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Abstract: The membrane-associated serine hydrolase, monoacylglycerol lipase (MGL), is a well-

recognized therapeutic target that regulates endocannabinoid signaling. Crystallographic studies,
while providing structural information about static MGL states, offer no direct experimental insight

into the impact of MGL’s membrane association upon its structure–function landscape. We report

application of phospholipid bilayer nanodiscs as biomembrane models with which to evaluate the
effect of a membrane system on the catalytic properties and conformational dynamics of human

MGL (hMGL). Anionic and charge-neutral phospholipid bilayer nanodiscs enhanced hMGL’s kinetic

properties [apparent maximum velocity (Vmax) and substrate affinity (Km)]. Hydrogen exchange
mass spectrometry (HX MS) was used as a conformational analysis method to profile experimen-

tally the extent of hMGL–nanodisc interaction and its impact upon hMGL structure. We provide

evidence that significant regions of hMGL lid-domain helix a4 and neighboring helix a6 interact
with the nanodisc phospholipid bilayer, anchoring hMGL in a more open conformation to facilitate

ligand access to the enzyme’s substrate-binding channel. Covalent modification of membrane-

associated hMGL by the irreversible carbamate inhibitor, AM6580, shielded the active site region,
but did not increase solvent exposure of the lid domain, suggesting that the inactive, carbamylated

enzyme remains intact and membrane associated. Molecular dynamics simulations generated
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conformational models congruent with the open, membrane-associated topology of active and

inhibited, covalently-modified hMGL. Our data indicate that hMGL interaction with a phospholipid
membrane bilayer induces regional changes in the enzyme’s conformation that favor its recruiting

lipophilic substrate/inhibitor from membrane stores to the active site via the lid, resulting in

enhanced hMGL catalytic activity and substrate affinity.

Keywords: conformation; hydrogen exchange; mass spectrometry; phospholipid bilayer nanodisc;

serine hydrolase

Introduction

A member of the a/b serine-hydrolase superfamily,

monoacylglycerol lipase (MGL) is an esterase that

features a characteristic serine (Ser122)–histidine

(His269)–aspartic acid (Asp239) catalytic triad.1 MGL

is primarily responsible for deactivating 2-arachido-

noylglycerol (2-AG), the predominant endocannabi-

noid signaling lipid in the central nervous system,

which is synthesized on-demand from membrane

phospholipid precursors.2,3 Additionally, hydrolysis

of 2-AG by MGL links endocannabinoid and eicosa-

noid signaling circuits by generating arachidonic

acid precursor for biosynthesis of prostaglandins and

other oxygenated lipid mediators.1,4 Since 2-AG acts

as a full agonist capable of activating both principal

7-transmembrane cannabinoid receptors, designated

cannabinoid receptor 1 (CB1R) and cannabinoid re-

ceptor 2 (CB2R), MGL represents a major control

point for 2-AG-mediated cannabinergic transmission

that influences a number of (patho)physiological

processes, from psychobehavioral status to energy

metabolism.5,6 Increased tissue 2-AG levels conse-

quent to pharmacological or genetic MGL ablation

have been associated with preclinical therapeutic

benefit against pain,7,8 inflammation,9,10 neurodege-

nerative disorders,11 psychological stressors,12 nau-

sea/emesis,13 and cancer pathogenesis.14,15 Although

protracted MGL ablation invites functional CB1R

desensitization in rodents,16 the salutary results of

small-molecule, active site-directed MGL inhibitors

in preclinical disease models have helped validate

MGL as a drug target, focusing interest on tempo-

rally tuned human MGL (hMGL) inhibitors as medi-

cines capable of elevating 2-AG tone (and, indirectly,

CB1R transmission) to therapeutic levels with less

risk of inciting the adverse events observed with

systemic application of direct CB1R agonists.17,18

Recent demonstrations that MGL inhibition can

limit arachidonic acid flux into proinflammatory and

tumorigenic eicosanoid pathways suggest the use of

MGL inhibitors for therapeutic purposes against

inflammatory disorders and cancer.10,14,15

Lipases are acyl hydrolases that cleave long-chain

triacylglycerols at the boundary between aqueous and

lipid–substrate phases, and their biocatalysis is acti-

vated at the interface. Interfacial potentiation of lipoly-

sis has been attributed to factors such as increased local

substrate concentration in close proximity to the

enzyme and optimized orientation of scissile triacylglyc-

erol fatty-ester bonds.19 Many lipases feature a lid do-

main that regulates substrate access to the binding

pocket/active site,20 and crystallographic data have sup-

ported inference that lipase structural changes upon

association between the enzyme’s lid region and the

boundary of a lipid matrix also contribute to interfacial

lipase activation. For example, atomic-level analysis of

Rhizomucor miehei lipase has suggested that this

enzyme’s activation-associated conformational change

reflects a hinge-type motion involving displacement of

its lid domain so as to enhance the hydrophobic area for

both enzyme interaction at the lipid interface and sub-

strate binding.21 The mechanism of other lipases

appears to involve more complex motions of multiple

enzyme helices upon association with supramolecular

assemblies containing triacylglycerol substrate.22 Sev-

eral studies have demonstrated that MGL activity is

found at varying proportions between membrane and

soluble tissue subfractions, depending upon cell/tissue

type. In mouse brain, MGL activity is primarily (�90%)

membrane-associated,3 whereas in rat macrophages

and gastrointestinal tract it is enriched in the cyto-

sol.23,24 The enzymatic properties of cytosolic and mem-

brane-associated MGL differ as well; for example, in rat

gastrointestinal tissue, the latter is less sensitive to

pharmacological inhibition.24 These collective data for

both lipases in general and MGL specifically have

invited the hypothesis that, in situ, MGL interacts

reversibly with cell membranes, allowing the enzyme to

extract 2-AG substrate from membrane-associated pools

and into its hydrophobic substrate-binding pocket con-

taining the catalytic triad, thereby facilitating substrate

engagement.1

Recent X-ray analyses of apo and covalently la-

beled hMGL species offer a putative mechanistic ra-

tionale for this hypothesis.25–27 Reminiscent of many

other lipid hydrolases, the (h)MGL active site is

gated by a flexible lid domain positioned to shield

the entrance to the enzyme’s substrate-binding

pocket and thereby regulate substrate access to the

catalytic center. A comparison of the crystal struc-

tures of apo-hMGL and hMGL in complex with a re-

versible inhibitor has supported the view that the

hMGL lid domain also participates in anchoring

the enzyme reversibly to the cell membrane during

the catalytic cycle and in structural rearrangements

upon inhibitor binding, eliciting a shift from an
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“open” apo-enzyme to a “closed,” ligand-bound form

in which the active site is shielded.25,27 In contrast

to this purported mechanism, a crystal structure of

hMGL covalently bound to a serine-reactive carba-

mylating agent displayed an open—not closed—con-

formation.26 Thus, although static representations of

unique states of apo- and liganded-hMGL variants

are available at atomic resolution, ambiguities

remain concerning the structural and functional

ramifications of hMGL-membrane interaction.

In the current study, we have chosen to examine

this issue experimentally by using purified recombi-

nant hMGL and phospholipid bilayer nanodiscs. A

nanodisc is a discoidal form of high density lipopro-

tein composed of a nanometer-sized phospholipid

bilayer surrounded by two a-helical, amphipathic

membrane scaffold proteins (MSPs).28 Nanodiscs

represent a unique, water-soluble biomimetic system

for studying membrane-associated proteins, since

monodisperse nanodiscs do not suffer from the pro-

pensity for aggregation, geometric distortion, and

heterogeneity characteristic of other structured lipid

platforms such as micelles, bicelles, and lipo-

somes.29,30 In conjunction with a nanodisc-hMGL

reconstitution system, we have employed hydrogen

exchange mass spectrometry (HX MS) as an experi-

mental conformational analysis method. The results

were elaborated using molecular dynamics (MD)

simulation to gain insight into membrane influence

on hMGL structure, ligand engagement, and cata-

lytic activity. Peptide-level HX MS involves experi-

mental quantification of protein amide-hydrogen

exchange with heavier deuterium isotope from D2O.

After the exchange at neutral pH is quenched by

acidification, the extent and kinetics of deuteration

in peptide fragments is analyzed and reflects the re-

gional solvent accessibility and hydrogen bonding of

the protein. Both of these parameters serve as a

proxy for protein conformational state and dynam-

ics.31 MD simulation is a computational approach to-

ward modeling protein structure, dynamics, and

interactions.32

We provide data indicating that hMGL interac-

tion with the nanodisc phospholipid bilayer involves

a transition from a solution to a membrane-associ-

ated conformation, as evidenced primarily by struc-

tural changes in the major helical component (helix

a4) of the hMGL lid domain and neighboring regions

(especially helix a6). These conformational changes

may help stabilize an open hMGL conformation at

the membrane–water interface, facilitate hMGL-

ligand (substrate, inhibitor) interaction, and

enhance catalysis. Our results further suggest that

engagement of lipophilic ligand by the hMGL cata-

lytic site involves the ligand’s lateral diffusion

within the membrane bilayer to access the hMGL

substrate-binding channel through the enzyme’s

membrane-associated lid domain.

Results and Discussion

Phospholipid bilayer nanodisc characterization
Nanodiscs are formed through a controlled self-

assembly process from a defined molar ratio of phos-

pholipid micelles in detergent and stabilizing MSPs

to yield monodisperse, nanometer-size discoidal

phospholipid bilayers, each encircled by two MSPs

whose length defines the diameter of the disc.28,33

For this study, purified membrane scaffold protein

1D1 (MSP1D1)28 was mixed with micelles composed

of sodium cholate and either 1-palmitoyl-2-oleoyl-sn-

glycero-3-phosphocholine (POPC) only or a 3:2 molar

ratio of POPC and 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphoglycerol (POPG). From an initial

MSP1D1:phospholipid:sodium cholate molar ratio of

1:78:200, gradual detergent removal was used to

effect component assembly. The resulting nanodiscs,

as isolated by fast protein liquid chromatography

(FPLC) on a calibrated size-exclusion column, evi-

denced the expected28,34 Stokes hydrodynamic diam-

eter of �10 nm [Supporting Information Fig. S1(a),

red] and by sodium dodecyl sulfate-polyacrylamide

gel electrophoresis (SDS-PAGE) contained MSP1D1

as the sole protein component [Supporting Informa-

tion Fig. S1(b)], substantiating the purity and integ-

rity of our nanodisc preparation.

Phospholipid bilayer nanodiscs enhance hMGL
catalytic activity and substrate affinity

Diacylphosphoglycerides such as POPC and POPG

are not MGL substrates,1,4 and the charged head

groups of bilayer phospholipids typically endow the

surface of biological membranes with a net negative

charge.35 These considerations, along with MGL’s

membrane association in various tissues,3,23,24 led

us to examine initially whether anionic phospholipid

bilayer nanodiscs containing a 3:2 POPC:POPG

molar ratio might influence the kinetic properties of

hMGL, the recombinant enzyme expressed and puri-

fied as previously detailed by this laboratory.36

As compared to hMGL in aqueous Tris buffer,

the presence of POPC/POPG nanodiscs enhanced by

�2.5-fold the enzyme’s apparent affinity (Km) for the

fluorogenic reporter substrate, arachidonoyl 7-

hydroxy-6-methoxy-4-methylcoumarin ester (AHM

MCE),36,37 and increased by approximately threefold

the enzyme’s apparent rate of hydrolysis (Vmax) of

this substrate (Table I). The POPC/POPG nanodiscs

elicited a similar enhancement of hMGL kinetic

properties for hydrolysis of the enzyme’s natural

endocananbinoid substrate, 2-AG (Table I). Nanodisc

enhancement of hMGL substrate turnover and affin-

ity was independent of phospholipid bilayer charge,

since charge-neutral POPC bilayer nanodiscs

decreased hMGL Km and increased the enzyme’s

Vmax to extents comparable to the effect of anionic

POPC/POPG nanodiscs (Table I). Although the
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nonionic surfactant Triton X-100 can serve as a

hydrophobic phase that helps solubilize both lipases

and their triacylglycerol substrates to elicit apparent

lipase activation,38 we found that Triton X-100 at a

final concentration of 0.5 mM (i.e., approximately

twofold its critical micelle concentration38) did not

affect hMGL substrate affinity and increased hMGL

substrate turnover by �1.5-fold relative to the

enzyme in buffer alone (Table I). Thus, Triton X-100

micelles affected hMGL’s Vmax only modestly as com-

pared to the enhanced effect of either negatively

charged or charge-neutral phospholipid bilayer

nanodiscs on both hMGL Km and Vmax.

The coincident enhancement of hMGL activity

and substrate affinity induced by phospholipid

bilayer nanodiscs suggests that these biomembrane

mimetics facilitate hMGL interaction with

AHMMCE or 2-AG in a manner distinct from merely

serving as a solubilization depot for hydrophobic

substrate, since quantitatively parallel effects in

hMGL kinetic properties were not induced by deter-

gent micelles. From the observation that both ani-

onic and charge-neutral nanodiscs enhanced hMGL

activity and substrate affinity (Table I), it is tempt-

ing to hypothesize that hydrophobic interactions

between the structured nanodisc phospholipid

bilayer and hMGL may form and establish an inter-

facial microenvironment that enhances hMGL ki-

netic properties and facilitates AHMMCE/2-AG

diffusion from the membrane into the enzyme’s

open, hydrophobic substrate-binding pocket.

hMGL interacts with phospholipid bilayer
nanodiscs

Our hypothesis that a hydrophobic association

between hMGL and phospholipid bilayer nanodiscs

enhances the enzyme’s kinetic properties accords

with the concept that physical interaction between

the hydrophobic lid region of lipases with an a/b hy-

drolase fold and their lipid-phase substrates helps

govern lipase catalysis by influencing substrate sup-

ply/accessibility, orientation, and partitioning from

the lipid phase to the enzyme’s substrate-binding

pocket.19,39 The paradigm for interfacial effects on

lipase activity encompasses conformational rear-

rangement of the enzyme’s lid domain as a mecha-

nism for gating substrate access to the active site.20

These concepts led us to probe experimentally

whether hMGL associates with the nanodiscs. For

this purpose, we analyzed the POPC/POPG nano-

disc, hMGL preparations and an hMGL–nanodisc

mixture by size-exclusion FPLC. The results demon-

strate that two distinct nanodisc-containing popula-

tions with similar, but differentiable, Stokes

hydrodynamic diameters are resolvable from free

hMGL [Supporting Information Fig. S1(a), green],

whereas the hMGL–nanodisc mixture [Supporting

Information Fig. S1(a), black] evidences a mean

Stokes diameter greater than the nanodiscs alone

[Supporting Information Fig. S1(a), red]. Only the

hMGL–nanodisc mixture contained both MSP1D1

and hMGL protein [Supporting Information Fig.

S1(b)]. These data offer provisional evidence that

hMGL associates with nanodiscs to form hMGL–

nanodisc complexes having a mean Stokes diameter

greater than either the enzyme or the unassociated

nanodiscs.

hMGL interaction with nanodiscs modifies

enzyme regional conformation

We next investigated experimentally whether phos-

pholipid bilayer nanodiscs influence hMGL confor-

mation in the two regions of a/b lipid hydrolases

most critical for substrate interaction and turnover:

the lid and the substrate-binding pocket/active site

domains.19,20,39 For this purpose, we used HX MS to

Table I. Kinetic Parameters for Hydrolysis of AHMMCE and 2-AG by hMGL in the Presence and Absence of
Detergent or Phospholipid Bilayer Nanodiscs

Substrate

AHMMCE 2-AG

Incubation conditions Km (lM) Vmax (lM/min/mg) Km (lM) Vmax (lM/min/lg)

Buffer 18.3 6 2.8 191.4 6 10.5 41.9 6 5.9 28.3 6 1.1
Buffer 1 POPC/POPG nanodiscs 7.5 61.8a 565.4 6 52c 11.9 6 1.8c 57.3 6 3.2c

Buffer 1 POPC nanodiscs 7.9 6 2c 590 6 45a n.d. n.d.
Buffer 1 Triton X-100 18.3 6 4 295 6 37.2a n.d. n.d.

For AHMMCE substrate, buffer was 50 mM Tris–HCl, pH 7.4. For 2-AG substrate, TME buffer (25 mM Tris base, 5 mM
MgCl2, and 1 mM EDTA, pH 7.4) was used. Apparent Km and Vmax values are the mean 6 SD for triplicate determinations
across three independent enzyme preparations. Statistical significance of group-mean differences was evaluated by a two-
sample independent t-test, the significance level set at P�0.05. n.d., not determined.
a P�0.01 versus buffer.
b P�0.02 versus buffer 1 Triton X-100.
c P�0.001 versus buffer.
d P�0.002 versus buffer 1 Triton X-100.

Nasr et al. PROTEIN SCIENCE VOL 22:774—787 777



compare the kinetics with which these hMGL

regions exchange amide hydrogens for heavier deu-

terium isotope (i.e., the degree of solvent accessibil-

ity) when the intact, functional enzyme is incubated

in D2O medium in the presence or absence of POPC/

POPG nanodiscs. Deuterium uptake into hMGL was

performed over incubation periods from 10 s to 4 h,

at which times the labeling reaction was quenched.

Pepsin hydrolysates were then generated and ana-

lyzed by MS to determine the extent of hMGL deut-

eration in peptides within the enzyme’s lid domain

and substrate-binding pocket. At a given pH and

temperature, deuteration rate is modulated by pro-

tein conformational properties: rapid deuterium

exchange is characteristic of more disordered, sol-

vent-exposed protein regions. Conversely, slower,

limited exchange indicates a more compact, hydro-

gen-bonded and solvent-shielded protein state.31 The

difference between deuterium incorporation into

hMGL peptides in the absence or presence of phos-

pholipid bilayer nanodiscs serves as proxy for nano-

disc structural impact on the enzyme. Since peptide-

level HX MS readout is based on the masses of pep-

tides assignable to the protein under study (here,

hMGL),31 the presence of MSP1D1 in some hMGL

samples did not interfere with HX MS analysis of

the enzyme itself.

Supporting Information Table SI lists the com-

mon peptic peptides identified through electrospray

ionization-MS/MS from three independent hMGL

preparations for enzyme in the absence or presence

of nanodiscs, along with the maximum possible deu-

terium incorporation for each respective peptide.

This subfamily includes peptic peptides representing

the hMGL lid and substrate binding-pocket/active

site domains that are the focus of the current study.

Specifically, residues 101–137 (designated for 6-

His-hMGL) have been localized to the bottom of the

substrate-binding pocket and encompass the cata-

lytic-triad serine.25,26 Residues 158–191 span what

has been considered apo-hMGL’s lid region, with res-

idues 166–178 encompassing helix a4, which is

flanked by residues 158–165 (leading from sheet b6

into helix a4) and residues 182–191 (loop conjoining

helices a4 and a5).25,26 Residues 217–223 encompass

helix a6 which, along with residues 224–241, are in

the vicinity of the active site.25,26

The peptide-level HX MS results for the hMGL

lid domain and substrate-binding pocket/active site

region are plotted in Figure 1(a), and the peptides

considered are highlighted in the wild-type hMGL

structure representation [protein data bank (PDB)

ID: 3JW8]26 in Figure 1(b). The limited, gradual

deuteration of peptides 101–125 and 126–137 indi-

cates that the distal region of the substrate binding

pocket containing catalytic Ser129 maintains only

modest solvent exposure whether nanodiscs are

present or not and is likely a stable structural

element of the enzyme without significant breath-

ing/unfolding motions. Peptide 224–241 was likewise

shielded from solvent, but appeared somewhat

dynamic, since it acquired significant deuterium

over time to become labeled to 46% of maximum by

10 min, regardless of the presence of nanodiscs.

Deuterium uptake into hMGL lid-domain peptides

158–166, 166–178, and 182–191 was extremely

rapid, indicative of high solvent exposure. Within

the lid domain, however, deuteration of helix a4

(i.e., peptide 166–178) was markedly suppressed

before 10 min in the presence of nanodiscs and

increased thereafter to parallel the peptide’s deute-

rium uptake in the absence of nanodiscs. Yet the

deuterium exchange in hMGL peptides 158–166 and

182–191 flanking helix a4 was unaffected by the

nanodiscs. A nanodisc-induced suppression of deute-

rium uptake into peptide 217–223 (i.e., helix a6)

was also evident with an even more protracted

approach to maximal deuteration than was observed

for the influence of nanodiscs on lid-domain helix

a4. Especially as compared to hMGL helices a4 and

a6, the relatively modest deuterium uptake by other

hMGL peptic peptides identified was unaffected by

phospholipid bilayer nanodiscs (data not shown).

This latter observation is consistent with the or-

dered, shielded nature of the core of eukaryotic a/b-

hydrolases across species,40 a characteristic shared

by apo-hMGL, as evident in a refined homology

model of the enzyme41 and the finding that wild-

type apo-hMGL and unliganded variants crystalize

as compact globular proteins.25,26

The nanodisc-induced suppression of deuterium

uptake by hMGL helix-a4 peptide 166–178 along

with the nanodisc’s enhancement of hMGL reaction

velocity and substrate affinity suggest that this

region of the enzyme’s lid domain associates with

the nanodisc phospholipid bilayer, the interaction

serving both to shield this lid region from solvent

and facilitate access of hydrophobic lipid substrate

to the enzyme’s lid-gated ligand-binding pocket. By

analogy with other lipases,20 it has been speculated

that, in situ, hMGL substrate diffuses into the

enzyme’s binding site from a biomembrane pool by

virtue of hMGL-membrane association.1,3,4,25–27 To

the authors’ best knowledge, the present study pro-

vides the first experimental evidence supporting

such a mechanism for hMGL. As observed for hMGL

helix-a4 peptide 166–178, nanodiscs also acutely

suppressed deuteration of helix-a6 peptide 217–223

localized nearer to the active site,25,26 suggesting

that hMGL interaction with the nanodisc phospho-

lipid bilayer hinders the solvent accessibility of this

enzyme region as well. Interaction of the phospho-

lipid bilayer with hMGL may also be appreciated

from the less dynamic and more protected nature of

peptide 224–241 in the active site region (as indi-

cated by its attenuated deuterium uptake) in the
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Figure 1. Localization of comformational changes in hMGL induced by phospholipid bilayer nanodiscs. (a) Deuterium incorpo-

ration curves derived from HX mass spectra for the peptides generated from hMGL pepsin digestion and designated by their

amino acid residue numbers in 6-His-hMGL. Relative deuterium incorporation (Da) is plotted versus time of hMGL incubation in

D2O in the absence (blue lines, ) or presence (red lines, ) of POPC/POPG bilayer nanodiscs. The maximum amount of deute-

rium incorporation possible for each respective peptide is designated on the y-axis of each kinetic plot. Data were obtained

through peptide level HX MS analysis of hMGL. The error of peptide HX MS mesurements with this experimental setup was

60.50 Da, as determined by replicate analysis of peptide standards in prior HX MS work with this instrumentation.51,52 (b) The

hMGL peptides for which deuterium uptake curves are presented in panel (a), above, are highlighted (orange) in the wild-type

hMGL structure representation derived from PDB ID: 3JW8.26 Residue designations in red type correspond to 6-His-hMGL.

Nasr et al. PROTEIN SCIENCE VOL 22:774—787 779



presence of nanodiscs. Collectively, these data indi-

cate that hMGL association with phospholipid

bilayer nanodiscs influences regional hMGL confor-

mation within the enzyme’s lid domain and in the

vicinity of its active site.

Covalent hMGL inhibitor modulates enzyme

conformation in the presence of nanodiscs
Potent MGL inhibitors share intrinsic lipophilicity

with both hMGL endocannabinoid substrate, 2-AG,

and reporter substrate, AHMMCE.1,4,5,8,9,14,17,18,42 In

light of our demonstration that phospholipid bilayer

nanodiscs enhance hMGL kinetic properties and

induce enzyme lid-domain and active site conforma-

tional changes consonant with hMGL–nanodisc asso-

ciation, we used HX MS to determine the potential

influence of a small-molecule inhibitor on these

hMGL regions in the presence of POPC/POPG nano-

discs. For this purpose, we selected AM6580 [Fig.

2(a)] as being representative of the principal class of

covalent hMGL inhibitors, agents with the potential

to carbamylate the enzyme’s catalytic serine.1,18 We

previously demonstrated that AM6580 inhibits

hMGL with nanomolar potency37 and now provide

evidence from matrix-assisted laser desorption ioni-

zation-time of flight (MALDI-TOF/TOF) MS to sub-

stantiate that AM6580’s fluorenyl piperazine moiety

covalently modifies hMGL catalytic Ser129, resulting

in the expected hMGL mass increase of 277 Da

(Supporting Information Fig. S2).

In the presence of phospholipid bilayer nano-

discs, carbamylation of hMGL Ser129 by AM6580 sig-

nificantly reduced deuterium uptake in the vicinity

of the enzyme’s active site [i.e., peptides 217–223

(helix-a6), 224–240, and 242–256 (from sheet b7 to

helix a7 and including catalytic-triad aspartic

acid)]25,26 [Fig. 2(b)]. Interaction between the

AM6580-derived fluorenyl moiety and hydrophobic

residues in carbamylated hMGL may be responsible

for shielding helix-a6 peptide 217–223, as suggested

by docking the fluorenyl piprazine moiety from

AM6580 into the active site of the hMGL structure

representation PDB ID: 3JWE26 [Fig. 2(c)]. The fluo-

renyl piprazine group covalently attached to hMGL

Ser129 may also render the enzyme’s active site

region more rigid and less dynamic. In contrast,

AM6580 did not influence deuterium uptake into

hMGL peptides either at the bottom of the enzyme’s

substrate-binding pocket and encompassing the cata-

lytic-triad serine (i.e., peptides 101–125 and 126–

137) or within the hMGL lid domain [i.e., peptides

158–166, 166–178, and 182–191; Fig. 2(b)]. The lack

of effect of nanodiscs on deuterium uptake by the

helix-a4 lid peptide (residues 166–178) whether

hMGL was inhibited or not suggests that AM6580

enters the enzyme’s substrate-binding pocket from

the nanodisc phospholipid bilayer via the mem-

brane-associated lid, the inhibited enzyme itself

remaining associated with the nanodisc in an open

conformation.

MD simulations predict hMGL interaction

topology with nanodiscs
As a computational approach for characterizing fur-

ther the conformational impact of hMGL membrane

interaction, we next performed MD simulations with

POPC/POPG nanodiscs and hMGL modeled from

the X-ray structure of wild-type hMGL (PDB ID:

3JW8)26 in an open conformation. Following 10 ns of

MD simulation, significant components of the hMGL

lid region were found to interact with the nanodisc

phospholipid bilayer. Lid-domain helix a4 penetrated

into the phospholipid bilayer, whereas helix a6 in

the vicinity of the lid and closer to the active site

evidenced a less intimate membrane association,

whether the enzyme was in its unliganded apo form

[Fig. 3(a)] or carbamylated by inhibitor AM6580

[Fig. 3(b)].

Based on Ca positions, superposition of the

starting hMGL model (PDB ID: 3JW8)26 with hMGL

after 10 ns of MD simulations revealed that the ma-

jority of Ca atoms were indeed superimposable,

whereas helices a4 and a6 displayed large variations

after 10 ns simulations [Fig. 4(a)]. Helix a4 rotated

31� counterclockwise in the same plane away from

the hMGL active site opening, resulting in the helix

a4 ends being separated by a distance of 5.5 Å [Fig.

4(b)]. Helix a4 rotation was accompanied by simulta-

neous motion of the loop region connecting helices

a4 and a5 (residues 177–192).25,26 In particular, res-

idues Leu179 and Ile182 shifted and were present as

different rotamers, substantially altering the hMGL

active site conformation. Helix a6 rotated 22� coun-

terclockwise in the same plane away from the active

site. The net results of these collective conforma-

tional changes are increased opening of the hMGL

substrate-binding pocket and enhanced active site

accessibility. Although the 10-ms timescale used in

our MD simulations is relatively brief and may not

sample fully the dynamics of, especially, integral-

membrane proteins such as transporters, ion chan-

nels, and seven transmembrane receptors,43 the

computational data support our experimental obser-

vations of functionally relevant hMGL membrane

interactions and local motions involving helices a4

and a6 and the loop conjoining helices a4 and a5.

Conclusions
Crystallographic analyses of various apo and

liganded hMGL variants25–27 have furnished atomic-

level structural detail on a few static conformational

states of an enzyme that has garnered intense inter-

est as a therapeutic target.1,5,17,18 Despite documen-

tation that MGL exists in situ as a membrane-

associated enzyme3,23,24 and observations that lipase

association with supramolecular lipid assemblies
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Figure 2. Localization of conformational changes in hMGL induced through active-site Ser carbamylation by the covalent inhib-

itor, AM6580. (a) Structure of AM6580. (b) Deuterium incorporation curves derived from HX mass spectra for peptides gener-

ated from hMGL pepsin digestion and designated by their amino acid residue numbers in 6-His-hMGL. Relative deuterium

incorporation (Da) is plotted versus time of hMGL incubation in D2O in the presence of POPC/POPG phospholipid bilayer nano-

discs and without (red lines, ) or with (green lines, ) AM6580. The maximum amount of deuterium incorporation possible for

each respective peptide is designated on the y-axis of each kinetic plot. Data were obtained through peptide-based HX MS

analysis. The error of peptide HX MS mesurements with this experimental setup was 60.50 Da, as determined by replicate

analysis of peptide standards in prior HX MS work with this instrumentation.51,52 (c) Schematic depicting the docking of the

AM6580-derived fluorenyl piprazine group covalently attached to hMGL active-site Ser122 (i.e., Ser129 for 6-His-hMGL) in a por-

tion of the hMGL structure representation derived from PDB ID: 3JW8.26 Helix-a6 peptide 217–223 (orange) is shielded by the

carbamylating-group modification at Ser122.



activates these enzymes,19,20 direct experimental in-

formation regarding the potential influence of mem-

brane association on hMGL molecular properties is

lacking. Our biochemical, HX MS, and computa-

tional analyses of the impact of a well-recognized

biomembrane mimetic, the phosphoplipid bilayer

nanodisc, on hMGL kinetic properties and conforma-

tion constitute the first detailed study to address

this subject. The collective data provide evidence

that subdomains within and proximal to the hMGL

lid region associate intimately with the membrane

phospholipid bilayer through hydrophobic interac-

tion, creating an interfacial microenvironment that

enhances the enzyme’s kinetic properties. Our HX

MS and MD simulation data indicate that the pro-

cess of hMGL membrane association involves hMGL

Figure 3. MD simulation of hMGL interaction with membrane phospholipid bilayer. Snapshots of hMGL (structure derived from

PDB ID: 3JW8)26 with a phospholipid bilayer membrane of the same composition as in the experimental nanodiscs (POPC:

POPG, 3:2 molar ratio) after 10 ns of MD simulation. The enzyme is depicted: (a) unliganded as apo-hMGL and (b) occupied

with carbamylating inhibitor, AM6580, in the active site. Helix a4 in the lid domain and nearby helix alpha 6 are depicted in red,

and AM6580 (b) is highlighted within the green oval and depicted in green.

Figure 4. Schematic superposition of the X-ray structure of hMGL (cyan, PDB ID: 3JW8)26 and the model of hMGL obtained af-

ter 10 ns of MD simulation at a water/phospholipid interface (gray). (a) Side view of hMGL; (b) top view of hMGL rotated 90� as

indicated from the orientation in (a). The structures are virtually identical, except for helices a4 and a6 and the loop region from

amino acid residues 177–192 connecting helices a4 and a5. The movements of helices a4 and a6 induced by a phospholipid

bilayer (POPC:POPG, 3:2 molar ratio) are indicated by red arrows and red numerals specifying the extent of movement. Active

site Ser122 (i.e., Ser129 for 6-His-hMGL) is highlighted.
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lid-domain helix a4 and, somewhat more distally, he-

lix a6 and is accompanied by dynamic regional alter-

ations in the conformation of these helices and the

enzyme’s active site region that would help stabilize

an open hMGL conformation at the lipid/water

boundary receptive to substrate/inhibitor partition-

ing from the membrane bilayer and into the

enzyme’s substrate-binding pocket. The shielding of

select hMGL regions in proximity to the active site

upon Ser129 carbamylation by AM6580 demonstrates

directly that considerable conformational plasticity

is associated with the enzyme’s active site region in

response to covalent inhibitors. Our data suggest a

mechanism of hMGL–substrate/inhibitor interaction

according to which the ligand diffuses laterally

within the membrane bilayer and accesses the

hMGL binding pocket by entering through the

enzyme’s lid, which is in close continuity with the

nanodisc membrane. The results are also in-line

with an earlier publication from our laboratory in

which we proposed that hydrophobic ligands gain

access to the cannabinoid-receptor binding domain

by a lateral diffusion process within a bilayer mem-

brane system.44 The emergence of covalent enzyme

inhibitors as potential drug candidates for various

diseases45 and the identification of serine-reactive

carbamylating agents as the lead chemical class of

hMGL inhibitors1,18 make our observations particu-

larly relevant to the design and targeting of hMGL

inhibitors as potential medications. More generally,

the present study demonstrates the suitability of

peptide-level HX MS combined with nanodisc tech-

nology for investigating the structure–function cor-

relates of enzyme–membrane interaction.

Materials and Methods

Materials
SDS-PAGE supplies, SM-2 biobeads, and Bio Spin

columns were purchased from Bio-Rad (Hercules,

CA). MS-grade trypsin (Trypsin Gold) was from

Promega (Madison, WI). AM6580 and AHMMCE

were synthesized at the Center for Drug Discovery,

Northeastern University (Boston, MA) by standard

routes. High-performance liquid chromatography

(HPLC) grade acetonitrile, ethylenediaminetetraace-

tic acid (EDTA) (99%), and 85% phosphoric acid

were purchased from Fisher Scientific (Pittsburgh,

PA). Arachidonic acid was from Nu-Check Prep (Ely-

sian, MN), and 2-AG was a generous gift from the

National Institute on Drug Abuse (Bethesda, MD).

Fatty acid-free bovine serum albumin, magnesium

chloride tetrahydrate, and Trizma base were pur-

chased from Sigma-Aldrich (St. Louis, MO). The

plasmid expressing MSP1D1 was from Add Gene

(Cambridge, MA). POPC and POPG were purchased

from Avanti Polar Lipids (Alabaster, AL) as stock

solutions in chloroform. 1,2-Deuterium oxide (>99%)

was purchased from Cambridge Isotope Laboratories

(Andover, MA).

Purification of recombinant wild-type hMGL

Recombinant 6-His-tagged, wild-type human hMGL

was expressed in Escherichia coli and purified by

cobalt affinity chromatography, as previously

detailed.36 Chromatographic fractions were pooled

and dialyzed against 50 mM Tris–HCl, pH 8.0, con-

taining 100 mM NaCl, and protein concentration

was estimated by absorbance at 280 nm. Purity was

monitored by SDS-PAGE.

MSP1D1 purification

MSP1D1 was expressed and purified as

described.46,47 The protein was isolated by cobalt af-

finity chromatography, and purity was monitored by

SDS-PAGE. Fractions containing MSP1D1 were

pooled and dialyzed against 20 mM Tris–HCl, pH

7.4, containing 100 mM NaCl, 0.5 mM EDTA, and

0.01% NaN3. Protein concentration was estimated

by absorbance at 280 nm.

Nanodisc self-assembly and isolation

Purified MSP1D1 in 20 mM Tris–HCl, pH 7.4, con-

taining 100 mM NaCl, 0.5 mM EDTA, and 0.01%

NaN3 was added to a solubilized mixture of either

POPC/sodium cholate or POPC-POPG (3:2 molar ra-

tio)/sodium cholate, and the final molar ratio was

adjusted to 1:78:200 (MSP1D1:phospholipid:sodium

cholate). The mixture was incubated for 1 h on ice,

and cholate detergent was removed during a gentle

10-h rotation with SM-2 biobeads at 4�C. Nanodiscs

were purified by size-exclusion chromatography with

an Amersham-Pharmacia €AKTA FPLC Protein Puri-

fier System (GE Healthcare Life Sciences, Pitts-

burgh, PA) on a Superdex 200 10/300 column eluted

with 20 mM Tris–HCl, pH 7.4, containing 100 mM

NaCl and 0.5 mM EDTA at 0.5 mL/min. Column elu-

ate absorbance was monitored at 280 nm, and SDS-

PAGE was used to evaluate the purity of the nano-

disc-containing fractions. FPLC fractions containing

purified nanodiscs were collected and concentrated

for experimental use. Nanodisc concentration was

calculated form the absorbance at 280 nm and the

MS1D1 molar extinction coefficient, accounting for

two MSP1D1 molecules per disc.

FPLC analysis of nanodiscs incubated with

hMGL

Purified, detergent-free hMGL was incubated with

purified nanodiscs for 30 min at room temperature

at an hMGL:nanodisc molar ratio of 1:2. Samples of

hMGL alone and the hMGL–nanodisc coincubation

were analyzed by FPLC as detailed above for

nanodiscs.
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Determination of hMGL kinetic properties

Kinetic constants for hMGL were determined by

measuring the hydrolysis of either natural substrate

(2-AG) or fluorogenic reporter substrate (AHMMCE)

with methods adapted from our prior work.36 In

brief, 2-AG at varying concentrations (10–400 lM)

was incubated at 37�C with either 2.9 nM hMGL

alone or 2.9 nM hMGL with nanodiscs at an

MGL:nanodisc molar ratio of 1:2 in TME buffer (25

mM Tris base, 5 mM MgCl2, and 1 mM EDTA, pH

7.4) in a total reaction volume of 300 lL. Reaction

samples (50 lL) were taken immediately at the start

of the incubation and after 4 min, diluted 1:2 by vol-

ume with acetonitrile, and centrifuged at 20,000g for

5 min at 4�C. A 20-lL aliquot of each supernatant

was subjected to reverse-phase HPLC on an Agilent

Zorbax XDB-C18 column (4.6 mm 3 150 mm, 3.5

mm; Agilent Technologies, Santa Clara, CA). Mobile

phase A was 100% acetonitrile, and mobile phase B

consisted of 8.5% aqueous phosphoric acid/acetoni-

trile (60:40, v/v) with the following gradient at a

flow rate of 1 mL/min: 100% mobile phase B for 2

min, 5% mobile phase B for 5 min, 100% mobile

phase B for 1 min followed by a 5-min injection

delay. In an 8-min run, 2-AG was eluted at 4.2 min,

and arachidonic acid at 5.0 min, allowing the reac-

tion to be followed by either substrate utilization or

product formation.

A fluorogenic hMGL assay based upon the con-

version of AHMMCE reporter substrate to coumarin

fluorophore was conducted as described.36 Reaction

samples at room temperature included various con-

centrations of AHMMCE incubated with either 2.9

nM hMGL alone, 2.9 nM hMGL with 0.5 mM Triton

X-100, or 2.9 nM hMGL with 5.8 nM nanodiscs in

50 mM Tris–HCl buffer, pH 7.4, at a reaction volume

of 200 lL. Fluorescence readings at 360 nm/460 nm

(kexcitation/kemission) were taken every 15 min for up to

2 h, and relative fluorescence units were converted

to the amount of coumarin flurophore formed based

upon a coumarin standard curve.

Michaelis–Menten kinetic parameters were

derived with Prism software (GraphPad, San Diego,

CA). Apparent Km and Vmax values are the mean-

6 standard deviation (SD) for triplicate determina-

tions across three independent enzyme preparations.

Statistical significance of group-mean differences

was evaluated by a two-sample independent t-test,

the significance level set at P�0.05.

Peptide-level HX MS analysis

Continuous labeling hydrogen-deuterium exchange

experiments48 were initiated by diluting 10-fold 12

lL of an hMGL–nanodisc mixture (5 lM hMGL and

10 lM nanodiscs) into 99% D2O buffer (50 mM Tris–

HCl containing 100 mM NaCl, pD 7.6) at room tem-

perature. For inhibited enzyme samples, AM6580

was added to the hMGL–nanodisc mixture at an

inhibitor:hMGL molar ratio of 5:1 and was incu-

bated for 1 h at room temperature prior to dilution

into D2O buffer. At selected times ranging from 10 s

to 4 h after the introduction of D2O, samples of the

exchange reaction were taken and immediately

quenched by acidifying to pH 2.5 with formic acid

and placed on ice to limit back exchange.49 After

quenching, nanodiscs were rapidly disassembled

with the addition of ice-cold sodium cholate in a 25:1

molar ratio of sodium cholate:nanodisc phospho-

lipid.50 Porcine pepsin (1.2 lL of a 10 mg/mL stock

solution) was added to digest the sample during a 5-

min incubation on ice. In the last minute of diges-

tion, ZrO2 beads were added to the digestion mix-

ture to facilitate phospholipid removal. The sample

was filtered through a prechilled, 0.45-lm cellulose

acetate membrane by centrifugation at 18,000g and

4�C for 1 min to trap both the pepsin and ZrO2

beads. The flow through was injected without delay

into a precolumn trap (Waters VanGuard C18, 2.1

mm 3 5 mm, 1.7 lm) and desalted with 0.05% for-

mic acid in water for 5 min. The trap was placed in-

line with a second identical precolumn directly con-

nected to the analytical column (Waters BEH C18,

1.0 mm 3 100 mm, 1.7 lm). HX data were acquired

on a Waters nanoAcquity UPLC with HDX Technol-

ogy. Peptides originating from hMGL pepsinolysis

were identified from triplicate analyses of undeuter-

ated control enzyme samples using Waters Protein-

Lynx Global Server 2.4. All reported peptide-based

HX MS data were derived from triplicate hMGL

preparations, each analyzed in triplicate. The error

of peptide HX MS measurements was 60.50, as

determined by replicate analyses of peptide standard

and prior HX MS data from this experimental

setup.51,52

MALDI-TOF/TOF MS analysis of hMGL covalent

modification by AM6580

Purified hMGL was incubated with AM6580 (molar

ratio 1:5, enzyme:inhibitor) at room temperature for

1 h, at which time the enzyme was verified by direct

biochemical assay to be inhibited (above). The incu-

bation was terminated by desalting using a Bio-Spin

6 column and 25 mM ammonium bicarbonate buffer,

pH 8.0, containing 0.05% CYMAL. The desalted

enzyme sample was digested overnight with 200 ng

Trypsin Gold. Equal volumes of the trypic digest and

a-cyano-4-hydroxycinnamic acid matrix (5 mg/mL in

aqueous 50% acetonitrile–0.1% trifluoroacetic acid;

0.5 lL each) were cocrystallized. MS characteriza-

tion of hMGL covalent modification by AM6580 were

acquired on a 4800 MALDI-TOF/TOF mass spec-

trometer (Applied Biosystems, Framingham, MA) fit-

ted with a 200-Hz solid-state ultraviolet laser

(wavelength 355 nm) from samples spotted on Opti-

TOF 384-well plate inserts.
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Computational methods

MD simulation setup. A 128-lipid, racemic POPG

bilayer neutralized with 128 Na1 counterions and

hydrated with 3527 water molecules was used as

the basis of a POPC/POPG bilayer.53 All water mole-

cules and ions were removed. Since the experimen-

tal nanodisc contained POPC and L-POPG in a 3:2

molar ratio, all D-POPG and 11 L-POPG lipid mole-

cules were replaced with POPC, and three L-POPG

lipid molecules were removed. This resulted in a

phospholipid bilayer containing 75 POPC and 50 L-

POPG lipid molecules, which was solvated with

4270 water molecules and neutralized with 50 Na1

counterions. The system was fully minimized with

steepest descent, and 40 ns of unrestrained MD

were then performed to produce a fully solvated,

fully equilibrated POPC/POPG bilayer (simulation

procedure below). The potential energy reached a

stable plateau after 3 ns. After 10 ns, the area of the

xy plane per lipid fluctuated around 69.7 Å2, a value

within the experimental range for POPC (63.0–68.3

Å2) and probable range for POPG (64–70 Å2).53,54

Two simulation systems were established: one with

unliganded, wild-type hMGL (PDB ID: 3JW8),26 the

other with hMGL covalently carbamylated by

AM6580. The carbamylating moiety of AM6580 was

docked to wild-type hMGL (PDB ID: 3JWE)26 using

Glide at the XP level,55 and a covalent bond was

made between this moiety and catalytic Ser122 (i.e.,

Ser129 for the 6-His-hMGL). To enable MD simula-

tion of a covalently bound ligand, a custom residue

was defined as Ser122 carbamylated by AM6580 and

was parameterized.56

MD simulation procedure. Unmodified and

AM6580-carbamylated hMGL were placed with the

enzyme’s lid domain partially embedded in the

POPC/POPG bilayer, as given by the “Orientations

of Proteins in Membranes” database.57,58 Any lipid

or water molecules clashing with the enzyme were

removed. The system was made electrically neutral

and minimized with steepest descents to relax

unfavorable intermolecular contacts. To stabilize the

lipid environment during production dynamics,

equilibration MD was performed for 2 ns, with all

heavy atoms in the protein positionally restrained

with a force constant of 1000 kJ/mol/nm. Uncon-

strained production MD was performed for 10 ns on

each system. All MD simulations were performed in

the NPT (isothermal–isobaric) ensemble with peri-

odic boundary conditions. A temperature of 300 K

was maintained with time constant 0.1 ps by an

extension of the Berendsen thermostat to which a

properly constructed random force was added.59

Semi-isotropic pressure coupling was used, with the

reference pressure set at 1.0 bar and time constant

at 5 ps. Coulomb and short-range neighbor list

cutoffs were both set to 0.9 nm, and Lennard-Jones

cutoffs were set to 1.2 nm. The electrostatic interac-

tions were computed using the Particle-Mesh Ewald

method with an interpolation order of 4 and a maxi-

mum grid spacing of 0.12 nm.60,61 A time step of 2 fs

was used, and pair lists were updated every 10

steps. The LINCS algorithm62 was employed to pre-

serve bond lengths. The simple point charge water

model63 was used in all simulations. The simulations

were carried out with the GROMACS program, ver-

sion 4.5.5, using the GROMOS96 53a6 force

field.53,64,65
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