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ABSTRACT: Human monoacylglycerol lipase (hMGL) regulates endocannabinoid
signaling primarily by deactivating the lipid messenger 2-arachidonoylglycerol. Agents
that carbamylate hMGLs catalytic Ser122 constitute a leading class of therapeutically
promising hMGL inhibitors. We have applied peptide-level hydrogen/deuterium exchange
mass spectrometry to characterize hMGL’s conformational responses to two potent
carbamylating inhibitors, AM6580 (irreversible) and AM6701 (slowly reversible). A
dynamic, solvent-exposed lid domain is characteristic of hMGL’s solution conformation.
Both hMGL inhibitors restricted backbone enzyme motility in the active-site region and
increased substrate binding-pocket solvent exposure. Covalent reaction of AM6580 with
hMGL generates a bulkier carbamylated Ser122 residue as compared to the more discrete
Ser122 modification by AM6701, a difference reflected in AM6580’s more pronounced
effect upon hMGL conformation. We demonstrate that structurally distinct carbamylating
hMGL inhibitors generate particular conformational ensembles characterized by region-
specific hMGL dynamics. By demonstrating the distinctive influences of two hMGL
inhibitors on enzyme conformation, this study furthers our understanding at the molecular level of the dynamic features of
hMGL interaction with small-molecule ligands.

The endocannabinoid system is a ubiquitous signaling
network involved in numerous (patho)physiological

processes including metabolic control, emotional reactivity,
pain sensing, and inflammation.1 Cannabinergic signaling in the
mammalian central nervous system (CNS) mainly reflects the
full-agonist action of the endogenous lipid mediator, 2-
arachidonoylglycerol (2-AG), at the cannabinoid 1 G-protein
coupled receptor (CB1R).2 As the serine hydrolase mainly
responsible for catalytic 2-AG deactivation in vivo, mono-
acylglycerol lipase (EC 3.1.1.23) (MGL) is a decisive regulator
of 2-AG signaling and, consequently, the production of various
neurochemicals in the CNS that underlie synaptic efficiency
and influence psychobehavioral status.3,4

Increasing interest has focused on MGL inhibition as a
therapeutic modality for enhancing indirectly cannabinergic
signaling through elevation of tissue 2-AG tone.5−7 Phenotypic
benefits associated with genetic or pharmacological disruption
of MGL partly recapitulate those of exogenous CB1R agonists
while appearing to pose less risk of the undesirable motor and
behavioral effects classically associated with systemic CB1R-
agonist application.5,7 Indeed, MGL inhibitors may be an
attractive means of augmenting, in a site- and event-specific
manner, the increased tissue endocannabinoid levels observed

under at least some pathological conditions and considered
reflective of an intrinsic adaptive response to restore homeo-
stasis.8−10 The role of downstream products from mono-
acylglycerol hydrolysis in the etiologies of cancer and
inflammation provides additional support for the therapeutic
potential of MGL inhibitors.11,12 Although tonic potentiation of
tissue 2-AG levels may impair 2-AG-mediated antinociception
by desensitizing CB1R,13,14 MGL inhibitors have demonstrated
therapeutic benefit in acute preclinical models of inflammation,
pain, anxiety, and CNS injury without inciting adverse
events.15−18

These considerations have promoted the rational design of
temporally tuned MGL inhibitors that can potentiate subsets of
2-AG-related signaling circuits to effect a clinically attractive
severance of adverse events associated with exogenous CB1R
agonists from therapeutic gain. By leveraging the essential role
of MGL’s active-site serine nucleophile (Ser122) (Figure 1A) in
forming the initial transition state during the catalytic cycle,19

we20−22 and others6,23 have generated several potent,

Received: April 5, 2013
Revised: June 19, 2013
Published: June 24, 2013

Article

pubs.acs.org/biochemistry

© 2013 American Chemical Society 5016 dx.doi.org/10.1021/bi400430k | Biochemistry 2013, 52, 5016−5026

pubs.acs.org/biochemistry


structurally distinct carbamylating inhibitors that inactivate
human MGL (hMGL) through covalent enzyme carbamylation
at Ser122. Yet optimal translational exploitation of hMGL
inhibitors as medicines necessitates a thorough understanding
of the inhibitor-interaction profiles that define potent inhibitors
with varying hMGL selectivities and durations of action. In this
regard, we have utilized two hMGL carbamylating inhibitors,
[4-(9H-fluoren-9-yl)piperazin-1-yl][1,2,3]triazolo[4,5-b]-
pyridin-1-ylmethanone (AM6580)24 and 5-((biphenyl-4-yl)-

methyl)-N,N-dimethyl-2H-tetrazole-2-carboxamide (AM6701)
(also known as the 2,5-regioisomer of LY2183240)20,22 (Figure
1B,C) as tool compounds for probing the molecular details of
pharmacological hMGL inactivation. Both agents inhibit hMGL
in the low nanomolar range through a common mechanism
involving rapid carbamylation of Ser122 in the enzyme’s catalytic
triad.21,22 Within a 3-h experimental time frame, hMGL
inhibition by AM6580 is irreversible, whereas the carbamate
group on hMGL Ser122 resulting from enzyme modification by

Figure 1. Structure of apo-6-His-hMGL and chemical structures of AM6701 and AM6580 and schematic representation of their carbamylation
reaction with hMGL. (A) The catalytic triad (Ser129-Asp246-His276, red/white/blue ball-and-stick depiction), lid domain (residues 158−191, light
pink), and secondary structural elements (α-helices 1−8 and β-sheets 2, 4, 6−8) of apo-6-His-hMGL are indicated on the wild-type hMGL crystal
structure, PDB ID: 3JW8. (B, C) hMGL inhibitors AM6701 and AM6580 carbamylate the 6-His-hMGL Ser129 active-site nucleophile located
between His128 and Met130 in the enzyme’s primary sequence to form the covalent adducts depicted, resulting in theoretical mass increases of +71
and +277, respectively. See also Figure S1 of the Supporting Information.
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AM6701 begins to be hydrolyzed very slowly such that ≥24 h
are required to regenerate catalytically competent hMGL.20,21

This biochemical distinction suggests that the interaction
profiles of these two chemically distinct carbamylating
inhibitors may impact hMGL conformation in distinctive
ways that have contingent implications regarding, for example,
the duration and reversibility of hMGL inhibition.
We report application of peptide-level, solution-phase

hydrogen/deuterium exchange mass spectrometry (H/DX-
MS) to gain detailed insight into the dynamic transitions in
hMGL’s solution structure consequent to AM6580 and
AM6701 engagement and inhibitor-induced covalent enzyme
modification. H/DX-MS involves mass-spectrometry (MS)
measurements of backbone amide hydrogens substituted by
the heavier deuterium isotope from deuterated water (D2O) at
ambient temperature and physiological pH.25,26 The rate of
incorporation of deuterium is modulated by the conformational
properties of the protein as well as pH and temperature and
thus reports on the combined effects of solvent exposure and
the hydrogen-bonding characteristic of the protein backbone.
Following acid quenching of the exchange reaction, proteolytic
digestion with pepsin is used to localize where along the
protein backbone the deuterium had been incorporated. Rapid
exchange is characteristic of more disordered, solvent-exposed
protein regions, whereas slower and more limited exchange
indicates a more compact, solvent-shielded, hydrogen-bonded
state. Therefore, the difference between deuterium incorpo-
ration into apo versus inhibitor-modified hMGL serves as a
proxy for the structural impact of the inhibitor’s interaction
with the enzyme.
Our results demonstrate that chemically different, small-

molecule carbamylating inhibitors generate distinct hMGL
conformational ensembles characterized by regionally specific
structural responses in the enzyme. To the authors’ best
knowledge, these data offer the first direct experimental insight
into the molecular dynamics of hMGL in solution upon
covalent inhibitor modification. By detailing the hMGL
structural excursions characteristic of the hMGL inactive state
as induced by two potent, chemically distinct carbamylating
inhibitors, the information presented has the potential to aid
the design and targeting of new-generation hMGL inhibitors as
candidate drugs.

■ EXPERIMENTAL PROCEDURES
Materials. Standard laboratory chemicals, culture media,

isopropyl-β-D-thio-galactopyranoside, lysozyme, and DNase I
were purchased from Sigma (St. Louis, MO) and Fisher
Chemical (Pittsburgh, PA), unless otherwise specified. SDS−
PAGE supplies and Bio Spin P-6 columns were from Bio-Rad
(Hercules, CA). AM6580 was synthesized at the Center for
Drug Discovery, Northeastern University, by standard routes.
1,2-Deuterium oxide (>99%) was purchased from Cambridge
Isotope Laboratories (Andover, MA).
apo-6-His-hMGL Purification and Activity Assay.

hMGL was expressed in Escherichia coli with an N-terminal 6-
His tag (i.e., apo-6-His-hMGL) and isolated by immobilized
metal-affinity chromatography essentially as detailed.27 In brief,
five grams (wet-weight) of cells were resuspended in 40 mL of
lysis buffer [(200 mM NaCl, 10 mM Na2HPO4, 10 mM
NaH2PO4, pH 7.4, containing 1 mM dithiothreitol and 0.05%
n-dodecyl-ß-D-maltoside and supplemented with lysozyme (0.2
mg/mL) and DNase I (25 μg/mL)] and disrupted on ice by
three 1-min sonication cycles, each consisting of 1-s sonication

bursts at 50 W power at 5-s intervals (Vibra-Cell 500W, Sonics,
Newtown, CT). The cell lysate was centrifuged at 20000g for
25 min at 4 °C. The supernatant was recovered and incubated
with 2.0 mL (bed volume) pre-equilibrated BD Talon metal-
affinity resin (Clontech, Mountain View, CA) for 1 h at 4 °C
with gentle agitation. The suspension was then transferred to a
gravity-flow column and allowed to settle. The resin was
washed twice with 20 mL of lysis buffer containing 30 mM
imidazole. 6-His-tagged protein was eluted in six fractions with
1.0 mL of lysis buffer containing 0.05% n-dodecyl-ß-D-maltoside
and 300 mM imidazole. Protein samples and molecular mass
markers (Bio-Rad) were denatured at 70 °C for 5 min in
Laemmli buffer containing 5% β-mercaptoethanol and resolved
on SDS-PAGE gels that were stained with Coomassie blue.
Enzyme activity was assessed as the hydrolytic production of
arachidonic acid from 2-AG with LC quantification.21

Mass Determination of apo-6-His-hMGL and 6-His-
hMGL Inhibited by AM6580. Purified apo-6-His-hMGL (3.1
μg, 3 μM) in 200 mM NaCl, 10 mM Na2HPO4, 10 mM
NaH2PO4, 5% glycerol, pH 7.4, containing 1 mM dithiothreitol
and 0.5% n-dodecyl-ß-D-maltoside was incubated for 1 h at
room temperature either in the absence of inhibitor or in the
presence of AM6580 at an inhibitor/hMGL molar ratio of 4:1.
At the start of the incubation and after 1 h, aliquots of each
incubation mixture were removed and assayed for enzyme
activity to verify that apo-6-His-hMGL was inhibited by
AM6580 and was unaffected in the absence of inhibitor.
Incubations were terminated by removing excess inhibitor with
a Bio-Spin 6 column in the same buffer. For intact mass
determination of active apo-6-His-hMGL and enzyme inhibited
by AM6580, samples were injected onto a self-packed POROS
20 R2 protein trap (Applied Biosystems, Framingham, MA)
and desalted with 1.0 mL of 0.05% aqueous trifluoroacetic acid
at a flow rate of 500 μL/min. Protein was eluted into the mass
spectrometer from an LC-10ADvp instrument (Shimadzu
Scientific, Columbia, MD) using a linear 15−75% acetonitrile
gradient over 4 min at 50 μL/min. MS analyses were carried
out with an LCT-PremierXE mass spectrometer (Waters
Corporation, Milford, MA) under conditions of a standard
electrospray source, 3.0 kV capillary voltage, and 35 V cone
voltage.

Deuterium Labeling. Deuterium labeling of purified
samples of active apo-6-His-hGML and carbamylated enzyme
inhibited by AM6701 or AM6580 was initiated with a 15-fold
dilution of each enzyme sample (60 pmol of enzyme protein)
into a D2O buffer (99.96% D) containing 200 mM NaCl, 10
mM Na2HPO4, 10 mM NaH2PO4, 5% glycerol, 0.02% n-
dodecyl-ß-D-maltoside, pH 7.4 (pD 7.43). At six specific time
points (10 s, 5 min, 15 min, 30 min, 1 h, and 4 h), the labeling
reaction was quenched by adding an equal volume of ice-cold
acidic quench buffer (200 mM NaCl, 75 mM Na2HPO4, 75
mM NaH2PO4, 5% glycerol, pH 2.46, containing 0.05% n-
dodecyl-ß-D-maltoside). The samples were then frozen on dry
ice and stored at −80 °C until liquid chromatography (LC)-MS
analysis.

Pepsin Digestion and MS Analysis. Frozen samples were
defrosted quickly and immediately injected into a Waters
nanoACQUITY UPLC system with H/DX technology for
online digestion and peptide separation, as described
previously.28 Peptides originating from pepsin cleavage of
apo-6-His-hMGL and 6-His-hMGL reacted with AM6701 or
AM6580 were identified from the triplicate analysis of
undeuterated control samples using a combination of Waters

Biochemistry Article

dx.doi.org/10.1021/bi400430k | Biochemistry 2013, 52, 5016−50265018



MSE technology on a Waters Q-TOF Premier instrument and
ProteinLynx Global Server 2.5. Triplicate sets of data were
collected on three different days for three independent,
replicate samples. Common peptides were identified for apo-
6-His-hMGL and enzyme carbamylated upon inhibition with
either AM6701 or AM6580. All mass spectra were processed
with DynamX software (Waters). Relative deuterium levels for
each peptide were calculated by subtracting the average mass of
a corresponding undeuterated control sample from that of the
deuterium-labeled sample for isotopic distributions correspond-
ing to the +1, +2, +3, and +4 charge state of the peptide. The
aggregate error of each m/z measurement (i.e., the combined
error from all sources including protein preparation, pH,
temperature, mass measurement, etc.) was ±0.25, as
determined by replicate analyses of peptide standards and
prior H/DX-MS data from this experimental setup.29

■ RESULTS

Recombinant 6-His-hMGL Characterization and Co-
valent Modification by AM6580. We used our established
procedures to overexpress catalytically active, N-terminal hexa-
histidine tagged hMGL (6-His-hMGL) in E. coli and to purify
the recombinant enzyme by immobilized metal-affinity

chromatography. Congruent with prior results,27 SDS-PAGE
followed by either Coomassie blue staining or Western blot
analysis with anti-5-His antibody demonstrated that the 6-His-
hMGL used in the current studies was a single monomeric
protein whose ∼35 kDa molecular mass estimated by SDS-
PAGE was consistent with the enzyme’s precisely measured
mass of 34178.4 Da (data not shown and Figure S1A of the
Supporting Information).
Under the assay conditions specified,22 the 6-His-hMGL

preparations used in the present work evidenced an apparent
Km of 44 μM and Vmax of 208 μM/min/μg with 2-AG substrate.
As previously demonstrated,20−22,24 both AM6701 and
AM6580 inhibit the hydrolytic activity of wild-type hMGL
and engineered hMGL variants with IC50 values ≤ 88 nM. Prior
LC-MS analyses of tryptic peptides generated after the
interaction of 6-His-hMGL with AM670127 and hMGL variants
retaining the putative Ser122-Asp239-His269 catalytic triad
(designated Ser129-Asp246-His276 for 6-His-hMGL) with
AM658021 demonstrated directly that both AM6701 and
AM6580 are carbamylating agents that covalently modify the
enzyme’s catalytic Ser (Figure 1B,C). MS analysis of apo-6-His-
hMGL before and after incubation with AM6580 is congruent
with this finding, since the expected mass increase following

Figure 2. Deuteration of apo-6-His-hMGL. Deuterium incorporation into apo-6-His-hMGL is illustrated using the enzyme’s wild-type cartoon
structure shown in Figure 1A. Data are presented as relative percent deuterium incorporation using the seven-color scale denoted at 10 s, 5 min, 15
min, 30 min, 60 min, and 240 min of exchange in D2O buffer. The contiguous nonoverlapping peptides used to create this figure are shown in Figure
S2B of the Supporting Information, and the relative deuterium incorporation data for each peptide are shown in Figure S3 of the Supporting
Information.
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active-site Ser129 carbamylation was indeed observed upon apo-
6-His-hMGL incubation with this inhibitor (Figure S1 of the
Supporting Information). As we have previously observed,21,22

a 4-fold molar excess of either inhibitor relative to apo-enzyme
ensured that the carbamylation reaction reached virtual
completion.
H/DX-MS Analysis of apo-6-His-hMGL and Inhibitor-

Modified Enzyme. Unmodified apo-6-His-hMGL and 6-His-
hMGL that was covalently carbamylated by either AM6701 or
AM6580 were interrogated individually by H/DX-MS to assess
the effects that inhibitory carbamylation would have on the
enzyme’s solution-phase dynamics. Online pepsin digestion of
deuterium-labeled, quenched samples of each state of 6-His-
MGL resulted in 103 peptides that covered 100% of the

enzyme’s backbone amide hydrogens (Figure S2A of the
Supporting Information). Relative deuterium uptake as a
function of time for each respective peptide is given in Figure
S3 of the Supporting Information for apo-6-His-hMGL and
enzyme covalently modified by either AM6701 or AM6580.
Deuterium incorporation into apo-6-His-hMGL during

enzyme incubation periods in D2O ranging from 10 s to 4 h
was visualized using the wild-type hMGL X-ray crystal
structure, PDB ID: 3JW830 (Figure 2). Consistent with a
well-folded and stable protein in solution, we did not observe
high levels of deuterium incorporation at acute labeling times in
most regions of the enzyme, prominent exceptions being
peptides representing the amino- (residues 1−29) and carboxy-
(residues 296−310) terminal regions, which showed rapid

Figure 3. Difference plots for peptide-level deuterium uptake by apo-6-His-hMGL vs enzyme covalently modified by carbamylating agent AM6701 or
AM6580. Relative difference plots for (A) AM6701-modified and (B) AM6580-modified 6-His-hMGL as compared to the unmodified apo-enzyme
are displayed. The differences in deuterium incorporation between the carbamylated and apo enzymes are plotted for the deuterium-exchange time
points color-coded, as indicated. The data shown represent the averages of three independent H/DX-MS experiments and are for a subset of the
total 6-His-hMGL peptides listed that were common to all three experiments (see also Figure S2B of the Supporting Information). The peptides are
listed from N- (top) to C- (bottom) termini at left and right in the figure. Major structural elements (including the beginning of helices α4 and α5
bracketing lid-domain residues 158−191) and the catalytic triad are indicated down the center of the figure. Significant differences in deuterium
incorporation (greater/less than 0.5 Da; see Experimental Procedures) fall outside of the green dashed lines. In these graphs, a positive (rightward)
difference indicates increased protection (i.e., less deuterium incorporation) in inhibitor-modified 6-His-hMGL, whereas a negative (leftward)
difference indicates decreased protection (i.e., more deuterium incorporation) in inhibitor-modified 6-His-hMGL.
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deuterium uptake (i.e., within 10 s after exposure to D2O) that
reached maximal levels minutes thereafter. After 10 s of
exposure to deuterium, 38% of the protein backbone was <10%
deuterated and 76% of the protein was <20% deuterated
(Figure 2 and Figure S3 of the Supporting Information). A core
of relatively exchange-resistant regions in apo-6-His-hMGL
persisted throughout the labeling time-course (Figure 2). Other
apo-6-His-hMGL regions displayed dynamics reflected in steady
deuterium incorporation over the 4-h D2O exposure. This
phenomenon was especially evident in the lid domain, which

covers residues 158−191 and encompasses the C-terminal two-
thirds of helix α4, the loop that bridges helices α4 and α5, and
the N-terminal turn of helix α5 (Figure 1A).30,31 Certain lid-
domain peptides (i.e., peptide 152−166 leading from sheet β6
to helix α4; peptide 166−175 encompassing helix α4; and
peptide 176−181 leading from helix α4 to helix α5) had
patterns of deuterium uptake distinctive from each other in
kinetic and quantitative terms (Figure 2). Peptide 152−166
attained a maximal relative level of deuterium very rapidly (i.e.,
within 10 s of exposure to D2O), whereas deuterium uptake

Figure 4. Regional effects of carbamylating inhibitors AM6701 and AM6580 on H/DX-MS in 6-His-hMGL. (A−E) Plots of relative deuterium
incorporation vs time for those specific apo-6-His-hMGL peptides generated by pepsin digestion in which either or both inhibitors elicited a
significant difference in deuterium uptake relative to apo-6-His-hMGL. The maximum theoretical amount of deuterium incorporation possible for
each respective peptide is designated by the amplitude of the y-axis in each plot. Each data point is the average of three independent experiments, and
the error bars represent SD from the mean. apo-6-His-hMGL (blue diamonds) or 6-His-hMGL consequent to Ser129 carbamylation by AM6701 (red
squares) or AM6580 (green triangles). (F) Locations of the peptides specified in deuterium incorporation plots (A−E) are color-coded within the
wild-type hMGL crystal structure (PDB ID: 3JW8): 192−208, purple; 242−248, red; 273−290, blue; 126−135, green; 217−223, orange. See also
Figure S3 of the Supporting Information. For orientation purposes, select α-helices and β-sheets are labeled, and the catalytic-triad residues are
depicted in ball-and-stick fashion.
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into lid-domain peptides 166−175 and 176−181 reached
maxima more gradually, within the first 10 min of apo-6-His-
hMGL deuteration, with peptide 166−175 having far more
deuterium incorporation relative to peptide 176−181. Con-
versely, peptides covering the catalytic triad were well protected
from exchange. Peptides 126−135, 242−248, and 273−290,
which include an amino acid each of the 6-His-hMGL catalytic
triad Ser129-Asp246-His276, evidenced maximal deuterium-incor-
poration levels of only 12%, 38%, and 34%, respectively, after 4
h of D2O exposure (Figure 2). (See Figure S3 of the
Supporting Information for the uptake graph of each peptide.)
The deuterium exchange into apo-6-His-hMGL, as just

described, was then compared to the deuterium exchange into
the enzyme after carbamylation by either AM6701 or AM6580.
The very gradual reversibility of hMGL inhibition by AM6701
requiring ≥24 h to regenerate catalytically competent
hMGL20,21 ensured that virtually all (≥90%) of the enzyme
remained inhibited by AM6701 even at the time of the last
sampling from D2O incubation for H/DX-MS analysis (i.e., 4
h). For approximately 90% of the enzyme, no differences were
observed in deuterium exchange between apo and inhibitor-
modified 6-His-hMGL forms. Figure 3 graphically summarizes
the differences in deuterium incorporation with time for all
individual peptides observed as derived from the correspond-
ing, peptide-level deuterium uptake graphs in Figure S3 of the
Supporting Information. In Figure 3, a positive difference
signifies increased protection (i.e., less deuterium incorpo-
ration) in inhibitor-modified versus apo-6-His-hMGL, whereas
a negative difference signifies decreased protection (i.e., more
deuterium incorporation) upon inhibitor modification. The
aggregate experimental error of each m/z measurement with
this experimental setup is ±0.25 Da, as determined by replicate
analyses of peptide standards and prior H/DX-MS experiments
using this system (see Experimental Procedures).25,26

Three peptides of the 6-His-hMGL lid domain (i.e., peptides
152−166, 166−175, and 176−181) exemplify regions that were
not affected by inhibitor modification of the enzyme. Likewise,
the marginal decrease at select sampling times in deuterium
uptake by some of the four peptides (i.e., 179−181, 179−191,
182−188, 182−191) encompassed within the terminus of the
lid region comprising the distal portion of the loop leading into
helix α5 and the initial portion of that helix (Figure S3 of the
Supporting Information) upon AM6580-induced enzyme
carbamylation was not significant when the overlapping peptide
regions were considered in aggregate over the three
independent H/DX-MS experiments.
In ∼8% of 6-His-hMGL-AM6701, and ∼10% of 6-His-

hMGL-AM6580, deuterium exchange was significantly altered
as a consequence of carbamylation (Figures 3 and 4).
Carbamylation resulted in a >1 Da decrease (relative to
deuterium incorporation in apo-6-His-hMGL) in deuterium
uptake into peptide 192−208 (terminal region of helix α5 and
loop conjoining helices α5 and α6) for both AM6701- and
AM6580-modified forms after 30 min of enzyme exposure to
deuterium (Figure 4A). Two peptides that have been localized
to the active-site region,30,31 peptides 242−248 and 273−290,
showed a decrease in deuterium incorporation upon inhibitor-
induced modification of the catalytic Ser, with AM6580
exerting overall the more pronounced protective effect (Figure
4B,C). This protective influence of both AM6701 and AM6580
on some 6-His-hMGL peptides contrasts with the deprotecting
effect of these inhibitors on deuterium exchange in other
peptides, including peptide 126−135 (at the bottom of the

substrate-binding pocket) and peptide 217−223 (helix α6).30,31
In apo-6-His-hMGL, peptide 126−135 was slow to exchange
across the entire labeling time-course. Upon modification with
AM6701 or AM6580, this peptide became more easily
deuterated and showed a consistent increase in incorporation
over the 4 h of exposure to deuterium. The relative difference
in deuterium incorporated into this peptide reached its
maximum difference of 2.25 Da at 4 h (Figure 4D). For
peptide 217−223, 6-His-hMGL modification by AM6580
resulted in reduced deuteration, whereas Ser129 carbamylation
by AM6701 modestly increased deuterium levels in this peptide
(Figure 4E). Figure 4F depicts the localization of these peptides
within the wild-type hMGL crystal structure, PDB ID: 3JW8.30

Since there were multiple overlapping peptides in the regions
of inhibitor-induced changes in the H/DX-MS profiles of 6-His-
hMGL (cf. Figure S2 of the Supporting Information), not all
the information about the effects of inhibitor binding on
enzyme structure was captured in Figure 4, which considers
only a select peptide subset. To extract more information,
especially regarding the distinctions in hMGL conformational
response to the two inhibitors, overlapping peptides were
considered, and, when possible, the regions of alteration in
deuterium exchange upon inhibitor-hMGL interaction were
refined. Figure 5 depicts the refined inhibitor-induced
conformational effects and indicates their magnitudes and
locations within a wild-type hMGL ribbon structure repre-
sentation (PDB ID: 3JW8)30 at any time point for both
AM6701 (Figure 5A) and AM6580 (Figure 5B). These
comparative H/DX-MS data substantiate the significant
differences noted above in the structural impact of AM6580-
induced carbamylation on the hMGL as compared to that of
AM6701 in helix α6 and the N-terminus of helix α8, which
resides immediately below lid-domain helix α4. The bulky
carbamylating group at 6-His-hMGL Ser129 resulting from the
enzyme’s covalent modification by AM6580 elicited more
pronounced decreases in deuterium incorporation into helix α6
and the N-terminus of helix α8 than did AM6701, indicating
greater shielding of these enzyme regions following AM6580-
induced Ser129 carbamylation. Likewise, although both
inhibitors increased solvent exposure in the vicinity of the
hMGL active site, enhancement of deuterium uptake in this
region was more pronounced following 6-His-hMGL Ser129

carbamylation by AM6580 than by AM6701.

■ DISCUSSION
(De)localized backbone and side-chain motions involving
active-site and more distant domains contribute to enzyme
catalytic function, reaction-rate enhancement, and ligand
(substrate, inhibitor) engagement.32 Agents that inhibit
catalysis through covalent enzyme modification are associated
with unique pharmacological properties that have been
therapeutically exploited.33 Accordingly, appreciation of the
structural consequences of the interaction between enzymes
and small-molecule, active site-targeted inhibitors has proven
essential to informing drug-discovery efforts and developing
clinically useful therapeutics.34

The present work constitutes the first direct experimental
analysis of the hMGL−inhibitor interaction landscape from the
standpoint of the enzyme’s conformational dynamics in
solution. To examine the consequences of inhibitor engage-
ment on hMGL structure, we utilized as probes AM6580 and
AM6701, two potent hMGL inhibitors representative of a
leading candidate class of “druggable” hMGL inhibitors, serine-
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reactive carbamylating agents.5,7,20−23 As carbamylating agents
at hMGL’s catalytic Ser122 (i.e., Ser129 for 6-His-hMGL), both
AM6580 and AM6701 share the same mode of covalent hMGL
inhibition.21,22 However, Ser122 modification by AM6580 leads
to a significantly longer-lasting inactivation of hMGL as
compared to that elicited by AM6701, which we have
demonstrated to be a very slowly reversible hMGL
inhibitor.20,21 Arguably, the duration of hMGL inhibition may
constitute an important qualifier in applying such agents as
potential therapeutics, since prolonged MGL inhibition or
genetic ablation in laboratory animals can desensitize CB1R-
mediated signaling.13,14 These considerations prompted our
selection of AM6580 and AM6701 as hMGL molecular probes
for this work.

H/DX-MS has proven to be a seminal technique for direct
experimental detection and spatial resolution of enzyme
backbone structural changes resulting from chemical mod-
ification/inhibitor interaction.26,35−37 In order to discern the
impact of two covalent carbamylating inhibitors on hMGL
conformation, we applied the classic, continuous-labeling H/
DX-MS approach to catalytically active apo- as well as inhibitor-
modified 6-His-hMGL under physiologically relevant con-
ditions. Although the intact mass analysis of apo-6-His-hMGL
carbamylated by AM6580 or AM6701 showed the predicted
mass increases by MS, we did not observe any peptides
containing Ser129 modified with AM6580 or AM6701 (data not
shown). This finding was expected on the basis of prior
observations that the carbamyl group is lost when a
carbamylated peptide derived from pepsin cleavage of an
enzyme-carbamyl adduct is subjected to MS-analysis con-
ditions.38,39 Therefore, our 6-His-hMGL-carbamyl adducts
likely became destabilized outside of the intact 6-His-hMGL
conformation and local enzyme microenvironment under our
protein digestion conditions and/or during subsequent peptide
MS. Loss of the carbamyl moiety from the peptic peptides in
which it had been contained after hydrogen-exchange
incubation and quenching of the exchange reaction would
not negatively impact the reported deuterium uptake data for
those 6-His-hMGL peptides containing Ser129.
The hydrogen-exchange profile of apo-6-His-hMGL estab-

lished the reference point against which deuterium incorpo-
ration into inhibitor-modified enzyme species was compared.
Our finding that high-level deuterium incorporation into apo-6-
His-hMGL is largely confined to the enzyme’s amino- and
carboxy-terminal regions and its lid domain (including helix
α4) is consistent with the general nature of hMGL as a member
of the α/β-hydrolase superfamily. The canonical α/β-fold core
is comprised of eight β-sheets surrounded by six α-helices and a
lid domain capping the active site.40−42 Consistent with this
principal α/β-hydrolase folding motif and data from a refined
hMGL homology model,43 wild-type apo-hMGL and un-
liganded variants crystallize as compact globular proteins
whose ordered, shielded core contrasts with the enzyme’s
more exposed lid and unstructured N- and C-terminal
regions.30,31 Given this overall hMGL architecture and the
ability of H/DX-MS to report on the solvent accessibility and
hydrogen bonding of protein amide sites at the peptide level,
our data directly demonstrate the greater incorporation of
deuterium into the apo-6-His-hMGL lid domain and termini as
compared to the rather modest incorporation into the more
stable, core α/β-hydrolase fold.
The lid domain of α/β-hydrolases in general, and hMGL in

particular, has been considered a dynamic modulator of
substrate recruitment/accommodation during the catalytic
cycle.3,31,44 Within apo-6-His-hMGL’s lid domain, we have
identified two distinct subregions whose pronounced, yet
markedly different, patterns of deuterium uptake are indicative
of: (a) partial exposure to the solvent environment with a lack
of detectable backbone dynamics (peptide 152−166, leading
from sheet α6 to and including the beginning of helix α4) and/
or (b) considerable structural dynamics (peptides covering
residues 166−191). Among the three published hMGL
crystallographic studies,30,31,45 exceptionally large structural
variations in the region of the lid domain spanning helix α4
have been noted.45 Upon the basis of the crystal structure of an
inhibitor-bound hMGL modified to enhance solubility, a
putative ligand-accommodation mode has been inferred

Figure 5. Regional differences in relative deuterium uptake due to 6-
His-hMGL carbamylation by inhibitors AM6701 and AM6580. The
hMGL crystal structure (PDB ID: 3JW8) is color-coded to indicate the
magnitude and locations of the regional intramolecular effects of apo-
6-His-hMGL covalent modification by the carbamylating inhibitors
AM6701 (A) and AM6580 (B) on relative deuterium uptake by the
enzyme. A major inhibitor-induced effect on deuterium uptake (at any
exchange-in time point) is considered >1.0 Da; a minor effect (at any
exchange-in time point), 0.5−1.0 Da. The regions of major (>1.0 Da)
increase and decrease in relative deuterium incorporation due to
inhibitor-induced enzyme carbamylation are highlighted in red and
blue, respectively. The regions that showed minor (0.5−1.0 Da)
increases or decreases in deuterium incorporation are highlighted in
pink and teal, respectively. Those regions that showed no significant
change in deuterium incorporation are colored gray. For orientation
purposes, select α-helices and β-sheets are labeled, and the catalytic-
triad residues are depicted in ball-and-stick fashion. See also Figure S3
of the Supporting Information.
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whereby substantial structural rearrangement involving helix α4
and the loop connecting helices α4 and α5 would be required
for hMGL substrate/inhibitor accommodation.30,45 It has also
been speculated that the hMGL lid domain overall  and helix
α4 in particular  undergoes conformational change as a
mobile flap or cap that transitions the enzyme from an apo- to a
liganded form.45 The present H/DX-MS analysis of apo-6-His-
hMGL provides direct experimental evidence supporting these
propositions by demonstrating the dynamic nature of the lid-
domain subregion spanning residues 158−181 (i.e., helix α4
and the α4-α5 conjoining loop). Our H/DX-MS data for
individual hMGL lid-domain peptides, furthermore, demon-
strate the differential degrees of solvent exposure and structural
plasticity within the hMGL lid domain, which appear greater
than heretofore appreciated from apo-hMGL crystal structures
that represent unique states whose static nature often makes it
difficult to deduce information on protein dynamics.46

Modification of apo-6-His-hMGL by the pharmacologically
related, but structurally different, carbamylating inhibitors
AM6580 and AM6701 reduced apo-6-His-hMGL deuterium
uptake into peptides 192−208, 242−248, and 273−290.
Peptide 192−208 encompasses the terminal region of helix
α5 and the loop connecting helices α5 and α6, whereas
peptides 242−248 and 273−290 have been localized in the
proximity of the active site.30,31 Specifically, peptide 242−248 is
part of the apo-6-His-hMGL loop connecting sheet β7 with
helix α7 and contains the catalytic-triad residue Asp246, and
peptide 273−290 is part of helix α8 and the loop connecting
this helix to sheet β8 and contains the His276catalytic-triad
residue.30,31 These collective data support conclusion that
carbamylation of apo-6-His-hMGL at catalytic Ser129 by either
AM6580 or AM6701 restricts the enzyme’s backbone mobility
in the substrate-binding pocket, particularly near the active site.
In contrast, neither inhibitor influenced deuterium incorpo-
ration into prominent lid-domain peptides (including helix α4),
indicating that the hMGL lid region largely retains its solution
conformation upon enzyme inhibition/covalent modification.
This observation suggests that hMGL in solution, even when
carbamylated at its catalytic Ser, remains predominantly in a
“locked-open” conformation, a scenario that contrasts with the
closed state proposed for the crystal structure of an inhibitor-
liganded hMGL variant.45 The lid conformation in that crystal
structure could have been affected by mutations introduced
into the enzyme to increase its solubility for crystallization and/
or may reflect a specific hMGL crystalline state rather than the
enzyme’s conformational properties in solution.46 A locked-
open conformation for apo- and covalently inhibited hMGL in
solution is consistent with our recent experimental demon-
stration that hMGL engagement with and modification by
AM6580 did not alter the solvent exposure of the enzyme’s lid
domain when the enzyme is associated with a phospholipid-
bilayer nanodisc.47

The apo-6-His-hMGL peptide spanning residues 126−135
contains the catalytic Ser129, and its localization at the bottom
of the enzyme’s substrate-binding pocket has been inferred
from homology-modeling43 and crystallographic30,31,45 studies.
This localization is supported by our observation of a lack of
significant deuterium incorporation in this peptide during the
4-h exposure of apo-6-His-hMGL to deuterated solvent, which
directly demonstrates the limited solvent accessibility and stable
hydrogen-bonding network of the hMGL substrate-binding
pocket. In contrast, AM6701 and AM6580 elicited appreciable
deuterium incorporation into this same region, suggesting that

carbamylation of apo-6-His-hMGL Ser129 by these inhibitors
leads to significant stretching/opening of this region of the
enzyme’s binding pocket. Since hydrogen exchange reflects
both regional solvent accessibility and hydrogen bonding within
the protein,48,49 this inhibitor-induced conformational rear-
rangement of the hMGL substrate-binding pocket may reflect,
at least in part, changes in the hydrogen-bond network we have
recently identified as a structural correlate to hMGL catalytic
activity.20

Although both carbamylating inhibitors studied decreased
deuterium uptake into apo-6-His-hMGL peptide 217−223
within helix α6, AM6580 elicited a pronounced shielding effect
as compared to AM6701, dramatically abrogating deuterium
uptake into this region proximal to the active site. It is tempting
to speculate that such extensive hMGL structural responses to
carbamylation by AM6580 in this and other regions may
contribute to the irreversible nature of hMGL inhibition by
AM6580 versus the slow reversibility of hMGL inhibition by
AM6701.

■ CONCLUSION

Within the endocannabinoid signaling system, hMGL is a
soluble enzyme and a preferred therapeutic target for a number
of psychobehavioral and somatic diseases that represent major
unsolved medical problems. Despite the promise of hMGL
inhibitors as drugs and recent information on the crystal
structures of (modified) hMGL species, the molecular
interactions between wild-type hMGL and small-molecule
inhibitors remain poorly understood and sparsely documented
from an experimental standpoint. The present work embodies
the initial application of peptide-level H/DX-MS to interrogate
directly the structural effects of two potent inhibitors, AM6701
and AM6580, on the solution conformation of wild-type
hMGL. AM6701 and AM6580 are representative of a leading
class of hMGL inhibitors, carbamylating agents that covalently
modify the enzyme’s active-site Ser122 nucleophile. AM6580 is
an irreversible hMGL inhibitor within the time frame that
hMGL inhibition by AM6701 slowly reverses to regenerate
active enzyme. This approach has enabled us to define and
quantify the intramolecular localization and magnitude of the
hMGL structural changes associated with inhibitor-induced
Ser122 carbamylation. Our data provide the first experimental
demonstration that chemically distinct hMGL inhibitors elicit
regionally selective changes in hMGL conformation. Major
hMGL structural responses to these carbamylating inhibitors
include backbone motional restriction in a region proximal to
the active site that involves the putative catalytic triad and
stretching of the hMGL substrate-binding pocket consequent
to inhibitor engagement. The shielding effect of AM6580
within hMGL helices α6 and α8 and the increase in solvent
accessibility in the vicinity of the enzyme’s active site were more
pronounced than the effects of AM6701 in these regions, this
difference in enzyme structural response likely reflective of the
more bulky hMGL covalent modification by AM6580 at Ser122.
By demonstrating experimentally and for the first time the
distinct structural changes that accompany wild-type hMGL
covalent modification in solution by two small-molecule
carbamylating inhibitors, these results advance our under-
standing of the hMGL−inhibitor interaction landscape and its
dynamic features at the molecular level.
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