2

ELSEVIE

Biochemical Pharmacology 63 (2002) 2121-2136

A critical role for a tyrosine residue in the cannabinoid
receptors for ligand recognition

Sean D. McAllister®, Qing Tao", Judy Barnett-Norris®, Kurt Buehner®, Dow P. Hurst®,
Frank Guarnieri®, Patricia H. Reggio®, Katharine W. Nowell Harmon®,
Guy A. Cabral®, Mary E. Abood™"

#Forbes Norris ALS/MDA Research Center; California Pacific Medical Center, 2351 Clay St., Suite 416, San Francisco, CA 94115, USA
*Department of Pharmacology and Toxicology, Virginia Commonwealth University, Richmond, VA 23298, USA
“Chemistry Department, Kennesaw State University, Kennesaw, GA 30144, USA
dPhysiology and Biophysics Department, Mt. Sinai School of Medicine, New York, NY 10029, USA
®Department of Microbiology and Immunology, Virginia Commonwealth University, Richmond, VA 23298, USA

Received 5 January 2001; accepted 17 December 2001

Abstract

Previous mutation and modeling studies have identified an aromatic cluster in the transmembrane helix (TMH) 3-4-5 region as
important for ligand binding at the CB; and CB, cannabinoid receptors. Through novel mixed mode Monte Carlo/Stochastic Dynamics
(MC/SD) calculations, we tested the importance of aromaticity at position 5.39(275) in CB;. MC/SD calculations were performed on
wild-type (WT) CB; and two mutants, Y5.39(275)F and Y5.39(275)I. Results indicated that while the CB; Y5.39(275)F mutant is very
similar to WT, the Y5.39(275)I mutant shows pronounced topology changes in the TMH 3-4-5 region. Site-directed mutagenesis studies of
tyrosine 5.39 to phenylalanine (Y — F) orisoleucine (Y — I) in both CB; and CB, were performed to determine the functional role of this
amino acid in each receptor subtype. HEK 293 cells transfected with mutant receptor cDNAs were evaluated in radioligand binding and
cyclic AMP assays. The CB; mutant and WT receptors were also co-expressed with G-protein-coupled inwardly rectifying channels
(GIRK1 and GIRK4) in Xenopus oocytes to assess functional coupling. The Y — F mutation resulted in cannnabinoid receptors with
subtle differences in WT binding and signal transduction. In contrast, the Y — I mutations produced receptors that could not produce
signal transduction or bind to multiple cannabinoid compounds. However, immunofluorescence data indicate that the Y — I mutation was
compartmentalized and expressed at a level similar to that of the WT cannabinoid receptor. These results underscore the importance of
aromaticity at position CB; 5.39(275) and CB, 5.39(191) for ligand recognition in the cannabinoid receptors. ) 2002 Elsevier Science

Inc. All rights reserved.
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1. Introduction

The human CB; and CB, cannabinoid receptors, both G-
protein-coupled receptors, share only 44% amino acid
identity overall, with 68% identity within the transmem-
brane domains [1,2]. Most CB ligands, however, do not
discriminate between the receptor subtypes [3,4] (reviewed
in Refs. [5-7]). Both CB; and CB, receptors inhibit
adenylyl cyclase activity via a pertussis toxin-sensitive
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Abbreviations: CB, cannabinoid; cAMP, cyclic AMP; TMH, trans-
membrane helix; MC/SD, Monte Carlo/Stochastic Dynamics; WT, wild
type; GIRK, G-protein-coupled inwardly rectifying potassium chanel;
THC, tetrahydrocannabinol; GPCR, G-protein-coupled receptor.

G-protein [3,8,9]. In neuronal and transfected cells, the
potency for inhibiting cAMP accumulation for a series of
CB, receptor agonists correlates with their ability to dis-
place CB binding [3,8]. The CB; receptor has also been
shown to inhibit G-protein-coupled calcium and potassium
channels [10,11].

There is growing evidence in the literature that the TMH
3-4-5 region is important for agonist/antagonist binding at
both CB receptors. Shire et al. [12] reported that the TMH
4-5 region of CB| was crucial for high-affinity binding of
the CB; antagonist SR141716A. Subsequent studies
revealed that the TMH 4-extracellular2-TMH 5 region
of both CB receptors contained residues critical for the
binding of the aminoalkylindole WIN 55,212-2 and the
CB, antagonist SR144528 [13]. Previous studies using the
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receptor model reported here identified an aromatic cluster
in the TMH 3-4-5 region of both CB; and CB, as important
to the binding of WIN 55,212-2 [14]. The CB, selectivity
of WIN 55,212-2 was attributed to an additional direct
interaction in CB, with F5.46(197), a residue that is non-
aromatic in CB,. These results led to the hypothesis that
ligand interaction with F5.46(197) may be responsible for
the CB, selectivity of WIN 55,212-2, and results of
mutagenesis studies supported this hypothesis [14].

At the top of the TMH 3-4-5 aromatic cluster in both the
CB; Y5.39(275) and CB, Y5.39(191) receptors is a tyr-
osine residue. Although our recent modeling studies have
not identified Y275 or Y191 as a direct ligand interaction
site [14,15], these studies have suggested that this residue
may be a key element of the TMH 3-4-5 aromatic cluster in
the CB receptors [16].

To test computationally if aromaticity or hydrogen
bonding potential at position 5.39 was essential in the
CB receptors, we used the MC/SD method, one that
permits the simultaneous exploration of many thermally
accessible conformational states of the receptor [17]. The
MC/SD method was applied to WT CB; and to two mutant
receptors, Y5.39(275)F and Y5.39(275)1. The first muta-
tion preserves bulk and aromaticity at position 5.39, and
tests if any hydrogen bonding potential is important at this
position. The second mutation preserves bulk and tests if
aromaticity is important. MC/SD results reported here
show that the CB; Y275F mutant is very close to the
WT, while results for the Y2751 mutant show pronounced
topology changes in the TMH 3-4-5 region. Furthermore, a
detailed comparison of the CB model with the recently
published 2.8 A resolution crystal structure of rhodopsin
[18] is included to highlight important similarities and
differences.

Intracellular

Mutagenesis experiments were undertaken to test the
effects of the 5.39 mutations in both the CB; and CB,
receptors. Our strategy was to compare selective conser-
vative mutations in both receptors rather than to study
multiple less conservative mutations (e.g. alanines) in a
single receptor. This strategy is based on our previous
findings demonstrating that certain conserved amino acids
among CB receptors are subtype-selective and play dif-
ferent roles in receptor function [15]. Here we report that
the Y — F mutation in both CB; and CB, resulted in subtle
alterations in receptor affinity and signal transduction. In
contrast, the Y — I mutation in CB; and CB, led to
receptors that lost ligand binding capability. Evaluation
of receptor expression revealed no significant differences
between the Y — I mutation and the WT receptor. Our
MC/SD studies support the hypothesis that aromaticity at
position 5.39(275) in CB; and 5.39(191) in CB, is essential
to maintain cannabinoid ligand WT affinity.

2. Materials and methods
2.1. Molecular modeling

2.1.1. Amino acid number system

The numbering scheme suggested by Ballesteros and co-
workers [19,20] was employed here. In this scheme, each
amino acid position in a sequence is given a number that
begins with the helix number followed by a two-digit
decimal. The most highly conserved residue among
GPCRs in each TMH is assigned a value of 0.50, and
all other residues in the helix are numbered relative to this
highly conserved residue. This numbering scheme is illu-
strated for CB; in Fig. 1, and a complete discussion of

Fig. 1. Helix net representation of the sequence of the human CB, receptor.



S.D. McAllister et al. /Biochemical Pharmacology 63 (2002) 2121-2136 2123

sequence notation assignments can be found in an earlier
publication [20].

It should be noted that TMH 5 of the CB receptors lacks
the highly conserved Pro that is typically used to number
residues in TMH 5 by this system. As detailed in an earlier
paper [20], the second most highly conserved residue in
TMH 5 of most GPCRs is a Tyr at position 5.58 in the C
terminal portion of Hx 5. The CB; and CB, receptors have
two Tyr residues in common in this region. To determine
which of these would correspond to Tyr 5.58 in other
GPCRs, a “‘structural alignment” was performed [19].
In such an alignment, residues are aligned based upon
their predicted interior or surface-exposed character. First,
the cytoplasmic end of TMH 5 was predicted using the
criterion that Arg/Lys patches at the intracellular end of a
TMH face the lipid domain and may serve to anchor the
helix in the membrane by interaction with the negatively
charged phospholipid head groups [21]. The cytoplasmic
end of TMH 5 predicted using the Arg/Lys criterion was
used then to superimpose the predicted accessibility profile
for TMH 5 of CB, with the equivalent profile of the rest of
the proteins used in the original alignment (see Ref. [20]).
By this method, Y294 in CB; and Y210 in CB, were
aligned with the highly conserved Tyr at 5.58 in other
GPCRs. The Leu residue eight residues earlier in the
sequence, normally a Pro, was assigned the locant 5.50
in order to preserve the numbering system corresponding
to other GPCRs.

2.1.2. Computer model construction and refinement

The CB; TMH bundle model used as a starting structure
for the MC/SD studies was constructed and refined as
described previously [14] with three modifications. First,
the initial conformation of TMH 7 was as obtained by
Konvicka et al. [22], via Conformational Memories cal-
culations. With this new conformation of TMH 7 intro-
duced into the CB, bundle, a hydrogen bond network was
established that included D2.50/N7.49/N1.50 [23]. A simi-
lar network is described for the 5-HT,, receptor by
Konvicka et al. [22]. Second, the conformation of TMH
6 used in the TMH bundle was obtained from a Conforma-
tional Memories [24] study of TMH 6 in CB,. The con-
formation chosen reflected the kink produced by the
CWXP motif in TMH 6 [25]. Finally, near the intracellular
side of the TMH helix bundle, R3.50 was positioned to
interact with D3.49 as described in Ballesteros et al. [26].
In this position, R3.50 can also form a salt bridge with
D6.30. Such an interaction brings the intracellular ends of
TMHs 3 and 6 in closer proximity, as has been suggested
by Gether et al. [27] for the inactive state of the B>-
adrenergic receptor.

2.1.3. Model minimization

Residue 5.39 in WT CB,; was mutated using Macro-
Model BatchMin (V5.5) [28] to either F or 1. All calcula-
tions were performed using a distance-dependent

dielectric. Each receptor bundle was packed before mini-
mization using interactive computer graphics to maximize
tertiary interactions between residue side chains. All of the
WT, Y5.39F, and Y5.391 models were submitted to a
minimization protocol using MacroModel BatchMin
(V6.5). Before minimization, the charges on the following
residue side chains were reduced to one-third the original
value to prevent over-estimation of charge effects: E1.49,
R1.61, D2.63, K3.28, R4.39, K4.41, K5.64, R6.32, K6.35,
D6.58,R7.56, K7.58, and D7.59. Charges on these residues
were reduced either because they face lipid or because they
are not of functional importance. Residues D2.50, D3.49,
R3.50, and D6.30 were left fully charged because these
residues have been shown to be important to maintaining
the receptor bundle in its inactive state [26].

The receptor model was minimized through a series of
11 cycles of 1000 iterations each. The first cycle consisted
of Polak-Ribier conjugate gradient minimization with
harmonic constraints on the backbone atoms. The output
structure was then submitted to the second cycle of itera-
tions in which the force constant on the helical backbone
was reduced by 10%. Each subsequent cycle of iteration
was computed with a further reduced force constant until
the last cycle of iterations in which no constraints were
placed on the backbone atoms.

2.1.4. MC/SD calculations

The MC/SD technique as described in Laakkonen ef al.
[17] was used here to study the effect of mutating Y5.39 to
an F or to an [ in the CB receptor. This technique has been
used successfully to explore the thermally accessible con-
formational states of the TRH receptor with its ligand,
TRH [17]. The algorithm combines Stochastic Dynamics
(SD) in Cartesian space with Metropolis Monte Carlo
(MC) sampling in torsional space. In this method, after
every dynamics step, a random trial torsional deformation
is performed and accepted or rejected according to the
Metropolis criterion. Regardless of the outcome of the
Metropolis test, the next step is computed from the current
conformation using the dynamical step to produce a
new trial configuration of the Monte Carlo sampling.
The mixed mode MC/SD calculation actually merges
the algorithms of dynamics and Monte Carlo, essentially
eliminating the distinction between deterministic and
Stochastic simulations.

2.1.5. Stochastic dynamics heating

Each final minimized bundle was submitted to a Sto-
chastic Dynamics heating protocol. Using MacroModel
BatchMin 5.5, the receptor model was heated from 300 to
600 K in 25-degree increments. Each temperature was
simulated for 25 psec using a time-step of 1.5 fsec. The
simulation at 600 K ran for 100 psec, and 25 structures
were sampled along the dynamical trajectory. A distance-
dependent dielectric was used, and no constraints were
applied.
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2.1.6. MC/SD cooling

During the WT MC/SD cooling runs, y; and %, of the
following residues were varied: F3.25, L3.29, F3.36,
F3.44, Y3.51, F4.46, W4.50, W4.64, Y5.39, F5.42,
W5.43, F5.53, Y5.56, Y5.60, C6.47, and W6.48. In addi-
tion, %1, X2, X3, and x4 of K3.28 were varied. 3-Branched
amino acids (V, I, and T) that are part of an a-helix have a
single % population due to clashes with the helix backbone
[29]. As a result, during the cool runs only y, of the
following PB-branched residues was varied: 13.48, T5.47,
and 16.46. Because T5.38 is the last residue at the top of
Helix 5, it will not have limitations placed on its y; value,
so for T5.38 both y; and y, were varied. The torsion angles
varied for the Y5.39F and Y5.391 mutants were the same as
described above except at position 5.39. For the Y5.39F
mutant, y; and y, of F5.39 were varied. For the Y5.391
mutant, y; and y, of 15.39 were varied.

The structures from the heating protocol were submitted
to individual cooling runs using different random number
seeds. For this protocol, the structures were cooled from 600
to 310 K using the MC/SD technique and the cooling
scheme described below. The structure was cooled from
600 to 450 K in 25-degree increments, from 450 to 350 K in
20-degree increments, and from 350 to 310 K in 10-degree
increments. Each of the first temperatures was simulated for
25 psec, using a time-step of 1.5 fsec. For each temperature,
there was a 1:1 ratio of Monte Carlo to Stochastic Dynamics
steps. At each MC step, 1 to 3 torsions from the list of
possible torsion angles above were varied between +60°.
The MacroModel adaptive mechanism for MC/SD calcula-
tions, which is a MacroModel default setting, was turned off
using a system flag. At 310 K, the bundles were simulated
for 50 psec, and 10 structures were sampled along the
trajectory. Thus, there were 250 structures per each bundle
system used for data analysis.

Centroids were created for each aromatic ring of each
aromatic amino acid residue that faced into the CB;
binding site crevice. These residues were F1.45, Y2.40,
F2.42, F2.57, Y2.59, F2.61, F2.64, F2.67, F3.25, F3.27,
F3.36, F3.44, Y3.51, F4.46, W4.50, W4.64, Y5.39 (F5.39
in the Y5.39F mutant), F5.42, W5.43, F5.53, Y5.56, Y5.58,
Y5.60, W5.63, W6.48, Y6.57, F7.35, F7.37, and Y7.53 in
WT CB;. A vector normal to the plane of each aromatic
system was also generated. The distances between cen-
troids and the angle between the normal vectors, o, were
measured for all possible pairs of aromatic amino acids
within the TMH bundle. For each of the measurements
described above, the average and standard deviation for
each 250 bundle set were also computed. Burley and
Petsko [30] have reported that aromatic—aromatic stacking
interactions in proteins operate at distances (d) of 4.5 to
7.0 A between ring centroids. The angle between normal
vectors of interacting aromatic rings typically is between
30° and 90°, producing a “tilted-T” or ‘“‘edge-to-face”
arrangement of interacting rings. Residues were designated
as part of a cluster if they had centroid to centroid distances

between 4.5 and 7.0 A. These interactions were further
classified as “tilted-t”” arrangements if 30° < o < 90° and
as parallel arrangements for o < 30°.

2.2. Mutation studies

2.2.1. Materials

[PHICP-55,940  ([*H]-(—)-3-[2-hydroxyl-4-(1,1-dim-
ethylheptyl)-phenyl]-4-[3-hydroxypropyl]cyclohexan-1-ol)
was purchased from DuPont-NEN. A>-THC and SR141716A
[N-(piperidin-1-yl)-5-(4-chlorophenyl)-1-(2,4-dichlorophe-
nyl)-4-methyl-1H-pyrazole-3-carboxamidehydrochloride]
were obtained from the National Institutes on Drug Abuse.
CP-55,940 was obtained from Pfizer Inc. WIN 55,212-2 [(R)-
(+)-[2,3-dihydro-5-methyl-3-[(4-morpholinyl)methyl]pyr-
olo[1,2,3-de]-1,4-benzoxazin-6-yl](1-naphthalenyl)metha-
none] was purchased from RBI. Anandamide was
synthesized and provided by Dr. Raj Razdan (Organix,
Inc.). JIWH-015 (2-methyl-3-napthoyl-N-propylindole) and
JWH-051 (1-deoxy-11-hydroxy-A®-THC-dimethylheptyl)
were synthesized and provided by Dr. John Huffman (Clem-
son University). The human CB; cDNA clone was a giftof Dr.
Marc Parmentier. Dr. Sean Munro (MRC Laboratories)
provided the human CB, cDNA clone. GIRK1 and GIRK4
cDNA clones were a gift from Dr. Diomedes E. Logothetis.

2.2.2. Mutagenesis

Mutations were introduced with the QuikChange site-
directed mutagenesiskit (Stratagene) as previously described
[15]. This method allows mutagenesis to be performed in any
vector; hence, we used human CB; or CB, subcloned into
pcDNA3 (Invitrogen) [4]. The DNAs were sequenced to
confirm mutation in the desired regions only. To make the
CB; Y5.39F (Y275F) mutation, the primers C ATT GAT
GAA ACCTTC CTG ATG TTC TGG (forward) and CCA
GAA CAT CAG GAA GGT TTC ATC AAT G (reverse)
containing the desired mutation (TAC to TTC) were used.
The CB, Y5.39F (Y191F) mutation was made with the
following primer sets: CCC AAT GAC TTC CTG CTG
AGC TGG (forward) and CCA GCT CAG CAG GAA
GTC ATT GGG (reverse). To make the Y5.391 (Y2751 and
Y 1911) mutations, similar primers were constructed except
that they contained the isoleucine mutation (TAC to ATC).

2.2.3. Cell culture and transfection

Cell lines were created by transfection of WT or mutant
CB, or CB, pcDNA3 into HEK 293 cells by the Lipofec-
tamine reagent as previously described [15]. Two or more
cell lines containing moderate to high levels of receptor
mRNA were tested for receptor binding and signal trans-
duction properties. Each cell line had similar properties, so
one was chosen for further analysis.

2.2.4. CB receptor radioligand binding determinations
The current assay has been described previously [31,32].
Briefly, cells were harvested in phosphate-buffered saline
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containing 1 mM EDTA and centrifuged at 500 g (3 min,
22°). The cell pellet was homogenized and centrifuged
three times at 1600 g (10 min, 4°). The combined super-
natants were centrifuged at 100,000 g (60 min, 4°). The (P2
membrane) pellet was resuspended in 3 mL of buffer B
(50 mM Tris—HCI, 1 mM EDTA, 3 mM MgCl,, pH 7.4) to
yield a protein concentration of approximately 1 mg/mL.
Binding was initiated by the addition of 25-75 pg of
membrane protein to silanized tubes containing [*H]CP-
55,940 (102.9 Ci/mmol) and a sufficient volume of buffer
C (50 mM Tris—HCl, 1 mM EDTA, 3 mM MgCl,, and
5 mg/mL of fatty acid-free BSA, pH 7.4) to bring the total
volume to 0.5 mL. The addition of 1 uM unlabeled CP-
55,940 was used to assess nonspecific binding. Specific
binding averaged >50% of total binding in all cell lines
used in the analysis. Following incubation (30° for 1 hr),
binding was terminated by the addition of 2 mL of ice-cold
buffer D (50 mM Tris—HCI, pH 7.4, plus | mg/mL of BSA)
and rapid vacuum filtration through Whatman GF/C filters
[pretreated with polyethyleneimine (0.1%) for at least
2 hr]. CP-55,940 and all cannabinoid analogs were pre-
pared by suspension in assay buffer from a 1 mg/mL
ethanolic stock without evaporation of the ethanol (final
concentration of no more than 0.4%). When anandamide
was used as a displacing ligand, experiments were per-
formed in the presence of phenylmethylsulfonyl fluoride
(50 uM). Saturation experiments were conducted with six
concentrations of [*H]CP-55,940 ranging from 250 pM to
10 nM. Competition assays were conducted with 0.5 nM
[*H]CP-55,940 and six concentrations (0.1 nM to 10 uM)
of displacing ligands. Displacement Ec,, values were ori-
ginally determined by unweighted least-squares non-linear
regression of log concentration—percent displacement data
and then converted to K; values using the method of Cheng
and Prusoff [33] and re-analyzed with GraphPad Prism
(GraphPad).

2.2.5. cAMP accumulation assay

Intracellular cAMP levels were measured with a com-
petitive protein binding assay (Diagnostic Products, Inc.)
as previously described [32]. Cells were harvested and
resuspended at a concentration of 1 x 10° cells/mL in
Dulbecco’s modified Eagle’s medium containing 20 mM
HEPES, pH 7.3, 0.1 mM Ro-20-1724, and 1 mM isobu-
tylmethylxanthine and incubated for 30 min at 37°. Ali-
quots of cells (90 uL) were added to polypropylene
microfuge tubes containing 0.5 pM forskolin £ cannabi-
noids + 1 mg/mL of fatty acid-free BSA, in a final volume
of 100 uL and incubated for 5 min at 37°. Since the
cannabinoids were dissolved in ethanol, all tubes contained
an equivalent amount of ethanol (0.5%). The reactions
were terminated by boiling for 4 min, followed by cen-
trifugation (12,000 g) and removal of 50 pL of the super-
natant that was assayed for cAMP levels. The assay method
is based on the competition between unlabeled cAMP and a
fixed quantity of [*H]cAMP for binding to a protein that

has a high specificity and affinity for cAMP [34]. The
amount of labeled cAMP protein complex formed is
inversely related to the amount of unlabeled cAMP present
in the assay sample. The free cAMP was separated from
bound by adsorption onto dextran-coated charcoal, and the
bound [*H]cAMP was counted in a liquid scintillation
counter. The concentration of cAMP in the unknown is
determined by comparison with a linear standard curve.
The results are expressed as percent inhibition of forskolin-
stimulated cAMP accumulation. The Ecsy curves were
generated with the use of the GraphPad Prism program
(GraphPad).

2.2.6. cRNA synthesis

cDNAs of GIRK1 and GIRK4 in pGEM-HE and CB,,
CB; Y275F, or CB; Y2751 in pcDNA were linearized by
Nhel and Xbal, respectively. The cRNAs were transcribed
in vitro using a T7 RNA polymerase (nMESSAGE mMA-
CHINE, Ambion).

2.2.7. Expression in oocytes and recordings

Oocyte injection, expression, and recordings were per-
formed as previously described [11]. Briefly, 0.1 to 0.3 ng
of GIRK1 and GIRK4 and 14-25ng of CB; (WT or
mutant) cRNAs were co-injected using a micromanipulator
(Drummond Scientific Co.) into Xenopus laevis oocytes.
Recordings were performed after 7-9 days of incubation in
0.5x L-15 medium (Sigma) supplemented with L-gluta-
mine and antibiotics. For recordings, the eggs were placed
in a chamber (total volume 200 mL) and perfused at 4 mL/
min with LK (2 mM KCIl, 96 mM NaCl, 2 mM CaCl,,
1.8 mM MgCl,, and 5 mM HEPES, pH 7.5), HK (96 mM
KCl, 2 mM NacCl, 2 mM CaCl,, 1.8 mM MgCl,, and 5 mM
HEPES, pH 7.5), or HK plus drug. BSA (3 pM) was added
to all drug solutions to minimize absorption of CB com-
pounds to the perfusion system. Oocytes were impaled
with two microelectrodes filled with 3 M KCIl and were
voltage-clamped at reported voltages using an Axon Gen-
eClamp amplifier (Axon Instruments). Currents were fil-
tered at 10 Hz, collected, and analyzed using a Macintosh
Centris 650 containing a 16-bit analog-digital interface
board and voltage-clamp software running under the IGOR
graphics environment (Wavemetrics). The Ecsy curves
were generated with the use of the GraphPad Prism pro-
gram (GraphPad).

2.2.8. Statistical analyses

The K; and Ecsy values in the mutant versus WT cell
lines and oocytes were compared by analysis of logged
data (GraphPad Prism) using the unpaired Student’s #-test.
P values <0.05 defined statistical significance.

2.2.9. Immunofluorescence

Immunocytochemical analyses were performed as pre-
viously described [15]. Briefly, cells seeded onto glass
coverslips were fixed in 4% paraformaldehyde in PBS, and
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then were treated with 0.01% Triton X-100 in PBS. Fixed
coverslip cultures were blocked in SuperBlock (Pierce) in
PBS, and incubated with an affinity-purified rabbit anti-
body (3 pg/mL in Superblock) directed against an immu-
nodominant carboxy terminal domain of the human CB;
receptor. This antibody, designated anti-hCB; 417-438,
was elicited in New Zealand White rabbits using a keyhole
limpet hemocyanin-human CB, peptide (amino acids 417-
438) fusion as immunogen and was assessed for specificity
and antibody titer as described previously [35]. Following
incubation with fluorescein isothiocyanate (FITC)-labeled
goat anti-rabbit IgG, slides were mounted and examined
with an Olympus BHA Microscope equipped with a model
BH2RFI reflected fluorescence attachment and a model
PM-10AD photo-micrographic system (Olympus Corp.).
Percent fluorescence was determined following assessment
of 100 cell profiles from each of four random fields.
Positive fluorescence was defined as a positive/negative
(P/N) ratio exceeding 2.1 based on comparison of fluor-
escence for a given cell versus that of the average of 100
untransfected cells incubated with preimmunization anti-
body and analyzed using SigmaScan software (SPSS
Science). Controls consisted of cells transfected with the
WT CB; receptor or with Y5.39(275)I receptor incubated
with preimmunization serum obtained from the same
rabbit, which was used to generate the anti-hCB antibody.
An additional control consisted of HEK 293 untransfected
cells incubated with the anti-hCB; antibody.

3. Results
3.1. Molecular modeling

Fig. 1 illustrates the residue numbering system used in
the modeling studies of CB;. Molecular modeling studies
were undertaken to develop structural hypotheses regard-
ing the likely effects of the mutations. The MC/SD method
was chosen because it has been shown previously to
provide good sampling of the conformational space of a
complex similar to the ones studied here, i.e. the TRH
receptor [17]. One central interest in the work reported here
was the aromatic stacking present in the CB; WT and
mutant TMH bundles, because aromatic stacking has been
shown to be important to ligand binding in the CB; and
CB, receptors [14] and because the residue studied
[Y5.39(275)] is itself an aromatic residue. The MC/SD
method is capable of revealing alternate arrangements
possible between aromatic residues in a TMH bundle
because large changes in torsion angles can be taken during
the MC steps. These large changes in torsion angle values
permit the simulation to jump over energy barriers that
might not be overcome by a simple simulated annealing
protocol.

The acceptance rates for each cooling simulation were
reasonable. For the WT simulation, these ranged from

14.61% at 600 K to 6.85% at 310 K. For the Y5.39(275)F
mutant, the acceptance rates were 14.23% at 600 K and
6.78% at 310 K, while for the Y5.39(275)I mutants they
were 15.06 and 7.30%, respectively. In all simulations,
the total energy changed in a parallel fashion with tem-
perature throughout the cooling phase.

The CB receptor TMH bundles studied here are com-
prised of seven independent helices without connecting
extracellular or intracellular loops. The environment of the
bundle, i.e. the phospholipid membrane, has been simu-
lated by a simple distance-dependent dielectric. It has been
shown previously for the TRH receptor that the additional
kinetic energy at the elevated temperatures used in the MC/
SD protocol did not result in the dissociation of the
receptor bundle model, a model comprised of seven inde-
pendent helices with an identical treatment of the environ-
ment [17]. We found that the bundles held together well
during the simulations reported here.

3.2. Analysis of MC/SD results

The MC/SD method was used here largely to reveal an
overall picture of the alternative sets of interactions that
might be possible in each bundle and the relative prob-
ability of these arrangements. The centroid to centroid
distance criterion proposed by Burley and Petsko [30] for
aromatic stacking interactions was used as a way to screen
multiple bundles for the proximity of rings to each other
and the identification of cluster patterns of aromatic resi-
dues. We examined the effects of mutation of Y5.39 to
phenylalanine (F) or isoleucine (I). The first mutation
resulted in a loss of a hydrogen bonding moiety, but
retention of aromaticity and bulk. The second mutation
resulted in loss of aromaticity, but preservation of hydro-
phobic bulk.

For each run [i.e. WT, Y5.39(275)F, and Y5.39(275)I],
the resultant set of 250 bundles was analyzed for degree of
helicity as determined by the number of backbone hydro-
gen bonds maintained between residues i and i + 4 in each
helix. We found that the bundles after cooling retained
between 60 and 70% helicity with TMHs 3 (58%) and 7
(50%) below this range, due presumably to the NPXXY
motif inTMH 7 [22] and the presence of two adjacent
glycine residues in TMH 3 [G3.30(194)/G3.31(195)] that
are exposed to lipid. As might be expected, non-systematic
unwinding of helix ends was observed in some of the
bundles. Laakkonen et al. [17] also reported some unwind-
ing of helices at each end in their MC/SD study of the TRH/
TRH receptor complex. Because of this unwinding in some
of the CB, bundles, one concern was the position of residue
5.39 as it is near the extracellular end of TMH 5. When this
unwinding occurred at the top of TMH 5 during the
simulations, the first turn of TMH 5 looped over the
binding site crevice. In their substituted cysteine accessi-
bility studies of the dopamine D2 receptor, Javitch et al.
[36] reported that 10 consecutive residues [F5.38(189) to
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F5.47(198)] at the top of TMH 5 were accessible from
within the binding site crevice. The authors suggested that
this pattern of exposure is inconsistent with the idea that
TMH 5 forms a fixed o-helix in this region; instead, this
region of TMH 5 might loop out into the lumen of the
binding site crevice and be completely accessible to water
and to the methanethiosulfonate ethylammonium reagent
used in substituted cysteine accessibility studies. Thus, the
unwinding seen at the top of TMH 5 in some of the MC/SD
runs reported here should not confound interpretation of
results.

The integrity of the D3.49(213)/R3.50(214)/D6.30(338)
complex salt bridge in each bundle was also analyzed. In
their analysis of 94 proteins from the Protein Data Bank,
Musafia et al. [37] defined interactions between Lys/Arg
and Asp/Glu with N to O distances <4 A to be salt bridges.
Consequently, a 4-A cut-off was used here to screen for
salt-bridge interactions in each set of bundles. In greater
than 90% of the WT, Y5.39(275)F, and Y5.39(275)I
bundles, the complex salt bridge involving D3.49(213)/
R3.50(214)/D6.30(338) remained intact.

Although the majority of interacting aromatic rings in
the CB, bundle for each receptor system were in “‘tilted-t”
arrangements where 30° < oo < 90° [30], we did identify
some off-set parallel arrangements where 0° < o < 30°
[38]. For example, nine Y5.56(292)/F5.53(289) stacking
interactions were classified as parallel, while 134 interac-
tions were classified as “‘tilted-t.”

The upper half of the binding site crevice towards the
extracellular space is a region where small ligand binding is
commonly thought to occur in GPCRs. Our major focus was
on the extracellular half of the TMH 3-4-5-6 region because
this region has been implicated in the binding of several CB,
agonists/antagonists [12—14] and shown to be important for
receptor activation in other GPCRs [27]. The following pairs
of residues met the centroid distance criterion in the WT
bundle (the numbers in brackets are the number of bundles
in which a pair was identified): F3.36(200)/W5.43(279)
{113}, F3.36(200)/W6.48(356) {136}, YS5.39(275)/
W5.43(279) {140}, W4.64(255)/Y5.39(275) {98}, and
W4.64(255)/F5.42(278) {62}. In the Y5.39(275)F mutant,
F3.36(200)/W5.43(279) {132}, F3.36(200)/W6.48(356)
{156}, F5.39(275)/W5.43(279) {170}, and W4.64(255)/
F5.39(275) {69} met the centroid distance criterion. In
the Y5.39(275)I mutant, F3.36(200)/W5.43(279) {199}
and W5.43(279)/W6.48(356) {145} met the criterion.

Results for the extracellular half of the bundle described
above reveal that the WT and Y5.39(275)F bundles were
similar in the identity of aromatic residues involved in
clusters. However, the frequencies of these interactions
were not the same for the WT and Y5.39(275)F bundles,
indicating subtle differences between these two receptors.

Data analysis of the WT and mutant receptor models
consistently showed two major structural differences
between the WT and Y5.39(275)F bundles versus the
Y5.39(275)I bundle. The first difference involves the

ligand binding pocket and arrangement of key residues.
The second major difference is the loss of an aromatic
stacking interaction between W4.64(255) and Y5.39(275)
at the top of TMHs 4 and 5.

3.2.1. The F3.36(200)/W5.43(279)/W6.48(356) triad

In the ligand binding pocket, three residues consisting of
F3.36(200), W5.43(279), and W6.48(356) are consistently
involved in aromatic stacking interactions in the WT and
mutant receptor TMH bundles. However, as seen in Figs. 2
and 3, the arrangement of this triad is significantly different
in the Y5.39(275)I mutant. In the WT bundle (Fig. 2),
residue F3.36(200) acts as a communication link between
W5.43(279) and W6.48(356). W5.43(279) and W6.48(356)
rarely interact directly with each other. Results for the
Y5.39(275)F bundle were similar to those for WT. In the
Ile mutant, however, W5.43(279) now appears to link
F3.36(200) and W6.48(356) through indirect stacking
interactions, as seen in Fig. 3; now F3.36(200) and
W6.48(356) rarely interact via direct aromatic stacking
interactions. The positioning of W5.43(279) between
F3.36(200) and W6.48(356) actually forces a change in
the y, angle preference for both residues. For F3.36(200),
the g and trans 7; conformations are nearly equally
populated in the WT CB, bundles. However, the ¥ popu-
lation shifts towards g* (76%) in the Y5.39(275)I mutant.
Residue 6.48(356) prefers g* and trans nearly equally in
the WT, but is now predominantly g* (85%) in the
Y5.39(275)I mutant.

3.2.2. The W4.64(255)—Y5.39(275) stack

In the WT receptor, there is a dominant interaction via an
aromatic stack between residues W4.64(255) and
Y5.39(275). When the aromaticity of 5.39 is lost, as in
the isoleucine mutant, this interaction between TMH 4 and 5
at the extracellular end is lost. To compensate, W4.64(255)
repositions itself to stack with other hydrophobic residues in
the bundle. As a result of the loss of this key interaction
between TMH 4 and 5, the extracellular end of TMH 5
moves further into the binding site crevice producing a re-
arrangement of interactions described above for the
F3.36(200)/W5.43(279)/W6.48(356) triad. It is important
to note, however, that as described above for the intracellular
and extracellular halves of the binding site crevice, the CB;
TMH bundle of the Y5.39(275)I mutant adjusts to the loss of
aromaticity at 5.39 by establishing new interactions. There-
fore, the modeling results indicate that the TMH bundle of
the Y5.39(275)I mutant should be stable.

3.3. Comparison of the CB model with rhodopsin

Palczewski et al. [18] recently published a 2.8 A resolu-
tion crystal structure of bovine rhodopsin (Rho) that con-
tains 11-cis-retinal covalently linked to Rho through Lys
296. This structure represents the inactive (R) conforma-
tion of Rho. Both the CB receptors and Rho belong to the
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Fig. 2. Aromatic stacking interactions in the TMH 3-4-5-6 region for WT CB,. Tyr 5.39 (yellow) is part of an aromatic cluster that includes W4.64, W5.43,

F3.36, and W6.48 (all shown in green).

same sub-family of GPCRs. It can therefore be expected
that the 2.8 A Rho structure and the CB 1/CB, receptors
will bear many structural similarities. This should be
particularly true at the intracellular ends of these receptors,
as all function in the same way: by coupling to G-protein

located intracellularly. The similarities in the primary
sequence of these receptors are evident in the pattern of
conserved motifs, such as the (E/D)RY motif in TMH 3, the
CWXP motif in TMH 6, and the NPXXY motif in TMH 7
of both the CB receptors and Rho and in other highly

Y5.391 CB,

Extracellular

View | v
Helix 7 jieliz €

Helix 1

Helix 2

Helix 3

o |

Helix 4

Helix 6

Helix 5

Helix 3
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Fig. 3. Aromatic stacking interactions in the TMH 3-4-5-6 region for the Y5.391 CB; mutant. The loss of aromaticity at 5.39 (now I1e5.39, shown in yellow)
has produced a re-arrangement in the TMH 3-4-5-6 region such that W6.48/W5.43/F3.36 alone stack, but in a different arrangement than in WT (Fig. 2).
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conserved single amino acids such as Asn 1.50 in TMH 1,
Asp 2.50 in TMH 2, and Trp 4.50 in TMH 4.

Ligand specificity among GPCRs arises from receptor
sequence divergences, particularly towards the extracellu-
lar ends of TMH bundles, as this region is thought to form
the binding site crevice for small ligands such as the
classical CBs. When this region of the GPCR sequences
differs in proline content or the occurrence of GG motifs,
TMH conformations can be expected to diverge in these
regions somewhat from the Rho structure. There are
several divergences from Rho apparent in the CB
sequences on the extracellular side. These include the
absence of helix kinking residues in TMH 1 [P1.48 (53)
in Rho, but L1.48 in CB; and CB,], as well as the lack of a
GG motif [G2.56(89), G2.57(90) in Rho; but 12.56(169),
F2.57(170) in CBy; V2.56(86), F2.57(87) in CB;]. In CBy,
there is a GG motif in TMH 3 [G3.31(194), G3.32(195)]
close to the extracellular end that is exposed to lipid. This
motif can be expected to create a region of flexibility/kink
in TMH 3 of CB,, by analogy to the TMH 2 GG motif in
Rho. Such flexibility was seen in the MC/SD studies
presented here. Rhodopsin contains a Pro residue at posi-
tion 5.50(215) in TMH 5. This Pro residue does not cause a
large kink in TMH 5, but does cause an increase in the phi
and psi backbone torsion angles in TMH 5 above this
residue. The result is a shift in the position of all residues
extracellular to the Pro. The CB receptors lack this Pro and
therefore will exhibit a more normal alpha helical TMH
conformation in this region. A final important difference

between Rho and the CB receptors is a key disulfide bridge.
In Rho, a TMH 3 residue Cys3.25(110) is engaged in a
disulfide bridge with a Cys residue in the E2 loop. The
2.8 A structure of Rho shows that this causes the E2 loop to
dip down in the binding site crevice above (extracellular to)
11-cis-retinal. There is no corresponding Cys residue in
TMH 3 of the CB receptors. However, there is a Cys
residue at the extracellular end of TMH 4 and a Cys near
the middle of the E2 loop in the CB receptors. Recent
mutation results [39] for CB, suggest that a bridge between
these two Cys residues (C174, C179) may exist, but further
work is needed to prove the existence of this bridge. As the
result of this important difference between Rho and the CB
receptors, the binding site crevice around TMHs 3-4-5 is
likely to be different.

With these anticipated similarities and differences, we
compared the 2.8 A Rho structure with the CB; models
developed previous to the publication of the Rho structure.
As detailed in a previous paper (see Ref. [14] and refer-
ences therein), the model used in this paper was con-
structed using a convergence of methods that relied on
sequence similarities between GPCRs, on photo-affinity
labeling, spin-labeling, NMR, mutation, scanning cysteine
accessibility, metal ion cross-linking, electron microscopy,
and other studies of GPCRs. As a result of the large amount
of experimental information that went into the construction
of the CB; model, it is not surprising that the CB; TMH
bundle used here compared very well to the 2.8 A structure
of the Rho TMH bundle. Fig. 4 illustrates that the Rho and

Fig. 4. Extracellular view of an overlay of the transmembrane (TM) domains of the 2.8 A structure of bovine rhodopsin [18] with the TM domains of WT

CB, as calculated using the MC/SD method.
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WT CB; TMH bundles are similar in helix tilts and helix
packing. On the intracellular side of the bundle, the Rho
structure shows an important interaction between E3.49/
R3.50/E6.30, an interaction that has been proposed to
function as an “ionic lock’ in the B,-adrenergic receptor,
constraining the intracellular ends of TMHs 3 and 6 in the
inactive state of this receptor [40]. As discussed above, an
analogous interaction (D3.49/R3.50/D6.30) was found in
over 90% of the CB; TMH bundles studied here. The
position of Cys 6.47 in the TMH bundle is important as its
position differs between the R and R* states of GPCRs [41].
In Rho, which is in the R state, and in the CB; models, this
Cys is located at the TMH 6-7 interface.

When the CB; model was constructed, experimental
evidence was used to set the relative heights of TMHs 2, 3,
6, and 7 (see Ref. [14] and references therein). We found
that the relative positions of these TMHs in the CB models
agreed with those in Rho. For the other helices in the CB
model, in the absence of experimental evidence, assump-
tions were made to position the other helices. For example,
an underlying assumption was that the highly conserved
N1.50 and D2.50 are at the same relative height and may
interact with each other [23]. In the 2.8 A Rho structure,
N1.50 and D2.50 are at the same relative height; however,
they do not interact directly.

When the CB; model was originally built, we used an
analysis of the alpha periodicity in hydrophobicity and
variability [20] in the sequences of CB;, CB,, and related
receptors to delineate the helix ends and helix orientations.
This method has an expected error of & one turn on an alpha
helix (i.e. ~3.6 residues). A comparison of TMH helix ends
with Rho revealed that our designation of helix ends was
indeed within one turn for six out of seven helices (see Fig. 1
for representation of helix ends used in the CB models). Only
in TMH 1 was there a greater deviation from Rho. Here the N
terminus of our TMH 1 began seven residues later than the N
terminusin Rhoand ended threeresidues pastthe end of TMH
1 in Rho. It is possible, due to sequence differences between
Rho and the CB receptors, that our original assignment of
TMH 1 ends was correct for the CB receptors, as this assign-
ment was based on the hydrophobicity and sequence varia-
bility among receptors highly homologous to CB; (i.e. CB,,
MSH, ACTH, EDG-1, a-;c-adrenergic and o-;g-adrenergic
receptors; see [20]). Alternatively, the Rho TMH 1 ends may
be found in the CB receptors. In either case, what is most
important to the TMH bundle is that the relative height of
TMH 1 is correct. A comparison with the Rho structure
reveals, as mentioned previously, that this residue in the
CB models was placed at the same relative height as
D2.50, a situation that is present in Rho.

It is very important to the work presented here that the
relative heights of TMHs 3-5-6 be correct, as our studies
implicated residues on these three TMHs as forming an
important triad. Inspection of the Rho structure revealed
that the relative heights of TMHs 3-5-6 in the CB; models
were consistent with those in Rho. Finally, the MC/SD

studies reported here showed frequent interaction between
W4.64 and Y5.39 in WT CB; and between W4.64 and
F5.39 in the Y5.39F mutant. This interaction may stabilize
the relative positions of the extracellular ends of TMHs 4
and 5, as TMH 4 and 5 assume a very different relative
position when there is no longer an aromatic residue at
position 5.39 (i.e. as in the Y5.391 mutant). In the Rho
crystal structure [18], a similar interaction involving
W4.64 is evident. Here, W4.64(175), which is at the
end of TMH 4 and the beginning of the E2 loop in Rho,
is engaged in an aromatic stacking interaction with F203, a
residue in a position equivalent to Y5.39 in the CB bundle.

3.4. Mutation studies

To assess the role of the tyrosine residue in the fifth
transmembrane domain (Y5.39) conserved between the
CB; and CB, cannabinoid receptors (Y275 and Y191,
respectively), we substituted a phenylalanine or an iso-
leucine. Stable cell lines were established that expressed
the human CB;, CB, (wild type), Y5.391, or Y5.39F
receptors in HEK 293 cells. The CB; receptor and mutant
cRNAs were also expressed in Xenopus oocytes and
assessed for coupling to co-expressed GIRK channels.
The CB, receptor was not studied in Xenopus oocytes
since this receptor does not couple efficiently to GIRK
channels [11]. Ligand binding to the WT and mutant
receptors was probed using four structurally distinct
classes of CB agonists [the classical CBs (A°-THC,
JWH-051); non-classical cannabinoids (CP-55,940);
indoles (WIN 55,212-2, JWH-015); and eicosanoids (ana-
ndamide)] and the CB; antagonist, SR141716A [7,42].

3.5. Ligand recognition in WT and mutant Y5.39
receptors

K, and B, values of 5.2 (2.9 to 7.5) nM and 2.3 (1.8 to
2.7) pmol/mg protein, respectively, were obtained using
[*H]CP-55,940 as a radioligand in the HEK 293 cell line
expressing WT CB,; (Table 1). In the cell line stably

Table 1
Scatchard analysis of WT and mutant cell lines

Cell line K,; (nM) Biax (pmol/mg)
CB, 5.2 (2.9-7.5) 2.3 (1.8-2.7)
Y275F 4.7 (1.7-7.5) 3.5 (24-4.7)
Y2751 NSB NSB

CB, 0.60 (0.08-1.3) 2.1 (1.3-2.8)
YI191F 1.7 (0.08-3.6) 0.8 (0.5-1.7)
Y1911 NSB NSB

HEK 293 NSB NSB

Saturation experiments using [*H]CP-55,940 were performed on stably
transfected HBK 293 cells to evaluate binding affinities and relative levels of
receptor expression in the WT and mutant receptors. Nonspecific binding was
determined in the presence of excess CP-55,940 (see Section 2). Data are the
means and corresponding 95% confidence limits of three independent
experiments, each performed in triplicate. NSB, no specific binding.
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Table 2
Binding profile of WT and mutant Y5.39F cell lines

Ligand CB, K/K,; (aM) Y275F K/K, (nM) CB, K/K, (aM) Y191F K/K, (nM)
A°-THC 37 (14-93) 9.8 (1.3-69) 33 (14-98) 8.7 (1.0-73)
Anandamide 450 (188-1076) 6155 (877-24230) 188 (48-736) 4623" (1161-12870)
WIN 55,212-2 1.3 (0.4-2.2) 7.8 (1.7-14.0) 1.0 (0.5-1.5) 3.6 (1.3-6.0)
SR141716A 7.1 (1.8-27) 15 (8.1-27) ND ND

JWH-015 ND ND 89 (61-131) 147 (21-1024)
JWH-051 ND ND 0.38 (0.28-0.53) 0.25 (0.04-1.5)

Inhibition constants were obtained from competition experiments using stably transfected HEK 293 cells (see Section 2). Data are the means and
corresponding 95% confidence limits of three independent experiments, each performed in triplicate. ND, not determined.

* Statistically significant differ from WT (P < 0.05).

expressing the CB, receptor, K; and B,,x values of 0.60
(0.08 to 1.3) nM and 2.1 (1.3 to 2.8) pmol/mg protein were
obtained (Table 1). As previously reported [4,15], Hill
coefficients did not deviate from 1.0 in these experiments,
indicating a single binding site.

The K, and B,,,, values obtained for the Y5.39F mutant
receptors (Y275F and Y191F, Table 1) were not signifi-
cantly different from WT receptors. In contrast, the Y5.391
mutant cell lines did not show any specific binding with
[PH]CP-55,940 (Y2751 and Y1911, Table 1) or
[*H]SR141716A (data not shown). No specific [*’H]CP-
55,940 binding to HEK 293 cells was found prior to
transfection (data not shown).

To characterize the pharmacological profile of the
mutant receptors, several representative CB compounds
were compared in competition binding assays (Table 2). As
shown in Table 2, the phenylalanine mutant receptors had
reduced affinity for anandamide compared to WT.

3.6. Signal transduction properties of WT and mutant
Y5.39 receptors

The ability of the mutant receptors to activate second
messenger systems was evaluated. In accordance with the
binding data, the Y5.39F mutant receptor-expressing cell
lines showed concentration-responsive CP-55,940- and
WIN 55,212-2-mediated inhibition of forskolin-stimulated
cAMP accumulation, similar to that of WT expressing cells
(Fig. 5, A-D).

The Ecsq values with the corresponding 95% confidence
limits were 4.3 (2.8 to 6.7) nM for WIN 55,212-2 and 5.8
(2.6 to 13) nM for CP-55,940 in the WT CB; cells, with
E ax values of 38 (36 to 41) and 39 (34 to 43) % forskolin
stimulation (maximal inhibition of 62%) (Table 3). The
ECsq values were 7.9 (1.2 to 53) nM for WIN 55,212-2 and
19 (9.4 to 39) nM for CP-55,940 for the WT CB,-293 cells,
with E,., values of 61 (48 to 73) and 56 (52 to 62) %
forskolin stimulation (maximal inhibition of 43%)
(Table 3). The Ecsg values were 16 (1.2 to 23) nM for
WIN 55,212-2 and 141.1 (24 to 820) nM for CP-55,940 in
the CB; Y5.39(275)F cells, with E,,, values of 62 (53 to
71) and 59 (52 to 66) % forskolin stimulation (maximal
inhibition of 38%). The Ecsy values were 4.8 (0.28 to

84) nM for WIN 55,212-2 and 10 (0.6 to 170) nM for
CP-55,940 for the WT CB, Y5.39(191)F cell line, with
E.ax values of 53 (40 to 66) and 48 (30 to 65) % forskolin
stimulation (maximal inhibition of 52%) (Table 3). The
levels of forskolin-stimulated cAMP accumulation in the
absence of added CB compounds did not vary significantly
between the WT and the mutant cell lines (Fig. 5).

In contrast to the phenylalanine mutations, the Y5.391
mutations resulted in alterations in signaling responses. No
concentration-responsive inhibition of forskolin-stimu-
lated cAMP accumulation was observed with either
WIN 55,212-2 or CP-55,940 (Fig. 5, A-D).

To assess whether the defect in receptor activation in the
Y5.391 mutation was limited to G-proteins associated with
adenylyl cyclase activity, the ability of the CB; Y5.39(275)
receptors to activate inwardly rectifying potassium chan-
nels in Xenopus oocytes was determined. Co-expression of
WT CB, receptors with a G-protein-coupled inwardly
rectifying potassium channel (GIRK1 and GIRK4 subu-
nits) resulted in a concentration-dependent enhancement of
the potassium current (Fig. 6), as previously demonstrated
[11,43]. Furthermore, co-injection of Y5.39(275)F with
GIRK1/4 resulted in expression of a receptor with proper-

Table 3
Comparison of potencies for inhibition of intracellular cAMP accumula-
tion in WT and mutant cell lines

Agonist Cell line ECso (nM) E\ax (% forskolin
stimulation)
WIN 55,212-2 CB, 43 (2.8-6.7) 38 (36-40)
Y275F 16 (1.2-22) 62 (53-71)
Y2751 82 (66-98)
CB, 7.9 (1.2-54) 61 (49-74)
Y191F 4.8 (0.28-84) 53 (40-67)
Y1911 77 (55-101)
CP-55,940 CB, 5.8 (2.6-13) 39 (34-43)
Y275F 141 (24.2-820)" 59 (52-66)"
Y2751 91 (86-98)
CB, 19 (9.4-40) 57 (52-62)
Y191F 10 (0.6-170) 48 (30-65)
Y1911 100 (95-105)

Data are the means and corresponding 95% confidence limits of three
independent experiments, each performed in triplicate.
* Statistically significant differences from WT (P < 0.05).
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Fig. 5. Comparison between the WT and the mutant CB; and CB,
receptors for agonist-induced inhibition of cAMP accumulation by WIN
55,212-2 (A and C) or CP-55,940 (B and D). cAMP accumulation assays
were performed on HEK 293 cells stably expressing WT CB; () or
Y2751 (A) or Y275F (O) mutant receptor cDNAs (A and B) or wild type
CB, (H) or Y1911 (A) or Y191F (O) mutant receptor cDNAs (C and D).
Each point is the mean = SEM of three or more independent experiments
performed in triplicate. Curves were generated as described in Section 2.
Levels of basal and forskolin-stimulated cAMP accumulation (expressed in
pmol/10° cells/min), respectively, for the cell lines tested were: CBi:
22240.53, 578+£0.93; Y275F: 1.37+0.11, 7.01 £0.22; Y275I:
3.09+£0.89, 634+£0.64; CB,: 1.32+0.19, 546+0.65; YIOIF:
1.00 £0.29, 6.17 £ 0.48; and Y191I: 1.15+0.12, 4.35 £ 0.31.
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Fig. 6. Concentration—response analysis in oocytes co-expressing GIRK1/
4 and WT or mutant CB; cRNAs. Oocytes were co-injected with 0.1 to
0.3 ng of GIRK1/4 and 0.1 to 0.3 ng of CB; (H), Y275F (QO), or Y2751
(/) cRNAs. Each data point in the concentration—response curve is the
mean + SEM of at least four determinations made from two batches of
oocytes. Recordings were performed as described in Section 2.

ties similar to those of WT CB; (Fig. 6). The potencies of
WIN 55,212-2 and the maximum current enhancement
produced by Y5.39(275)F expressing oocytes were not
significantly different from CB; expressing oocytes.
Values with the corresponding 95% confidence intervals
for Y275F/GIRK1/4 were 37 nM (8-170) and E,,x = 88%
(60-116), and for CB,/GIRK1/4, EC59 = 73 nM (24-219)
and E.x = 95% (76-114). However, no enhancement of
current was observed in oocytes co-injected with
Y5.39(275)1 and GIRK1/4 (Fig. 6).

3.7. Immunofluorescence studies

Immunofluorescence studies were performed using an
antibody directed against an immunodominant carboxy
terminal domain of the human CB; receptor in order to
define the cellular localization of the expressed mutant
Y5.39(275)I proteins. Although the cell lines examined
were clonal in origin, differences in shape and size were
observed in the cultures. Representative photomicrographs
are shown in panels A-C of Fig. 7.

Approximately 90% of cells transfected with the WT
CB, receptor were positive for fluorescence (Fig. 7A). A
diffuse, as well as a punctate or studded ““dot’ distribution,
pattern of immunofluorescence was observed. Approxi-
mately 10% of the cells exhibited a punctate pattern of
immunofluorescence in the cytoplasm. The majority of the
cells exhibited diffuse cytoplasmic staining and concen-
trated staining delineating the outer margin of the cyto-
plasm (Fig. 7). This latter staining pattern is consistent with
localization of the recombinant receptor on the cell surface.
Cells expressing the Y5.39(275)I receptor exhibited a
staining pattern similar to that of the WT receptor
(Fig. 7B). However, there was an increase in the number
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Fig. 7. Immunofluorescence staining of HEK 293 cells. (A) Cells expressing WT CB; receptors. (B) Cells transfected with Y2751 mutant. (C) Untransfected
HEK 293 cells reacted with anti-CB; 417-438 antibody. (A—C, magnification 600x).

of cells exhibiting punctate immunofluorescence within the
cytoplasm compared with the WT transfected cells
(approximately 20 vs. 10%). Perinuclear staining could
be observed in both HEK 293 cells expressing WT CB,
receptor as well as Y5.39(275)I. Untransfected HEK 293
cells and transfected cells incubated with normal rabbit
IgG exhibited minimal fluorescence (Fig. 7C). Thus, the
immunofluorescence data indicate that Y5.39(275)I was
expressed in a manner similar to that of the WT CB;
receptor.

4. Discussion

The chemical nature of the conserved tyrosine residue in
the fifth transmembrane domain of the CB; and CB,
receptor is critically important to the recognition site of
the CB receptors. In both the CB; and CB, receptors,
mutation of tyrosine to phenylalanine resulted in receptor
proteins with subtle changes in binding and signal trans-
duction characteristics of the native receptor. In contrast,
the tyrosine to isoleucine mutation resulted in a loss of
ligand binding.

4.1. Molecular modeling

4.1.1. Aromatic clusters

In our computer models of the CB; and CB, receptor,
residue 5.39 is near the extracellular end of Helix 5. The
corresponding residue in TMH 5 has been shown to be
available to the binding site crevice in the dopamine D2
receptor [36] and to form part of the binding site for
antagonists in the rat p opioid receptor [44]. In the CB
models, residue 5.39 forms part of an aromatic cluster in
the TMH 3-4-5-6 region. Aromatic clusters such as the
CB,/CB, TMH 3-4-5-6 cluster discussed in Section 3 (see
Fig. 2) have been proposed to form the binding site of other
GPCRs, including the TRH receptor [45] and the dopamine
D2 receptor [46—48]. Previous receptor modeling studies
have identified the TMH 3-4-5 region and residues F3.25,
F3.36, W4.64, Y5.39, F5.42, and W5.43 (and F5.46 in
CB,) as the binding site for WIN 55,212-2 in the CB
receptors, with F3.25, F3.36, and W5.43 (and F5.46 in
CB,) in direct interaction with the ligand [14]. Mutation
studies at position 5.46 in CB versus CB, have suggested
that residue 5.46 is responsible for the CB, selectivity of
WIN 55,212-2 [14]. CB chimera studies have pointed to
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the TMH4-E2-TMHS region of the CB receptor sequences
as important to the binding of WIN 55,212-2 and
SR141716A in CB; and of SR144528 in CB, [13] Our
modeling studies have suggested that both SR antagonists
interact in the TMH 3-4-5-6 region that is described here
(unpublished studies).

4.1.2. Ligand binding in models of the Y5.39F, Y275F,
and Y2751 mutants

Modeling results reported here indicate that while the
TMH bundles of the WT and the Y5.39F mutant are
similar, a significant change in the CB, binding site crevice
in the TMH 3-4-5-6 region results from the Y5.391 muta-
tion. Presumably a similar change would occur in CB,.
Residues on TMHs 3, 5, 6, and 7 in CB; and TMHs 3, 6,
and 7 in CB, have been proposed to be important to the
binding of CP-55,940 [49]. Given that the binding site
crevice undergoes a change in shape upon the mutation of
Y5.39 to I because of the movement of TMH 5, it is not
surprising that the WT binding site of CP-55,940 was also
affected. No alternate binding site for CP-55,940 could be
identified in the Y5.391 mutant models.

4.2. Ligand binding

4.2.1. Y — F mutants

The CB,; Y5.39F and CB, Y5.39F mutations were made
to test if hydrogen bonding is an important interaction at
the 5.39 locus. In this case, a loss in affinity upon mutation
to F would be expected. As revealed in Table 2, the binding
of anandamide Y5.39(275)F was found to be statistically
different from its CB; and CB, WT affinities. Anandamide
showed a 12- and a 24-fold drop in affinity relative to CB,
and CB, WT, respectively. Loss of affinity of these recep-
tors for anandamide could possibly be attributed to the loss
of a direct hydrogen bonding interaction. Fersht [50] has
estimated that loss of such a hydrogen bond should cost
between 1.5 and 1.8 kcal/mol. This would result in
between a 12- and 20-fold diminishment in affinity.

4.2.2. Y — F mutants: functional characteristics

There were some subtle alterations in the functional
characteristics of the CB; Y5.39(275)F mutant receptors.
There was a slight reduction in the ability of the CB,
Y275F receptor protein to inhibit cAMP accumulation.
This result suggests that in the CB; receptor even a slight
alteration of this residue is critical for proper receptor
function. However, the CB, Y to F mutation had no effect
on cAMP accumulation. We have previously identified
differences in CB; and CB,. Mutation of a conserved
lysine to an alanine in the CB; (K192A) and CB,
(K109A) receptor resulted in proteins with drastically
different characteristics [15,51,52]. The K to A mutation
dramatically altered CB; receptor function but had no
effect on the CB, receptor. Modeling studies suggested
that the CB, receptor could compensate for this mutation

due to an interaction with a serine residue unique to CB,
[15].

4.2.3. Y — I mutants

In contrast to the phenylalanine mutations, the tyrosine
to isoleucine mutations resulted in loss of ligand recogni-
tion and function in both CB receptors. No specific binding
of CP-55,940 was seen in the Y5.391 mutants. Signal
transduction in the isoleucine mutant cell lines was also
lost as assessed by receptor coupling to adenylyl cyclase or
GIRK channels, respectively. However, we cannot rule out
that the loss of activation is not due to the loss of ligand
binding.

To address whether the loss of ligand recognition in the
CB; Y5.39(275)I mutant receptor was due to incorrect
processing and/or compartmentalization of the receptors,
immunofluorescence studies were carried out using a CB;
receptor antibody. Both cell lines exhibited a similar
pattern of immunostaining. For a majority of the cells,
staining was within the cytoplasmic compartment in a
diffuse pattern and in some cases apparently delineating
the outer periphery, suggesting receptor localization at the
cell surface. A smaller percentage of cells also exhibited a
punctate pattern of fluorescence. The punctate distribution
of immunofluorescence is consistent with accumulation of
receptor within vesicular structures, suggestive of vesicular
transport of receptor from the perinucleus to the cell
surface. The only exception was a slight increase in the
number of CB; Y5.39(275)I mutant receptor cells exhibit-
ing a punctate pattern of fluorescence in the cytoplasm.
However, we did not consider this to represent a significant
change in receptor expression and processing since in
previous studies where we have seen incorrect processing
and/or compartmentalization the staining patterns show
entrapment of immunoreactive product within perinuclear
regions and its absence at the periphery [15]. The immu-
nofluorescence data suggest that the Y2751 mutant receptor
is properly expressed in the context of cellular distribution
and localization and that the pattern of receptor distribution
is similar to that of the WT receptor. In addition, the results
from the immunofluorescence studies, while non—quanti-
tative, indicate that expression of the Y5.391 mutant
receptor occurred at levels sufficient for the performance
of ligand binding. Standard immunofluorescence is a rela-
tively insensitive method as compared with immunoen-
zyme approaches, and positive staining is indicative of
levels of protein that should allow for assessment of ligand
binding. Finally, intensity of cellular immunofluorescence,
and the approximate numbers of positive cells within
cultures, for the Y2751 mutant receptor were comparable
to those of the WT receptor for which membranes yielded
high-affinity binding. Collectively, these results led us to
conclude that alterations in ligand recognition are due to
altered interactions within the binding site of the receptor
protein as opposed to global structural perturbation in the
protein.
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Our molecular modeling studies suggested the critical
nature of residue 5.39. Therefore, we used the strategy of
preserving bulk at CB; and CB, 5.39 by mutations to Y and
I. Indeed, subsequent to reporting our initial preliminary
findings at the CB; 5.39 locus [53], Shire et al. [13] showed
that the CB; receptor Y5.39(275)S and Y5.39(275)A
mutations resulted in receptors that failed to be expressed
on the cell surface. Unfortunately, when such receptor
sequestration occurs, the only conclusion that can be drawn
is that residue 5.39(275) may be an important global
structural component of the receptor. In this paper, we
show that the strategy of preserving bulk in both CB
receptors helps demonstrate a more detailed role for this
residue in ligand binding and receptor activation.

5. Conclusions

The substitution of phenylalanine for Y5.39 in both CB,
and CB, resulted in changes in ligand binding affinities and
normal signal transduction. The magnitude of change in
ligand affinities was too small to be attributed to the loss of
a hydrogen bonding interaction, but was more consistent
with a slight alteration of inter-residue aromatic/hydro-
phobic interactions as suggested in the MC/SD results
reported here. The substitution of isoleucine for Y5.39
produced receptors that could not recognize CB ligands.
This alteration did not appear to be the result of improper
expression of the mutant receptor in the context of cellular
distribution and localization. Taken together, these results
are consistent with the hypothesis that aromaticity at
position 5.39 is important for normal ligand binding in
both CB; and CB, receptors. Modeling results suggest that
the loss of aromaticity, but the preservation of hydrophobic
bulk at position 5.39 changes the global position of TMH 5
and the arrangement of aromatic residues in the W5.43/
F3.36/W6.48 triad. Such changes lead to a disruption of the
normal stacking involved in the ligand binding pocket.
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