V P T Q 

I I W G K Q D Q V L D V S G A D Met L A K S I A N C Q V 

E L L E N C G H S V V Met E R P R K T A K L I I D F L A S 

V H N T D N N K K L D   

yellow: transmembrane domain 

Calc Mol Weight (kDa) 38305.70  KDa 

General Description The purple colour indicates the forward and reverse primers 

while the blue colour indicates the starting and stopping 

codons.  
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Map:    

5' site BamHΙ                                3' site HINDΙΙΙ 

                                   ABHD6 , 1117bp 

 

 

 

 

 

 

                                                

                                  pcDNA3.1 (-)zeo, 

                                         5428 bp 
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Plasmid Name ABHD12 –pcDNA3.1(+)zeo 

Protein Alpha- beta hydrolase domain 12 

Species Human 

Genbank ID NM: 001042472.2 

Vector pcDNA3.1(+)zeo 

Restriction sites  BamHΙ and XhoΙ 

Forward primer 

sequence 

ACAGGATCCGCGGCCTGGGCTGGGATGTGAGG 

Reverse primer 

sequence 

ACACTCGAGACGGGAGGAGGGCAGAGGTCTTA 

Insert Source Human brain RNA  

Antibiotic selection Ampicillin 

DNA insert size (bp) 1371 bp 

DNA sequence of 

insert 

gcggcctggg ctgggatgtg aggagcggcg ggttccgggc tccgggctct 

gggtggcggc ggctgtgagc ggcggcactg cggcgcaggc cagcgggcgc 

cgtcggcggc tggccctgtc ggccgcggga tgaggaagcg gaccgagccc 

gtcgccttgg agcatgagcg ctgcgccgcc gcgggctcgt cctcctccgg ctcggccgcc 

gcggcgctgg acgccgactg ccgcctgaag cagaacctac gcctgacggg 

cccggcggcg gctgagccgc gctgcgcagc cgacgcggga atgaagcggg 

cgctgggcag gcgaaagggc gtgtggttgc gcctgaggaa gatacttttc tgtgttttgg 

ggttgtacat tgccattcca tttctcatca aactatgtcc tggaatacag gccaaactga 

ttttcttgaa tttcgtaaga gttccctatt tcattgattt gaaaaaacca caggatcaag 

gtttgaatca cacgtgtaac tactacctgc agccagagga agacgtgacc attggagtct 

ggcacaccgt ccctgcagtc tggtggaaga acgcccaagg caaagaccag atgtggtatg 

aggatgcctt ggcttccagc caccctatca ttctgtacct gcatgggaac gcaggtacca 

gaggaggcga ccaccgcgtg gagctttaca aggtgctgag ttcccttggt taccatgtgg 

tcacctttga ctacagaggt tggggtgact cagtgggaac gccatctgag cggggcatga 

cctatgacgc actccacgtt tttgactgga tcaaagcaag aagtggtgac aaccccgtgt 

acatctgggg ccactctctg ggcactggcg tggcgacaaa tctggtgcgg cgcctctgtg 

agcgagagac gcctccagat gcccttatat tggaatctcc attcactaat atccgcgaag 

aagctaagag ccatccattt tcagtgatat atcgatactt ccctgggttt gactggttct 

tccttgatcc tattacaagt agtggaatta aatttgcaaa tgatgaaaac gtgaagcaca 

tctcctgtcc cctgctcatc ctgcacgctg aggacgaccc ggtggtgccc ttccagcttg 

gcagaaagct ctatagcatc gccgcaccag ctcgaagctt ccgagatttc aaagttcagt 

ttgtgccctt tcattcagac cttggctaca ggcacaaata catttacaag agccctgagc 

tgccacggat actgagggaa ttcctgggga agtcggagcc tgagcaccag cactgagcct 

ggccgtggga aggaagcatg aagacctctg ccctcctccc gt 

Protein sequence Met R K R T E P V A L E H E R C A A A G S S S S G S A A A A 

L D A D C R L K Q N L R L T G P A A A E P R C A A D A G Met K 

R A L G R R K G V W L R L R K I L F C V L G L Y I A I P F L I 

K L C P G I Q A K L I F L N F V R V P Y F I D L K K P Q D Q G 

L N H T C N Y Y L Q P E E D V T I G V W H T V P A V W W K 

N A Q G K D Q Met W Y E D A L A S S H P I I L Y L H G N A G 

T R G G D H R V E L Y K V L S S L G Y H V V T F D Y R G W 

G D S V G T P S E R G Met T Y D A L H V F D W I K A R S G D 

N P V Y I W G H S L G T G V A T N L V R R L C E R E T P P D 

A L I L E S P F T N I R E E A K S H P F S V I Y R Y F P G F D W 

F F L D P I T S S G I K F A N D E N V K H I S C P L L I L H A E 

D D P V V P F Q L G R K L Y S I A A P A R S F R D F K V Q F 

V P F H S D L G Y R H K Y I Y K S P E L P R I L R E F L G K S 

E P E H Q H  

Calc Mol Weight 

(kDa) 

45068.18  KDa 

General Description The purple colour indicates the forward and reverse primers while 

the blue colour indicates the starting and stopping codons. 
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Map: 

 5' site BamHΙ                                 3' site XhoΙ  

                                        ABHD12 , 1371bp  

                                                         

 

 

 

 

 

 

 

                                              pcDNA3.1 (+)zeo, 

                                                       5428 bp 
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Plasmid Name FAAH1 pcDNA3.1(+)zeo 

Protein Fatty acid amide hydrolase -1  

Species Human 

Genbank ID NM: NM_001441.2 

Vector pcDNA3.1(+)zeo 

Restriction sites used KpnI and BamHI 

Forward primer 

sequence 

gatcGGTACCagcaggctgaagggatcatg 

Reverse primer 

sequence 

gatcGGATCCgtgagtctcaggtcctctgga 

Insert Source cDNA of liver, hepatocytes and adipose tissue 

Antibiotic selection Ampicillin 

DNA insert size (bp) 1788 bp 

DNA sequence of insert tccgggttttgcggcggagcgggcgggctgcgcgtgcggcggcttcaactgtcg

cggtaggcagcagcaggctgaagggatcatggtgcagtacgagctgtgggccg

cgctgcctggcgcctccggggtcgccctggcctgctgcttcgtggcggcggccg

tggccctgcgctggtccgggcgccggacggcgcggggcgcggtggtccgggc

gcgacagaggcagcgagcgggcctggagaacatggacagggcggcgcagcg

cttccggctccagaacccagacctggactcagaggcgctgctagccctgcccctg

cctcagctggtgcagaagttacacagtagagagctggcccctgaggccgtgctct

tcacctatgtgggaaaggcctgggaagtgaacaaagggaccaactgtgtgacctc

ctatctggctgactgtgagactcagctgtctcaggccccaaggcagggcctgctct

atggcgtccctgtgagcctcaaggagtgcttcacctacaagggccaggactccac

gctgggcttgagcctgaatgaaggggtgccggcggagtgcgacagcgtagtggt

gcatgtgctgaagctgcagggtgccgtgcccttcgtgcacaccaatgttccacagt

ccatgttcagctatgactgcagtaaccccctctttggccagaccgtgaacccatgg

aagtcctccaaaagcccagggggctcctcagggggtgaaggggccctcatcgg

gtctggaggctcccccctgggcttaggcactgatatcggaggcagcatccgcttc

ccctcctccttctgcggcatctgcggcctcaagcccacagggaaccgcctcagca

agagtggcctgaagggctgtgtctatggacaggaggcagtgcgtctctccgtggg

ccccatggcccgggacgtggagagcctggcactgtgcctgcgagccctgctgtg

cgaggacatgttccgcttggaccccactgtgcctcccttgcccttcagagaagagg

tctacaccagctctcagcccctgcgtgtggggtactatgagactgacaactatacc

atgccctccccggccatgaggcgggccgtgctggagaccaaacagagccttga

ggctgcggggcacacgctggttcccttcttgccaagcaacataccccatgctctgg

agaccctgtcaacaggtgggctcttcagtgatggtggccacaccttcctacagaac

ttcaaaggtgatttcgtggacccctgcctgggggacctggtctcaattctgaagctt

ccccaatggcttaaaggactgctggccttcctggtgaagcctctgctgccaaggct

gtcagctttcctcagcaacatgaagtctcgttcggctggaaaactctgggaactgc

agcacgagatcgaggtgtaccgcaaaaccgtgattgcccagtggagggcgctg

gacctggatgtggtgctgacccccatgctggcccctgctctggacttgaatgcccc

aggcagggccacaggggccgtcagctacactatgctgtacaactgcctggacttc

cctgcaggggtggtgcctgtcaccacggtgactgctgaggacgaggcccagatg

gaacattacaggggctactttggggatatctgggacaagatgctgcagaagggca

tgaagaagagtgtggggctgccggtggccgtgcagtgtgtggctctgccctggc

aagaagagttgtgtctgcggttcatgcgggaggtggagcgactgatgacccctga

aaagcagtcatcctgatggctctggctccagaggacctgagactcacactctctgc

agcccagcctagtcagggcacagctgccctgctgccacagcaaggaaatgtcct

gcatggggcagaggcttccgtgtcctctcccccaaccccctgcaagaagcgccg

actccctgagtctggacctccatccctgctctggtcccctctcttcgtcctgatccctc

cacccccatgtggcagcccatgggtatgacataggccaaggcccaactaacagt

caagaaacagctaaaaaaaaaa 

Protein sequence MVQYELWAAL PGASGVALAC CFVAAAVALR 

WSGRRTARGA VVRARQRQRA GLENMDRAAQ 

RFRLQNPDLD SEALLALPLP QLVQKLHSRE 

LAPEAVLFTY VGKAWEVNKG TNCVTSYLAD 
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CETQLSQAPR QGLLYGVPVS LKECFTYKGQ 

DSTLGLSLNE GVPAECDSVV VHVLKLQGAV 

PFVHTNVPQS MFSYDCSNPL FGQTVNPWKS 

SKSPGGSSGG EGALIGSGGS PLGLGTDIGG 

SIRFPSSFCG ICGLKPTGNR LSKSGLKGCV 

YGQEAVRLSV GPMARDVESL ALCLRALLCE 

DMFRLDPTVP PLPFREEVYT SSQPLRVGYY 

ETDNYTMPSP AMRRAVLETK QSLEAAGHTL 

VPFLPSNIPH ALETLSTGGL FSDGGHTFLQ 

NFKGDFVDPC LGDLVSILKL PQWLKGLLAF 

LVKPLLPRLS AFLSNMKSRS AGKLWELQHE 

IEVYRKTVIA QWRALDLDVV LTPMLAPALD 

LNAPGRATGA VSYTMLYNCL DFPAGVVPVT 

TVTAEDEAQM EHYRGYFGDI WDKMLQKGMK 

KSVGLPVAVQ CVALPWQEEL CLRFMREVER 

LMTPEKQSS 

Calc Mol Weight (Da) 66519.14 Da 

General Description The purple colour indicates the forward and reverse primers 

while the blue colour indicates the starting and stopping 

codons. 
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Map: 

5' site KpnI                                        3' site BamHΙ 

                                    FAAH1  , 1788 bp 

 

 

 

 

 

 

 

 

 

                                     pcDNA3.1 (+)zeo, 

                                                5428 bp 
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Plasmid Name FAAH2 pcDNA3.1(+)zeo 

Protein Fatty acid amide hydrolase 2 

Species Human 

Genbank ID NM: NM_174912.3 

Vector pcDNA3.1(+)zeo 

Restriction sites used KpnI and BamHI 

Forward primer 

sequence 

gatcGGTACCctgcgatggcaccttcatttacc 

Reverse primer 

sequence 

gataGGATCCgctggtgcttgatttcaccc 

Insert Source cDNA of hepatocyte and liver 

Antibiotic selection Ampicillin 

DNA insert size (bp) 1689 bp 

DNA sequence of insert ACTCACTATAGGGAGACCCAAGCTGGCTAGCGTT

TAAACTTAAGCTTGGTACCctgcgatggcaccttcatttaccgcc

cgcattcagttgttcctcttgcgggcgctaggctttctcataggcttagtaggccgag

cagctttagtcttagggggtccaaagtttgcctcaaagacccctcggccggtgact

gaaccattgcttctgctttcggggatgcagctggccaagctgatccgacagagaa

aggtgaaatgtatagatgttgttcaggcttatatcaacagaatcaaggacgtgaacc

caatgatcaatggaattgtcaagtacaggtttgaggaagcgatgaaggaggctcat

gctgtagatcaaaagcttgcagagaagcaggaagatgaagccaccctggaaaat

aaatggcccttccttggggttcctttgacagtcaaggaagctttccagctacaagga

atgcccaattcttctggactcatgaaccgtcgtgatgccattgccaaaacagatgcc

actgtggtggcattactgaagggagctggtgccattcctcttggcataaccaactgt

agtgagttgtgtatgtggtatgaatccagtaacaagatctatggccgatcaaacaac

ccatatgatttacagcatattgtaggtggaagttctggtggtgagggctgcacactg

gcagctgcctgctcagttattggtgtgggctctgatattggtggtagcattcgaatgc

ctgctttcttcaatggtatatttggacacaagccttctccaggtgtggttcccaacaaa

ggtcagtttcccttggctgtgggagcccaggagttgtttctgtgcactggtcctatgt

gccgttatgctgaagacctggcccccatgttgaaggtcatggcaggacctgggat

caaaaggttaaaactagacacaaaggtacatttaaaagacttaaaattttactggat

ggaacatgatggaggctcatttttaatgtccaaagtggaccaagatctcattatgact

cagaaaaaggttgtggttcaccttgaaactattctaggagcctcagttcaacatgtta

aactgaagaaaatgaagtactcttttcagttgtggatcgcaatgatgtcagcaaagg

gacatgatgggaaggaacctgtgaaatttgtagatttgcttggtgaccatgggaaa

catgtcagtcctctgtgggagttgatcaaatggtgcctgggtctgtcagtgtacacc

atcccttccattggactggctttgttggaagaaaagctcagatatagcaatgagaaa

taccaaaagtttaaggcagtggaagaaagcctgcgtaaagagctggtggatatgc

taggtgatgatggtgtgttcttatatccctcacatcccacagtggcacctaagcatca

tgtccctctaacacggcctttcaactttgcttacacaggtgtcttcagtgccctgggtt

tgcctgtgacccaatgcccactgggactgaatgccaaaggactccctttaggcatc

caggttgtggctggaccctttaatgatcatctgaccctggctgtggcccagtacttg

gagaaaacttttgggggctgggtctgtccaggaaagttttaggaggaccttctgca

aggttaatgtgtgtgtgtgtttgtgttcgtgtggtggtgtttctattaattgggtgaaatc

aagcaccagcGGATCCACTAGTCCAGTGTGGTGGAATT

CTGCAGATATCCAGCACAGTGGCGGCCGCTCGAG

TCTAGAGGGCCCG 

Protein sequence MAPSFTARIQLFLLRALGFLIGLVGRAALVLGGPKF

ASKTPRPVTEPLLLLSGMQLAKLIRQRKVKCIDVVQ

AYINRIKDVNPMINGIVKYRFEEAMKEAHAVDQKL

AEKQEDEATLENKWPFLGVPLTVKEAFQLQGMPNS

SGLMNRRDAIAKTDATVVALLKGAGAIPLGITNCSE

LCMWYESSNKIYGRSNNPYDLQHIVGGSSGGEGCT

LAAACSVIGVGSDIGGSIRMPAFFNGIFGHKPSPGVV

PNKGQFPLAVGAQELFLCTGPMCRYAEDLAPMLKV

MAGPGIKRLKLDTKVHLKDLKFYWMEHDGGSFLM
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SKVDQDLIMTQKKVVVHLETILGASVQHVKLKKMK

YSFQLWIAMMSAKGHDGKEPVKFVDLLGDHGKHV

SPLWELIKWCLGLSVYTIPSIGLALLEEKLRYSNEKY

QKFKAVEESLRKELVDMLGDDGVFLYPSHPTVAPK

HHVPLTRPFNFAYTGVFSALGLPVTQCPLGLNAKGL

PLGIQVVAGPFNDHLTLAVAQYLEKTFGGWVCPGF 

Calc Mol Weight (Da) 58303.52 Da 

General Description The purple colour indicates the forward and reverse primers 

while the blue colour indicates the starting and stopping 

codons. 

 

Map: 

5' site KpnΙ                                   3' site BamH1 

                               FAAH2 , 1689 bp 

 

 

 

 

 

 

 

 

                              pcDNA3.1 (+)zeo, 

                                      5428 bp 
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Table A.2: Detailed cloning information about tagged MAGL1, MAGL2 and ABHD6 

from C and N terminal sites. 

Plasmid Name MAGL1 –HA- N- terminus tag pcDNA3.1(-)zeo 

Protein MAGL1 tagged to HA protein from the N end  

Species Human 

Genbank ID NM: NM_007283.6 

Vector pcDNA3.1(-)zeo 

Restriction sites  KpnI and HindIII  

Forward primer 

sequence 

gatcGGTACCATGTACCCATACGATGTTCCAGATTACGC

TGGAAGTGGTgaaacaggacctgaagaccct 

Reverse primer 

sequence 

ACAAAGCTTGGAGAGGCAGGGCAGAGGCTTGGC 

(original) 

Insert Source MAGL1  untagged plasmid 

Antibiotic selection Ampicillin 

DNA insert size (bp) 1281 bp 

DNA sequence of 

insert 

TAATACGACTCACTATAGGGAGACCCAAGCTGGCTAG

CGTTTAAACGGGCCCTCTAGACTCGAGCGGCCGCCAC

TGTGCTGGATATCTGCAGAATTCCACCACACTGGACTA

GTGGATCCGAGCTCGGTACCATGTACCCATACGATGTT

CCAGATTACGCTGGAAGTGGTgaaacaggacctgaagacccttccag

catgccagaggaaagttcccccaggcggaccccgcagagcattccctaccaggacctcc

ctcacctggtcaatgcagacggacagtacctcttctgcaggtactggaaacccacaggca

cacccaaggccctcatctttgtgtcccatggagccggagagcacagtggccgctatgaag

agctggctcggatgctgatggggctggacctgctggtgttcgcccacgaccatgttggcc

acggacagagcgaaggggagaggatggtagtgtctgacttccacgttttcgtcagggatg

tgttgcagcatgtggattccatgcagaaagactaccctgggcttcctgtcttccttctgggcc

actccatgggaggcgccatcgccatcctcacggccgcagagaggccgggccacttcgc

cggcatggtactcatttcgcctctggttcttgccaatcctgaatctgcaacaactttcaaggtc

cttgctgcgaaagtgctcaaccttgtgctgccaaacttgtccctcgggcccatcgactccag

cgtgctctctcggaataagacagaggtcgacatttataactcagaccccctgatctgccgg

gcagggctgaaggtgtgcttcggcatccaactgctgaatgccgtctcacgggtggagcg

cgccctccccaagctgactgtgcccttcctgctgctccagggctctgccgatcgcctatgt

gacagcaaaggggcctacctgctcatggagttagccaagagccaggacaagactctcaa

gatttatgaaggtgcctaccatgttctccacaaggagcttcctgaagtcaccaactccgtctt

ccatgaaataaacatgtgggtctctcaaaggacagccacggcaggaactgcgtccccac

cctgaatgcattggccggtgcccggctcatggtctgggggatgcaggcaggggaaggg

cagagatggcttctcagatatggcttgccaaaaaaaaaaaaaaaaaaaaatcagaaattg

gagaaatccttagcacaattttctaaaaaataacagacatttttgttatacattagactatcaga

cactggacctaccttaatggttagacactttatgcaaaaaaagagaaaggtcccaggtgatt

ttccacaaagaatgtgctaaaatgtccactgaaaacaaagccaagcctctgccctgcctct

ccAAGCTTAAGTTTAAACCGCTGATCAGCCTCGACTGT

GCCTTCTA 

Protein sequence MYPYDVPDYAGSGETGPEDPSSMPEESSPRRTPQSIPYQD

LPHLVNADGQYLFCRYWKPTGTPKALIFVSHGAGEHSG

RYEELARMLMGLDLLVFAHDHVGHGQSEGERMVVSDF

HVFVRDVLQHVDSMQKDYPGLPVFLLGHSMGGAIAILT

AAERPGHFAGMVLISPLVLANPESATTFKVLAAKVLNLV

LPNLSLGPIDSSVLSRNKTEVDIYNSDPLICRAGLKVCFGI

QLLNAVSRVERALPKLTVPFLLLQGSADRLCDSKGAYLL
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MELAKSQDKTLKIYEGAYHVLHKELPEVTNSVFHEINM

WVSQRTATAGTASPP*(MHWPVPGSWSGGCRQGKGRDG

FSDMACQKKKKKKIRNWRNP*HNFLKNNRHFCYTLDYQ

TLDLP*WLDTLCKKRERSQVIFHKECAKMSTENKAKPLP

CLS) 

Calc Mol Weight 

(kDa) 

35577.81 KDa 

General Description The yellow colour indicates T7 and BGH-R primers. The red 

colour indicates cutting enzymes. Light grey colour is for starting 

and stopping codon while dark one is for CDS. The blue colour 

is for reverse primer. The purple colour indicates HA tag 

sequence while the green colour indicates flexor linker sequence. 

  

 

Map: 

5' site KpnI                                   3' site HINDΙΙΙ 

                            MAGL1-N-HA  , 1281 bp 

 

 

 

 

 

 

 

 

 

                            pcDNA3.1 (-)zeo, 

                                     5428 bp 
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Plasmid Name MAGL1 –HA- C- terminus tag pcDNA3.1(-)zeo 

Protein MAGL1  tagged to HA protein from the C end. 

Species Human 

Genbank ID NM: NM_007283.6 

Vector pcDNA3.1(-)zeo 

Restriction sites 

used 

BamHI and KpnI  

Forward primer 

sequence 

ACAGGATCCggctgagcgccccagcccgaaaggcag (original) 

Reverse primer 

sequence 

gatcGGTACCTTAAGCGTAATCTGGAACATCGTATGGGTA

ACCACTTCCGGGTGGGGACGCAGTTCCTGC 

Insert Source MAGL1  untagged plasmid 

Antibiotic 

selection 

Ampicillin 

DNA insert size 

(bp) 

1139 bp 

DNA sequence 

of insert 

TAATACGACTCACTATAGGGAGACCCAAGCTGGCTAGC

GTTTAAACGGGCCCTCTAGACTCGAGCGGCCGCCACTGT

GCTGGATATCTGCAGAATTCCACCACACTGGACTAGTG

GATCCggctgagcgccccagcccgaaaggcagggtctgggtgcgggaagagggctc

ggagctgccttcctgctgccttggggccgcccagatgagggaacagcccgatttgcctggtt

ctgattctccaggctgtcgtggttgtggaatgcaaacgccagcacataatggaaacaggacc

tgaagacccttccagcatgccagaggaaagttcccccaggcggaccccgcagagcattcc

ctaccaggacctccctcacctggtcaatgcagacggacagtacctcttctgcaggtactgga

aacccacaggcacacccaaggccctcatctttgtgtcccatggagccggagagcacagtgg

ccgctatgaagagctggctcggatgctgatggggctggacctgctggtgttcgcccacgac

catgttggccacggacagagcgaaggggagaggatggtagtgtctgacttccacgttttcgt

cagggatgtgttgcagcatgtggattccatgcagaaagactaccctgggcttcctgtcttcctt

ctgggccactccatgggaggcgccatcgccatcctcacggccgcagagaggccgggcca

cttcgccggcatggtactcatttcgcctctggttcttgccaatcctgaatctgcaacaactttcaa

ggtccttgctgcgaaagtgctcaaccttgtgctgccaaacttgtccctcgggcccatcgactc

cagcgtgctctctcggaataagacagaggtcgacatttataactcagaccccctgatctgccg

ggcagggctgaaggtgtgcttcggcatccaactgctgaatgccgtctcacgggtggagcgc

gccctccccaagctgactgtgcccttcctgctgctccagggctctgccgatcgcctatgtgac

agcaaaggggcctacctgctcatggagttagccaagagccaggacaagactctcaagattt

atgaaggtgcctaccatgttctccacaaggagcttcctgaagtcaccaactccgtcttccatga

aataaacatgtgggtctctcaaaggacagccacggcaggaactgcgtccccacccGGA

AGTGGTTACCCATACGATGTTCCAGATTACGCTTAAGGT

ACCAAGCTTAAGTTTAAACCGCTGATCAGCCTCGACTGT

GCCTTCTA 

Protein sequence METGPEDPSSMPEESSPRRTPQSIPYQDLPHLVNADGQYLF

CRYWKPTGTPKALIFVSHG 

AGEHSGRYEELARMLMGLDLLVFAHDHVGHGQSEGERM

VVSDFHVFVRDVLQHVDSMQKD 

YPGLPVFLLGHSMGGAIAILTAAERPGHFAGMVLISPLVLA

NPESATTFKVLAAKVLNLV 

LPNLSLGPIDSSVLSRNKTEVDIYNSDPLICRAGLKVCFGIQ

LLNAVSRVERALPKLTVP 

FLLLQGSADRLCDSKGAYLLMELAKSQDKTLKIYEGAYH

VLHKELPEVTNSVFHEINMWV 

SQRTATAGTASPPGSGYPYDVPDYA* 

Calc Mol Weight 

(kDa) 

35555.10 KDa 

General 

Description 

The yellow colour indicates T7 and BGH-R primers. The red 

colour indicates cutting enzymes.  
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Light grey colour is for starting and stopping codon while dark one 

for CDS. The blue is for forward primer. 

The purple colour indicates HA tag sequence while the green 

colour indicates flexor linker sequence. 

 

 

Map: 

5' site BamHΙ                          3' site KpnI 

                          MAGL1 C-HA, 1139bp 

 

 

 

 

 

 

 

                                 

                               pcDNA3.1 (-)zeo, 

                                      5428 bp 
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Plasmid Name MAGL2 –HA- N- terminus tag pcDNA3.1(-)zeo 

Protein MAGL2 tagged to HA protein from the N end  

Species Human 

Genbank ID NM: 001003794.2 

Vector pcDNA3.1(-)zeo 

Restriction sites used KpnI and HindIII  

Forward primer sequence gatcGGTACCATGTACCCATACGATGTTCCAGATTACGC

TGGAAGTGGTCCAGAGGAAAGTTCCCCCAGG 

Reverse primer sequence ACAAAGCTTCCCCCAGACCATGAGCCGGGCA (original) 

Insert Source MAGL2 untagged plasmid 

Antibiotic selection Ampicillin 

DNA insert size (bp) 983 bp 

DNA sequence of insert TAATACGACTCACTATAGGGAGACCCAAGCTGGCTAG

CGTTTAAACGGGCCCTCTAGACTCGAGCGGCCGCCAC

TGTGCTGGATATCTGCAGAATTCCACCACACTGGACTA

GTGGATCCGAGCTCGGTACCATGTACCCATACGATGTT

CCAGATTACGCTGGAAGTGGTccagaggaaagttcccccaggcgga

ccccgcagagcattccctaccaggacctccctcacctggtcaatgcagacggacagtacc

tcttctgcaggtactggaaacccacaggcacacccaaggccctcatctttgtgtcccatgg

agccggagagcacagtggccgctatgaagagctggctcggatgctgatggggctggac

ctgctggtgttcgcccacgaccatgttggccacggacagagcgaaggggagaggatggt

agtgtctgacttccacgttttcgtcagggatgtgttgcagcatgtggattccatgcagaaaga

ctaccctgggcttcctgtcttccttctgggccactccatgggaggcgccatcgccatcctca

cggccgcagagaggccgggccacttcgccggcatggtactcatttcgcctctggttcttgc

caatcctgaatctgcaacaactttcaaggtccttgctgcgaaagtgctcaaccttgtgctgcc

aaacttgtccctcgggcccatcgactccagcgtgctctctcggaataagacagaggtcga

catttataactcagaccccctgatctgccgggcagggctgaaggtgtgcttcggcatccaa

ctgctgaatgccgtctcacgggtggagcgcgccctccccaagctgactgtgcccttcctg

ctgctccagggctctgccgatcgcctatgtgacagcaaaggggcctacctgctcatggag

ttagccaagagccaggacaagactctcaagatttatgaaggtgcctaccatgttctccaca

aggagcttcctgaagtcaccaactccgtcttccatgaaataaacatgtgggtctctcaaagg

acagccacggcaggaactgcgtccccaccctgaatgcattggccggtgcccggctcatg

gtctgggggAAGCTTAAGTTTAAACCGCTGATCAGCCTCGA

CTGTGCCTTCTA 

Protein sequence MYPYDVPDYAGSGPEESSPRRTPQSIPYQDLPHLVNADG

QYLFCRYWKPTGTPKALIFVS 

HGAGEHSGRYEELARMLMGLDLLVFAHDHVGHGQSEG

ERMVVSDFHVFVRDVLQHVDSMQ 

KDYPGLPVFLLGHSMGGAIAILTAAERPGHFAGMVLISPL

VLANPESATTFKVLAAKVLN 

LVLPNLSLGPIDSSVLSRNKTEVDIYNSDPLICRAGLKVCF

GIQLLNAVSRVERALPKLT 

VPFLLLQGSADRLCDSKGAYLLMELAKSQDKTLKIYEGA

YHVLHKELPEVTNSVFHEINM 

WVSQRTATAGTASPP* 

Calc Mol Weight (kDa) 34524.71 KDa 

General Description The yellow colour indicates T7 and BGH-R primers. The red 

colour indicates cutting enzymes.  

Light grey colour is for starting and stopping codon while dark 

one for CDS. The blue colour is for reverse primer. 

The purple colour indicates HA tag sequence while the green 

colour indicates flexor linker sequence. 
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Map: 

5' site KpnI                      3' site HINDΙΙΙ 

                  MAGL2 N-HA , 983 bp 

 

 

 

 

 

 

 

                                  pcDNA3.1 (-)zeo, 

                                            5428 bp 
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Plasmid Name MAGL2 –HA- C- terminus tag pcDNA3.1(-)zeo 

Protein MAGL2 tagged to HA protein from the C end. 

Species Human 

Genbank ID NM: 001003794.2 

Vector pcDNA3.1(-)zeo 

Restriction sites used BamHI and KpnI  

Forward primer 

sequence 

ACAGGATCCGCGCTCGTGGCCCCGGACCT (original) 

Reverse primer 

sequence 

gatcGGTACCTTAAGCGTAATCTGGAACATCGTATGGG

TAACCACTTCCgggtggggacgcagttcctgc 

Insert Source MAGL2 untagged plasmid 

Antibiotic selection Ampicillin 

DNA insert size (bp) 983 bp 

DNA sequence of 

insert 

AATACGACTCACTATAGGGAGACCCAAGCTGGCTAG

CGTTTAAACGGGCCCTCTAGACTCGAGCGGCCGCCA

CTGTGCTGGATATCTGCAGAATTCCACCACACTGGAC

TAGTGGATCCgcgctcgtggccccggacctgaagacccttccagcatgccag

aggaaagttcccccaggcggaccccgcagagcattccctaccaggacctccctcacct

ggtcaatgcagacggacagtacctcttctgcaggtactggaaacccacaggcacaccc

aaggccctcatctttgtgtcccatggagccggagagcacagtggccgctatgaagagc

tggctcggatgctgatggggctggacctgctggtgttcgcccacgaccatgttggccac

ggacagagcgaaggggagaggatggtagtgtctgacttccacgttttcgtcagggatg

tgttgcagcatgtggattccatgcagaaagactaccctgggcttcctgtcttccttctggg

ccactccatgggaggcgccatcgccatcctcacggccgcagagaggccgggccactt

cgccggcatggtactcatttcgcctctggttcttgccaatcctgaatctgcaacaactttca

aggtccttgctgcgaaagtgctcaaccttgtgctgccaaacttgtccctcgggcccatcg

actccagcgtgctctctcggaataagacagaggtcgacatttataactcagaccccctg

atctgccgggcagggctgaaggtgtgcttcggcatccaactgctgaatgccgtctcacg

ggtggagcgcgccctccccaagctgactgtgcccttcctgctgctccagggctctgcc

gatcgcctatgtgacagcaaaggggcctacctgctcatggagttagccaagagccagg

acaagactctcaagatttatgaaggtgcctaccatgttctccacaaggagcttcctgaagt

caccaactccgtcttccatgaaataaacatgtgggtctctcaaaggacagccacggcag

gaactgcgtccccacccGGAAGTGGTTACCCATACGATGTTCC

AGATTACGCTTAAGGTACCAAGCTTAAGTTTAAACC

GCTGATCAGCCTCGACTGTGCCTTCTA 

Protein sequence MPEESSPRRTPQSIPYQDLPHLVNADGQYLFCRYWKPT

GTPKALIFVSHGAGEHSGRYEE 

LARMLMGLDLLVFAHDHVGHGQSEGERMVVSDFHVF

VRDVLQHVDSMQKDYPGLPVFLLG 

HSMGGAIAILTAAERPGHFAGMVLISPLVLANPESATTF

KVLAAKVLNLVLPNLSLGPID 

SSVLSRNKTEVDIYNSDPLICRAGLKVCFGIQLLNAVSR

VERALPKLTVPFLLLQGSADR 

LCDSKGAYLLMELAKSQDKTLKIYEGAYHVLHKELPE

VTNSVFHEINMWVSQRTATAGTA 

SPPGSGYPYDVPDYA* 

Calc Mol Weight 

(kDa) 

34524.71 KDa 

General Description The yellow colour indicates T7 and BGH-R primers. The red 

colour indicates cutting enzymes.  

Light grey colour is for starting and stopping codon while dark 

one for CDS. The blue is for forward primer. 

The purple colour indicates HA tag sequence while the green 

colour indicates flexor linker sequence. 
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Map: 

5' site BamHΙ                                3' site KpnI 

                              MAGL2, C-HA 983 bp 

 

 

 

 

 

 

 

 

                                         pcDNA3.1 (-)zeo, 

                                               5428 bp 
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Plasmid Name ABHD6 –HA- N- terminus tag pcDNA3.1(-)zeo 

Protein Alpha – beta hydrolase domain -6 taggged to HA protein from 

the N end  

Species Human 

Genbank ID NM: 020676.5 

Vector pcDNA3.1(-)zeo 

Restriction sites used KpnI and HindIII  

Forward primer 

sequence 

gatcGGTACCATGTACCCATACGATGTTCCAGATTACG

CTGGAAGTGGTgatcttgatgtggttaacatg 

Reverse primer 

sequence 

ACAAAGCTTTGGTGGCTGCGTCAGACTTGGGGG 

(original) 

Insert Source Abhd6 untagged plasmid 

Antibiotic selection Ampicillin 

DNA insert size (bp) 1119 bp 

DNA sequence of insert TAATACGACTCACTATAGGGAGACCCAAGCTGGCTA

GCGTTTAAACGGGCCCTCTAGACTCGAGCGGCCGCC

ACTGTGCTGGATATCTGCAGAATTCCACCACACTGG

ACTAGTGGATCCGAGCTCGGTACCATGTACCCATAC

GATGTTCCAGATTACGCTGGAAGTGGTgatcttgatgtggttaa

catgtttgtgattgcgggcggcacgctggccatcccaatcctggcatttgtggcttcattt

cttctgtggccttcagcactgataagaatctattattggtactggcggaggacattgggca

tgcaagtccgctatgttcaccatgaagactatcagttctgttattccttccggggcaggcc

tgggcacaaaccctccatcctcatgctccacggattctctgcccacaaggatatgtggct

cagtgtggtcaagttccttccaaagaacctgcacttggtctgcgtggacatgccaggac

atgagggcaccacccgctcctccctggatgacctgtccatagatgggcaagttaagag

gatacaccagtttgtagaatgcctgaagctgaacaaaaaacctttccacctggtaggca

cctccatgggtggccaggtggctggggtgtatgctgcttactacccatcggatgtctcca

gcctgtgtctcgtgtgtcctgctggcctgcagtactcaactgacaatcaatttgtacaacg

gctcaaagaactgcagggctctgccgccgtggagaagattcccttgatcccgtctaccc

cagaagagatgagtgaaatgcttcagctctgctcctatgtccgcttcaaggtgccccag

cagatcctgcaaggccttgtcgatgtccgcatccctcataacaacttctaccgaaagttgt

ttttggaaatcgtcagtgagaagtccagatactctctccatcagaacatggacaagatca

aggttccgacgcagatcatctgggggaaacaagaccaggtgctggatgtgtctgggg

cagacatgttggccaagtcaattgccaactgccaggtggagcttctggaaaactgtggg

cactcagtagtgatggaaagacccaggaagacagccaagctcataatcgactttttagc

ttctgtgcacaacacagacaacaacaagaagctggactgaggccccgactgcagcct

gcattctgcacacagcatctgctcccatcccccaagtctgacgcagccaccaAAGC

TTAAGTTTAAACCGCTGATCAGCCTCGACTGTGCCTT

CTA 

Protein sequence MYPYDVPDYAGSGDLDVVNMFVIAGGTLAIPILAFVAS

FLLWPSALIRIYYWYWRRTLGM 

QVRYVHHEDYQFCYSFRGRPGHKPSILMLHGFSAHKD

MWLSVVKFLPKNLHLVCVDMPGH 

EGTTRSSLDDLSIDGQVKRIHQFVECLKLNKKPFHLVGT

SMGGQVAGVYAAYYPSDVSSL 

CLVCPAGLQYSTDNQFVQRLKELQGSAAVEKIPLIPSTP

EEMSEMLQLCSYVRFKVPQQI 

LQGLVDVRIPHNNFYRKLFLEIVSEKSRYSLHQNMDKI

KVPTQIIWGKQDQVLDVSGADM 

LAKSIANCQVELLENCGHSVVMERPRKTAKLIIDFLASV

HNTDNNKKLD*GPDCSLHSAH 

SICSHPPSLTQPP 

Calc Mol Weight (kDa) 41939.30 KDa 

General Description The yellow colour indicates T7 and BGH-R primers. The red 

colour indicates cutting enzymes.  
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Light grey colour is for starting and stopping codon while dark 

one for CDS. 

The blue colour is for reverse primer. 

The purple colour indicates HA tag sequence while the green 

colour indicates flexor linker sequence. 

 

 

Map: 

5' site KpnI                                    3' site HINDΙΙΙ 

                            ABHD6 ,N-HA  1119 bp 

 

 

 

 

 

 

 

                                   pcDNA3.1 (-)zeo, 

                                             5428 bp 
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Plasmid Name ABHD6 –HA- C- terminus tag pcDNA3.1(-)zeo 

Protein Alpha – beta hydrolase domain -6 taggged to HA protein from the 

C end. 

Species Human 

Genbank ID NM: 020676.5 

Vector pcDNA3.1(-)zeo 

Restriction sites used BamHI and KpnI  

Forward primer 

sequence 

ACAGGATCCGGCTGGTCAGGAGTCAGCCAGCCT 

(original) 

Reverse primer 

sequence 

gatcGGTACCTTAAGCGTAATCTGGAACATCGTATGGGTA

ACCACTTCCgtccagcttcttgttgttgtc 

Insert Source Abhd6 untagged plasmid 

Antibiotic selection Ampicillin 

DNA insert size (bp) 1085 bp 

DNA sequence of 

insert 

TAATACGACTCACTATAGGGAGACCCAAGCTGGCTAGC

GTTTAAACGGGCCCTCTAGACTCGAGCGGCCGCCACTGT

GCTGGATATCTGCAGAATTCCACCACACTGGACTAGTG

GATCCggctggtcaggagtcagccagcctgaaagagcaggatggatcttgatgtggtta

acatgtttgtgattgcgggcggcacgctggccatcccaatcctggcatttgtggcttcatttctt

ctgtggccttcagcactgataagaatctattattggtactggcggaggacattgggcatgcaa

gtccgctatgttcaccatgaagactatcagttctgttattccttccggggcaggcctgggcaca

aaccctccatcctcatgctccacggattctctgcccacaaggatatgtggctcagtgtggtcaa

gttccttccaaagaacctgcacttggtctgcgtggacatgccaggacatgagggcaccaccc

gctcctccctggatgacctgtccatagatgggcaagttaagaggatacaccagtttgtagaat

gcctgaagctgaacaaaaaacctttccacctggtaggcacctccatgggtggccaggtggct

ggggtgtatgctgcttactacccatcggatgtctccagcctgtgtctcgtgtgtcctgctggcct

gcagtactcaactgacaatcaatttgtacaacggctcaaagaactgcagggctctgccgccg

tggagaagattcccttgatcccgtctaccccagaagagatgagtgaaatgcttcagctctgct

cctatgtccgcttcaaggtgccccagcagatcctgcaaggccttgtcgatgtccgcatccctc

ataacaacttctaccgaaagttgtttttggaaatcgtcagtgagaagtccagatactctctccat

cagaacatggacaagatcaaggttccgacgcagatcatctgggggaaacaagaccaggtg

ctggatgtgtctggggcagacatgttggccaagtcaattgccaactgccaggtggagcttctg

gaaaactgtgggcactcagtagtgatggaaagacccaggaagacagccaagctcataatcg

actttttagcttctgtgcacaacacagacaacaacaagaagctggacGGAAGTGGTT

ACCCATACGATGTTCCAGATTACGCTTAAGGTACCAAGC

TTAAGTTTAAACCGCTGATCAGCCTCGACTGTGCCTTCT

A 

Protein sequence MDLDVVNMFVIAGGTLAIPILAFVASFLLWPSALIRIYYWY

WRRTLGMQVRYVHHEDYQF 

CYSFRGRPGHKPSILMLHGFSAHKDMWLSVVKFLPKNLHL

VCVDMPGHEGTTRSSLDDLS 

IDGQVKRIHQFVECLKLNKKPFHLVGTSMGGQVAGVYAA

YYPSDVSSLCLVCPAGLQYST 

DNQFVQRLKELQGSAAVEKIPLIPSTPEEMSEMLQLCSYVR

FKVPQQILQGLVDVRIPHN 

NFYRKLFLEIVSEKSRYSLHQNMDKIKVPTQIIWGKQDQVL

DVSGADMLAKSIANCQVEL 

LENCGHSVVMERPRKTAKLIIDFLASVHNTDNNKKLDGSG

YPYDVPDYA* 

Calc Mol Weight 

(kDa) 

39615.99 KDa 

General Description The yellow colour indicates T7 and BGH-R primers. The red 

colour indicates cutting enzymes.  

Light grey colour is for starting and stopping codon while dark one 

for CDS. The blue is for forward primer. 
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The purple colour indicates HA tag sequence while the green 

colour indicates flexor linker sequence. 

 

 

Map: 

5' site BamHΙ                                 3' site KpnI 

                                          ABHD6 C-HA , 1085bp 

 

 

 

 

 

 

 

 

                                             pcDNA3.1 (-)zeo, 

                                                     5428 bp 
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Figure A.1: CDS of MAGL1 and MAGL3 according to NCBI. Turquoise colour represent 

the missing part in MAGL3 isoform in comparison to MAGL1.  
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Figure A.2: Representative images form the results of Agilent test showed that high   quality 

RNA from different rat tissues which was used in Taqman mRNA quantification. 
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Figure A.3: RT-qPCR analysis of the distribution of rat MAGL, X1MAGL and 

ABHD6 mRNAs in rat abdominal thoracic and mesenteric aorta. Data were 

normalized to the geometric mean of three reference genes (β–actin, TBP and 

GAPDH). Data represent means ± SEM of three separate technical experiments 

from a single male rat. 
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Figure A.4: A pseudo-3D representation of MAGL1 (3PE6), with an inhibitor bound, 

illustrated using PyMOL. Adapted from (Schalk-Hihi et al., 2011) 

 

 
Figure A.5: A pseudo-3D representation of MAGL1 generated by Phyre and 

illustrated using PyMOL (SPH Alexander). 
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Figure A.6: A pseudo-3D representation of MAGL2 generated by Phyre and illustrated 

                                            using PyMOL (SPH Alexander). 

 

 
Figure A.7: A representative image for non-specific binding of ABHD6 antibody 

(GTX87697). 
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8.2 Section B 

The two most common reasons endorse the usage of viral vector in research are: 

it is a powerful tool of transferring a gene into a hosting genome (Hwang et al., 

1984) and its efficiency to delivery gene of interest into primary and other hard-

to-transfect mammalian cells. Therefore, this study was aimed to introduce 

ABHD6 gene into rat primary cell cultures, namely neurons and astrocytes to 

study the subcellular localization of this enzyme. N-terminus of ABHD6 was 

chosen to be the virus as it had shown a nuclear membrane distribution in 

transfected HEK293.  

Gateway® Technology is a cloning system that takes the advantage of the site-

specific recombination properties of bacteriophage lambda (Landy, 1989) to 

facilitates the integration of lambda into the E. coli chromosome. Lambda 

reaction rest on the presence of DNA recombination sequence (att site) and an 

enzyme that mediate the reaction (Clonase).   

This is a rapid and highly efficient tool to transfer the gene of interest between 

multiple vector systems (Hartley et al., 2000) without loss of nucleotides and does 

not require DNA synthesis. Two DNA recombination reaction occurs between 

specific attachments (att sites) of the two interacting DAN molecules: The first 

one called BP recombination reaction to create an entry clone; by joining an attB 

from DNA fragment (PCR product) and attP site (provided by pDONR™ 

vectors). This is followed by creating an expression clone by the LR 

recombination reaction; attL-containing entry clone and attR-containing 

destination vectors (pINDUCER system). After each of the above reactions, 

transformation of specific strains of E. coli was followed (accompanied by the 

usage of appropriate controls and selection antibiotics) and send for sequencing 

(using the recommended primers for each vector). 

pINDUCER system was choose as destination vector in this study as it is well 

known to provoke a rapid and doxycycline dependent expression of different 

genes in different cell types (Meerbrey et al., 2011). 
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In order to produce a lentivirus, transfection of a suitable host cell line 

(HEK293FT) (Gibco, R700-70) with three types of plasmids is needed: first a 

plasmid that carry the gene of interest (transfer plasmid; N-ABHD6). The second 

one is the packaging system plasmid (pxPAX2)(Addgene, 12260) and finally the 

envelope plasmid (pMD2.G)(Addgene, 12259). The virus type produced here was 

pseudo particles of retrovirus. From safety point, it is an in active virus (Tiscornia 

et al., 2006). Nevertheless, disposal of the materials afterward was done 

following recommended guidelines for Bio Safety Level (BSL-2). After its 

production, it need viral concentration, although it is sometimes optional (in this 

project and in (https://www.cellecta.com/wp-content/uploads/Cellecta-Manual-

Construct-Packaging-Transduction-v9a.pdf) both conditions were working to the 

same extend). Finally, infection of the hosting cells was done. 
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