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Abstract

We have used the substituted-cysteine accessibility method (SCAM) to map the residues in the
sixth membrane-spanning segment of the CB2 cannabinoid receptor that contribute to the surface
of the water-accessible binding-site crevice. Using a background of the mutant C2.59S which is
relatively insensitive to the methanethiosulfonate (MTS) reagents, we mutated to cysteine, one at a
time, 34 consecutive residues in TMH®6 of the CB2 receptor. These mutant receptors were then
expressed in HEK293 cells. By incubating HEK293 cells stably transfected with CB2 receptors
with the small, charged, hydrophilic, thiol-specific reagent methanethiosulfonate ethylammonium
(MTSEA), [3H]CP55940 binding was significantly inhibited for six mutant receptors. All six of
the mutants that reacted with MTSEA were protected from the reaction when pretreated with the
cannabinoid agonist WIN55212-2, suggesting that MTSEA modification occurred within the
binding crevice. Therefore the side chains of the residues at these reactive loci (V6.51, L6.52,
L6.54, M6.55, L6.59 and T6.62) are on the water-accessible surface of the binding-site crevice.
These residues are extracellular to the TMH6 CWXP hinge motif. The pattern of accessibility is
consistent with a a-helical conformation for this segment of TMH6. Molecular modeling studies
performed in the context of the CB2 model show that VV6.51, L6.52, L6.54, M6.55, L6.59 and
T6.62 face into the CB2 binding pocket, further confirming our SCAM results. These results are
similar to the accessibility patterns determined by SCAM studies of TMH® in the opioid and
dopamine D2 receptors.
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Cannabinoid receptors are members of the large family of G protein-coupled receptors
(GPCRs). To date, two cannabinoid receptors, CB1 and CB2, have been cloned. In 1990, a
complementary DNA from a rat cerebral cortex cDNA library that encodes the first
cannabinoid receptor subtype (CB1) was cloned (1). Subsequently, the sequences of an
amino terminus variant CB1 receptor (2), as well as the human and mouse CB1 sequences
were reported (3, 4). The second cannabinoid receptor subtype, CB2, was first cloned in
1993 from a human promyelocytic leukemia cell HL60 cDNA library (5). The CB2 receptor
in both rat (6, 7) and mouse (8) has been cloned as well. The CB1 receptor is located in the
central nervous system as well as in the peripheral nervous system whereas the CB2 receptor
has been found almost uniquely in immune cells (9, 10, 11). This distribution suggests a
possible role for the CB2 receptor in mediating immunomodulatory, but not psychoactive
effects of cannabinoids, for which CB1 is the prime target. The human CB2 receptor
exhibits 68% identity to the human CB1 receptor within the transmembrane regions, and
44% identity throughout the whole protein (5). CB1 and CB2 receptors couple to multiple
signal transduction pathways, including adenylate cyclase (12, 13) and mitogen-activated
protein kinase (14, 15).

The structure-function relationships and dynamics of protein activity can be studied using a
combination of cysteine substitution and covalent modification (16). An extension of this
combination, the Substituted Cysteine Accessibility Method (SCAM), was first developed
by Karlin and Akabas to map the channel-lining residues in the nicotinic acetylcholine
receptor (17). Thereafter, this method was adapted to map the ligand binding crevice of
dopamine D2 receptor, beta 2-adrenergic receptor, opioid receptors, and other GPCRs (18,
19, 20, 21, 22, 23, 24). The development of SCAM (17) has proved to be a powerful tool to
gain information about the structure and dynamics of protein domains and has been utilized
not only to study G-protein coupled receptors (18, 19, 20, 21, 22, 23, 24), but also ligand-
gated ion channels (25, 26), voltage-gated ion channels (27), and transporters (28). Javitch
and coworkers have extensively studied the dopamine D2 receptor using the SCAM (18, 19,
21, 22, 23).

In the SCAM method, after establishing an appropriate background in which all reactive
native cysteines are mutated to serine, each residue in the transmembrane helix (TMH) of
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interest is mutated to cysteine, one at a time, and the mutant receptors are expressed in
heterologous cells. Thereafter, the mutant receptors are treated with methanethiosulfonate
(MTS) reagents, and the influence of MTS reagents on ligand binding is tested. The MTS
reagents react 109 times faster with ionized thiolates than with un-ionized thiols (29) and
only water-accessible cysteines are likely to be ionized to a significant extent. Therefore,
MTS reagents react much faster with water-accessible cysteine residues than with cysteines
facing the protein interior or lipid. If ligand binding to a cysteine substitution mutant is near
normal, it is assumed that the structure of the mutant receptor, especially around the binding
site, is similar to that of the wildtype receptor, and thus, that the substituted cysteine lies in a
similar orientation to that of the wildtype receptor. Two criteria are used for identifying an
engineered cysteine as forming the surface of the binding site crevice: (i) The reaction with
an MTS reagent alters binding irreversibly and (ii) This reaction is retarded by the presence
of agonists or antagonists.

In this study, we have used the SCAM to systematically map the residues on the water-
accessible surface of TMHG6 of the CB2 cannabinoid receptor. We also performed molecular
modeling studies on the CB2 receptor, to complement our SCAM studies.

EXPERIMENTAL PROCEDURES

Materials

Reagents and enzymes used for recombinant DNA experiments were bought from Promega
(Madison, WI). Lipofectamine, Dulbecco’s modified Eagles’s medium (DMEM),
OPTIMEM medium, fetal bovine serum (FBS), geneticin, L-glutamine, penicillin/
streptomycin, and trypsin were purchased from GIBCO-BRL (Gaithersburg, MD).
[3H]CP55940 was purchased from Perkin Elmer (Shelton, CT), CP55940 was provided by
the National Institute of Drug Abuse (Bethesda, MD), while WIN55212-2 was obtained
from RBI/Sigma (Natick, MA). Forskolin was purchased from Sigma-Aldrich Corp (St.
Louis, MO) and Ro 20-1724 from BIOMOL (Philadelphia, PA). HEK293 cells were
obtained from the American Type Culture Collection (Rockville, MD). The MTS derivative
MTSEA was purchased from Toronto Research Chemicals (North York, ON, Canada).
GF/B filters were purchased from Whatman International (Maidstone, UK). Disposable
glass tubes used for cannabinoid drug dilution and ligand binding assays were purchased
from BVA Scientific (San Antonio, TX). These tubes were silanized by exposing them to
dichlorodimethylsilane (Sigma Chemical Co., St. Louis, MO) vapor for 4 hours under
vacuum.

Numbering of amino acid residues

The amino acid numbering system in which residues are indexed relative to the most
conserved residue in that transmembrane helix (TMH) was used (30). In this system, the
most conserved residue in the helix is assigned a position index of ‘0.50°. Each identifier
starts with the TMH number, followed by the amino acid position relative to the reference
amino acid in the helix, e.g. P6.50 is the most conserved residue in helix 6 of the CB2
receptor (Figure 1) and therefore the residues adjacent to it are F6.49 and V6.51.
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Site-directed mutagenesis

A background of the mutant C2.59S (C89S) which is relatively insensitive to MTSEA (31)
was used as plasmid DNA template. This 1.8-Kb full-length human CB2 mutant gene had
been subcloned into pPRC/CMV (Invitrogen, San Diego, CA) to construct the expression
plasmid (32, 33). The QuikChange Il in vitro Site-Directed Mutagenesis Kit (Stratagene, La
Jolla, CA) was used to mutate the CB2 background mutant receptor and the sequences of the
mutant plasmids were confirmed by sequencing.

Cell transfection and culture

Human Embryonic Kidney 293 (HEK293) cells were grown as monolayers in Dulbecco’s
Modified Eagle Medium (DMEM) containing 10% fetal bovine serum, 2 mM glutamine,
100 units/ml penicillin, and 100 pg/ml streptomycin in a humidified atmosphere consisting
of 5% CO, and 95% air, at 37°C. Expression plasmids containing the wildtype and mutant
cannabinoid receptors were stably transfected into HEK293 cells using lipofectaming,
according to manufacturer’s instructions. Briefly, 35 mm dishes of HEK293 cells at 70-80%
confluence were treated with 1.5 ug of wildtype or mutant receptor cDNA in 10 pl of
lipofectamine and 1 ml of OPTIMEM. Stably transfected cells were selected in culture
medium containing 800 pg/ml geneticin. Having established cell lines stably expressing
wildtype and mutant CB2 receptors, the cells were maintained in growth medium containing
400 ug/ml of geneticin until needed for experiments.

Cell Harvesting

Cells were washed twice with phosphate-buffered saline (PBS) containing 8.1 mM
NaH,POy4, 1.5 mM KH,POy4, 138 mM NaCl, and 2.7 mM KClI, pH 7.2, and then dissociated
in PBS containing 1 mM EDTA. Dissociated cells were collected by centrifugation at 1000
g for 5 min at 4°C. The cell pellets were resuspended in binding buffer (50 mM Tris-HClI,
200 mM sucrose, 5 mM MgCl,, 2.5 mM EDTA, and 0.5 mg/ml bovine serum albumin, pH
7.4) for treatment with MTSEA and ligand binding assays.

Treatment with MTSEA

MTSEA was always freshly prepared by dissolving in distilled water at 4°C. Aliquots (180
ul) of the cell suspensions were incubated with 20 ul MTSEA at the stated concentrations for
10 min at room temperature. Cell suspensions were then diluted 50-fold with binding buffer
and centrifuged at 1000 g for 5 min. After discarding the supernatant, the cell pellets were
resuspended in binding buffer for ligand binding assays.

Protection by WIN55212-2 against MTSEA Reaction

For the ligand binding crevice protection experiments, the cells expressing C2.59S
background and cysteine-substitution mutant CB2 receptors were pre-incubated with
cannabinoid ligand WIN55212-2 at two different concentrations (0.1 uM and 1 uM) for 40
min and then treated with MTSEA for 10 min at a concentration that causes >80% inhibition
of ligand binding. After diluting with binding buffer and centrifuging at 1000 g for 5 min at
4°C, the cell pellets were resuspended in fresh binding buffer and incubated for 15 min at
room temperature. Thereafter, the cell pellets were again centrifuged at 1000 g for 5 min at
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room temperature, resuspended in fresh binding buffer, and incubated for 15 min at room
temperature. This process was repeated eight times to wash off the cannabinoid ligands. At
the end of washing, the cells were resuspended in binding buffer for ligand binding assays.
Protection was calculated as 1-[(inhibition of binding in the presence of WIN55212-2)/
(inhibition in the absence of drug)].

Ligand Binding Assay

Cannabinoid ligand dilutions were made in binding buffer and then added to silanized assay
tubes. [3H]CP55940 was used as radiolabeled ligand for competition binding assays.
Nonspecific binding was determined in the presence of 1 uM unlabeled CP55940. Binding
assays were performed in 0.5 ml of binding buffer containing 0.1 mg/ml BSA for 60 min at
30°C. Cells were incubated with unlabelled CP55940 in binding buffer in the presence of
[3H]CP55940. Free and bound radioligands were separated by rapid filtration through GF/B
filters. The filters were washed three times with 3 ml of cold wash buffer (50 mM Tris-HCl,
pH 7.4, consisting of 1 mg/ml of BSA). The bound [3H]CP55940 was determined by liquid
scintillation counting after overnight equilibration in 5 ml of scintillation fluid (CytoScint;
ICN, Costa Mesa, CA). The assays were performed in duplicate, and the results represent
the combined data from at least three independent experiments.

Determination of Second-Order Rate Constant

The second-order rate constant (kyjtsga) for the reaction of MTSEA with wildtype CB2 or
each mutant was estimated according to the method used by Javitch and coworkers (19). In
brief, each receptor was incubated with different concentrations of MTSEA for a fixed time.
The results were fit to the equation: Y = (1 - plateau) e + plateau. Y is the fraction of
initial binding, plateau is the fraction of residual binding at saturating concentrations of
MTSEA, k is the second-order rate constant (M~1s1), c is the concentration of MTSEA
(molar), and t is the fixed time (seconds). This equation was transformed into the following
form: —In[(Y — plateau)/(1 - plateau)]/t = kc. After plotting —In[(Y — plateau)/(1 -
plateau)]/t against c, k was obtained as the slope.

Data analysis

Data from ligand binding assays were analyzed and curves generated by using the GraphPad
Prism program (GraphPad Software). The ICsq and ECsgq values were determined through
nonlinear regression analysis performed with Prism. Ky values were estimated from
competition binding experiments using the following equation: Ky =1Cgso—L where L is the
concentration of total radioligand (34).

Computer Model of CB2

Transmembrane Helix Bundle—A model of CB2 was created using the 2.8 A crystal
structure of bovine rhodopsin (Rho) (35) as a starting point. Model creation began with an
alignment of the bovine Rho and human CB2 sequences. Fourier Transform methods were
employed to guide the alignment of sequences in the TMHS5 region, as CB2 lacks the highly
conserved Pro residue normally used as the alignment guide in this sequence region (36).
Changes to the general Rho structure that were necessitated by sequence divergences

Biochemistry. Author manuscript; available in PMC 2016 March 14.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nebane et al.

Page 6

included: (1) the absence of helix kinking proline residues in TMH1 and TMH5; (2) a
structural role for S2.54(84) due to the lack of a GG motif in TMH2 (31); as well as, (3) the
possible difference in flexibility of TMH6 (37). Complete details of the creation of our
transmembrane helix model of the CB2 are provided in our recent publication (31). Below
we describe the addition of loop segments and N and C termini to this TMH bundle model to
complete our model of the CB2.

Modeling of Loops and N- and C-Termini

Initial Construction and Refinement: Extracellular (EC-1 H(98)-S(102); EC-2 W(172)-
N(188); EC-3 L(273)-K(278)) and intracellular (1C-1 H(62)-K(67); 1C-2 P(138)-L(145);
IC-3 A(216)-G(233)) loops, as well as the N (M(1)-S(29)) and C-termini (H(316)-C(360))
were added to the refined CB2 TMH bundle model using the Loopy program within the
protein structure modeling suite, Jackal 1.5 (Xiang, J.Z. and Honig, B., Columbia
University). The Modeller program was then used to refine loop structures (38, 39).

Special Considerations for EC-2 L oop: The EC-2 loop (W172- N188) is the largest
extracellular loop in CB2. The conformation of this loop was calculated using the Biased
Scaled Collective Variable in Monte Carlo (SCV-MC) method (40,41). The aqueous
environment of the EC-2 loop was modeled with a recently developed implicit solvent
model that is based on a screened Coulomb potential formulation (the SCP-ISM) (42,43).
This loop has an internal C4.66(174)-C179 disulfide bridge, one which has been suggested
to be present in CB2 via mutagenesis studies (44).

Special Considerations for 1C-3 Loop: NMR experiments on a peptide fragment
comprised of the CB1 sequence span from the intracellular end of TMHS5 to the intracellular
end of TMH6, in micelles suggested that sections of the CB1 IC-3 loop are alpha helical
(45). These regions consist in a short alpha helical segment from A301 to R307 followed by
an elbow region (R307-1309) and an alpha helical segment (Q310 to S316) up to a lle-lle-lle
(1317-1319) in IC-3. The initial portion of the CB2 IC-3 loop (AHQHVAS) bears high
homology with the analogous sequence in the CB1 IC-3 loop (AHSHAVR) that Ulfers and
co-workers found to be helical, while the rest of the 1C-3 loops are quite divergent between
CB2 and CB1. Based on these results, we replaced the initial Loopy built IC-3 loop with an
intracellular alpha helix (A216-S222). The rest of 1C-3 loop (L223-G233) was then re-built
using Loopy and optimized using Modeller.

Final Energy Minimization—The energy of the CB2 transmembrane helix bundle model
was minimized using the OPLS 2005 force field in Macromodel 9.1 (Schrédinger Inc.,
Portland, OR). An 8.0 A extended non-bonded cutoff (updated every 10 steps), 20.0 A
electrostatic cutoff, 4.0 A hydrogen bond cutoff were used in each stage of the calculation.
The minimization was performed in two steps. The first step consisted of Conjugate
Gradient minimization in a distance dependent dielectric until a gradient of 0.1 kcal/mol was
reached. This stage of the calculation allowed the helix bundle to pack. To preserve the pitch
of the transmembrane helices during this minimization, a 100 kcal/mol restraint was placed
on all phi and psi angles in TMHs1-7 and Hx 8. N- and C-termini together with extra- and
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intracellular loops were then added to the minimized TMH bundle model as described
above.

In the second stage of the calculation, the added loop and termini regions were allowed to
relax during a 500 step Polak-Ribier conjugate gradient (PRCG) minimization. The
transmembrane helix bundle atoms were defined as non-moving fixed atoms, but their non-
bonded contributions to the system were retained as implemented in Macromodel. The loop
and termini regions were unrestrained. An 8.0 A extended non-bonded cutoff (updated every
10 steps), 20.0 A electrostatic cutoff, 4.0 A hydrogen bond cutoff were used in this
calculation and the Generalized Born/surface area (GB/SA) continuum solvation model for
water available in Macromodel was employed.

Measurements of TMH Geometry—The bend, wobble and face shifts of
transmembrane helices were measured using Simulaid (46).

Ligand binding assay — Effects of cysteine substitution on agonist binding

MTSEA has been shown to be the most effective MTS reagent for inhibition of ligand
binding to the CB2 cannabinoid receptor (31). We therefore used MTSEA in this study.
Using the background of the C2.59(89)S mutant which is relatively insensitive to MTSEA
(31), we mutated to cysteine, one at a time, 34 consecutive residues, R6.28 — T6.62 of
TMHB6. The cysteine-substituted mutants as well as the background mutant, were stably
expressed in HEK293 cells and the Ky values characterizing the equilibrium binding of the
radiolabelled agonist, [BH]CP55940 determined. The K values ranged from 0.58 — 19.79
nM (Table 1). All but eight of the cysteine-substitution mutants had K4 values significantly
lower than that of the C2.59S background mutant. For the eight mutants R6.28C, L6.29C,
L6.41C, A6.42C, V6.43C, L6.44C, F6.49C, and V6.51C, Ky values were not significantly
different from that of the C2.59S mutant. K4 values could not be determined for D6.30C,
W6.48C, P6.50C and S6.58C, which lacked detectable binding.

Reactions of MTSEA with the mutants

10 mM MTSEA significantly inhibited [BH]CP55940 binding to 6 of 31 cysteine-
substitution mutants (Figure 2A). 3 mM MTSEA also significantly blocked binding to these
6 mutants, to different extents (Figure 2B).

Determination of Second-Order Rate Constant

To quantitate the susceptibility of MTSEA, we determined the second-order rate constants
for the sensitive mutants (Table 2 and Figure 3). The rate constants of the mutant receptors
(V6.51C, L6.52C, L6.54C, M6.55C, L6.59C and T6.62C) were 4-6 times higher than that of
the background (C2.59S) mutant receptor, but comparable to that of the wildtype CB2
receptor. To confirm the difference between sensitive and insensitive mutants, we also
calculated the second-order rate constants for several insensitive mutants for which
[3H]CP55940 binding was not significantly inhibited by MTSEA. The second-order rate
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constants for these mutants (T6.36C, H6.57C and T6.61C) were no different from that of the
C2.59S background mutant.

Protective Effect of WIN55212-2 against the Inhibitory Action of MTSEA

To determine whether the substituted cysteine residues that reacted with MTSEA are
actually within or in the vicinity of the binding pockets, we examined if the CB2 receptor
agonist WIN55212-2 could protect the substituted cysteines from the inhibitory action of
MTSEA on [3H]CP55940 binding. The residues that constitute the surface of the binding-
site crevice are a subset of the water-accessible residues. Pretreatment of MTSEA-sensitive
cysteine-substituted mutants with WIN55212-2 significantly reduced the inhibitory effects
of MTSEA on [3H]CP55940 binding for all the sensitive mutants, including V6.51C,
L6.52C, L6.54C, M6.55C, L6.59C and T6.62C (Figure 4). The extent of protection varied
for different mutants, with the higher WIN55212-2 concentration of 1 uM generally
affording more protection than 0.1 uM WIN55212-2.

Molecular Modeling

SCAM results reported here suggest that residues VV6.51, L6.52, L6.54, M6.55, L6.59, and
T6.62 are accessible to MTSEA from within the binding site crevice. Figure 5A illustrates
the positions of these residues in the context of the CB2 model reported here. It is clear here
that V6.51, L6.54, M6.55, L6.59 and T6.62 face into the CB2 binding pocket. While the C-
a-C-p bond of residue L6.52 is in the TMH6-TMHS5 interface of the CB2 model, the Leu
side chain points into the binding site crevice when its chi-1 torsion angle is in g+ (as
illustrated in Figure 5A). In addition, the flexibility of TMH6 may contribute to residue
L6.52 being accessible to the binding site crevice.

Thus the modeling and SCAM studies reported here are in direct agreement with each other.
Figure 5 also illustrates the positions of the same residues in the three reported crystal
structures of Class A GPCRs (bovine rhodopsin (Figure 5B) (35), human beta-2-adrenergic
(B-2-AR; Figure 5C) (47,48), and turkey beta-1-adrenergic (3-1-AR; Figure 5D) (49)
receptors. It is clear here that the residues labeled in CB2 would be accessible in these other
receptors as well. Figure 5 also illustrates a fundamental difference between the position of
the extracellular end of TMH®6 in the CB2 model vs. rhodopsin, f-2-AR and B-1-AR. The
origin of this difference is explored in the Discussion section below.

DISCUSSION
Effects of Cysteine Substitution on [3H]CP55940 Binding

In this study, 22 of the cysteine-substitution mutants had Ky values lower than that of the
C2.59S background mutant. These mutations therefore increased [?H]CP55940 binding
affinity for the CB2 cannabinoid receptor. The rest of the cysteine-substitution mutants
(R6.28C, L6.29C, L6.41C, A6.42C, V6.43C, L6.44C, F6.49C and V6.51C) had K values
for [3H]CP55940 not significantly different from that of the C2.59S background mutant.
[3H]CP55940 was used in this study because a suitable radiolabeled CB2 antagonist is
currently not available to us. One possible complication with all mutagenesis experiments is
that the overall structure of the mutant receptors may be changed from wildtype receptor
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structure. However, in this study, because the majority of the cysteine mutations caused
either no change in the K value for CP55940 or decreased the K value, we believe that the
overall structures of the mutant receptors are not compromised by the cysteine substitutions.
Since TMHBG is the key helix involved in GPCR activation (50), it is possible that those
mutations led to higher binding affinities (lowered Kq values) might have biased receptor
populations towards activated state, thus increasing agonist affinity.

W6.48, D6.30, P6.50 and S6.58

Even though W6.48C, D6.30C, P6.50C and S6.58C receptor proteins were detected on cell
membranes by Western blot analysis (data not shown), these mutant receptors lost their
ability to bind [3H]CP55940. W6.48, D6.30, P6.50 are highly conserved residues whereas
S6.58 is not a conserved amino acid among GPCRs.

In opioid receptors, the W6.48C mutation did not alter [3H]diprenorphine binding affinity
(24). In the dopamine D2 receptor, the W6.48C mutant showed greatly reduced binding
affinity (21). W6.48 is a highly conserved residue in rhodopsin-like GPCRs and is part of
the very important CWXP hinge motif in TMHG6 of Class A GPCRs. Mutating W6.48 of the
CB1 cannabinoid receptor to alanine resulted in a significant reduction in ligand binding
affinity in the presence of WIN55212-2 and SR141716A, but not CP55940 and anandamide
(51). In our recent mutagenesis studies on the CB2 receptor, W6.48A and W6.48F mutant
receptors completely lost their ligand-binding and signaling ability (52). These results,
together with our W6.48C mutant binding results, suggest that a tryptophan residue at
position 6.48 is important for ligand binding and proper function of CB2 receptor. This
tryptophan at 6.48 may be necessary to maintain the proper geometry of the ligand binding
pocket.

There has been no report on a D6.30C mutation for either the opioid or the dopamine D2
receptors. Previously, we have shown that the D to N mutation at position D6.30 of the CB2
receptor did not result in a loss of ligand binding (53). Residue 6.30 is part of an intracellular
ionic lock (with R3.50/D3.49) in rhodopsin (35). The CB2 D6.30N mutant would retain the
ability to hydrogen bond with R3.50 and may be the reason why the D6.30N mutation does
not show deleterious effects on ligand binding. The D6.30C mutation may cause this
connection with R3.50 to be lost, given that Cys residues are not strong hydrogen bonding
residues. This may explain the deleterious effect of D6.30C mutation on ligand binding seen
in this study.

In the D2 dopamine receptor, P6.50C reduced the binding affinity of the antagonist 3[H]-N-
methylspiperone to the receptor (21). Similar to our P6.50C results, [3H]Diprenorphine
binding was undetectable for P6.50C mutants of the mu, delta, and kappa opioid receptors in
SCAM studies by Xu and coworkers (24). Our results suggest that the 6.50 locus is crucial
for maintaining ligand binding and function of the CB2 receptor. P6.50 is the most
conserved residue in TMHS6 and is responsible for the helix kink. It might be expected that a
P6.50C mutant would exhibit no binding given that this mutation will cause a drastic change
in TMHG6 geometry.
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The S6.58C mutant lost ligand binding ability. S6.58 is an important residue at the
extracellular end of TMH6 in CB2. Modeling studies suggest that this residue hydrogen
bonds with EC-3 loop residues D(275) and S(274) and stabilizes the position of the
extracelluar end of TMHG6. Because Cys has reduced hydrogen bonding tendency, the
S6.58C mutation may result in a de-stabilization of the extracellular position of TMHS,
perturbing receptor structure and resulting in loss of ligand binding.

Residues in TMHG6 that are Accessible in the Binding-Site Crevice

Several mechanisms can possibly explain the inhibition of ligand binding when an MTS
reagent reacts with an accessible cysteine. These include steric block, electrostatic repulsion,
and/or an indirect structural effect on the binding site. Our SCAM results show that
[3H]CP55940 binding to 6 out of 30 mutants in TMH6 was sensitive to MTSEA.
Cannabinoids are well known for their hydrophobic properties. WIN55212-2 was used for
protection experiments, because among all the cannabinoids that we tested, this compound is
the easiest to wash off in protection assays. WIN55212-2 protected the binding of
[3H]CP55940 from the inhibitory action of MTSEA for all of these sensitive cysteine
mutants. WIN55212-2 could protect directly substituted cysteine residues on the surface of
the binding pocket from reaction with MTSEA, as well as protect substituted cysteine
residues deeper in the binding-site crevice by blocking the passage of MTSEA from the
extracellular medium. The residues identified by our results as being on the water-accessible
surface of the binding-site crevice of the CB2 receptor include V6.51, L6.52, L6.54, M6.55,
L6.59 and T6.62. As is clear in Figure 5, these residues form an arc that describes the degree
to which the extracellular portion of TMH®6 is pushed into the TMH bundle.

The loss of binding to the four cysteine-substitution mutants (W6.48C, D6.30C, P6.50C and
S6.58C) suggests that the structures of these mutant receptors, especially around the binding
site, have probably been distorted by the mutation such that the substituted cysteine no
longer lies in a similar orientation to that of the wildtype receptor. Two of the mutant
residues that lost their ligand-binding ability (W6.48C and S6.58C) are predicted by
modeling studies reported here to face into the binding site crevice. W6.48 of the mu and
kappa opioid receptors, and K6.58, W6.58 and E6.58 respectively of the mu, delta and
kappa opioid receptors (24) were also identified as being in the water-accessible binding site
crevice. P6.50 is predicted by modeling to face lipid and mutation of this residue to Cys can
be expected to introduce structural perturbations in the TMH bundle. P6.50 was not
identified as being in the water-accessible crevice of the mu, delta and kappa opioid
receptors (24), however, this residue could be labeled in the dopamine D2 receptor (21). The
other CB2 residue which lost its binding (D6.30C) is located at the intracellular end of
TMH6 and therefore would not have been available for modification by MTSEA.

Most of the residues identified in our study as being on the water-accessible surface of the
binding-site crevice of CB2 were also found to be accessible in the mu, delta and kappa
opioid receptors, as well as in the dopamine D2 receptor. Just like our results for V6.51,
L6.54, M6.55 and L6.59, Xu and coworkers (24) identified 16.51, Y6.54, V6.55 and A6.59
of the mu receptor, 16.51, F6.54, VV6.55 and T6.59 of the delta receptor, and 16.51, F6.54,
16.55 and A6.59 of the kappa receptor as being on the water-accessible surface of the
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binding-site crevice. Javitch and coworkers (21) identified F6.51, F6.52, T6.54, H6.55 and
16.59 of the dopamine D2 receptor, residues which we also identified in CB2 as being on the
water-accessible surface of the binding-site crevice. Three of their residues, VV6.40, F6.44
and 16.56 were insensitive to MTSEA in our studies. Unlike ours, their W6.48C did not lose
binding and was accessible in the binding-site crevice of the dopamine D2, and the mu and
kappa opioid receptors, but not in the delta opioid receptor. H6.52C, which showed no
detectable binding for all three opioid receptors, was identified as being on the water-
accessible surface of the binding-site crevice of CB2, just like F6.52 of the dopamine D2
receptor. CB2 residue 6.62 was also labeled in the work reported here. Modeling studies
predict that residue 6.62 is not part of TMHS6, but is at the beginning of the EC-3 loop.
However, this residue does face the ligand binding pocket (Figure 5) and this is likely the
reason why this residue was reactive to MTSEA.

Rate constants of MTSEA Reaction

The second order rate constants of the sensitive cysteine mutants were similar in magnitude.
There was, however, a 4-6-fold significant (p < 0.05) difference between the rate constants
of the sensitive and insensitive mutants, signifying that the reaction of MTSEA with
cysteines in the binding-site crevice is accelerated approximately 4—6-fold. This increase in
second order rate constants between the most reactive CB2 TMH® residue and the least
reactive residue, though statistically significant, is much less than the 100-fold increase in
second order rate constants reported for the mu, kappa and delta opioid receptors (24) or the
dopamine D2 receptor (21).

There is one important structural difference in CB2 that may contribute to the lower
MTSEA reactivity rates seen. Class A GPCRs such as rhodopsin, 3-2-AR and -1-AR have
a Cys in the EC-2 loop and a Cys at 3.25 that form a disulfide bridge. As evidenced in the
bovine rhodopsin (35), human p-2-AR (47,48) and turkey p-1-AR (49) crystal structures,
this disulfide bridge causes the EC-2 loop region C-terminal to the conserved disulfide bond
to be deeper in the binding-site crevice than is the N-terminal part of EC-2 loop. The
position of the EC-2 loop in each of these structures is illustrated in Figure 6(B-D). Here the
EC-2 loop is colored green and shown in molecular surface display (probe radius = 1.4 A). It
is clear here that in each case, the EC-2 loop protrudes into the binding site crevice between
TMH3 and TMHBG. This protrusion will limit how close the TMH bundle can pack together.
At the same time, this protrusion will not block water penetration into the binding site
crevice, but actually will facilitate such penetration since the TMH bundle is prevented from
closer packing with itself. Shi and Javitch found that the pattern of accessibility of EC-2
loop residues in the dopamine D2 receptor was consistent with a structure similar to that of
bovine rhodopsin. These investigators concluded that the EC-2 loop likely contributes to the
binding site in the D2 receptor (54). While no EC-2 loop SCAM studies have been reported
for the opioid receptors, each of these receptors also has a Cys in the EC-2 loop and a Cys at
residue 3.25. Thus the structure of the opioid receptors in the EC-2 loop region is likely to
be similar to rhodopsin, the beta-2-adrenergic, the beta-1-adrenergic, and the dopamine D2
receptors. In contrast to these other Class A GPCRs, the CB2 receptor lacks the Cys at 3.25
and therefore cannot mimic these other receptors. It is likely that an internal EC-2
C4.66(174)-C179 disulfide bridge (44) forms in CB2. Modeling studies suggest that because
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the CB2 EC-2 loop does not penetrate as deeply into the binding pocket (see Figure 6A), the
CB2 TMH bundle can more closely pack with itself. One of the effects of this increased
packing may be diminished water penetration and therefore reduced ability to label residues
deeper in the binding pocket, as well as a slowing of MTSEA reaction kinetics even for
residues higher in the binding site crevice.

Geometry of TMH6

The pattern of residues in TMH6 of the CB2 cannabinoid receptor accessible in the binding-
site crevice is consistent with TMH6 having an alpha-helical conformation extracellular to
P6.50 (37) (Figure 5). These results are consistent with TMH6 residues found to be
accessible to the binding site by SCAM studies of the dopamine D2 receptor (21) and the
mu, delta and kappa opioid receptors (24).

The difference in the EC-2 loop between CB2 and rhodopsin, f-2-AR and p-1-AR (Figure 6)
may also impact the direction in which the extracellular portion of TMH6 points. Figure 5
shows that the TMHG6 wobble angle in the CB2 model causes the extracellular end of TMH6
to point into the TMH bundle towards TMH4 (Figure 5A), while the extracellular end of
TMHBG6 in rhodopsin, B-2-AR or B-1-AR actually points out of the bundle past TMH5 (Figure
5 B-D). This is reflected in the wobble angles for TMH6 in bovine rhodopsin (35), human
B-2-AR (47,48), turkey B-1-AR (49) and the model of human CB2 which are —-83.7°, =73.0°,
—-65.5° and —121.6° respectively. The much larger magnitude wobble angle for CB2 TMH6
is possible because the EC-2 loop in CB2 does not penetrate deeply into the binding pocket,
enabling the top of TMHG6 to occupy a region precluded by the EC-2 loop in rhodopsin, 3-2-
AR and g-1-AR.

Conclusions

In this study, we used the substituted cysteine accessibility method to identify novel CB2
receptor-binding site residues and to elucidate the secondary structure of TMH6 of CB2.
The cannabinoid agonist WIN55212-2 protected V6.51, L6.52, L6.54, M6.55, L6.59 and
T6.62 from modification by the MTS reagent, indicating that these six residues line the CB2
binding site. Our molecular modeling studies indicate that these same six residues face into
the CB2 binding pocket (V6.51, L6.52, M6.55, L6.54, L6.59 and T6.62), thereby
corroborating our SCAM studies.

Abbreviations

GPCR G protein-coupled receptor

HEK?293 Human embryonic kidney cells

MTS reagents Methanethiosulfonate reagents

MTSEA Methanethiosulfonate ethylammonium
Rho Rhodopsin

SCAM Substituted cysteine accessibility method
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Figure 1. Schematic representation of the human CB2 receptor
The amino acid residues in TMH6 mutated to cysteine in this study are enclosed in a box.
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Figure 2. Effects of MTSEA on specific [3H]CP5594O binding to mutant CB2 receptors
HEK?293 cells stably transfected with C2.59S background and CB2 cysteine-substitution

mutant receptors were treated with 3 mM and 10 mM MTSEA for 10 mins at room
temperature. CP55940 was then used for competition binding with [3BH]CP55940 on the
MTSEA-treated cells. Data shown represent the mean+SEM of at least six independent
experiments performed in duplicate. Solid black bars are mutants for which inhibition was
significantly different (p < 0.05) from the background by one-way ANOVA plus Newman-
keul’s post test. The stars signify mutants for which [3H]CP55940 binding was undetected.
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Figure 3. Comparison of the second order rate constants for wildtype CB2, C2.59S background
mutant and CB2 TMHB6 cysteine-substitution mutant receptors

The experiments were performed as described in Methods. Data shown represent the mean
+SEM of at least six independent experiments performed in duplicate.
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Figure 4. WIN55212-2 protection of the MTSEA effects on specific [3H]CP55940 binding to
mutant CB2 receptors
HEK?293 cells stably transfected with C2.59S background and cysteine-substitution mutant

receptors were incubated without or with 0.1 pM and 1 pM WIN55212-2 for 40min at 30°C
and then reacted with 10 mM (V6.51C and L6.54C) or 30 mM (L6.52C, M6.55C, L6.59C
and T6.62C) MTSEA (to inhibit >80% of binding) for 10 min at room temperature. The
cells were then washed eight times, resuspended in binding buffer, and assayed for specific
[3H]CP55940 binding as described under “materials and methods”. The data are expressed
as a fraction of the binding measured in the absence of MTSEA treatment. Data shown
represent the mean=SEM of at least four independent experiments performed in quadruplet.
WIN55212-2 provided significant protection (p < 0.05 (*) by one-way ANOVA plus
Newman-keul’s post test for all of the mutants.
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Figure 5. Extracellular views of receptor models
(A) An extracellular view of the CB2 model. This model includes both N- and C-termini, as

well as extracellular and intracellular loops. TMH® is highlighted in magenta and the
residues labeled by MTSEA (V6.51, L6.52, L6.54, M6.55, L6.59 and T6.62) are highlighted
in green. (B-D) Illustrated here are the positions of these same residues in the three reported
crystal structures of the Class A GPCRs: bovine rhodopsin (5B) (35), the human beta-2-
adrenergic (B-2-AR; 5C) (47.48), and the turkey beta-1-adrenergic (3-1-AR; 5D) (49)
receptors. It is clear that the residues labeled by MTSEA in CB2 would be accessible in
these other receptors as well.
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Figure 6. EC-2 Loop Positions and Penetration into the Binding Pocket
The differences in EC-2 Loop penetration into the binding pockets of (A) CB2, (B) bovine

rhodopsin (35), (C) the human B-2-AR (47,48) and (C) the turkey pB-1-AR (49) are ilustrated
here. Class A GPCRs such as rhodopsin, B-2-AR and -1-AR (but not CB2) have a Cys in
the EC-2 loop and a Cys at 3.25 that form a disulfide bridge. In (B) the bovine rhodopsin
(35), (C) the human B-2-AR (47,48) and (D) the turkey B-1-AR (49) crystal structures, this
disulfide bridge causes the EC-2 loop region C-terminal to the conserved disulfide bond to
be deeper in the binding-site crevice than is the N-terminal part of EC-2 loop. Here the EC-2
loop is colored green and shown in molecular surface display (probe radius = 1.4 A). It is
clear that in 6B-6D, the EC-2 loop protrudes into the binding site crevice between TMH3
and TMH®. This protrusion will limit how close the TMH bundle can pack together. In
contrast, the CB2 receptor (A) lacks the Cys at 3.25. It is likely that an internal EC-2
C4.66(174)-C179 disulfide bridge (44) forms in CB2. Because the CB2 EC-2 loop does not
have as deep a penetration into the binding pocket, the CB2 TMH bundle can more closely
pack with itself, likely resulting in decreased water penetration, as well as a slowing of
MTSEA reaction kinetics even for residues higher in the binding site crevice.
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Table 1

Parameters of [3H]CP55940 binding to wildtype and TMHS6 cysteine-substituted CB2 receptors stably
expressed in HEK293 cells.

Receptor  Kq(95%CI), "M Kgmu/Kgcoses  Bmax fmol/i104cells

cB2 8.98 (5.60-14.39) 0.4 313+035 6
C259S 2290 (17.23-30.44) 10 7.84 +0.05 10
R6.28C  7.29(2.95-1861)  0.32 2.97+0.29 6
L6.29C  10.79 (6.35-18.34)  0.47 6.40 + 0.05 6
D6.30C ND 6
V631C 25 (1.37-370)° 010 434007 6
R632C  433(240-7.82)" 020 5.53+0.10 6
L633C  19(090-1.86)° 0.06 2.41+007 6
A634C  154(1.00-236) 007 3.04+0.08 6
K635C 131 (083208 006 1.99 +0.40 6
T6.36C 058 (0.40-082)° 0.03 1.06 + 0.04 6
L637C  510(326-7.89)" 022 2.42+0.04 6
G638C  51g(3.97-674) 023 2.35+0.08 6
L639C 551 (300-9.84)° 024 2.08+0.05 6
V640C 361 (245-533) 016 1.75+0.30 6
L641C  19.79(9.84-39.80)  0.86 7.50 + 0.80 6
A6.42C  1355(7.58-24.20) 059 7.08+0.29 6
V6.43C  12.83(6.78-24.26) 056 6.64 +0.17 6
L644C  9.93(5.04-1958)  0.43 418+0.08 6
L645C 956 (5.48-16.69)° 042 447015 6
16.46C 272 (1.86-3.99)° 012 3.07 +0.04 6
W6.48C ND 6
F6.49C 8.57 (4.25-17.29)  0.37 4.26+0.09 6
P6.50C ND 6
V651C 1097 (335-35.88) 0.48 5.09+0.21 6
L652C 131 (093-1.84" 006 2.13+0.40 6
A653C  gop(443-1466) 035 3.48 +0.06 6
L654C  (og(052-1.87)° 004 1.73+0.08 6
MB55C  212(105-420)° 009 251+0.11 6
A656C  gop(445-14.45" 0.35 3.04+0.11 6
H6.57C 778 (4.69-12.00)° 0-34 317008 6
$6.58C ND 6
L659C  373(223-623)° 016 2.15+0.08 6
A660C  gg5(427-17.14)° 037 351+0.07 6
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Receptor Ky (95%C|), nM Ky mut/Kd 2595  Bmaxs fmol/10* cells n

T6.61C 3.50 (2.12—5.76)* 0.15 2.33+0.20 6

T662C  158(1.00-248) 007 2.49 +0.06 6

Kd and Bmax values were measured in competition binding experiments using [3H]CP5594O as radioligand (see Materials and Methods). Data are
the mean+SEM of at least 6 independent experiments performed in duplicate. ND, no detectable binding.

*
Significantly different from the background (C2.59S)(p<0.05)

Biochemistry. Author manuscript; available in PMC 2016 March 14.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Nebane et al. Page 25

Table 2

Rates of reaction of MTSEA (M~1 s71) with cysteine-substitution mutants of the CB2 receptor stably
expressed in HEK293 cells.

Receptor  kmrsea (M71s™)  kyur/kwr

CcB2* 1.22+0.03 1.00
C2.59s 0.23+0.03 0.19
(T6.36C) 0.34+£0.09 0.28
V6.51C* 1.20+0.02 0.98
L6.52C* 1.21+0.02 0.99
L6.54C* 1.29+0.02 1.06
M6.55C* 1.24+0.03 1.02
(H6.57C) 0.28+0.01 0.23
L6.59C* 1.24+0.03 1.02
(T6.61C) 0.24+£0.01 0.20
T6.62C* 1.23+0.01 1.01

Second-order rate constants were determined as described in materials and methods. Cells were treated with four concentrations of MTSEA (1, 3,
10 and 30 mM) and [3H]CP55940 binding performed. Rate constants of all accessible mutants were determined. Data represent the means+SEM of
at least four independent experiments performed in duplicate. kMU T/kwT Was obtained by dividing the k value obtained for each cysteine mutant

by the k value of the CB2 wildtype receptor (not the C2.59S background which does not react). The asterisk (*) denotes a statistically significant
difference (p < 0.05) compared to the C2.59S background mutant, by one-way ANOVA plus Newman-keuls post test. The brackets () show
selected “insensitive” mutants that were not significantly more inhibited than the background (C2.59S) mutant.
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