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Abstract  

 

Considerable progress has been made in recent years in developing selective and potent 

monoacylglycerol lipase (MAGL) inhibitors. In pursuance of investigating measures to 

inhibit this enzyme, less attention has been paid to improve our understanding on its catalytic 

mechanisms or substrate preference. In this study, we utilized site-directed mutagenesis and 

show by using versatile activity assays combined with molecular modeling that Cys242 and 

Tyr194, the two opposing amino acid residues in the catalytic cavity of MAGL, play 

important roles in determining the rate and isomer preference of monoacylglycerol 

hydrolysis. In contrast to wild type enzyme, which hydrolyzes 1- and 2-monoacylglycerols 

with similar rates, mutation of Cys242 to alanine caused a significant reduction in overall 

activity (maximal velocity, Vmax) and particularly, skewed the balanced hydrolysis of isomers 

to favor the 2-isomer. Molecular modeling studies indicated that this was caused by 

unfavorable structural features towards 1-isomers as well as impaired recognition of OH-

groups in the glycerol moiety. Direct functional involvement of Cys242 in the catalysis was 

found unlikely due to remote distance from the catalytic serine. Unlike C242A, mutation of 

Tyr194 did not bias the hydrolysis of 1- and 2-monoacylglycerols but significantly 

compromised overall activity. Finally, mutation of Cys242 was also found to impair 

inhibition of MAGL, especially that by fluorophosphonate derivatives (13-63-fold reduction 

in potency). Taken together, this study provides new experimental and modeling insights into 

the molecular mechanisms of MAGL-catalyzed hydrolysis of the primary endocannabinoid 2-

arachidonoylglycerol and related monoacylglycerols.   
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Introduction 

 

In the CNS, three serine-hydrolases, monoacylglycerol lipase (MAGL), α/β-hydrolase-

domain 6 (ABHD6) and α/β-hydrolase-domain 12 (ABHD12) are responsible for inactivation 

of the primary endocannabinoid 2-arachidonoylglycerol (2-AG) (Dinh et al., 2002; Blankman 

et al., 2007; Savinainen et al., 2012). The lion’s share of 2-AG hydrolysis (~85%) is 

accounted to MAGL (Saario et al., 2005, Blankman et al., 2007).  Traditional role of MAGL 

in catalyzing the last step in the hydrolysis of stored triglycerides in fat cells has recently 

expanded to encompass modulation of 2-AG-dependent cannabinoid CB1 receptor signaling 

in the brain (for review see Savinainen et al., 2012). Moreover, as MAGL liberates 

arachidonic acid as a result of 2-AG hydrolysis, it may have a pivotal task in regulating the 

formation of inflammatory prostaglandins in the CNS. Ultimately, heightened MAGL activity 

may lead to development of inflammatory brain diseases, such as Parkinson’s disease and 

Alzheimer’s disease (Nomura et al., 2011; Piro et al., 2012). Another potential 

pathophysiological role for MAGL relates to development of cancer as in cancer cells MAGL 

activity has been demonstrated to redirect lipid stores towards protumorigenic signaling lipids 

(Nomura et al., 2010). It is obvious that these observations altogether make MAGL a very 

attractive therapeutic target.  

MAGL represents an enzyme capable of catalyzing hydrolysis of monoacylglycerols with 

different acyl chain lengths (Tornqvist and Belfrage, 1976; Dinh et al., 2002; Navia-

Paldanius et al., 2012). It has structural characteristics typical for serine hydrolases, including 

the catalytic triad (Ser122-His269-Asp239) and the lipase motif GXSXGX (Karlsson et al., 

1997). Recent crystallographic studies have revealed structural features of the enzyme (Labar 
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et al., 2010; Bertrand et al., 2010; Schalk-Hihi et al., 2011) and have offered important 

complementary support for the first homology-comparison model, which was initially 

constructed to get a view on the conserved cysteine residues (Cys201, Cys208, Cys242) 

potentially residing near the active site (Saario et al., 2005). More recently, these cysteines 

have been suggested to act as potential targets for selective sulhydryl-reactive MAGL 

inhibitors, N-arachidonoylmaleimide (NAM) in particular (Saario et al., 2005; Zvonok et al., 

2008; King et al., 2009b; Labar et al., 2010). However, their role in this context has remained 

partly unclear due to inconsistent results. In pursuance of investigating measures to inhibit the 

enzyme, less attention has been paid to improve our understanding on the catalytic 

mechanisms important for substrate and isomer preference in MAGL-driven hydrolysis. 

Besides the catalytic triad, recent structural and computational studies have provided 

evidence for the importance of additional amino acids in the catalytic center but mainly 

without strong experimental support. It is well known that MAGL is capable of hydrolysing 

1-monoacylglycerol and 2-monoacylglycerol isomers at similar rates. This was first 

demonstrated by measuring 1-oleoylglycerol (1-OG) and 2-oleoylglycerol (2-OG) hydrolysis 

with purified rat adipose tissue enzyme (Tornqvist and Belfrage, 1976) and later by 

evaluating 1-AG and 2-AG hydrolysis rates using rat cerebellar membranes or human 

recombinant MAGL (Saario et. al, 2004; Navia-Paldanius et al., 2012). Here, by combining 

kinetic enzymatic measurements with molecular modeling and simulations, we show that 

Cys242 and Tyr194, the two opposed amino acid residues in the MAGL catalytic cavity, play 

important roles in determining the rate of monoacylglycerol hydrolysis. Functional roles of 

Cys201, Cys208, Cys242 and Tyr194 in the activation and inhibition of MAGL were 

evaluated by determining substrate preferences, relative hydrolysis rates of 1- and 2-isomers 

and inhibition profiles by a sensitive and validated fluorescence-based glycerol assay (Navia-
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Paldanius et al., 2012). Activity assays were complemented by molecular dynamic 

simulations and docking of substrates and inhibitors into crystal structures of human MAGL.  
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Materials and Methods 

 

Materials 

All reagents for the glycerol assay, and the following substrates were obtained from Sigma 

(St. Louis, MO): 1-capryloyl-rac-glycerol (1-CG) [C8:0], 1-decanoyl-rac-glycerol (1-DG) 

[C10:0], 1-lauroyl-rac–glycerol (1-LaurG) [C12:0], 1-myristoyl-rac–glycerol (1-MG) 

[C14:0], 2-palmitoyl-rac–glycerol (2-PG) [C16:0], and the 1- and 2-oleoylglycerol (1- and 2-

OG) [C18:1]. The 1- and 2-linoleoylglycerol (1- and 2-LG) [C18:2] and 1- and 2-

arachidonoylglycerol (1- and 2-AG) [C20:4], as well as prostaglandin D2-1-glyceryl ester 

(PGD2-G), prostaglandin E2-1-glyceryl ester (PGE2-G) and  15-deoxy-Δ12,14-prostaglandin 

J2-2-glyceryl ester (15d-PGJ2-G) were from Cayman Chemicals (Ann Arbor, MI). Hydrolase 

inhibitors were purchased from the following sources: methylarachidonoylfluorophosphonate 

(MAFP), isopropyldodecylfluorophosphonate (IDFP), 4-nitrophenyl 4-

(dibenzo[d][1,3]dioxol-5-yl(hydroxy)methyl)piperidine-1-carboxylate (JZL184) and N-

arachidonoylmaleimide (NAM) were from Cayman Chemicals (Ann Arbor, MI). Pristimerin 

was from Sigma (St. Louis, MO); JJKK-048 was synthesized in this laboratory, as described 

previously (Aaltonen et al, 2013). TAMRA-FP was from Thermo Fisher Scientific 

(Rockford, IL). All the other reagents were of highest purity available. 

 

Site-directed mutagenesis 

Plasmid material for the study was generated by subcloning hrMAGL-cDNA (transcript 

variant 2; Origene Technologies Inc., Rockville, MD) into a pcDNA3.1-vector containing a 

N-terminal 3xHemaglutinin (3xHA) tag. Mutagenesis of cysteines to alanine (C201A, C208A 

and C242A) and Tyr194 to phenylalanine as well as the double mutant C242A+T194F were 
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generated by using Stratagene QuikChange® Site-Directed Mutagenesis Kit (La Jolla, CA) 

with the following synthetic primers (Finnzymes, Finland). hMAGL-Y194F-Fwd: 5’-

GAGGTCGACATTTTTAACTCAGACCCCC-3’; hMAGL-Y194F-Rev: 5’-

GGGGGTCTGAGTTAAAAATGTCGACCTC-3’; hMAGL-C201A-Fwd: 5’-

GACCCCCTGATCGCCCGGGCAGGGC-3’; hMAGL-C201A-Rev: 5’-

GCCCTGCCCGGGCGATCAGGGGGTC-3’;  hMAGL-C208A-Fwd:  5’-

GGGCTGAAGGTGGCCTTCGGCATCC-3’; hMAGL-C208A-Rev: 5’-

GGATGCCGAAGGCCACCTTCAGCCC-3’; hMAGL-C242A-Fwd: 5’-

GCCGATCGCCTAGCTGACAGCAAAGGGGC-3’; hMAGL-C242A-Rev: 5’-

GCCCCTTTGCTGTCAGCTAGGCGATCGGC-3’. Finally, after transformation of mutated 

material into competent bacterial cells, DNA was isolated, purified and sequenced for 

confirmation of correct mutant-constructs. 

  

Expression of human MAGL and its mutants in HEK293 cells 

HEK293-cells were cultured as monolayers in DMEM (Euroclone) containing 10% fetal 

bovine serum (Euroclone), under antibiotics (penissilin/streptomycin, Euroclone) at 37 °C in 

a humidified atmosphere of 5% CO2/95% air. Plasmids containing WT- and mutant-MAGL 

were introduced to cells by a standard (transient) transfection procedure using X-tremeGENE 

Hp DNA Transfection reagent (Roche, Mannheim, Germany) following manufacturer’s 

instructions and as previously described (Savinainen et al., 2005, Navia-Paldanius et al., 

2012). Mock cells were transfected with pcDNA3.1-vector but otherwise treated as MAGL-

cells. Cell lysates were prepared and protein concentrations were measured as previously 

described (Navia-Paldanius et al., 2012). 
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Analysis of MAGL expression by Western Blot  

Expression of 3HA-tagged WT- and mutant-MAGL was analyzed by Western blot (WB), 

mainly as previously described (Savinainen et al., 2005, Navia-Paldanius et al., 2012). 

Briefly, cell lysate-samples from each HEK293 clones carrying WT- or mutant-MAGL (5-10 

µg protein), together with a molecular weight marker (PageRuler Prestained Protein Ladder, 

Thermo Scientific), were fractionated by SDS–PAGE (10%) and transferred to a 

nitrocellulose membrane (Protran, Schleicher and Schell, Dassel, Germany). To block 

nonspecific binding, membranes were incubated with 5% fat-free milk solution for 1 h at RT. 

Next, membranes were treated overnight at +4°C with an anti-HA antibody (Rat anti-HA 

high affinity (3F10), Roche, 1:10000) and washed for 4x10 min in Tris-buffered saline 

containing 0.1% Tween (TBS-T). Membranes were then incubated with a secondary antibody 

(Alexa Fluor 680 goat anti-rat IgG, Invitrogen, 1:10000) for 1 h at 20°C, followed by 

washing 4x10 min with TBS-T. Results were normalized against endogenous expression of 

β-actin by using anti-β-actin primary antibody (monoclonal mouse, Sigma A5441, 1:2000) 

and secondary antibody (Goat anti-mouse IgG (H+L), DyLight 800 Conjugated, Thermo 

Scientific, 1:10000). Immunoblots were visualized by Odyssey infrared scanner (Li-Cor 

Biosciences Inc. Lincoln, Nebraska, USA) and quantified by an image analysis software 

ImageJ. 

 

Activity-based Protein Profiling of MAGL and its cysteine mutants 

Activity-based protein profiling (ABPP) was conducted to visualize active-site binding of a 

fluorescent fluorophosphonate probe TAMRA-FP, as described elsewhere (Navia-Paldanius 

et al., 2012). Briefly, cell lysates (50 µg) were treated with 20 nM-2 µM TAMRA-FP for 1 

hour at RT, labeled proteins were separated in electrophoresis gels together with standards 

and visualized (ex.552 nm/em.575 nm) by a fluorescent reader (FLA-3000 laser fluorescence 
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scanner, Fujifilm, Tokyo, Japan) and compared to the pattern of labeled serine hydrolases in 

mock-transfected cells. The intensity of bands were quantified by an image analysis software 

ImageJ. 

 

Fluorescence- and HPLC-based MAGL-activity assays 

A sensitive fluorescence-based hydrolase assay detecting formation of glycerol was used to 

determine the rate of monoacylglycerol hydrolysis, Km- and Vmax-values as well as inhibitor 

dose-responses in a 96-well format, as previously described (Navia-Paldanius et al., 2012). 

The amount of lysate protein per well was 0.3μg. Comparative analysis to determine 

hydrolysis rates of 2-AG and 1-AG by HPLC were performed as previously described (Saario 

et al., 2005). S-nitrolysation experiments were performed as previously reported (Saario et al, 

2005; Kokkola et al., 2005). 

 

Molecular modeling 

Molecular modelling was mainly performed using Schrödinger Maestro software package 

(Schrödinger Suite 2012). Structures of small molecules were prepared using the LigPrep 

module. X-ray crystal structure of the human MAGL was used (pdb:3PE6) (Schalk-Hihi et 

al., 2011) and the biomolecule was pre-processed using the protein preparation wizard in 

order to optimize the hydrogen bonding network and to remove any possible crystallographic 

artefacts (Protein preparation wizard, Schrödinger, LLC, New York, NY, 2012). Graphical 

illustrations and molecular interaction potentials were generated using MOE software 

(Molecular Operating Environment (MOE), 2012.10). Unconstrained QM-polarized ligand 

docking protocol and was used for studying binding properties of endogenous ligands to the 

MAGL active site (pdb:3PE6) (Cho et al 2005). In docking studies the grid box was centred 

using corresponding X-ray ligand as template. In QM-polarized ligand docking the initial 
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docking poses were generated using default SP settings of Glide module, after which 

quantum mechanical treatment was done using Qsite module. Fast settings of the Jaguar 

module were used for charge treatment and re-docking was performed using default SP 

settings of Glide. The final selection was done using Coulomb-Van Der Waals energy. 

Covalent docking of NAM to cysteine residue C201 was performed using Michael Addition 

reaction embedded to improved covalent docking protocol of the Schrodinger Small-

Molecule Drug Discovery Suite 2013-1. (Glide, version 5.9 and Prime version 3.2. 

Schrödinger, LLC, New York, NY, 2013). 

 

Molecular dynamic simulations 

Periodic water box simulations of 10 ns were calculated for selected dockings poses by using 

the AMBER12 program (Case et al., 2012). Hydrogen atoms were added to protein atoms 

with the leap module of the AMBER12 program. For the protein, force field parameters and 

partial charges from the ff99sb force field were used (Hornak et al., 2006). For the small 

molecules, the GAFF parameter assignments (Wang et al., 2004) were made by using the 

antechamber module, and the atom-centered partial charges were generated by using the 

AM1-BCC method (Jakalian et al., 2000). Structures were solvated with a box of TIP3P 

water molecules, and the structural crystal water molecules were included in the simulations. 

Water molecules and the hydrogens of the protein were first energy minimized for 1000 steps 

followed by heating step of the solvent box to 300 K in 7.5 ps, and then equilibrated for 50 ps 

at a constant temperature of 300 K and at a pressure of 1 atm. Subsequently, the entire 

simulation system was minimized for 1000 steps, and the temperature of the system was 

increased to 300 K in 7.5 ps and equilibrated for 300 ps by using a time step of 1.5 fs and 

sander module. The SHAKE algorithm was used to constrain the bonds involving hydrogen 

atoms to their equilibrium values (Ryckaert et al., 1977). Consequently, production NPT 
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simulations of 10.0 ns were computed using pmemd module. The cutoff for Lennard-Jones 

interactions was 8 Å, and the particle mesh Ewald (PME) method was used for the treatment 

of electrostatic interactions (Darden et al., 1993). The stability of the structures was checked 

from the rms-deviation (Supplemental Figure 1) curves of the backbone Cα and atomic 

positional fluctuations of backbone atoms calculated with ptraj program of Amber Tools 1.3. 

(Case et al., 2005). Relative occupation (0-100%) of main hydrogen bond contacts between 

ligands and MAGL was analyzed using ptraj module. Ligand specific rms-deviations were 

calculated for 9 ligand atoms at the glycerol substructure of monoacylglycerols. Selected 

snapshot and average structures from the MD runs were visually examined with the 

assistance of the MOE software and the Supplementary movies were generated by using 

UCSF Chimera Software (Pettersen et al., 2004). 

Statistical analyses 

The Km and Vmax values, inhibitor dose-response curves, and IC50 values derived thereof were 

calculated from nonlinear regressions using GraphPad Prism 5.0 for Windows (GraphPad 

Software, San Diego California USA, www.graphpad.com) and results are presented as mean 

± S.E.M. of at least three independent experiments performed in duplicate. Statistical 

differences between groups were tested using one-way ANOVA, followed by Tukey’s 

multiple comparison test with p < 0.05 considered as statistically significant or by using 

unpaired t -test (* P < 0.05, ** P < 0.01, and *** P < 0.001). 
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Results 

Substrate preferences of WT-MAGL and its cysteine mutants 

To produce sufficient amount of biological material for the study, transient transfections in 

human embryonic kidney (HEK293) cells were repeated at least three times and all the 

measurements were carried out together with mock-transfected cell material. Expression 

levels of 3HA-MAGL-WT- and mutant enzymes were determined from cellular lysates by 

WB, as described in the Materials and Methods section. These studies indicated that the cell 

lysates expressed mutant- and WT-MAGL at comparable levels (Supplemental Figure 2). 

Next, we assessed activities of enzyme preparations to hydrolyze a panel of 

monoacylglycerol substrates using a sensitive fluorescence-based glycerol assay (Navia-

Paldanius et al., 2012). All the 14 substrates tested represent 1- or 2-isomers of 

monoacylglycerol esters with growing acyl chain length and degree of saturation (C8:0 to 

C20:4) and three prostaglandin glycerol esters. We first determined the general substrate 

profiles using a single substrate concentration (12.5 µM). Figure 1 illustrates that, in spite of 

some difference between total enzyme activities, the shapes of substrate profiles were similar 

between WT, C201A and C208A enzymes when compared to 2-AG hydrolysis. In contrast, 

the profile shape of C242A-mutant was strikingly deviating: the relative capacity of this 

mutant to hydrolyze 1-monoacylglycerols was decelerated as compared to that of 2-

monoacylglycerols (Figure 1). To study this in further detail, we subjected three 1- and 2-

monoacylglycerol-pairs with different acyl chain lengths (1-OG/2-OG, 1-LG/2-LG and 1-

AG/2-AG) to hydrolysis by the MAGL mutants. In line with the initial profiling data (Figure 

1), WT-MAGL as well as C201A- and C208A-mutants hydrolyzed each 1-2-

monoacylglycerol pair with equal rates, whereas a statistically significant drop in the relative 
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hydrolysis rates of 1-monoacylglycerols vs. 2- monoacylglycerols was evident in the case of 

the C242A-mutant: 1-AG and 2-AG (29 ± 1%, S.E.M., n=3), 1-LG and 2-LG (36 ± 4%, 

S.E.M., n=3), and 1-OG and 2-OG (24 ± 2%, S.E.M, n=3) (Figure 2).  To obtain independent 

methodological confirmation, we measured hydrolysis rates of 1- and 2-AG also by a 

validated HPLC-based MAGL-assay (Saario et al, 2005). Similarly, this analysis confirmed 

that the mutation of Cys242 significantly dampened the relative rate of 1-AG-hydrolysis 

(Supplemental Figure 3).  

Because Cys242 was found a critical residue required for unbiased hydrolysis of 

monoacylglycerol isomers, we were curious to test whether S-nitrosylation might affect 

balanced hydrolysis of monoacylglycerol isomers and in particular, whether Cys242 serves a 

possible target for this modification that has emerged as a potential regulator of both enzyme 

and G protein-coupled receptor activity by targeting free sulfhydryl groups of proteins 

(Stamler et al., 2001; Kokkola et al., 2005). To this end, we measured the hydrolysis rates of 

1-and 2-AG after treating of WT-MAGL and C242A-mutant with two S-nitrosothiols GSNO 

and Cys-NO, as previously reported (Kokkola et al., 2005). However, hydrolysis rates of 1- 

and 2-AG were not affected by S-nitrosothiol-treatment (Supplemental Figure 3), confirming 

and extending our previous results on the effect of S-nitrosothiols on 2-AG hydrolysis by rat 

cerebellar membrane MAGL preparation (Saario et al., 2005).  

In addition to monoacylglycerols, we assessed the capacity of the MAGL mutants to 

hydrolyse prostaglandin glycerol esters (PG-Gs), the products of COX-2-catalyzed 2-AG 

oxygenation (Rouzer and Marnett, 2011). The three tested PG-Gs (15d-PGJ2-G, PGD2-G and 

PGE2-G) were feasible substrates for MAGL when compared to the primary endocannabinoid 

2-AG (Figure 1). Furthermore, Michaelis-Menten analysis revealed that when compared to 2-

AG, 15d-PGJ2-G had 10-14-fold higher affinity (Km) towards WT-MAGL, C201A- and 

C208A-mutants and approximately 6-fold higher towards C242A-mutant (Figure 3 and 
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Supplemental Table 1). However, none of the mutations caused statistically significant 

changes in maximal reaction velocity (Vmax) or substrate affinity (Km) values compared to 

WT-MAGL (Figure 3). 

 

Mutation of Cys242 induces unfavorable structural changes impacting more 1-

monoacylglycerols than 2-monoacylglycerols 

To ensure that our preliminary observations of diminished hydrolysis rate of 1-

monoacylglycerols vs. 2-monoacylglycerols by the C242A-mutant were not restricted to the 

single concentration of substrates used, we performed Michaelis-Menten analysis for the WT 

and mutant-enzymes with 1-AG and 2-AG as the substrates (Figure 4 and Supplemental 

Table 1). Even though the relative expression of C242A-mutant was somewhat higher 

compared to that of WT-MAGL and other cysteine mutants (see WB in Supplemental Figure 

2), it was the only cysteine mutant that significantly affected the rate (Vmax) and affinity (Km) 

of 1-AG or 2-AG when compared to the WT enzyme (Figure 4 and Supplemental Table 1). 

Importantly and in line with the previous results, the Vmax- and Km-values for WT-MAGL 

and mutants C201A and C208A were comparable (Supplemental Table 1). However, the 

ability of C242A-mutant to hydrolyze 1-AG was significantly diminished indicating that 

Cys242 is more critical for the hydrolysis of 1-AG than 2-AG. However, whether this feature 

was the result of plain structural changes in the binding cavity or a direct consequence of 

severing the catalytic mechanism was not clear. To resolve this interesting question, 

molecular modeling studies were used to point the locations of the C201A-, C208A- and 

C242A-mutations relative to substrate binding cavity, followed by extensive docking studies. 

Because docking of flexible monoacylglycerols was found challenging for the current 

docking algorithms, we restricted the docking studies to 1-AG and 2-AG which both 
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produced equally placed docking poses and similar interactions with the human MAGL. The 

orientation of the polar head of monoacylglycerols is well established based on earlier 

modeling studies, as well as recent experimental structures of bacterial-MAGL in various 

conformations (Bertrand et al., 2010; Rengachari et al., 2013). In order to gain further 

understanding on the binding properties in the ground state, a series of unconstrained 

molecular dynamic simulations were calculated for WT- and mutant-complexes with selected 

docking poses of 2-AG and 1-AG. In contrast to recent speculations (Karageorgos et al., 

2010), our modeling suggested that although Cys242 is involved in the hydrogen bonding 

network, it’s side chain does not form direct hydrogen bond contacts with residues of the 

catalytic triad (Ser122-His269-Asp239). Indeed, during the simulations, the distance of 

Cys242 from the catalytic serine remained in most part longer than 4,5 Å (see Supplemental 

Figure 4). However, the key interactions of substrates to oxyanion hole (N-H, Ala51 and N-

H, Met123) were well retained during the simulations although the average distance to 

Met123 was shorter (Supplemental Table 2). 

According to the hydrogen bond analysis, other key interactions with His121, Tyr194 and 

Ala51 were occupied most of the time, especially in the case of 2-AG (Supplemental Table 

2). For comparison, the coordination of the polar head of 1-AG was more labile according to 

rms-deviations, calculated for heavy atoms forming the polar head and hydrogen bond 

analysis (Supplemental Table 2, Supplemental Figure 5). Interestingly, modeling of C242A 

into human MAGL did not cause any considerable effect on ligand rmsd–profile of 2-AG 

simulations. In contrast, it caused clear fluctuations to the position of the 1-AG 

(Supplemental Figure 5).  

Based on structures and molecular interaction field energies (Supplemental Figure 6), the 

main chain carbonyl of Ala51 offers an important site for interactions with Tyr194 in terms 

of binding a crystal water, or alternatively in terms of recognition of single OH-group of 
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monoacylglycerols. When coordinations of 1-AG and 2-AG were compared against this 

location during MD’s, relative occurrences were found different (Supplemental Table 2). 

This prompted us to test whether mutation of Tyr194, a residue locating at the opposite side 

of the active site cavity as compared to Cys242 (Figure 5), would potentially cause similar 

effects to those observed with C242A-mutant. To address this, we generated cell lines 

transiently expressing the Y194F-mutant as well as a double mutant Y194F+C242A. 

Expression levels of these mutants vs. WT-MAGL were found to be sufficiently similar to 

allow further comparison of enzymatic parameters (Supplemental Figure 2). As shown in 

Figure 4 and Supplemental Table 1, the overall activity as well as kinetic values (Vmax and 

Km) of both mutants were significantly compromised when compared to WT-MAGL. 

However, in contrast to C242A mutation that caused an unbalanced rate of hydrolysis 

between 1-AG and 2-AG, Y194F-mutant hydrolyzed these isomers with similar rates 

(Supplemental Table 1).  The activity of the double mutant to hydrolyze 1-and 2-AG was 

severely attenuated, but no statistically significant difference was found between the rates of 

1- and 2-AG hydrolysis due to low signal-to-noise ratio resulting relatively high error 

(p=0.124 (Km), p=0.053 (Vmax), unpaired t-test). Collectively these findings suggest that 

C242A (with or without Y194F) selectively disturbs balanced hydrolysis of 

monoacylglycerol isomers by causing unfavorable structural effects on substrate binding, but 

this deficit can be partly restored with more optimal hydrogen bonding interactions in the 

case of 2-isomers. 

 

Potency of established MAGL-inhibitors in WT-MAGL and its cysteine mutants 

In order to test the effect of cysteine-mutations on inhibitor potencies, we determined full 

inhibition dose-responses for several MAGL-selective and non-selective inhibitors 
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(Supplemental Figure 7 (structures), Table 1, Supplemental Figure 8). 2-AG was used as the 

substrate in these experiments as 1-monoacylglycerols were shown to lose their natural 

hydrolysis rate due to C242A mutation. Here, Cys201 was confirmed to be the principal 

NAM-target as C201A mutation clearly blunted the inhibitory potency and efficacy of NAM 

(Supplemental Figure 8). In contrast, the potencies of the other tested inhibitors were not 

altered in the C201A mutant (Supplemental Figure 8 and Table 1). To gain further insight 

into the interaction of NAM with MAGL, we covalently docked this inhibitor into Cys201. 

The modeling data indicated that NAM binding likely disturbs the organization of the 

glycerol exit hole (Supplemental Figure 9), a finding implicating that the inhibition may be 

due to blocking the enzyme from the outside (masking the glycerol exit hole) rather than due 

to steric hindrance of substrate entry and/or inhibition of substrate hydrolysis by targeting 

Cys208 or Cys242. None of the mutations had statistically significant effects on the potency 

of pristimerin (Table 1), another postulated sulfhydryl-reactive MAGL-inhibitor. 

Interestingly, all the other tested inhibitors including the highly potent and selective MAGL-

inhibitor JJKK-048 (Aaltonen et al., 2013), the MAGL-inhibitor JZL184, as well as the 

potent and non-selective serine hydrolase inhibitors methylarachidonoylfluorophosphonate 

(MAFP) and isopropyldodecylfluorophosphonate (IDFP), lost their potency in the C242A-

mutant (Supplemental Figure 8, Table 1). The most dramatic potency drop was witnessed for 

the fluorophosphonates IDFP (63-fold drop) and MAFP (13-fold drop), indicating that 

targeting of the MAGL catalytic serine by these inhibitors was especially sensitive to C242A 

mutation. For comparison, the potency decrease in the case of JZL184 and JJKK-048 was 

only 2-3-fold.  Interestingly, a significant increase in the potency of JZL184 was observed in 

the case of C208A-mutant. Inspired by the discovery that the potencies of the 

fluorophosphonates IDFP and MAFP were dramatically dropped in the C242A mutation in 

particular, we tested whether the binding of the catalytic serine-targeting fluorescent 
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fluorophosphonate-probe TAMRA-FP was similarly affected by the C242A-mutant. 

TAMRA-FP is used in activity-base protein profiling (ABPP) studies which is an established 

and useful approach to visualize catalytically active serine hydrolases in proteomes from 

various tissues and cells (Cravatt et al., 2008). Supplemental Figure 10 shows that none of the 

mutations affected TAMRA-FP-binding when with the routinely used probe concentration 

was employed (2 µM). Notably, the band intensities of TAMRA-FP labeled WT-MAGL and 

cysteine mutants faithfully reflected the relative expression pattern seen in WB 

(Supplemental Figure 2). However, when the probe concentration was dropped from 2 µM to 

20 nM, the C242A-mutant bound less TAMRA-FP in relation to the WT-MAGL or other 

cysteine mutants. This suggests that the C242A mutation diminishes the potency of TAMRA-

FP to bind MAGL-active site, providing additional support for the previous data obtained 

with the fluorophosphonates MAFP and IDFP. 

 

Discussion 

MAGL has emerged as a promising and druggable target and inhibitors targeting this 

hydrolase may show great promise in treatments of cancer, neurodegenerative diseases and 

metabolic disorders. Although progress in inhibitor development has been rapid, our 

knowledge regarding determinants that regulate catalytic activity and substrate preference of 

human MAGL is limited. As the role of conserved cysteine residues Cys201, Cys208 and 

Cys242 in the activity of MAGL has remained unclear, we used site-directed mutagenesis to 

comprehensively analyze the impact of these cysteine residues as well as additional amino 

acid substitutions in binding and function of a panel of MAGL substrates and inhibitors. 

Tyr194 was included for its suggested role in the catalysis of substrate hydrolysis, as 

speculated earlier by Bertrand and colleagues (Bertrand et al., 2010). We utilized a kinetic 
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enzymatic assay that has proven useful in assessing comparison of natural monoacylglycerol 

hydrolysis in a simple 96-well format. This approach gives many advantages over the 

traditional approaches to assess monoacylglycerol hydrolysis, which rely on degradation of 

labeled/non-labeled 2-AG or 2-OG by HPLC-, liquid scintillation- or LC/MC-technology 

(Saario et al., 2005; King et al., 2009a/b; Labar et al., 2010). In contrast to the above-

mentioned methods typically utilizing only a single substrate, the kinetic glycerol assay 

enables determination of hydrolysis of all natural 1- or 2-monoacylglycerols by the 

endocannabinoid hydrolases MAGL, ABHD6 and ABHD12 (Navia-Paldanius et al., 2012). 

In this study, we tested catalytic activity of WT-MAGL and C201A-, C208A- and C242A-

mutants using a repertoire of substrates to find any possible alterations on substrate 

preference due to cysteine substitutions. We demonstrated that Cys242 was important for the 

hydrolysis of monoacylglycerols being especially relevant for 1-monoacylglycerols. This 

issue was addressed in detail by testing the hydrolysis rates of the endocannabinoids 1-AG 

and 2-AG. Previously, it was suggested based on NMR-analysis that Cys242 possibly 

interacts directly with the catalytic triad and thus, potentially participates in the catalysis 

(Karageorgos et al., 2010). In contrast, our modeling studies indicated that the long distance 

between the catalytic triad and Cys242 is unlikely to offer direct interactions with the 

catalytic triad. Instead, both mutational and molecular modeling studies suggested that 

C242A mutation leads to structural disturbance of the oxyanion hole. This conclusion was 

supported by the experimental observations that the fluorophosphonate inhibitors MAFP and 

IDFP targeting the catalytic Ser122 dramatically lost their potency as a result of the C242A 

mutation. We propose that in this case, the catalytic triad is locked in a nonreactive state and 

thereby, prevents catalysis. Unlike these particular fluorophosphonates, the reactivity of 

natural substrates is retained by the formation of a sufficient network of favorable 

interactions between the active site residues and the OH-groups of the polar head of 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on December 24, 2013 as DOI: 10.1124/mol.113.090795

 at A
SPE

T
 Journals on M

ay 25, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL#90795 

 

21 

 

monoacylglycerols. Our experimental data supported by the atomic level molecular modeling 

analysis suggest that in the C242A mutant, the hydroxyl groups of 2-monoacylglycerols are 

able to form more stable interactions with active site residues as opposed to 1-

monoacylglycerols (Supplementary Movies 1 and 2).  

 

Intriguingly, the three tested prostaglandin glycerol esters (15d-PGJ2-G, PGD2-G and PGE2-

G) appeared to be excellent substrates for human MAGL. This together with recent findings 

from another laboratory demonstrating efficient hydrolysis of PGE2-G and PGF2α-G by 

human MAGL (Xie et al., 2010) challenge previous claims stating that prostaglandin glycerol 

esters act as poor MAGL substrates (Vila et al., 2007).  Our preliminary data shown here 

suggests that under the assay conditions employed, 15d-PGJ2-G has even higher affinity for 

MAGL than the primary endocannabinoid 2-AG. We have more thoroughly examined 

prostaglandin glycerol esters as MAGL substrates and these results will be reported on a 

separate publication. 

 

As mentioned in the Introduction, Cys201, Cys208 and Cys242 have been suggested to act as 

potential targets for selective sulhydryl-reactive inhibitors, NAM in particular (Saario et al., 

2005; Zvonok et al., 2008; King et al., 2009b; Labar et al., 2010), but their role in this respect 

has remained unclear due to inconsistent results. However, Cys201 was recently identified as 

the target of NAM (King et al., 2009b; Labar et al., 2010), and we can verify this based on 

the present study. However, unlike previous studies, we provide evidence to suggest that the 

inhibition of MAGL by NAM may be due to masking the glycerol exit hole, resulting thereby 

in decelerated hydrolysis of substrates. As stated above, we chose 2-AG as the substrate for 

the inhibitor studies as 1-monoacylglycerols were shown to be more sensitive towards the 

C242A mutation. This important factor has not been addressed in any of the previous studies 
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assessing inhibitor potencies in MAGL cysteine mutants, further highlighting the value of the 

observations made in the current study. Another interesting detail was that the potencies of 

the catalytic Ser122-targeting fluorophosphonates (MAFP, IDFP and TAMRA-FP) were 

found sensitive to C242A-mutation in particular. In contrast to previous report (King et al., 

2009a), the potency of pristimerin was not significantly affected by C208A mutation (or any 

other cysteine mutants), suggesting that the triterpene may not target these cysteine residues 

after all. 

To conclude, we have pinpointed here two amino acid residues in the human MAGL 

structure, namely Cys242 and Tyr194 that are crucial in determining the rate and/or isomer 

selectivity of monoacylglycerol-hydrolysis. Mutation of Cys242 to alanine was shown to 

skew the balanced hydrolysis of 1-monoacylglycerols and 2-monoacylglycerols to favor 2-

monoacylglycerols but both mutations also significantly reduced the maximal 

monoacylglycerol hydrolysis rates. Similar reduction was achieved by the mutation Tyr194 to 

phenylalanine, however this mutation did not affect the relative hydrolysis rates between 

monoacylglycerol isomers. Based on modeling studies, these mutations were shown to 

“stretch” the binding cavity, resulting in unfavorable bonding interactions for 1-

monoacylglycerols, especially 1-AG, a result confirmed by experimental analysis. In 

addition, Cys242 was revealed to be relevant for the high potency/affinity binding of various 

inhibitors, most notably the fluorophosphonates MAFP and IDFP. Sulfhydryl-reactive 

inhibitor NAM was confirmed to target Cys201. This study offers new insights regarding the 

roles of conserved cysteine residues in the balanced hydrolysis of monoacylglycerol isomers 

as well as determinants of potencies of fluorophosphonate MAGL inhibitors.        

  

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on December 24, 2013 as DOI: 10.1124/mol.113.090795

 at A
SPE

T
 Journals on M

ay 25, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL#90795 

 

23 

 

Acknowledgements 

Julie Kařízková is a student of Pharmacy from Prague, Czech Republic, and participated in 

this study as an ERASMUS exchange student. We thank Ms. Taija Hukkanen, Ms. Satu 

Marttila and Ms. Tiina Koivunen for their valuable help with the experiments. We also 

acknowledge CSC-IT Center for Science Ltd. for the allocation of computational resources. 

 

Authorship contributions: 

Participated in research design: J.T. Laitinen, T. Laitinen, Poso and Savinainen. 
 
Conducted experiments: T. Laitinen, Navia-Paldanius, Rytilahti, Marjamaa, Kařízková, 
Parkkari, Pantsar and Savinainen. 
 
Performed data analysis: T. Laitinen and Savinainen. 
 
Wrote or contributed to the writing of the manuscript: J.T. Laitinen, T. Laitinen and 
Savinainen. 
 

  

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on December 24, 2013 as DOI: 10.1124/mol.113.090795

 at A
SPE

T
 Journals on M

ay 25, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL#90795 

 

24 

 

References 

Aaltonen N,  Savinainen JR, Ribas CR, Rönkkö J, Kuusisto A, Korhonen J, Navia-Paldanius 

D, Häyrinen J, Takabe P, Käsnänen H, Pantsar T, Laitinen T, Lehtonen M, Pasonen-

Seppänen S, Poso A, Nevalainen T and Laitinen JT (2013) Piperazine and piperidine triazole 

ureas as ultrapotent and highly selective inhibitors of monoacylglycerol lipase. Chem Biol 20 

(3):379-390. 

Bertrand T, Augé F, Houtmann J, Rak A, Vallée F, Mikol V, Berne PF, Michot N, Cheuret D, 

Hoornaert C and Mathieu M (2010) Structural basis for human monoglyceride lipase 

inhibition. J Mol Biol 396(3):663-673. 

Blankman JL, Simon GM and Cravatt BF (2007) A comprehensive profile of brain enzymes 

that hydrolyze the endocannabinoid 2-arachidonoylglycerol. Chem Biol 14:1347–1356. 

Case DA, Darden TA, Cheatham III TE, Simmerling CL, Wang J, Duke RE, Luo R, Walker 

RC, Zhang W, Merz KM, Roberts B, Hayik S, Roitberg A, Seabra G, Swails J, Götz AW, 

Kolossváry I, Wong KF, Paesani F, Vanicek J, Wolf RM, Liu J, Wu X, Brozell SR, 

Steinbrecher T, Gohlke H, Cai Q, Ye X, Wang J, Hsieh M-J, Cui G, Roe DR, Mathews DH, 

Seetin MG, Salomon-Ferrer R, Sagui C, Babin V, Luchko T, Gusarov S, Kovalenko A, and 

Kollman PA. (2012), AMBER 12, University of California, San Francisco 

Case DA, Cheatham T, Darden T. Gohlke H, Luo R, Merz KM, Onufriev Jr A, Simmerling 

C, Wang B,  and Woods R (2005) The Amber biomolecular simulation programs”. J Comput 

Chem 26: 1668-1688. 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on December 24, 2013 as DOI: 10.1124/mol.113.090795

 at A
SPE

T
 Journals on M

ay 25, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL#90795 

 

25 

 

Cho AE, Guallar V, Berne B and Friesner RA (2005) Importance of Accurate Charges in 

Molecular Docking: Quantum Mechanical/Molecular Mechanical (QM/MM) Approach. J 

Comput Chem 26: 915-931. 

Cravatt BF, Wright AT and Kozarich JW (2008) Activity-based protein profiling: from 

enzyme chemistry to proteomic chemistry. Annu Rev Biochem 77:383-414. 

Darden T, York D, Pedersen L (1993) Particle Mesh Ewald-an N.Log(N) method for Ewald 

sums in large systems. J Chem Phys 12: 10089-10092. 

Dinh TP, Freund TF and Piomelli D (2002) A role for monoglyceride lipase in 2-

arachidonoylglycerol inactivation. Chem Phys Lipids 121:149–158. 

Hornak V, Abel R, Okur A, Strockbine B, Roitberg A, Simmerling C, (2006) Comparison of 

multiple Amber force fields and development of improved protein backbone parameters. 

Proteins. 65: 712-725. 

Jakalian A, Bush BL, Jack DB, Bayly CI, (2000) Fast, efficient generation of high-quality 

atomic charges. AM1-BCC model: I. Method. J Comput Chem 21: 132-146. 

Karageorgos I, Tyukhtenko S, Zvonok N, Janero DR, Sallum C and Makriyannis A (2010) 

Identification by nuclear magnetic resonance spectroscopy of an active-site hydrogen-bond 

network in human monoacylglycerol lipase (hMGL): implications for hMGL dynamics, 

pharmacological inhibition, and catalytic mechanism. Mol Biosyst. 6(8):1381-1388. 

Karlsson M, Contreras JA, Hellman U, Tornqvist H, Holm C (1997). cDNA cloning, tissue 

distribution, and identification of the catalytic triad of monoglyceride lipase. Evolutionary 

relationship to esterases, lysophospholipases, and haloperoxidases. J Biol Chem 

272(43):27218-27223. 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on December 24, 2013 as DOI: 10.1124/mol.113.090795

 at A
SPE

T
 Journals on M

ay 25, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL#90795 

 

26 

 

King AR, Dotsey EY, Lodola A, Jung KM, Ghomian A, Qiu Y, Fu J, Mor M and Piomelli D 

(2009a) Discovery of potent and reversible monoacylglycerol lipase inhibitors. Chem Biol 

16(10):1045-1052. 

King AR, Lodola A, Carmi C, Fu J, Mor M and Piomelli D (2009b) A critical cysteine 

residue in monoacylglycerol lipase is targeted by a new class of isothiazolinone-based 

enzyme inhibitors. Br J Pharmacol 157(6):974-983.  

Kokkola T, Savinainen JR, Mönkkönen KS, Retamal MD and Laitinen JT (2005) S-

nitrosothiols modulate G protein-coupled receptor signaling in a reversible and highly 

receptor-specific manner. BMC Cell Biol 25;6(1):21. 

Labar G, Bauvois C, Borel F, Ferrer JL, Wouters J and Lambert DM (2010) Crystal structure 

of the human monoacylglycerol lipase, a key actor in endocannabinoid signaling. 

Chembiochem 11(2):218-227. 

Molecular Operating Environment (MOE), 2012.10; Chemical Computing Group Inc., 1010 

Sherbooke St. West, Suite #910, Montreal, QC, Canada, H3A 2R7, 2012. 

Navia-Paldanius D, Savinainen JR, and Laitinen JT (2012) Biochemicaland pharmacological 

characterization of human a/b-hydrolase domain containing 6 (ABHD6) and 12 (ABHD12). J 

Lipid Res. 53, 2413–2424. 

 

Nomura, DK, Long JZ, Niessen S, Hoover HS, Ng SW and Cravatt BF (2010) 

Monoacylglycerol lipase regulates a fatty acid network that promotes cancer pathogenesis. 

Cell 140, 49–61. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on December 24, 2013 as DOI: 10.1124/mol.113.090795

 at A
SPE

T
 Journals on M

ay 25, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL#90795 

 

27 

 

Nomura DK, Morrison BE, Blankman JL, Long JZ, Kinsey SG, Marcondes MC, Ward AM, 

Hahn YK, Lichtman AH, Conti B and Cravatt BF (2011) Endocannabinoid hydrolysis 

generates brain prostaglandins that promote neuroinflammation. Science 334, 809–813. 

Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM, Meng EC and Ferrin TE 

(2004) UCSF Chimera--a visualization system for exploratory research and analysis, J 

Comput Chem 13, 1605-1612. 

Piro JR, Benjamin DI, Duerr JM, Pi Y, Gonzales C,  Wood KM,  Schwartz JW, Nomura DK 

and  Samad TA (2012) A dysregulated endocannabinoid-eicosanoid network supports 

pathogenesis in a mouse model of Alzheimer's disease. Cell Rep 1(6):617-623.  

Rengachari S, Aschauer P, Schittmayer M, Mayer N, Gruber K, Breinbauer R, Birner-

Gruenberger R, Dreveny I, Oberer M. (2013) Conformational plasticity and ligand binding of 

bacterial monoacylglycerol lipase. J. Biol. Chem. 288(43):31093-31104 

Rouzer CA and Marnett LJ (2011) Endocannabinoid oxygenation by cyclooxygenases, 

lipoxygenases, and cytochromes P450: cross-talk between the eicosanoid and 

endocannabinoid signaling pathways. Chem Rev 111(10):5899-5921 

Ryckaert JP, Ciccotti G, Berendsen HJC (1977) Numerical integration of the cartesian 

equations of motion of a system with constraints: molecular dynamics of n-alkanes. J Comput 

Physics 23: 327-341. 

Saario SM, Savinainen JR, Laitinen JT, Järvinen T and Niemi R (2004) Monoglyceride 

lipase-like enzymatic activity is responsible for hydrolysis of 2-arachidonoylglycerol in rat 

cerebellar membranes. Biochem Pharmacol 67(7):1381-1387 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on December 24, 2013 as DOI: 10.1124/mol.113.090795

 at A
SPE

T
 Journals on M

ay 25, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL#90795 

 

28 

 

Saario SM, Salo OM, Nevalainen T, Poso A, Laitinen JT, Järvinen T and Niemi R (2005) 

Characterization of the sulfhydryl-sensitive site in the enzyme responsible for hydrolysis of 

2-arachidonoyl-glycerol in rat cerebellar membranes. Chem Biol 12(6):649-656. 

Savinainen JR, Kokkola T, Salo OM, Poso A, Järvinen T and Laitinen JT (2005) 

Identification of WIN55212-3 as a competitive neutral antagonist of the human cannabinoid 

CB2 receptor. Br J Pharmacol 145(5):636-645. 

Savinainen JR, Saario SM and Laitinen JT (2012) The serine hydrolases MAGL, ABHD6 

and ABHD12 as guardians of 2-arachidonoylglycerol signalling through cannabinoid 

receptors. Acta Physiol (Oxf) 204(2):267-276.  

Schalk-Hihi C, Schubert C, Alexander R, Bayoumy S, Clemente JC, Deckman I, DesJarlais 

RL, Dzordzorme KC, Flores CM, Grasberger B, Kranz JK, Lewandowski F, Liu L, Ma H, 

Maguire D, Macielag MJ, McDonnell ME, Mezzasalma Haarlander T, Miller R, Milligan C, 

Reynolds C and Kuo LC (2011) Crystal structure of a soluble form of human monoglyceride 

lipase in complex with an inhibitor at 1.35 Å resolution. Protein Sci 4:670-683.  

Schrödinger Suite 2012: LigPrep, version 2.5, Schrödinger, LLC, New York, NY, 2012 ; 

Protein Preparation Wizard; Epik version 2.3, Schrödinger, LLC, New York, NY, 2012; 

Impact version 5.8, Schrödinger, LLC, New York, NY, 2012; Prime version 3.1, 

Schrödinger, LLC, New York, NY, 2012. QM-Polarized Ligand Docking protocol: Glide 

version 5.8, Schrödinger, LLC, New York, NY, 2012; Jaguar version 7.9, Schrödinger, LLC, 

New York, NY, 2012; QSite version 5.8, Schrödinger, LLC, New York, NY, 2012. 

Schrödinger Small-Molecule Drug Discovery Suite 2013-2: Covalent docking: Glide version 

6.0, Schrödinger, LLC, New York, NY, 2013; Prime version 3.3, Schrödinger, LLC, New 

York, NY, 2013. 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on December 24, 2013 as DOI: 10.1124/mol.113.090795

 at A
SPE

T
 Journals on M

ay 25, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL#90795 

 

29 

 

Stamler JS, Lamas S and Fang FC (2001) Nitrosylation: the prototypic redox-based signaling 

mechanism. Cell 106, 675–683. 

 

Tornqvist H and Belfrage P (1976) Purification and some properties of a monoacylglycerol-

hydrolyzing enzyme of rat adipose tissue. J Biol Chem 251(3):813-819. 

Vila A, Rosengarth A, Piomelli D, Cravatt B and Marnett LJ (2007) Hydrolysis of 

prostaglandin glycerol esters by the endocannabinoid-hydrolyzing enzymes, 

monoacylglycerol lipase and fatty acid amide hydrolase. Biochem 46(33):9578-9585.  

Wang J, Wolf RM, Caldwell JW, Kollman PA, Case DA, (2004) Development and testing of 

a general Amber force field. J Comput Chem 25: 1157-1174. 

Xie S, Borazjani A,  Hatfield MJ, Edwards CC, Potter PM and Ross MK (2010) Inactivation 

of lipid glyceryl ester metabolism in human THP1 monocytes/macrophages by activated 

organophosphorus insecticides: role of carboxylesterases 1 and 2. Chem Res Toxicol 

23(12):1890-1904.  

Zvonok N, Pandarinathan L, Williams J, Johnston M, Karageorgos I, Janero DR, Krishnan 

SC and Makriyannis A (2008) Covalent inhibitors of human monoacylglycerol lipase: ligand-

assisted characterization of the catalytic site by mass spectrometry and mutational analysis. 

Chem Biol 15(8):854-862. 

 

  

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on December 24, 2013 as DOI: 10.1124/mol.113.090795

 at A
SPE

T
 Journals on M

ay 25, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL#90795 

 

30 

 

Footnotes 

Funding resources: TL was supported by the Biocenter Finland/DDCB. JRS was supported 

by the Finnish Cultural Foundation (N-S Regional Fund) and Kuopio University Foundation. 

Financial support for the study was also provided by the Academy of Finland [Grant 

139620]. 

 

 

  

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on December 24, 2013 as DOI: 10.1124/mol.113.090795

 at A
SPE

T
 Journals on M

ay 25, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL#90795 

 

31 

 

Figure legends 

Figure 1. Substrate (monoacylglycerol (MAG)) profiles for WT-MAGL (3HA-hMAGL, A) 

and its cysteine mutants (B-D) expressed transiently in HEK293 cells. Cellular lysates (0.3 

μg/well) were incubated together with the indicated substrates (25 μM final concentration) 

using a fluorescent glycerol assay as described in Materials and Methods. Substrate acyl 

chain length, isomer and degree of saturation are indicated in parenthesis. Prostaglandin 

glycerol esters PGD2-G and PGE2-G are 1-isomers and 15d-PGJ2-G is a 2-isomer. The dash-

line indicates hydrolysis rate of 2-AG for WT-MAGL and its cysteine mutants. Note that the 

shape of substrate profile of C242A (D) is drastically altered in terms of decreased 1-

monoacylglycerol utilization, as compared to profiles of WT-MAGL (A), C201A (B) and 

C208A (D). The data are mean ± S.E.M. from at least three independent experiments 

performed in duplicates. Activities of WT-MAGL and mutants were normalized against 

expression (WB).  

 

Figure 2. Balanced hydrolysis rates of monoacylglycerol-isomer pairs (1-AG/2-AG, 1-OG/2-

OG and 1-LG/2-LG) by WT-MAGL are significantly skewed in the C242A-mutant but not in 

the C201A- or C208A-mutants. Incubations were carried out at RT for 30 min using 12.5 µM 

substrate concentrations and cellular protein 0.3 μg/well. The data are mean ± S.E.M. from 

three independent experiments performed in duplicates. A statistically significant difference 

is denoted by an asterisk (student’s unpaired t-test, *p<0.05, **p<0.01, ***p<0.001).    

 

Figure 3. Utilization of 15d-PGJ2-G by WT-MAGL and its cysteine mutants. The Km- and 

Vmax-values are shown in the box and were calculated as non-linear regressions (A) using 

GraphPad Prism 5.0 for Windows. The Lineweaver-Burk plots (B) were calculated based on 

Michaelis-Menten plots. Note that Vmax- and Km-values of mutants are not statistically 
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significantly differing from those of WT-MAGL (One-way ANOVA, Tukey’s multiple 

comparison test). Incubations were carried out at RT for 30 min with increasing substrate 

concentrations (cellular protein 0.3 μg/well). The data are mean ± S.E.M. from three 

independent experiments performed in duplicates.  

 

Figure 4. Michaelis-Menten kinetics for WT-MAGL (A), cysteine mutants C201A (B), 

C208A (C), C242A (D) and tyrosine mutant Y194F (E) as well as the double mutant 

C242A/Y194F (F) using 1-AG and 2-AG as substrates. The data (see also Supplemental 

Table 1) reveals a significant decrease in maximal velocity (Vmax) for C242A and Y194F 

(and double mutant) to hydrolyze 1-AG as compared to 2-AG. Line-Weaver Burk plots are 

shown as insets. Incubations were carried out at RT for 60 min with increasing substrate 

concentrations (cellular protein 0.3 μg/well). The data are mean ± S.E.M. from three 

independent experiments performed in duplicates.  

 

Figure 5. Selected docking poses of 2-AG (orange, A) and 1-AG (green, B) to MAGL 

(pdb:3PE6) showing the key hydrogen bonding interaction found among highest ranking 

poses. The location of the carbonyl oxygen interaction potential of 8.5 kcal/mol is presented 

using magenta cage. Note that in contrast to 1-AG, 2-AG does not form direct hydrogen 

bonding interactions (light blue bars) with Tyr194 in docking.  
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Table 1. Effects of site-directed mutations on the potencies (-logIC50± S.E.M.) of inhibitors 

to inhibit human MAGL in lysates transiently expressing enzyme WT- and cysteine mutant 

enzymes (for inhibition curves see Supplemental Figure 8). The data are from at three 

independent experiments performed in duplicates. (*) denotes a significant difference in 

potency (One-way ANOVA, Tukey’s multiple comparison test) between the cysteine mutant 

and WT-MAGL. *=p<0.05, **=p<0.01 and ***=p<0.001. 

 

WT 
(-logIC50± S.E.M.) 

          C201A  
(-logIC50± S.E.M.) 

C208A  
(-logIC50± S.E.M.) 

C242A  
(-logIC50± S.E.M.) 

NAM 6,06 ± 0,12 Ambiguous 6,51 ± 0,10 6,34 ± 0,06 

MAFP 7,69 ± 0,11 7,79 ± 0,05 7,59 ± 0,20 6,08 ± 0,80 *** 

JZL184 6,19 ± 0,12 5,81 ± 0,04 6,70 ± 0,11 * 5,74 ± 0,06 * 

JJKK-048 9,39 ± 0,04 9,38 ± 0,02 9,59 ± 0,07 9,01 ± 0,06 ** 

IDFP 9,36 ± 0,22 9,42 ± 0,20 9,58 ± 0,34 7,55 ± 0,06 ** 

Pristimerin 5,36 ± 0,20 5,37 ± 0,05 5,33 ± 0,41 5,60 ± 0,08 
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