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Cysteine Residues in the Human Cannabinoid Receptor: Only C257 and C264 Are
Required for a Functional Receptor, and Steric Bulk at C386 Impairs Antagonist
SR141716A Binding

Jonathan F. Fay, Thomas D. Dunham, and David L. Farrens*
Department of Biochemistry and Molecular Biology, Oregon Health and Sciencestdity, Portland, Oregon 97239
Receied December 31, 2004; Reed Manuscript Receéd March 28, 2005

ABSTRACT. The human neuronal cannabinoid receptor (CB1) is a G-protein-coupled receptor (GPCR)
triggered by the psychoactive ingredients in marijuana, as well as endogenous cannabinoids produced in
the brain. As with most GPCRs, the mechanism of CB1 activation is poorly understood. In this work, we
have assessed the role of cysteine residues in CB1 ligand binding and activation, and demonstrate a method
for mapping key determinants in CB1 structure and function. Through mutational analysis, we find that
only two cysteines, C257 and C264, are required for high-level expression and receptor function. In addition,
through cysteine reactivity studies, we find that a cysteine in transmembrane helix seven, C386 (C7.42),
is reactive toward methanethiosulfonate (MTS) sulfhydryl labeling agents, and is thus solvent accessible.
Interestingly, steric bulk introduced at this site, either through MTS labeling or by mutation, inhibits
binding of the antagonist drug SR141716A (also known as Rimonabant or Accomplia), but does not
affect the binding of the agonist CP55940. Our subsequent modeling studies suggest this effect is caused
by steric clash of the modified C386 residue with the piperidine ring of SR141716A and/or disruption of
an aromatic microdomain in the binding pocket. On the basis of these results, we hypothesize that bound
SR141716A inhibits the ability of transmembrane helix 6 to move during formation of the functionally
active receptor state.

The neuronal cannabinoid receptor (CB1) is a G-protein- the actions of a phospholipase that cleaves them from the
coupled receptor (GPCR)ound at high concentrations phospholipids to which they are attachéd-g).
throughout the central nervous systeth CB1 is probably Structurally, CB1 exhibits several intriguing anomalies,
best known as the “marijuana receptor”, the membrane which together place it in a unique subset of type | GPCRs.
protein that responds to the psychoactive compounds inThese differences include a relatively long N-terminug 10
Cannabis satia. Activation of cannabinoid receptors has amino acids), which may be involved in receptor stability
been shown to be involved in numerous physiological and/or function 9, 10), the absence of conserved proline
processes, including appetite stimulati@. (CB1 has also  residues in transmembrane helices | and V (hereafter termed
recently been found to play an important role in retrograde TMH | and TMH V, respectively), and the presence of a
neurotransmission, acting to mediate neurotransmitter releasgylycine residue in the CWXP motif of TMH VI1(1). Most
in presynaptic terminals by responding to endogenously strikingly, CB1 also lacks cysteine residues required to make
produced cannabinoid ligand35). These ligands (deriva-  up a highly conserved disulfide bridge thought to connect
tives of arachadonic acid) are “made on demand” through TMH 11l with extracellular loop 2 in most GPCRs. In
T This research was susoorted in part by National Inetifutes of Health rhodopsin, this disulfide has been confirmed through chemi-
Grants EY12095, DA148%%(,)raend"|1DpA%_r81%/9. ational Institutes ot Health cg| and crystallographic studies 13) and has been shown
*To whom correspondence should be addressed: Oregon Health0 Play @ key role in the formation of a properly folded, stable
and Science University, Mail Code L224, 3181 S. W. Sam Jackson receptor {4, 15). Recent studies suggest the inability to form

Eafk (%%é)i%ﬁlzns%sog 97_|23?-30986ée|ﬁph0réei (503) 494-0583. this disulfide bridge may be a key factor in some disease-
ax: - . E-mall: tarrens onsu.eau. H H ; H

1 Abbreviations: 1D4 antibody, monoclonal antibody raised against inducing rhodopsm.ml.Jtatloniﬁ). ) .

the 18 C-terminal amino acids of rhodopsin; BSA, bovine serum  Although cannabinoid receptors lack the canonical disul-

albumin; CP 55,940, )-cis-3-[2-hydroxy-4-(1,1-dimethylheptyl)-  fide bond described above, they do appear to contain other

phenyl]trans-4-(3-hydroxypropyl)cyclohexanol; EDTA, ethylenedi- ; ; ;
aminetetraacetic acid; G-protein, guanine nucleotide-binding regulatory conserved cysteine residues. We find through sequence

protein; GPCR, G-protein-coupled receptor; GEP guanosine'sy- analysis that five cysteine residues are conserved in es-
thio]triphosphate; MMTS, methyl methanethiosulfonate; MTSEA, sentially all cannabinoid receptofShese five residues are
2-aminoethyl methanethiosulfonate hydrobromide; PIC, protease inhibi-
tor cocktail; SDS-UPAGE, sodium dodecyl sulfateurea—polyacryl-
amide gel electrophoresis; SEM, standard error of the mean; shCB1, 2These five cysteine residues are conserved throughout 14 of 16

synthetic CB1 receptor with an epitope tag; SR1417 16Apiperidin- fully sequenced cannabinoid receptors. The two outliers, zebra fish and
1-yl)-5-(4-chlorophenyl)-1-(2,4-dichlorophenyl)-4-methy-pyrazole- Ciona intestinalis CB1, both lack C386 (C7.42). Data analysis was
3-carboxamide HCI; TMH, transmembrane helix; Tris, 2-amino-2- carried out using ClustalW on sequences found in the Swiss-prot and
(hydroxymethyl)-1,3-propanediol. TrEMBL databases.

10.1021/bi0472651 CCC: $30.25 © 2005 American Chemical Society
Published on Web 05/25/2005



8758 Biochemistry, Vol. 44, No. 24, 2005 Fay et al.

+ * + + *
CELR_HUMAN : MESILDGLADTTFRTITTDLLYVGSNDIQYEDIKGDMASKLGYFPORFPLTSFRGSPFOQEFRMTAGDNPOLVEADOVN. ITEFYNKSLSSFRENEENIQCGENFMD
CE1R_MOUSE : MKSILDGLADTTFRTITTDLLYVGSNDIQYEDIKGDMASKLGYFPQRFPLTSFRGSFFQERMTAGDNSFLVPAGDTTNITEFYNESLSSFRENEDNIQCGENFMD
CEL1F._RAT : MESILDGLADTTFRTITTDLLYVGSNDIQYEDIRGDMASELGYFPORFPLT 3FRGEPFOEFRMTAGDNSPLVPAGDTTNITEFYNE 2L SFKRENEENT QCGENFMD

CB2R_HUMAN @ . .ioccuusnoracossssosasnassssssasassssosasasssssssasassssosssassssssssnasassossnnssns MEECWVTEIANGSKDGLDSNP

CEBZR_MOUSE sa . MEGCRETEVTNGINGGLEFNP

CBZR_RAT D e e e aaaaaeaea e e e e e e e e a e e e MAGCRELELTNG3NGGLEENFE
120 * * * s

CE1R_HUMAN : IECFMVLNPSQOLATAVLSLTLGTFTVLENLLVLCVILHSRSLRCRPSYHFIGSLAVADLLGSVIFVYSFIDFHVFHREDSRNVFLFRLGGVTASFTASVGELFL
CELlR_MOUSE : MECFMILNPSOQLATAVLSLTLGTFTVLENLLVLCVILHSRSLRCRPSYHFIGSLAVADLLGSVIFVY SFVDFHVFHREDEPNVFLFRLGGVTASFTASVGELFL
CELR_RAT : MECFMILNPSQQLAIAVLILTLGTFTVLENLLVLCVILHSRSLRCREPSYHFIGSLAVADLLGSVIF VY 3FVDFHVFHREDSPNVFLFRLGGVTASFTASVGALFL
CBZR_HUMAN : MRDYMILSGPQRTAVAVLCTLLGLLSALENVAVLYLILSSHOLRRRPSYLFIGSLAGADFLASVVFACSFVNFHVFHGVDEKAVFLLRIGSVIMTFTASVGELLL
CEZR_MOUSE : MREYMILS3GOOIAVAVLCTLMGLLSALENMAVLYITILSSRRLRRKPSYLFISSLAGADFLASVIFACNFVIFHVFHGVDSNATIFLLRIGSVIMTFTASVGSLLL
CBZR_RAT : MEEYMILSDAQOIAVAVLCTLMGLLSALENVAVLYLILSSORLRRRPSYLFIGSLAGADFLASVIFACNFVIFHVFHGVDSRNIFLLEIGSVIMTFTASVGSLLL

* 240 . * .
CE1lR_HUMAN : TAIDRYISIHRPLAYRRIVIRFRAVVAFCLMWTIAIVIAVLPLLGWNCERLQSVCSDIFFPHIDETYLMFWIGVTSVLLLFIVYAYMYILWEAHSHAVRMIQRGTQ
CE1R_MOUSE : TAIDRYISIHRPLAYRRIVTRPRAVVAFCIMWTIIAIVIAVLPLLGWNCKRLQSVCSDIFPLIDETYLMFWIGVTSVLLLFIVYAYMYILWRAHSHAVRMIQRGTO
CELR_RAT : PAIDRYISIHRPLAYRRIVIRPRAVVAFCIMWTIAIVIAVLPLLGWNCRELOSVCSDIFPLIDETYLMFWIGVT SVLLLFIVYAYMYILWRAHSHAVRMIQRGTQ
CBZR_HUMAN : TAIDRYLCLRYFPSYRALLTRGRALVTLGIMWVLSALVSYLPLMGWTCCPRP..CSELFPLIFNDYLLSWLLFIAFLFSGIIVTYSHVLWEAHQHVASLEGHQDR
CEZR_MOUSE : TAVDRYLCLCYPPTYRALVTRGRALVALCVMWVLSALISYLPLMGWTCCPSP. . CSELFPLIPNDYLLGWLLFIATLF2GITYTYGY VLWRAHRHVATLAEHQDR
CEZR_RAT : TAVDRYLCLCYPPTYFALVTRGRALVALGVMWVL SALISYLPLMGWTCCPSP. . CSELFPLIPNDYLLGWLLFIATLF SGITYTYCYVIWRAHOHVASLTEHQDR

* + 360 + + *
CB1R_HUMAN : KSIIIHTSEDGRVQVTRPDQARMDIRLARTLVLILVVLIICWGPLLAIMVYDVFGEMNELIRTVFAFCSMLCLLNSTVNPIIYALRSKDLRHAFRSMFPSCEGTA
CE1lR_MOUSE : K8IIIHTSEDGEVQVTRPDOQARMDIRLARTLVLILVVLIICWGPLLAIMVYDVFGKMNELIETVFAFCEMLCLLNSTVNPIIYALRSFDLRHAFRSMFPECEGTA

CE1R_FRAT : KSITTHTSEDGEVOVTRPDOARMDIRLARTLVLILVVLITICWGPLLATMVYDVFGKMNELIRTVFAFCSMLCLLNSTVNPITYALRSEDLRHAFRSMFPSCEGTA

CBZR_HUMAN : .......... «+ « QVPGMARMRLDVRLARTLGLVLAVLLICWFEVLALMAHSLATTLSDOVRRAFAFCSMLCLINSMVNEVIYALRSGEIRSSAHHCLAHWRERCY

CBZR_MOUSE : ............. QVPGIARMRLDVRLARTLGLVLAVLLICWFPALALMGHILVITL3DOQVREAFAFCEMLCLVNAMVNPIIYALRIGEIRIAACHCLIGWERYL

CEZF._RAT e QVPGIARMRLDVRLARTLGLVMAVLLICWFPALALMGHALVTTLSDEVEEAFAFCEMLCLVNEMINPIIYALRIGEIRSAAQHC LTGWERY L
* *

CE1R_HUMAN : QPLDNSMGDSDCLHRHANNAASVHRAABSCIKSTURIARKVIMSVSTDTSABAL. . ... .o viuresntoanssrarsscscsnnsnsns
CE1R_MOUSE : QPLDNSMGDSDCLHRHANNTASMHRAAESCIKSTVRIAKVIMSVSTDTSAEAL. .
CELR_RAT : QPLDNSMGDSDCLHEHANNTASMHRAAESCIKATVEIARVIMABVATDTSAEAL. . P
CEZR_HUMAN : RGLG.SEAKEEAPRESVTETEADGRITPWPDSRDIDLSEDC. « oo v v st saanarsaranasasrarsasanarsnsananansnns
CBZR_MOUSE : QGLG.PEGHEEGPRSSVIEDEADVERTT. . . .o vt vvosnrsrstososnsnssssssssssssasasssssssssssasasasassssss

B CBZR_RAT : QGLG. SEGKREEAPR33VTETEAETLVLRDRQELGGDCLLRT 38IHSPMLALAD SANRQDVRPHCPEELTWWC SVRRPI SLENFAGQSTLL
HEDOBOCRCO AcN C i

3600013000@@6@0000000060 DOEEM® Agonlst

96@0@900@@9@@0@9@@9@6@@@ﬁ'ﬁﬁ‘@@lﬁl@@o OH

OOEEREEROONEREEAHROEOBEY
264 @O0

extracellular side H

HO
CP55940
Antagonist
Cl '
cytoplasmic side Vi ) N’O
N—N
cl
Cl

HOOCO GO0 @ 0 908060 0UNO0RILESOS o

104 tall SR141716A

Ficure 1: (A) Five cysteine residues are conserved in cannabinoid receptors. Comparison alignment of six different cannabinoid receptors.
Analysis and alignment were carried out using GeneDoc and ClustalW, based on sequences obtained from the Swiss-protein database. The
cysteine residues in cannabinoid receptors are highlighted in yellow. Residues highlighted in light blue are highly conserved similar residues,
and residues highlighted in light gray are moderately conserved and less conserved similar residues. (B) Two-dimensional model of the
synthetic human CB1 cannabinoid receptor (shCB1-C13). The general organization of the transmembrane helices is adapted from that of
Reggio and co-workerd (). The cysteine residues are labeled with the residue number. The five cysteine residues conserved in cannabinoid
receptors are depicted as black circles. Residues highly conserved in GPCRs, N134 (1.50), D163 (2.50), R214 (3.50), W241 (4.50), L286
(5.50), P358 (6.50), and P394 (7.50), are depicted with boxes and bold letters. (C) Structures of CP55940 (top) and SR141716A (bottom).
Note the piperidine ring of SR141716A is highlighted in blue.

shown in Figure 1A, which compares CB1 and CB2 sulfhydryl alkylating agents redud&,.x values for cannab-

sequences from humans, mice, and rats. inoid agonist binding in rat brairl{), and chimera studies
Unfortunately, little is known about the role of cysteine have shown two of the conserved CB1 cysteine residues,

residues in cannabinoid receptors. Early studies found C257 and C264, are important for ligand binding and for



Role of Cysteine Residues and Activation Determinants in CB1 Biochemistry, Vol. 44, No. 24, 2008759

Table 1: Nomenclature Used for shCB1 Cysteine Mutants

mutant Cys residues retained in mutant Ballesteros/Weinstein nomenclature
shCB1-C13 (wild type) all 13 cysteines
shCB1-C5 C257, C264, C355, C382, and C386 4.66, 4.73, 6.47, 7.38, and 7.42
shCB1-C2 C257 and C264 4.66 and 4.73
shCB1-CO all 13 cysteines changed to alanine
single Cys— Ala mutants in shCB1-C5
shCB1-C4-355A C257, C264, C382, and C386 4.66, 4.73, 7.38, and 7.42
shCB1-C4-382A C257, C264, C355, and C386 4.66, 4.73, 6.47, and 7.42
shCB1-C4-386A C257, C264, C355, and C382 4.66, 4.73, 6.47, and 7.38
double Cys— Ala mutant in shCB1-C5
shCB1-C3-386C C257, C264, and C386 4.66, 4.73, and 7.42
enabling the receptor to be present on the cell surfagg ( Buffers. The definitions of the buffers that were used
Together, these results have led to the suggestion that C25%ollow: PBSSC (0.137 M NaCl, 2.7 mM KCI, 1.5 mM
and C264 participate in a disulfide bond. KH2PO,, and 8 mM NaHPQ,), “hypotonic buffer” [5 mM

In our work, we set out to systematically characterize the Tris-HCI, 2 mM EDTA, and PIC (pH 7.5)], TME [20 mM
role of endogenous cysteine residues in the CB1 receptor,Tris-HCI (pH 7.4), 5 mM MgCJ}, and 1 mM EDTA],
using a combination of mutational analysis and site-directed “binding buffer” (TME with 5 mg/mL BSA), and “wash
labeling studies. We first generated several cysteine to alaninebuffer” (TME with 1 mg/mL BSA).
mutants in CB1 to test the potential role of the five conserved  Numbering System for Identification of Amino Acid
cysteine residues (mentioned above) on receptor function.Residues in the CB1 Receptdihe numbering system for
Our results show that only two cysteine residues, C257 andidentifying amino acid residues in this paper primarily
C264, are required for high-level expression and receptor identifies the residue by its number in the CB1 sequence.
function. We then investigated the sensitivity of the con- However, to facilitate reading, the numbering system used
served CB1 cysteines to methanethiosulfonate (MTS) sulf- by Ballesteros and Weinstei@@) has also been employed.
hydryl labeling agents and found that one residue, C386 In this numbering system, the first number indicates the
(C7.42), is sensitive to these agents. Our results show thattransmembrane helix and the second number, following a
labeling this residue with MTS agents blocks binding of the period, indicates the most conserved residue in each helix
antagonist drug SR141716A (also known as Rimonabant oras 50. From the conserved residue, numbers either de-
Accomplia), as does introducing steric bulk at this site scend or ascend to the N-terminus or to the C-terminus,
through mutagenesis. Together, our results help further refinerespectively. Thus, in this nomenclature, the conserved
models of SR141716A docking in the CB1 receptit, (L9), residues denoted as 50 are N134(1.50), D163(2.50),
enhance development of new derivatives of SR141716A, andrR214(3.50), W241(4.50), L286(5.50), P358(6.50), and
set the stage for future site-directed cysteine accessibility P394(7.50). The locations of these residues are highlighted
studies (for mapping the structure and ligand binding sites in Figure 1B.
of CB1). Nomenclature and Rationale for Construction of shCB1

Cysteine MutantsThe putative locations of the 13 cysteine
EXPERIMENTAL PROCEDURES residues in CB1 are shown in Figure 1B. In this paper, the

Materials. Oligonucleotides were acquired from either “wild-type” shCB1 construct, which contains all of the 13
Gibco (Carlsbad, CA) or Operon Technologies (Alameda, nhative cysteine residues, is called shCB1-C13. To investigate
CA). Deoxynucleotides, restriction enzymes, T4 ligase, and the role of these cysteine residues and to facilitate further
DNA polymerase Vent were purchased from Gibco or NEB site-directed labeling experiments, we constructed a CB1
(Boston, MA). All buffers were obtained from either Sigma mutant in which eight of these 13 residues were mutated to
(St. Louis, MO) or Fisher (Springfield, NJ). Materials for alanines, called shCB1-C5. In shCB1-C5, cysteine residues
gel electrophoresis were bought from either Fisher or Hoefer 257 and 264 were retained because of their potential role in
(San Francisco, CA) with the exception of the 30% acryl- forming a disulfide {8). Residues 355, 382, and 386 were
amide/bis solution (37.5:1), which was bought from Bio- retained because these residues are conserved between CB1
Rad (Hercules, CA). and CB2 (see Figure 1A), and also because model structures

Tritiated and untritiated cannabinoid ligands were obtained suggest that these three residues point inward toward each
as a generous gift from the National Institute of Drug Abuse other in the helical bundle, indicating they might play some
(Research Triangle Park, NC). The protease inhibitor cocktail functional role in ligand binding. The shCB1-C2 construct
(PIC) was bought from Roche Diagnostics (Basel, Switzer- was made to contain only the two cysteines involved in the
land). The 1D4 antibody was obtained from the National putative disulfide. Finally, a complete Cys-less CB1 mutant,
Cell Culture Center (Minneapolis, MN). MTS compounds ShCB1-CO, was constructed to test if any cysteine residues
were purchased from Toronto Research Chemicals (Northwere required for functional CB1. Further MTS reactivity
York, ON). Goat anti-mouse and anti-rabbit peroxidase- studies led to the construction of several other shCB1 mutants
conjugated IgG (H-L) and Super Signal West Pico Luminol/ ~ for identification of reactive cysteine residues. These mutants
Enhancer Solution were bought from Pierce (Rockford, IL). (described above) are denoted in Table 1.

The N-terminal cannabinoid receptor antibody was bought Construction of Cysteine Receptor Mutarftke construc-
from Cayman Chemical Co. (Ann Arbor, Ml), and the anti- tion of the wild-type CB1 receptor gene, called shCB1 (or
G-protein antibody was bought from Santa Cruz Biotech- in this paper shCB1-C13), has previously been described
nology (Santa Cruz, CA). (22). In the work presented here, all of the cysteine to alanine
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substitutions were carried out by changing the cysteine codonimmediately, or the cell pellets were snap-frozen in liquid
(TGC) to the alanine codon (GCC) in this ge2&)( Briefly, nitrogen and stored at80 °C until they were used.
this involved first constructing mutant shCB1-C7 (C98, Membranes expressing the shCB1 cysteine mutants were
C107, C257, C264, C355, C382, and C386) by following a prepared for binding studies as previously descriliL. (
multistep PCR metho®(), in which 12 40mer oligonucleo-  Briefly, cell pellets were homogenized using 30 strokes in a
tides containing the Cys> Ala mutations were added to glass mortar and pestle in a final volume of 1 mL of
the remaining 62 oligonucleotides required to construct the hypotonic buffer per plate, and then subjected to centrifuga-
shCB1 gene. The oligonucleotide mixture was subjected to tion for 45 min at 40000. After centrifugation, the pellets
two rounds of PCR. The first round linked the oligos together were washed with 5 mL of TME and resuspended via
to create a template, and the second amplified the dilutedhomogenization in TME with PIC, and the protein concen-
template with a pair of flanking primers. The resulting PCR tration was determined using the modified DC protein assay
fragment was extracted from a 1% agarose gel using a gelkit (Bio-Rad). Membrane preparations were frozen in liquid
purification kit (Qiagen). Introduction of subsequent Cys nitrogen as aliquots and stored -a80 °C until they were
Ala mutations was carried out using a QuikChange PCR used.
protocol (Stratagene, La Jolla, CA) and the shCB1-C7 Quantitatve Immunoblot Analysis (QIB)To compare
construct as the template. The resulting purified gene expression levels of different mutants, the total amount of
products were cloned into the PMT4 vector using HoeRI expressed shCB1 polypeptide was determined using quan-
and Notl restriction sites that flank the gene. titative Western blot analysis, as previously descriligl). (
The shCB1-C5 mutant was created gradually by incorpo- Known concentrations of rhodopsin standards were run on
rating the N-terminal coding region of the QuikChange a SDS-UPAGE gel along with unknown concentration of
product (C98A and C107A) into the shCB1-C7 construct shCB1 mutants, and then the gel was transferred to Immo-
using EcaRl and Scd restriction sites. The creation of bilon-P membranes and immunoblotted with the 1D4 anti-
shCB1-C2 was accomplished by inserting a fragment con- body, which recognizes the TETSQVAPA C-terminal amino
taining C355A, C382A, and C386A mutations into shCB1- acid sequence. The blots were then incubated with peroxi-
C5 usingSpe and Notl sites. shCB1-CO was created by dase-conjugated goat anti-mouse IgGHL) (Pierce), and
replacing C257 and C264 with alanines in the shCB1-C2 visualized using enhanced chemiluminescence. The relative
construct utilizing their shargdpnl andClal restriction sites. intensities of the standards and unknowns were determined
The shCB1-C4-386A and shCB1-C3-386C constructs were via pixel density using a Bio-Rad Phosphoimager Screen CH,
made by incorporating the appropriate fragments into shCB1- GS-525 molecular imaging system, and supplied software
C5 using theiBanH! and Apd sites. The shCB1-C4-355A  (Bio-Rad). Quantitations of the expressed protein were
and shCB1-C4-382A mutants were constructed using shCB1-calculated assuming a molecular mass for rhodopsin of
C5 as a template in a QuikChange PCR protocol. The shCB1-42 000 Da and for shCB1 of 52 800 Da. Data were fit with
C12-386M mutant was also constructed using the QuikChangelinear regression algorithms supplied in Sigma Plot software
protocol with shCB1-C13 as the template. All restriction (SPSS Science, Chicago, IL). Alternatively, Western blots
digests were resolved with a 1% agarose gel and purified for the N-terminus and & C-terminus were visualized with
using a gel purification kit (Qiagen). Digested fragments were KODAK X-OMAT AR film.
ligated with T4 DNA ligase (Invitrogen) and transformed Radioligand Binding Studie3he ligand binding charac-
into DH50. competent cells. The sequence of the purified teristics of the shCB1 and shCBGa; membrane prepara-
DNA plasmids was confirmed before use. tions were measured using a previously described competitive
Construction of shCB1Gaq; Cysteine MutantsTo facili- inhibition binding assay2l). In brief, membranes (529
tate functional assays, the shCB1 cysteine mutants wereof total membrane protein/data point) were incubated at 30
studied using a G-protein chimera system developed for °C for 1 h (final assay volume of 5Q4L) in a reaction mix
GTPyS binding assays2(). This system employs a fusion comprised of binding buffer an¢t0.5 nM tritiated reporter
gene construct in which the N-terminusxGsequence is  ligand in the presence of increasing amounts of agonist or
tethered to the C-terminus of the CB1 gene. Mutant shCB1 antagonist. Binding was terminated by adding 4.5 mL of
constructs were PCR amplified as described previody. (  wash buffer, then rapidly filtering over Whatman GF/B filters
In brief, each cysteine mutant was amplified using two sets [pretreated with polyethyleneimine 0.2% (w/v)] using a
of fusion primers. To facilitate this work, théhd restriction Brandel 24-well filtration apparatus, and then washing the
site was introduced as a linker and adaptor between shCB1filters two more times with 5 mL of wash buffer. All rapid
and Gx. The purified mutant PCR products that were filtration was performed at 4C with buffers maintained on
obtained were digested with restriction enzymes and sub-ice; pipet tips and all glass test tubes were silanized.
cloned into the shCB2Gaq; plasmid vector construct using Radioactivity was detected and quantified by the liquid
the EcaRI and Xhd restriction enzymes for both the PCR  scintillation counting method. Data were fit using the
products and vector. Products were then ligated and se-Swillens approximation, which takes into account ligand
quenced as described above. depletion and employs a nonlinear regression algorithm for
Transfection, Expression, and Preparation of shCB1 Cell the following equation:
Membranes.All the shCB1 mutants were expressed in .
COS-1 cells using a DEAE-dextran-based transient trans- o ot +1* a
fection method as previously describell{23). Fifty-six ot Kyt Lx+L o e
hours after transfection, the shCB1-transfected cell mono-
layers were washed twice with 10 mL of PBSSC, then whereby, is the concentration of bound radioligand (counts

Of
harvested, and centrifuged; either the monolayers were useder minute),ry: is the Brnax (Ccounts per minute)l* is the
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concentration of free ligand (nanomoldr)is the concentra-  minimized SR141716A was then docked into the aromatic
tion of free unlabeled ligand (nanomolan,, is the microdomain of the CB1 model and the carboxamide oxygen
concentration of free ligand (counts per minute), ands of SR141716A aligned with K192, as this lysine is important
the ratio of nonspecific bound to free ligard). Data were for SR141716A bindingX(1). Initial docking of SR141716A

also fit to the one-site competition equation utilized by the was carried out manually using the following distance

pharmacology features in Sigma Plot where kKh@ndByax parameters that describe centroid to centroid distances from
values were estimated using the following equations: the monochloro (MC) or dichloro (DC) rings in SR141716A
to the residues in CB1 under discussion. Monochloro ring
By/Cso MC: F3.36,d = 8.2 A; ¥5.39,d = 6.06 A; W5.43,d =
Kg=1Cs— Ly andB,,, = —— 5.37 A; and W6.48¢ = 12.65 A. Dichlorophenyl ring DC:
0 F3.36,d=4.42 A; ¥5.39,d = 8.46 A; W5.43,d = 4.07 A;

W6.48,d = 8.52 A; and carboxamide oxygen of SR141716A

whereL} is the concentration of radioligand am is the with K3.28 (N-0 distance), 2.71 A.
concentration of specific bound radioligan2b). After this initial dock, amino acids within 15 A of the

Agonist Stimulation offS]GTPyS Binding by the shCB1 docked ligand were selected, and the protein backbone was
Goi Fusion Protein.The ability of cannabinoid agonist frozen. The model was then subjected to a Dreiding force
CP55940 to stimulate G incorporation in the shCB1 field (for 5000 iterations at a convergence criterion of 1)
Goi fusion protein was assessed using a filter binding assayfollowed by application of the “clean” feature (as described
previously described with some modificatiorgl. Briefly, above). This produced the final distance parameters.
membranes (509g) were incubated at 3T for 45 min (final Monochloro ring MC: F3.36d = 9.41 A; Y5.39,d = 6.28
assay volume of 500L) in a reaction mix of binding buffer, ~ A: w543, d = 6.36 A: and W6.48,d = 13.38 A.
with 100 mM NaCl, 100uM GDP, 300 pM §-**S]GTP,  Dichlorophenyl ring DC: F3.36d = 5.22 A; Y5.39,d =
and an increasing amount of agonist, CP55940. Binding was7 55 A: W5.43,d = 3.62 A; W6.48,d = 9.17 A; and
terminated by the addition of 4.5 mL of ice-cold wash buffer, carboxamide oxygen of SR141716A with K3.28 R
followed by rapid filtering through prewetted (rinsed with 5 distance), 3.19 A.
mL of wash buffer) Whatman GF/B filters. Membranes were
washed once more with 5 mL of ice-cold wash buffer. The RESULTS
ECsowas determined by using the sigmoidal desesponse ) ) ,
equation found in the Sigma Plot pharmacology package. Construction of shCB1 Cysteine Mutanihe studies

Treatment of shCB1 Cysteine Mutants with Methanethio- described here all employed a synthetic gene of CB1, called
sulfonate (MTS) Reageni&reatment of the shCB1 cysteine SNCB1 @1). In this paper, we refer to cysteine mutants in
mutants with sulfhydryl specific methanethiosulfonate (MTS) this gene as shCB1-C#, where C# refers to the number of
derivatives was performed in parallel with untreated samples. 'émaining cysteines present in the construct. For example,
Control groups were treated with an equal volume of the the wild-type native human CB1 receptor contains 13
TME buffer. Prior to the assays, appropriate amounts of MTS CySteine residues; thus, it is called shCB1-C13. In the
reagents (in powdered form) were weighed out and stored _constr_uct|0n of CB1 mutants_, the cysteme residues to_be
desiccated at-20 °C, and then brought up in TME buffer investigated were replaced with alanines (_Table _1). The f|_rst
immediately before use, as described previouas).Before con_struct, s_hCBl—CS, was created.to retain the flve cysteine
the radioligand binding studies, 90@ of total membrane residues (Figure 1 A) conserved in cannabinoid receptors
was treated with 50 mM MMTS or 20 mM MTSEA in TME (€257, C264, C355, C382, and C386). Mutant shCB1-C2
and PIC (60QuL). This reaction mixture was allowed to mix ~Was created to contain only the two cysteines thought to be
at room temperature for 10 min on a nutator, and then a 500involved in a disulfide bond, C257 and C26&Hg]. Finally,
uL aliquot of this sample was immediately diluted into a mutant was created in which all 13 residues were replaced
binding buffer to a final volume of 4.5 mL. From this stock, With alanines, called shCB1-CO.
150 L was added to 35@L of the binding mix (25ug of Expression and Characterization of shCB1 Cysteine
total membrane protein), and filtration binding studies were Mutants.The shCB1 mutants were transiently expressed in
carried out as described above. The data represent either th€0S-1 cells and produced between 20 and 90 pmol/mg of
mean of two binding experiments fit to the one-site competi- total membrane protein (or20.g/15 cm plate), as verified
tion equation found in Sigma Plot or the specific percent by quantitative Western blot analysis (Table 2). These
bound utilizing the average minimum and maximum values receptors were full-length, as indicated by Western blot
in contrast to untreated membranes minimum and maximumanalysis, which confirmed the presence of both the C- and
values. N-termini (Figure 2, inset). The mutant constructs had no

Molecular Modeling. Coordinates for an empty CB1 abnormal gel patterns and mobilities-eb1 kDa, consistent
receptor model were generously provided by O. M. S2i.( ~ With previously published valued , 21).
In the work presented here, we altered this CB1 model as The ligand binding plots for the mutants are shown in
follows. The aromatic rings of W6.48 and F3.36 were stacked Figure 2, presented as the specific picomoles per milligram
gauche and trans, as suggested for the inactive stafe (  of total membrane protein, to indicate the quality of the “raw”
28). The antagonist SR141716A was constructed using ISIS data (note that the appearance of the plots can be affected
ChemDraw and then minimized using a Dreiding force field by variations in receptor expression levels, ligand affinity,
(for 25 000 iterations at a convergence criterion of 0.0001), functionality, and the amount of radioligand used in each
followed by applying the “clean” feature using DS Viewer experiment). Thely and Bmax Values obtained from these
Pro and the Conformer 5.05 module (Accelrys Inc.). This experiments, shown in Table 2, indicate the ligand binding
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Table 2: K4 and Bmax Values for shCB1 and shCB1 Cysteine Mutants Transiently Expressed in COS-4 Cells

receptor CP55940 CP5594Bmax SR141716A SR141716MBmax QIBP

construct Kg (NM) (pmol/mg of total protein) Kg (NM) (pmol/mg of total protein) (pmol/mg of total protein)
shCB1-C13 5.5t 2.7 3.4+13 2.8+0.2 5.5+ 0.1 21.8+3.3
shCB1-C5 12.2+ 0.2 7.9+ 1.0 2.1+ 0.1 127+ 15 79.0+20.0
shCB1-C2 2.0t 04 2.7+ 0.6 2.0+0.3 79+22 56.5+ 26.5
shCB1-CO 4.3k2.1° 0.8+ 0.1 d d 89.0+ 10.0

aData obtained from*H]CP55940 and®H]SR141716A competitive displacement binding studies. For comparison purBaseglues obtained
from quantitative immunoblot analysis (QIB) are also presented. Competitive displacement binding assays were perfokpeadid. values
were calculated as described in Experimental Procedures. Data represent the: i8Ed of two independent experiments, each performed in
duplicate.? Quantitative immunoblot analysis (QIB) values indicate the total amount of expressed shCB1 polypeptide, regardless of its ability to
bind ligand.¢ Data not fit using the Swillens approximations for ligand depletid@ys-less mutant shCB1-CO displayed no detectdblf5R141716A
binding using the conditions described in Experimental Procedures.
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< Q § ,8_ § Ficure 3: Stimulation of GTRS binding by cysteine mutants

2 25 _ foen introduced into a shCB1Ga; fusion protein. The data show

g d -‘J - G5 6 6 agonist-stimulated GT)FS binding of the wild type or shCB1-C13
<3F 2.0 I f\:_f‘@{ R Go,; (@) and mutants shCB1-C55q; (O), shCB1-C2-Ga; (V),
© 3 T 11 NI g and shCB1-C6Ga; (V) in COSH-1 transiently transfected cell
~ o 1549 '_}T{'iﬁf L —— lines. The mock datal() represent GTS binding properties of
- £ 10 N\ - untransfected COS-1 cells. The data indicate that all but two
3 _ffn o e \ii cysteines, C257 and C264, can be replaced in CB1 while still
e E 05 1 \k—"'\ retaining a functional receptor. Data represent the mean of two filter
wa ' binding experiments performed in duplicate SEM. For details,

2 00{ v FFTEG = see Experimental Procedures and Table 3. The inset shows a

'g N-terminal and C-terminal Western blots showing the sh€Biy;

o 43 12 41 10 -9 -8 -7 -8 -5 -4 fusion cysteine mutants.

|Og [SR141716A] (M) Table 3: EGo for Agonist (CP55940)-Induced®B]GTPyS Binding
FiGURE 2: Competitive inhibition binding studies of the shCB1 by shCB*-Ga; and shCB+Ga; Cysteine Mutants
cysteine mutants. The data are for the wild-type or shCB1-C13

receptor @) and mutants shCB1-C50j, shCB1-C2 ¥), and receptor construet CP55940 E6 (M)
shCB1-C0 ¢) in COS-1 transiently transfected cell lines. The mock shCB1-C13-Ga 43+0.9
data @) represent ligand binding properties of untransfected COS-1 shCB1-C5-Go, 235+ 74
cells. (A) Homologous displacement binding study of the agonist shCB1-C2-Gay 6.8+ 1.7
CP55940. (B) Homologous displacement binding study of the shCB1-CG-Ga; 365.7+ 140.5

antagonist SR141716A. Data represent the mean of two binding 2 ogonist-induced GTPS incorporation binding assays were per-
experiments performed in duplicate SEM. For details, see  fomed, and EG, values were calculated as described in Experimental
Experlment_al Procedures and Table 2. The inset §hows N-terminalprqcedures. Data represent the mearSEM of two independent
and C-terminal Western blots of the shCB1 cysteine mutants. The gy heriments, each performed in duplicétSee Experimental Proce-
data indicate shCB1-C5 and shCB1-C2 are similar to wild-type qres for the nomenclature.

shCB1-C13, whereas shCB1-CO0 has impaired binding.

characteristics of mutants shCB1-C5 and shCB1-C2 aresubunit, to produce a shCBLo, fusion construct. These
similar to those of the wild type, shCB1-C13. In contrast, fusion proteins were then used to assess the ability of the
the cysteine-less mutant, shCB1-CO, appeared to have nagonist CP55940 to stimulate G¥® binding @1). The
antagonist binding, and a greatly reduced agdsjist value, mutant constructs shCB1-C5, shCB1-C2, and shCB1-CO
despite the fact that Western blot analysis indicated that awere cloned into the shCBiGa, fusion construct, expressed
full-length polypeptide was produced (Figure 2 and Table in COS-1 cells, and verified by anti-CB1 antibodies for the
2). N-terminal and anti-@ antibodies for the C-terminal region
Expression and Characterization of Cysteine Mutants as (Figure 3, inset). All the constructs were expressed as full-
shCB1-Ga; Fusion ProteinsThe functional ability of the length proteins, which exhibited molecular masses-6D
cysteine mutants (i.e., their ability to activate G-protein) was kDa and bound agonist and antagonist ligands with wild-
assessed by fusing the mutant shCB1 gene withoa G type-like affinities. The only exception was the shCB1 mutant
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Ficure 4: Effect of MTS reagents on the ligand binding ability of wild-type shCB1-C13. These results indicate that MTS reagents impair
antagonist binding for shCB1-C13. Competitive inhibition binding studies of shCB1-13 for agonist (A and B, top) and antagonist (C and
D, bottom) in the presencej or absence®) of a 10 min application of 50 mM MMTS (A and C, left) or 20 mM MTSEA (B and D,
right). Data represent the mean of two binding experimen&EM, with approximately 2;xg of the total membrane protein used per data
point.
lacking all cysteines (shCB1-CGa,), which exhibiteBmax In contrast to their minimal effect on agonist binding, we
values 3- or 10-fold lower than that for shCB1-CiGaq; found that MMTS and MTSEA labeling dramatically im-
for CP55940 or SR141716A binding, respectively (data not paired binding of antagonist SR141716A to wild-type
shown). shCB1-C13. Similarly, mutant shCB1-C5, which contains
Ability of Cysteine Mutants in the shCBGa; Fusion only the five conserved cysteines, was also affected by these
Protein To Induce GT#S Binding.The shCB*Ga, fusion MTS agents. To identify which of the remaining five cysteine
proteins were assayed for their ability to stimulate @BP  residues in shCB1-C5 caused sensitivity to the MTS agents,
binding as a function of high-affinity agonist CP55940 we constructed and tested a series of single-cysteine mutants
concentration. shCB1-C5Ga; and shCB1-C2Ga; mutants within the shCB1-C5 construct. These mutants are denoted
were found to be functional, as they responded to agonistas shCB1-C4, followed by the mutated residue: shCB1-C4-
like the wild-type shCB1-C13Ga; mutant (see Figure 3  355A, shCB1-C4-382A, and shCB1-C4-386A. All of these
and Table 3). In contrast, the cysteine-less construct, shCB1-mutants were expressed well in COS-1 cells, bound agonist
C0—Gay, induced only a small amount of G¥B incorpora- and antagonist at wild-type-like affinities (Table 4), and
tion (~25% of shCB1-C13 Gq, incorporation), and exhib-  appeared to have the molecular mass of a full-length protein
ited a decrease in potency as indicated by the shift to the (Figure 5C).
right of the EGp value (from 5-25 to~360 nM; see Figure As shown in Figure 5, of these shCB1-C4 mutants, only
3 and Table 3). shCB1-C4-386A was completely insensitive to MTS re-
Effect of Methanethiosulfonate (MTS) Cysteine-Modifying agents. These results strongly suggest C386 reacts with the
Reagents on shCB1 Mutantéd/e next assessed whether MTS labels, and that labeling this residue impairs the ability
cysteine residues in CB1 were close to ligand binding sites, of shCB1 to bind antagonist SR141716A. To further confirm
by measuring the effect of sulfhydryl specific methanethio- this hypothesis, we introduced a cysteine at position 386 back
sulfonate (MTS) agents. As shown in Figure 4, application into the nonreactive shCB1-C2 construct, resulting in mutant
of a large positively charged label (MTSEA) or a small shCB1-C3-386C. As expected, the introduction of C386 back
neutral label (MMTS) did not dramatically alter agonist into shCB1-C2 restored the sensitivity to the MTS reagents
(CP55940) binding in the wild-type mutant shCB1-C13 under (Figure 5).
our conditions. However, we note that interpreting the effect  Steric bulk at C386 impairs antagonist binding but not
of MTS labeling on agonist binding studies is difficult, agonist binding. The MTS labeling studies described above
because one cannot clearly determine if the cysteine labelingsuggest antagonist binding to the CB1 receptor is sensitive
reagents are affecting the cysteine residues in CB1 or theto steric bulk around residue C386. To further explore this
bound G-protein (which is known to enhance agonist binding possibility, we next introduced a methionine residue at
in CB1). Thus, in our subsequent studies, we only focused position 386. This mutation (C386M) was constructed in the
on assessing the effect of MTS reagents on antagonist bindingshCB1-C13 background, and the construct is hereafter called
in CB1. shCB1-C12-C386M. This mutant was expressed well in



8764 Biochemistry, Vol. 44, No. 24, 2005 Fay et al.

Table 4: K4 and Bmax Values for shCB1-C4 Cysteine Mutants Transiently Expressed in COS-22Cells

receptor CP55940 CP5594Bmax SR141716A SR141716MBmax QIB®

construct Kg (nM) (pmol/mg of total protein) Kg (NM) (pmol/mg of total protein)  (pmol/mg of total protein)
shCB1-C4-355A 4°#0.4 44+1.3 3.3+ 0.04 8.4+ 0.62 76
shCB1-C4-382A 44%0.1 6.2+ 0.8 4.8+ 0.26 20.6+ 14 99
shCB1-C4-386A 3.6£0.2 6.0+ 1.1 5.4+ 0.51 22.2+04 65
shCB1-C3-386C 5.6 0.9 4.4+1.0 3.1+ 04 16.6+ 7.5 51.5

aFor comparison purposes, quantitative immunoblot analysis (QIB) values are also reported. Competitive displacement binding assays were
performed, an&Ky and Bmax Values were calculated using the one-site competition equation described in Experimental Procedures. Data represent
the meant- SEM of two independent experiments, each performed in duplie®Qeantitative immunoblot analysis (QIB) values indicate the total
amount of expressed shCB1 polypeptide, regardless of its ability to bind ligand.

COS-1 cells and bound agonist with wild-type-like affinities
(Figure 6A). However, as anticipated, antagonist binding for
shCB1-C12-C386M was severely impaired (Figure 6B). To
dL ™ further assess the effect of the C386M mutation on
100 4 SR141716A binding, we carried out heterologous binding
assays that assessed the ability of SR141716A to displace
75 tritiated CP55940. These results indicate the C386M mutation
lowers the apparent affinity for SR141716A, as judged by
50 - the K, approximately 5-fold compared to that of wild-type
shCB1-C13 (Figure 6C). Further heterologous binding assays
showed the agonist WIN55212-2 can also displace tritiated
CP55940, and this behavior is unaffected by the C386M
mutation (data not shown).

>
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C13 +
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C5+
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C4(355A) -
C4(355A) +
C4(382A) -
C4(382A) +
C4(386A) -
C4(386A) +
C3(386C) -
C3(386C) +

In this work, we examined the role of the cysteine residues
in CB1, using a combination of mutagenesis and sulfhydryl
e reactivity studies. Our observations, and their implications
for CB1 structure and function, are discussed below.

i Only Residues C257 and C264 Are Required for a
Functional CB1 Receptoihe human cannabinoid receptor
(CB1) contains 13 cysteine residues dispersed throughout
the protein (Figure 1B). As shown in Figure 1A, five of these
residues appear to be highly conserved. We found that a CB1
mutant containing only the five conserved cysteine residues,
shCB1-C5, and its G-protein fusion construct, shCB+C5
Gai, binds agonist and antagonist and couples to the G
subunit like the wild-type shCB1-C13 receptor (see Tables
2 and 3). Together, these results indicate nonconserved
cysteine residues in CB1 are not required for ligand binding
and coupling to G-proteins. Similarly, mutant shCB1-C2,
which contains only two cysteines thought to be involved
in a disulfide bond, can also bind ligands and couple with
G-proteins.

In contrast, removing all of the cysteines severely impairs
the CB1 receptor, as demonstrated by mutant shCB1-CO0 (see
Figure 2, Table 2, Figure 3, and Table 3). Our results suggest
r— that a disulfide bond exists between C257 and C264. To

= further test this possibility, we have carried out some

preliminary experiments to assess the DTT sensitivity of our
Ficure 5: MTS reactivity at residue C386 blocks antagonist cysteine mutants. In our hands, we find CB1 is somewhat

binding. The data represent the specific percent of bound . . - .
[3H]SF?141716A for binging 0 259 oth)otaI mepmbrane protein resistant to reduction. However, we find pretreatments with

from transiently expressed COS-1 cells either with or without DTT (at 100 mM for 20 min) inhibit binding of agonist
(-) a 10 min application of 50 mM MMTS (A) or 20 mM MTSEA  CP55940 to shCB1-C13 and shCB1-C2, as well as CB1
(B). As can be seen, the presence of residue C386 makes thereceptors present in membranes prepared from rat cortices
receptors sensitive to both MTS reagents. The means and SEM(data not shown). Although preliminary, these results lend

are shown for the average normalized minimum and maximum - L
binding values. For more details, see Experimental Procedures. (C)further support to the theory that a disulfide bond is important

Western blot data indicating the presence of N- and C-termini for for agonist binding to the cannabinoid receptor. Our results
cysteine mutants discussed above and in the legend of Figure 6.clearly show that residues C257 and C264 are important for
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A G-protein coupling. However, they do not rule out other
structural or functional roles for the extracellular and
cytoplasmic cysteine residues. For example, a cysteine in
the cytoplasmic tail immediately following TMH VII is
conserved in some CB1 receptors (Figure 1). Itis likely that
0.10 1 this residue is palmitoylated in CB1. What role might
palmitoylation of this residue play in CB1 structure or
function? Palmitoylation of analogous cysteine residues in

0.15 A

CP55940
specific pmoles/mg total protein

0.05 1 other GPCRs has been proposed to help anchor the C-
® terminal tail to the membrane surface. In rhodopsin, this
0.00 1 L juxtamembrane region has been shown to form a membrane-
. ‘ . ‘ ; , . . associated helix, called “helix 8”. However, the role of helix
2 11 -0 9 -8 -7 6 -5 -4 8 palmitoylation in rhodopsin is still not clear. In one set of
B log [CP55940] (M) studies, palmitoylation does not appear to significantly affect
C 141 the ability of rhodopsin to activate the G-proteB0), yet
Py in another set of studies, palmitoylation induces an enhance-
s 104 ment of activation 31).
g:% ' Studies using peptide analogues of helix 8 for both
2% rhodopsin and CB1 suggest this region is involved in
Eé 0.6 1 G-protein activation 32—34). Furthermore, mutating this
3:) E 04 1 putative palmitoylation region in CB2 also alters signal
£ 92| transduction (as measured by the level of inhibition of CAMP
8 00 | L4 accumulation) but does not affect ligand binding or receptor
e ® desensitization35). As noted above, we observe no signifi-

cant effect on ligand binding or stimulated GJ® binding

42 11 10 9 -8 7 6 5 ) . . S
in our CB1 mutants that lack the putative palmitoylation site.

log [SR141716A] (M) However, our studies use a G-protein tethered to the CB1
C 0.25 - receptor, which may mask any change in signaling due to
- ® shCB1-C12-386M mutation of the palmitoylation site. Thus, our results do not
£ 20| © shCBI-C13 rule out a possible role for palmitoylation at C415 in the
a CB1 receptor.
QL 015 Residue C386 (C7.42) Is $eht Accessible and Reacts
S E with MTS Reagent©ur cysteine reactivity studies show that
Eg 0.10 1 MMTS and MTSEA labeling agents abolish antagonist
Ot binding in wild-type CB1 (Figure 4). Residue C386 appears
% 0.05 1 to be responsible for this sensitivity, since mutating it to an
2 alanine abolishes all effects of the MTS labels, and introduc-
® 0.00 4

ing it back into the nonreactive mutant shCB1-C2 (mutant
42 41 10 6 & 7 6 5 shCB1-C3-386C) restores sensitivity to MTS agents (Figure
loa ISR141716A1 (M 5)3 Since MTS reagents primarily react only with ionized
_ og [ I( )_ thiolates present in water-accessible regid; 86), these
Ficure 6: Steric bulk at C386 blocks antagonist SR141716A results indicate residue C386 (or C7.42) must be in a water
binding but not agonist CP55940 binding. Competitive displacement 5-cessible microenvironment. Intriguingly, a water molecule

binding of mutant shCB1-C12-386M. (A) Agonist (CP55940 . . o
binding exhibits akq of 8 + 4 nM. (B) |(n )con%rast, a(ntagonist) (HOH964) is located within contact of the analogous site in

(SR141716A) binding to the same sample is severely impaired. A the rhodopsin crystal structur87).
possible reason why the C386M mutation perturbs antagonist Residue C386 Is in the Antagonist SR141716A Binding
SR141716A binding but not agonist CP55940 binding is discussed gjte. Why is the binding of antagonist SR141716A so

in the text and in the legend of Figure 7. (C) Comparison of - : : :
heterologous binding assays carried out on ShCB1-C12-3@§M ( sensitive to labeling of site C386 (7.42)? The most likely

vs shCB1-C13@). The data indicate thi; for mutant shcB1-  €xplanation is that extra bulk at C386 clashes with the
C12-386M is 194+ 1.3 nM, compared to the value of 39 0.8 piperidine ring of SR141716A (personal communication with

nM measured for wild-type shCB1-C13. These experiments indicate D, P. Hurst and P. H. Reggio). In agreement with this
that SR141716A can displace radiolabeled CP55940; however, thehypothesis, introducing steric bulk at this site via a C386M
s ~5-fold greater than that of shCB1-C13. mutation also impedes antagonist binding, but NOT agonist
binding (Figure 6). This possible clash, illustrated in Figure
a functional cannabinoid receptor, and taken together, they7 agrees with previous work which found that substitutions
support (but do not prove) the hypothesis that these cysteinegt the site of the piperidine ring are deleterious to antagonist
residues are involved in a disulfide bond that stabilizes a b|nd|ng (19, 38, 39) |nteresting|y, since the C386A mutation

ligand recognizable conformation of the recept®8, (29). does not alter either agonist or antagonist ligand binding,
However, direct chemical evidence proving the presence of

a disulfide bond between these two residues is still needed.” . . . .
- . . . Note that other cysteine residues in CB1 may still be labeled by
Our results indicate most of the cysteine residues in CB1 the MTS reagents; however, if they are, they do not alter antagonist
are unnecessary for protein expression, ligand binding, andbinding.
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Ficure 7: Modeling studies of SR141716A bound to CB1 suggesting there is no room for extra steric bulk at C386. Antagonist SR141716A
docked in a computer model of the CB1 inactive state. (A) Model showing antagonist SR141716A bound within the transmembrane helices
(TMHSs) of the human cannabinoid receptor, as viewed from the intracellular surface. The helices are labeled and color-coded as in Figure
1B. The model indicates the SR141716A (orange) and key residues C386, W356, F200, and K192 with their individual solvent accessible
surface. The model suggests SR141716A makes contact with these key residues in TMH 111, VI, and VII. (B) Close-up view of SR141716A
binding, as viewed from inside the membrane, looking from the outside of the bundle toward TMH llI. Note that parts of TMH 1, I, and

VI have been omitted for clarity. The model clearly suggests the piperidine ring of SR141716A is in the proximity of residue C386, and
thus, addition of steric bulk at this site may impair antagonist binding. In addition, as discussed in the text, introduction of steric bulk at
residue 386 may also perturb nearby residues F200 (3.36) and W356 (6.48), and thus alter a critical aromatic microdomain (rotamer toggle
switch) thought be involved in bindin@8, 40). The initial coordinates for an empty inactive CB1 receptor were kindly provided by O.

Salo @7). Further details of the modeling procedures are given in Experimental Procedures.

residue C386 itself must not be directly required for binding rhodopsin (7.43), which is well established to play a key
of either of these ligands. role in keeping the visual receptor in an inactive state.
We note that our data are also consistent with an alternative = Similarly, we note that a number of naturally occurring
SR141716A docking model recently proposed by Salo et al. mutations within TMH VII result in constitutive activity and
(27). Our docking studies, using a modified version of their disease. In rhodopsin, TMH VIl is normally linked to TMH
CB1 model (shown in Figure 7), suggest introducing steric Ill through a salt bridge between K296 (7.43) and E113
bulk at C386 (C7.42) could also perturb important aromatic (3.28), and it is thought that this important restraint must be
stacking interactions thought to be involved in SR141716A removed to enable receptor activatiddD,(51). Naturally
binding 28), because residue C386 is close to two key occurring mutations in and near this salt bridge, A292E (7.39)
residues, F279 (F3.36) and W356 (W6.48). Previously, and K296E (7.43), produce constitutively active receptors
mutating either of these two residues to alanine has beenand the diseaseetinitis pigmentosg52, 53). Analogously,
shown to perturb antagonist (SR141716A) binding, but not in the human thyrotropin receptor, the N670S mutation (7.45)
agonist (CP55940) bindingdQ). In summary, our results is thought to be involved in hyperplasia associated with
indicate an antagonist binding determinant lies within TMH hyperthyroidism and adenom&4).
VIl of the CB1 receptor, specifically at site C386 (7.42). Why is this region of TMH VII so sensitive to mutation
Introducing steric bulk at this site appears to impair and important for antagonist binding? One intriguing pos-
antagonist SR141716A binding due to clashing with the sibility is that it may act to keep GPCRs in an inactive state,
piperidine ring and/or disruption of key aromatic residues by constraining movements of TMH VI. Such a constraint
in the binding pocket. In contrast, steric bulk at this position would be important because TMH VI is thought to play a
does not affect binding of agonist CP55940. key role GPCR activation, by undergoing a rigid-body
The Region around C386 (7.42) in TMH VIl May Play a movement and/or rotation of TMH VI outward relative to
Key Role in Constraining GPCR Agétion. Interestingly, TMH [l (55—-59). It is thought that this movement results
this region around C386 (7.42) in TMH VII appears to be in exposure of a hydrophobic binding site(s), for the
crucial for antagonist binding in a number of other GPCR G-protein 60, 61).
systems. For example, mutating the analogous residue at 7.42 Thus, some change or movement of TMH VII may be
from a glycine to a cysteine in the dopamine D2 receptor required to allow the outward movement of TMH VL.
impairs antagonist bindingd(), and mutagenesis studies Evidence for TMH VII movements in rhodopsin includes
indicate nearby residue 7.39 is an important antagonist EPR and fluorescence studi€&2{-65), and the exposure of
binding determinant in the-2-adrenergicf-2-adrenergic, a region within TMH VII, the highly conserved NPXXY
and 5-HTa receptors 42—45) as well as nearby residues motif (66), which alters its functional ability to couple to
7.38 and 7.40 in 5-Hj, receptors46). MTS labeling studies  the highly conserved DRY motif in TMH Il 7). We
show a cysteine at position 7.42 is sensitive to MTS labeling propose that the interactions of antagonist in CB1, and
in the human A adenosine receptod?), as are nearby = GPCRs in general, act to inhibit GPCR activation by
residues 7.35 and 7.38 in the dopamine D2 and D4 receptorsconstraining movement of TMH VII, which in turn keeps
(48), as well as a cysteine residue at position 7.38 ingthe  the receptor in an inactive state, by limiting the outward
0, andk opioid receptors49). Finally, we note site 7.42is  movement of TMH VI. Such a constraint would limit
immediately adjacent to the retinal attachment site in transient exposure of the critical DRY and NPXXY motifs
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in TMH Il and TMH VII, as well as maintain ionic
interaction between D6.30 and R3.568( 69), and thus
inhibit receptor coupling with G-proteins. We note that our

proposal is consistent with previous hypotheses about GPCR g,

structure and mechanisms of activatigio{ 75).
The ability to “lock down” a GPCR, through use of

antagonists or inverse agonists that block these helical
movements, is an exciting prospect for the management of

diseases linked to constitutively active GPCRs. However,

such an approach needs an understanding of antagonist1?-
receptor interactions at the molecular level, to enable the

rational approach to drug design and the selection of
combinatorial chemistry libraries. Chemically reactive CB1
agonists have been describ&®); One exciting possibility
would be to functionalize the piperidine ring of SR141716A
(with a thiol reactive group), thus enabling it to covalently
attach to residue C386. This might further improve the
activity of the antagonist SR141716A (also known as
Rimonabant or Accomplia), which is showing promise as
an antiobesity drug in phase Il clinical trialg4).
Conclusions and SummarWe have shown that all but
two of the 13 cysteine residues in CB1 (C257 and C264)
can be replaced with alanines and still yield a functionally

active receptor. We have also demonstrated that the substi-

tuted cysteine accessibility method, or SCARB(78, 79),
can be carried out to study the structure and function of the
CBL1 receptor. Our initial mutagenesis and SCAM studies

clearly indicate that an endogenous cysteine residue in TMH
VII, C386 (7.42), is part of a solvent-exposed binding region 15

for the antagonist SR141716A. The sensitivity of this site
to steric bulk provides experimental support for current
modeling and structureactivity relationship paradigms for
the cannabinoid receptot, 19, 27, 80, 81). We hope the
approaches outlined here will prove useful for mapping other
key determinants in CB1 function, as well as the intriguing
guestion of CB1 attenuatior82, 83).
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