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mechanistic information about its activation and attenuation.

novel allosteric ligand.
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(Background: The cannabinoid receptor CB1 has been refractory to purification and structural analysis, thus limiting
Results: Fluorescence probes on purified, functional CB1 detect a key agonist-induced structural change that is blocked by a

Conclusion: Some allosteric GPCR ligands may capture structural intermediates.
Significance: GPCR intermediate structures may be optimal templates for allosteric drug design.
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Allosteric ligands that modulate how G protein-coupled
receptors respond to traditional orthosteric drugs are an excit-
ing and rapidly expanding field of pharmacology. An allosteric
ligand for the cannabinoid receptor CB1, Org 27569, exhibits an
intriguing effect; it increases agonist binding, yet blocks agonist-
induced CB1 signaling. Here we explored the mechanism
behind this behavior, using a site-directed fluorescence labeling
approach. Our results show that Org 27569 blocks conforma-
tional changes in CB1 that accompany G protein binding and/or
activation, and thus inhibit formation of a fully active CB1 struc-
ture. The underlying mechanism behind this behavior is that
simultaneous binding of Org 27569 produces a unique agonist-
bound conformation, one that may resemble an intermediate
structure formed on the pathway to full receptor activation.

G protein-coupled receptors (GPCRs)? comprise ~3% of the
protein-coding human genome (1). Due to their involvement in
a vast number of signaling systems, these membrane receptors
are targeted by numerous therapeutic agents. An exciting field
of GPCR research has emerged with the discovery that allos-
teric ligands can bind to some GPCRs and modulate their activ-
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ity (2). Allosteric ligands bind to a different site than traditional
competitive agonists and antagonists, and thus, they may affect
receptor signaling (efficacy) through new mechanisms. Know-
ing how allosteric GPCR ligands induce their effect is of great
therapeutic interest as they can complement endogenous
ligands, have less potential for overdose, and specifically target
receptor subtypes due to greater evolutionary divergence for
allosteric binding sites (3). Clearly, these novel ligands enrich
the pharmacological dimensions of GPCR signaling and pro-
vide additional ways to further “dial in” GPCR responses.

One of the highest expressed GPCRs in the central nervous
system (CNS) is the human neuronal cannabinoid receptor,
CBI1 (4). Although initial interest in CB1 was linked to its role as
the target for psychotropic agents in marijuana (5), CB1 has sub-
sequently been implicated in a wide array of clinically relevant
conditions, including Parkinson disease, Alzheimer disease,
depression, inflammation, neuropathic pain, and obesity. How-
ever, despite its ubiquitous presence in the CNS and its therapeu-
tically exploitable nature, structural and biophysical information
about CB1 is limited. The lipophilic nature of cannabinoid ligands
has made ligand binding assays technically challenging. Moreover,
the CB1 receptor has proven refractory to purification of signifi-
cant quantities in a functional form (6-11).

In this study, we show that it is possible to purify significant
amounts of CB1 in a functional form and investigate how an
allosteric ligand interacts with the purified CB1. This ligand,
Org 27569, exhibits an interesting behavior; it increases agonist
binding to CB1, yet in contrast, inhibits CB1 signaling (i.e. itis a
positive allosteric modulator of agonist affinity yet a negative
allosteric modulator of agonist signaling efficacy) (12). One
possibility is that Org 27569 places the receptor in a distinct,
agonist-bound, nonsignaling conformational state or (because
the previous studies of Org 27569 were all carried out using
unpurified cell membranes) acts indirectly through unidenti-
fied component(s) of the CB1 signaling pathway.

We set out to experimentally test both possibilities by deter-
mining whether Org 27569 acts directly on CB1 and testing
whether it evokes these opposing effects by inducing a distinct
structural state in the CB1 receptor. To do this, we first estab-
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lished conditions under which we could obtain a functional,
purified CB1 receptor. We then studied this purified CB1 using
a site-directed fluorescent labeling (SDFL) approach, in which
we placed a fluorescent label on the cytoplasmic end of trans-
membrane helix six (TM6), a helix shown to move during acti-
vation in other GPCRs by SDFL (13-18). We then monitored
this probe to determine whether Org 27569 altered conforma-
tional changes in or around TM6 when agonists bound to the
receptor.

Our results clearly show that agonist binding induces some
kind of movement in the cytoplasmic end of TM6 of CB1,
whereas antagonist binding does not. We also confirm that Org
27569 stimulates agonist binding, both in membranes and for
purified CB1 in detergent. Our SDFL studies of agonist-bound
CB1 show that Org 27569 blocks the agonist-induced confor-
mational change at TM6 described above. Together, these
results explain how Org 27569 can elicit differential effects on
CB1 agonist affinity and efficacy; Org 27569 traps the receptor
in a distinct agonist-bound, but nonsignaling conformational
state.

EXPERIMENTAL PROCEDURES

Buffers—The buffers used are defined as: PBSSC (137 mm
NaCl, 2.7 mm KCL, 1.5 mm KH,PO,, 8 mm Na,HPO, (pH 7.2));
Hypotonic Buffer (5 mm Tris and 2 mm EDTA (pH 7.5)); TME
(20 mm Tris-HCI (pH 7.4), 5 mm MgCl,, 1 mm EDTA); Binding
Buffer (TME with 5 mg/ml BSA); Wash Buffer (TME with 1
mg/ml BSA); and Purification Buffer (50 mm Tris (pH 7.5), 200
mM NaCl, 5 mm MgCl,, 20% glycerol, 0.12% CHAPS, 0.02%
n-Dodecyl-B-p-Maltopyranoside (DM), and 0.02% Cholesteryl
Hemisuccinate (CHS).

Construction of shCB1 Mutants—The site-directed mutants
and truncation constructs were made using overlap extension
PCR to generate the mutants in the shCB1 (synthetic human
CB1) gene (19). The nonreactive mutant, 6, contains only two of
the original 13 cysteines (Cys-257 and Cys-264), which appear
to be required for a functional receptor (20). We previously
established that 6 is insensitive to sulthydryl-modifying
reagents when assessed by ligand binding (20). To facilitate
purification, we further modified 6 by deleting the N and C
termini and then introducing the last 9 amino acids of rhodop-
sin (1D4 epitope: TETSQVAPA) to the C terminus to enable
immunoaffinity purification.

For the site-specific fluorescence labeling studies, we then
introduced a unique reactive Cys on TM6 at residue A342C
(6.34) into the 0 background using a two-step PCR procedure.
All mutations were verified using restriction enzyme analysis
and the dideoxynucleotide sequencing method.

Transfection—The mutant shCB1 genes were expressed in
transiently transfected monkey kidney cells (COS1) in 15-cm
plates. Samples were incubated for ~65 h at 5% CO, 75% rela-
tive humidity, and 37 °C. The cells were then harvested in
PBSSC, and the pellets were snap-frozen in liquid nitrogen and
stored at —80 °C.

SDS-PAGE and Immunoblot Analysis of Cannabinoid Recep-
tor Mutants—SDS-PAGE and immunoblot analysis were per-
formed according to previously published procedures (20).
PDT-bimane labeling of the samples was visualized by mea-
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suring the in-gel fluorescence using an Alpha Innotech gel doc-
umentation system. Subsequently, Coomassie Brilliant Blue
R-250 protein staining was carried out using the Imperial pro-
tein stain (Thermo Scientific) as described in the manufactur-
er’s protocol.

Purification of Cannabinoid Receptor Mutants—COS1 cell
membranes containing mutant CB1 receptor protein were sus-
pended in detergent buffer supplemented with protease inhib-
itor tablet (Roche Applied Science), as well as 5 ug/ml leupep-
tin, 10 mMm benzamidine, 0.5 mm PMSF, and 1 um SR141716A
and gently nutated for 2-3 h at 4 °C. Samples were then centri-
fuged for 1 h at 100,000 X g in a Beckman Optima LE-80K
ultracentrifuge with a TI60 rotor. The supernatant was
removed and then added to an appropriate volume of 1D4 anti-
body-Sepharose beads (binding capacity ~1 ug of rhodop-
sin/ug of resin) and allowed to bind via gentle agitation at 4 °C
for 4-5 h. Next, the receptor-bound beads were washed, first
with ~5 ml of buffer containing protease inhibitor and antag-
onist SR141716A and then two times with 1-ml washes of
buffer. Alternatively, for fluorescence labeling of mutant of CB1
receptors, the CB1 bound to 1D4 beads was incubated with 50
uM PDT-bimane overnight followed by extensive washes to
remove nonreactive free bimane label. The samples were then
eluted from the 1D4 antibody-Sepharose beads with purifica-
tion buffer containing 200 uM nonapeptide.

Solution Radioligand Binding Measurements—The ability of
the detergent-solubilized receptors to bind [?H]CP55940 or
[PH]SR141716A was measured using mini size-exclusion chro-
matography columns, as follows; 50 —~150 nMm of soluble recep-
tors were incubated with ~25-75 nm *H-ligand in the presence
of increasing amounts of agonist or antagonist for 1 hat 30 °Cin
atotal volume of 100 ul of buffer. Separation of bound from free
ligand was achieved by gel filtration and then analyzed by liquid
scintillation counting to determine the amount of bound
ligand. The one-site competition binding model in SigmaPlot
was fit to our data. The K ;and B,, ,, values were estimated using
previously described methods (21). Data were globally fit, and
error estimates for the parameters were derived from least
square fits.

Additionally, an allosteric ternary complex model, described
previously (22), was used to fit our data

(Al

(B

[A] + Bl
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where Y denotes the specific bound orthosteric ligand divided
by the total concentration of orthosteric ligand [A]. [B] denotes
the total concentration of allosteric ligand. K, and K} are the
dissociation constants for the orthosteric and allosteric ligand,
respectively, and « is the binding cooperativity factor between
the orthosteric and allosteric ligands. The [A] was the average
radioactive orthosteric ligand concentration employed in the
binding assays, and K, was estimated from the fraction bound

and [A]. Values of @ and K;; were determined from least squares
fitting of Equation 1.

Y= (Eq. 1)
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Binding Measurements in COS1 Membranes—The ligand
binding properties of the unpurified CB1 receptor mutants in
cell membranes were measured using a previously described
competitive inhibition binding assay (20). Briefly, this involved
incubating 50 ug of membranes (total membrane protein) at
30 °C for an hour in 500 ul of binding buffer with ~1 nm triti-
ated ligands and increasing amounts of agonist or antagonist.
The binding reactions were then filtered over 0.2% (w/v) poly-
ethyleneimine-treated Whatman GF/B filters using a Brandel
24- or 48-well filtration apparatus and then washed three times
with 5-ml washes of wash buffer. Radioactivity was detected
and quantified by liquid scintillation. Data were fit as described
above.

Preparation of the Go,By Heterotrimer—Purification of rat
Ga; was performed essentially as described previously (23). The
transducin 7y subunit was purified from rod outer segments
essentially as described (24). In brief, after transducin extrac-
tion, subunits were collected contemporaneously on a HiTrap
Blue (for the Ga) and a HiTrap Q (for the B7y) columns. The By
subunits collected on the HiTrap Q were eluted using NaCl
gradient. The elution was then subjected to dialysis and further
concentrated. The G,y heterotrimer was generated by over-
night incubation at 4 °C on ice; Ge; and By were combined at a
1:1 molar ratio (~2 um of each) with 1.5 mm dithiothreitol and
75 uM GDP. Ga;y heterotrimers were then aliquoted, snap-
frozen in liquid nitrogen, and stored at —80 °C.

Cannabinoid Functional Efficacy Assessed by Reconstitution
with Go By Heterotrimer—Ga, assays were done in a similar
manner to rhodopsin transducin assays (25). The final reaction
mixture contained 200 —300 nm purified, labeled CB1 in deter-
gent and appropriate buffer, 1 um G protein heterotrimer, and
2 uM GTPYS. The samples were assayed using [>>S]GTPvS that
was added to the receptor:G protein mixture and immediately
transferred into tubes containing various ligands to be tested.
10-pl aliquots were removed after 30 min and spotted onto
prewetted Millipore MF 0.45-um HA membrane filters using a
modified Brandel M-24 cell harvester. Spotted filters were
washed three times with 4 ml of wash buffer (10 mm Tris, 100
mM NaCl, 5 mm MgCl, and 0.1 mm EDTA, pH 7.5), filters were
removed, and radioactivity on each filter was measured by lig-
uid scintillation spectroscopy.

Fluorescence Assays—Steady-state fluorescence measure-
ments were performed using a Photon Technology Interna-
tional fluorescence spectrometer at room temperature. The
excitation wavelength was 380 nm (2-nm slit settings), and the
emission was collected from 400 — 650 nm (with 12-nm slit set-
tings). All measurements were carried out with the CB1 recep-
tor at a final concentration of 200 nMm in Purification Buffer. The
CB1 receptor concentrations were estimated from absorbance
value at 280 nm (corrected for the contribution of bimane at
this wavelength), using an extinction coefficient of 42,525 liters
mol™' cm ™! estimated from the protein sequence (ExPASy
ProtParam tool). All ligands were diluted, such that the final
solvent concentration was less than 1%. The fluorescence spec-
tra were buffer subtracted and corrected for dilution.

The variable slope sigmoidal dose-response function was fit
globally to our bimane response (change in bimane fluores-
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cence) with respect to Org 27569 concentration. The error esti-
mates for the parameters were derived from least square fits.

An operational model of allosterism, as described previously
by Price et al. (12), that assumes the allosteric modulator does
not process any intrinsic efficacy was also fit to our data (Equa-
tion 2).

£ ar(1 ( ap[B ])

) ] 2

(Eq.2)

E_

[A], K, K3, and « are as defined above in Equation 1. E repre-
sents the bimane effect, # is a logistic slope factor, 7is a measure
of orthosteric ligand efficacy, and B is the empirical proportion-
ality constant describing the modulation of an allosteric ligand
on agonist-mediated efficacy. When B is less than 1, there is an
inhibition of signaling efficacy imparted on the receptor by the
allosteric modulator. The fitting used 10 um for [A] and used
values obtained from Equation 1 from our solution binding
assay for K, Ki, and o; set E, . to the mean of our empirically
derived value from our data sets; and restricted 3 to be greater
than 0.

TCA Precipitation Method to Determine the Extent of Free
Label Contamination—To assess whether free (unattached,
nonreacted) bimane label was present in the samples, we used a
slightly modified version of our previous procedure (15, 26).
Briefly, this involves determining whether any bimane fluo-
rescence is present in a sample after TCA precipitation of the
protein. To do this, the total bimane fluorescence of a sample
containing PDT-bimane-labeled CB1 was measured imme-
diately after adding 10% TCA. The protein was then precip-
itated by placing the sample on ice for 20 min and then
subjected to centrifugation at 14,000 rpm at 4 °C for 20 min
using a bench-top Eppendorf centrifuge. The supernatant
was then collected, and fluorescence emission was mea-
sured. This approach exploits the fact that the 10% TCA
precipitates essentially all protein, whereas free bimane is
not precipitated. Thus, any fluorescence remaining in the
supernatant must be due to (free) bimane that is not attached
to the protein. Comparison of these two emission maximum
values gave a relative amount of free label in the sample. In all
cases, the measured free label concentration was essentially
negligible (<1%).

Fluorescence Quenching Experiments—Measurements of the
accessibility of the bimane probe were carried out by Stern-
Volmer quenching studies to determine the bimolecular
quenching coefficient (see Fig. 2). Briefly, the bimane-labeled
CB1 samples were incubated in 20 um CP55940 or SR141716A
for 30 min prior to measurements. For the KI quenching assays,
the added total salt concentration was kept at ~40 mm by the
addition of a corresponding amount of KCl, and 0.1 nm Na,SO,,
was present to inhibit formation of I, (15, 17). Fluorescence
lifetime measurements were carried out using a PicoQuant
Fluo Time 200 equipped with a Hamamatsu R3809U-5X series
microchannel plate photomultiplier. The excitation was from a
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405 nm diode laser, and emission was monitored at 490 nm
with 2-nm slits. The average fluorescent lifetime (1) and slopes
from the KI quenching assay (Kj,) were used to calculate &,
(k, = K,/{7)) (27). The bimolecular quenching coefficient (k,)
is a direct measure of the efficiency of quenching (M~ 's™").

RESULTS

Expression, Purification, and Site-specific Labeling of CBI1—
Before introducing unique cysteines into CB1 for labeling
with a fluorophore, we first had to establish a mutant that
showed no background cysteine labeling. To do this, we used
our gene construct, called 6, which contains only two cys-
teines, Cys-257 and Cys-264 (20). These two cysteines are
required to produce a functional receptor (20, 28), and we
have previously shown that all other cysteines can be
mutated to alanine while still retaining a functional CB1
receptor. Together, these results strongly suggest (but do not
definitively prove) that Cys-257 and Cys-264 form a disulfide
bond (20, 28).

To obtain a unique site for attaching the fluorescent label, we
then introduced a cysteine at the cytoplasmic end of TM6, in
the 0 construct, at residue 342 (or 6.34 via the Weinstein and
Ballestros nomenclature). We hereafter refer to this cysteine
mutant as A342C/0.

The 6 and A342C/6 gene constructs were expressed in
COS cells. Subsequently, the membranes containing mutant
CB1 receptors were solubilized in detergent, the samples
were clarified by centrifugation, and the supernatant was
then applied to a 1D4 immunoaffinity antibody column. The
bound CB1 receptors were then incubated with an ~20-fold
excess of PDT-bimane for ~16 h, and the excess fluorescent
label was then washed from the receptor-bound immunoaf-
finity antibody column. The purified receptors were then
eluted from the immunoaffinity antibody column using an
excess of nonapeptide corresponding to the 1D4 binding
epitope. The yield from this process is ~15 ug of purified,
bimane-labeled receptor per 15-cm plate of transfected
COS1 cells.

The Purified CBI1 Is Specifically Labeled at TM6—SDS-
PAGE analysis shows that the eluted proteins are pure (Fig. 1, C
and D). Moreover, the lack of fluorescence in 6 when this gel
was irradiated with UV light (prior to Coomassie Blue staining)
indicates that the background receptor is not reactive to the
bimane label (Fig. 1, C and D). Notably, treating 0 with a reduc-
ing agent prior to labeling resulted in label incorporation (Fig.
1C), providing further direct evidence that cysteines Cys-257/
Cys-264 form a disulfide bond in CB1.

In contrast to 6, mutant A342C/6 showed robust labeling
with the PDT-bimane (Fig. 1D). This result indicates that the
fluorophore is specifically attached to the cysteine at site 342.
The labeling efficiency was ~60—80% based on comparison of
the ratio of 280 nm (protein)/390 nm (bimane) absorbance. The
samples were free of nonreacted label, as determined by TCA
precipitation analysis.

The Purified, Bimane-labeled CB1 Retains Its Functional
Affinity and Efficacy for Cannabinoid Ligands—Fig. 1, D and E,
show that the purified, bimane-labeled A342C/6 mutant is func-
tional in respect to its pharmacological properties. It can bind both
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FIGURE 1. A purified CB1 receptor, specifically labeled with a bimane
fluorophore at site 6.34 on TM6, can still bind agonist and antagonist.
A, the structure of PDT-bimane. B, a model of CB1 showing the probe cova-
lently attached at A342C (C6.34) on the cytoplasmic face of TM6. C, Coomassie
Blue-stained SDS-PAGE gel (left) of purified minimal-cysteine construct
mutant 6 (which contains only Cys-257 and Cys-264). Ultraviolet irradiation of
the same gel (right), before staining, shows that 6 does not react with PDT-
bimane unless it is first reduced with DTT, prior to labeling (note the bimane
fluorescence in the DTT treated sample). This result provides direct chemical
evidence that Cys-257 and Cys-264 are in a disulfide bond in CB1. D, left, a
Coomassie Blue-stained SDS-PAGE gel showing that the immunopurified CB1
mutants 6 and A342C/6 can be purified to homogeneity. Right, in-gel fluores-
cence of the same gel before Coomassie Blue staining shows only that the
A342C/0 mutant exhibits fluorescence, indicating that the bimane is uniquely
and specifically covalently attached at A342C in TM6. E and F, the same puri-
fied, detergent-solubilized, bimane-labeled A342C/6 from D is functional, as
indicated by its ability to bind antagonist, SR141716A (SR) (E), and agonist,
CP55940 (CP) (F), in solution. Further details are provided under “Experimen-
tal Procedures.” Error bars indicate range.

agonist and antagonist in a solution binding assay, exhibiting K,
values of 187 *+ 27 and 47 * 23 nm for agonist and antagonist,
respectively, or 398 * 58 and 52 = 37 nw, respectively, when fit
using Swillens approximation to account for possible ligand deple-
tion (20). These values are ~50-100-fold higher than what we
(and others) typically observe in membranes (19, 20). This shift
may be partially due to the absence of G proteins in our purified
samples, as well as nonspecific effects of the detergent on the
receptor. To test whether our bimane-labeled, purified receptor
retains functional efficacy, we measured its ability to stimulate
[3*S]GTPyS binding when reconstituted with G protein (Ge;) and
agonist. The results confirm an agonist-induced stimulation of G
protein activation and [**S]GTP+S binding when compared with
the basal or antagonist-bound states (see Fig. 3B). It is unclear why
SR141716A did not affect basal G protein activity. Possibly the
intrinsic activity of our G protein preparation could mask this
effect and/or our purified samples lack endocannabinoids that
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FIGURE 2. Agonist binding to CB1 induces a conformational change that is detected by a probe at site 6.34 (or 342) on TM6. A, the addition of agonist
CP55940 (CP) causes an ~35% increase in fluorescence intensity for PDT-bimane-labeled mutant sample A342C/6. The spectra, normalized to the apo state
(gray) in Purification Buffer, show before and after a 30-min incubation with 10 um CP55940 (blue). B, i, the dose-response plot of the agonists (CP55940,
WIN55212-2, and meAEA) report the stimulated increase in fluorescence (data normalized to the maximum increase in fluorescence for CP55940). The
apparent EC5, are 430 + 86 nm for CP55940, 3 + 0.4 um for WIN, and 6.6 = 4.0 um for meAEA. The bimane dose-response plots are the means of at least three
independent experiments fit with a sigmoidal dose response function. ii, the partial increase in fluorescence induced by meAEA addition (50 um, green) is
further increased by subsequent addition of CP55940 (CP, 35 uM, blue). Each data point in the spectra shows the range of the S.E. from three independent
experiments. Fo, ligand-free receptor. C, in contrast to agonists, adding antagonist (5 um SR141716A, red) has essentially no effect on the fluorescence when
compared with the ligand-free receptor (gray). D, the agonist-induced increase in fluorescence (10 um CP55940, (CP) blue) occurs slowly, whereas subsequent
addition of antagonist (5 uM SR141716A (SR), red) causes a rapid reversal. E, agonist binding induces the probe to move into a more polar, solvent-accessible
environment, as indicated by the shift in the A,,,, of the normalized emission spectra (blue, 10 um CP55940; red, 5 um SR141716A; gray, absence of ligands) (i)
and a comparison of the bimolecular quenching constants (k,) determined from the Stern-Volmer quenching experiments (ii). Error estimates come from the
least squares fitting. F, a movement of the probe on A342Cinto a more polar environment is consistent with the presumed location of the probe in CB1 models
based onrhodopsin in the inactive state (red, Protein Data Bank (PDB): 1GZM) and active state (blue, PDB: 3DQB). For clarity, the figure only shows the probe and
TM3, TM5, and TM6. See “Experimental Procedures” for more details. Error bars indicate S.E. unless otherwise noted.

may be present in previous in vivo assays that demonstrate basal ~ solubility issues and their lower affinities resulting in substan-
activity. tially noisier data. Thus, we did not further explore their behav-
Binding of Agonist to CBI Induces a Conformational Change ior in more detail and focused instead on CP55940.

in the Cytoplasmic End of TM6, as Detected by Changes in the In contrast to agonists, adding antagonist (SR141716A)
Fluorescence of the Bimane Probe—The addition of agonist, caused no significant fluorescence change in the sample (Fig.
CP55940, causes an ~35% increase in the fluorescence inten- 2C). The antagonist could also reverse the agonist-induced
sity of the attached bimane label (Fig. 24). This fluorescence fluorescence increase (Fig. 2D), and it did so much more rapidly
increase is clearly due to agonist-induced structural changesin  (ti, ~1.5 min) than the slow rate of agonist-induced fluores-
CB1 altering the environment around the probe. CP55940 itself  cence increase (t, ~4.7 min).

is nonfluorescent at the excitation and emission wavelengths The Bimane Label on TM6 Moves to a More Polar Environ-
used (data not shown). The agonist-induced fluorescence ment upon Addition of the Agonist, CP55940—Along with the
increase is dose-dependent, exhibiting an EC, 0of 430 = 86 nm  fluorescence increase, the addition of agonist also induced an
(Fig. 2Bi). No further increase is seen at ligand concentrations ~6-nm red shift in the bimane fluorescence when compared
greater than ~10 uM. A fluorescence increase occurs upon the — with the SR141716A form (Fig. 2Ei). We have previously shown
addition of the endocannabinoid analog meAEA or the CB1 that for a soluble protein, the bimane fluorescence emission
agonist WIN55212-2. Interestingly, the three cannabinoids we A, reflects the solvent accessibility at the site of attachment
tested have the same rank order of potency (CP55940 > (26, 29).

WIN55212-2 > AEA) for their ability to induce the bimane However, CB1 is a membrane protein; thus, the A, shifts
fluorescence response in CB1 as they are observed in more tra-  could also be affected by interaction of bimane with deter-
ditional pharmacological assays (Fig. 2Bi). We also found that gent. Thus, to assess the exposure of the probe to solvent, we
the partial agonist AEA appears to cause less of a fluorescent carried out fluorescence quenching studies using the aque-
change, which can be overcome by the addition of more ous quenching agent, KI. The results show that the probe
CP55940 (Fig. 2Bii). However, we found meAEA and collides more frequently with I (i.e. it has a larger bimolec-
WIN55212-2 more difficult to work with than CP55940 due to  ular quenching constant) in the agonist-bound form (Fig.
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FIGURE 3. The allosteric CB1 modulator Org 27569 enhances agonist
(CP55940) binding yet inhibits agonist-induced G protein activation.
A, molecular structure of the allosteric ligand Org 27569. B, the purified, deter-
gent-solubilized bimane-labeled CB1 mutant A342C/6is functionally active; it
stimulates G protein activation upon the addition of agonist (10 um CP55940
(CP), blue) as measured by [3*SIGTPvS binding to purified Ge; 8. In contrast,
no agonist ligands (gray bar) or antagonist ligands (10 um SR141716A (SR), red
bar) show less GTPvS binding. G protein activation is blocked when Org
27569 is added along with agonist (10 um Org 27569 + 10 um CP55940 (CP/
Org), purple). Note that Org 27569 does not block agonist binding; instead, it
actually increases agonist binding ((*HICP55940) to CB1.Cand D, we observed
this phenomenon for CB1 mutant A342C/6 in membranes (ECs, for CP55940
binding enhancement = 2.7 = 0.7 um) (C) and in a bimane-labeled, deter-
gent-solubilized, purified form (ECs, for CP55940 binding enhancement =
1.9 = 0.6 um) (D). All radioactive binding studies are representative of two
independent experiments performed in duplicate, shown as mean * S.E. The
specific equilibrium binding of [PHICP55940 in C and D were determined in
the presence of various concentrations of Org 27569 when compared with
saturating amounts of cold CP55940. The EC;, values were determined by
fitting a variable slope sigmoidal dose-response function to the combined
respective data sets, and errors were determined from least squares fitting.
See “Experimental Procedures” for more details.
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2Eii). Together, these data confirm that agonist binding
causes the probe to relocate to a more solvent-exposed envi-
ronment, as is expected if CB1 activation involves a confor-
mational change in TM6 (modeled in Fig. 2F), as is observed
in other GPCRs (rhodopsin, B, adrenergic receptor, and
adenosine A, , receptor).

The Allosteric Ligand Org 27569 Promotes Agonist Binding to
CB1, yet Blocks the Agonist-induced Conformational Changes in
TM6—Previous studies have shown that Org 27569 (Fig. 3A)
inhibits the ability of CB1 to elicit agonist-induced downstream
signaling (12). To test whether this effect occurred at the level of
the G protein interaction with the receptor, we measured ago-
nist-stimulated guanine nucleotide exchange for the labeled,
purified receptor reconstituted with Ge;. The results show that
agonist-stimulated GTPvS binding is completely inhibited in
the presence of Org 27569 (Fig. 3B).

We next confirmed previous reports (12) that the allosteric
ligand Org 27569 enhances CP55940 binding for CB1 in mem-
branes (Fig. 3C). We then confirmed that Org 27569 also
enhances agonist binding to the detergent-solubilized, purified,
bimane-labeled CB1 (Fig. 3D). Importantly, these data clearly
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TABLE 1

Allosteric ternary complex model (ATCM) and allosteric operational
model parameter values for Org 27569. ATCM best fit parameter val-
ues for crude membranes expressing A342C/0, as well as for purified
bimane-labeled A342C/0. K is the equilibrium dissociation constant
for Org 27569, and « is the allosteric cooperativity factor. A value of
«a > 1indicates positive cooperativity and governs the magnitude that
the allosteric modulator enhances agonist binding. The reported
parameter values represent the mean = S.E. determined from least-
squares fitting of Equation 1 from two experiments performed in
duplicate. An operational model of allostery was used to fit the datain
Fig. 4F. A value of B < 1 indicates attenuation of the orthosteric-in-
duced observable, and it governs the magnitude of this event (in this
case the bimane response). Values not shown in the table are the cal-
culated intrinsic efficacy of the orthostericligand (7= 2.21 £+ 0.95) and
the calculated “fitting” factor (n = 2.03 = 1.30). The reported param-
eter values represent the mean = S.E. determined from least-squares
fitting of Equation 2 from two independent experiments

Parameters Membrane binding (Fig. 3C) Solution binding (Fig. 3D)
ATCM
Ky 6.8 £ 4.2 um 2.28 + 0.82 uMm
o 2.74 * 041 2.75*0.23

Bimane response (Fig. 4F)

Operational model
B 0.00 = 0.24

establish that Org 27569 can enhance specific CP55940 binding
independent of the G protein-coupling state of the receptor as
our purified, detergent-solubilized CB1 samples are devoid of G
protein (Fig. 3D). Together, these results confirm that Org
27569 is not a competitive inhibitor for the orthosteric binding
site. Moreover, panel (Fig. 3D) proves that Org 27569: (i) binds
to the purified bimane-labeled CB1 receptor and (ii) acts
directly on the CB1 receptor.

Additionally, when an allosteric ternary complex (Equation
1) is fit to our data, the allosteric cooperativity factor is 2.74 =
0.41 and 2.75 = 0.23 for membrane and solution binding,
respectively (Table 1). Both of these values are nearly the same
and are greater than one, inicating positive cooperativity.

Interestingly, the affinities of the orthosteric ligands are sig-
nificantly lower in our detergent-purified samples than in
membranes, yet the Org 27569 enhancement of agonist binding
is essentially unchanged (Fig. 3, C and D, Table 1). We are not
sure why this is; it possible that the allosteric site is insensitive
to the G protein-coupling state of the receptor (in contrast to
the orthosteric ligands) and/or there is a differential “detergent
effect” on the samples.

After establishing that Org 27569 does not block but rather
increases agonist binding, we next tested the effect of Org
27569 on the agonist-induced conformational changes in TM6
detected by the fluorescence from the bimane probe. Interest-
ingly, the data show that Org 27569 blocks the agonist-induced
fluorescence increase of the bimane probe on TM6 (Fig. 4A).
Org 27569 can also rapidly reverse the fluorescence increase
induced by agonist binding (Fig. 4, B and C). Org 27569 also
reversed the fluorescence increase that occurs upon the addi-
tion of the endocannabinoid analog meAEA or the CB1 agonist
WIN55212-2, although again, the use of these compounds
resulted in substantially noisier data (Fig. 4, D and E).

Importantly, the inhibition of agonist-induced fluorescence
occurs in a dose-dependent manner that closely parallels radio-
ligand CP55940 binding enhancement (compare Figs. 3D and
4F). When fit to an operational model of allostery (Equation 2),
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FIGURE 4. The allosteric modulator Org 27569 inhibits agonist-induced TM6 movement in CB1 detected by a fluorescent probe on site 342. The order
in which indicated drugs were added is denoted by the number and compound (inset). Fo represents the ligand-free or apo state (gray) in Purification Buffer.
A, Org 27569 (ORG) impairs TM6 movements in CB1. When Org 27569 is preincubated with the bimane-labeled CB1 mutant A342C/6 (10 um, purple) for 30 min
before adding agonist (10 um CP55940 (CP), blue), the agonist-induced fluorescence change for the bimane probe on TM6 (blue) is no longer observed. B, Org
27569 can also reverse agonist-induced TM6 movements. Adding Org 27569 (10 um, purple) after agonist (10 um CP55940) reverses the fluorescence increase
in the bimane-labeled CB1 A342C/6 mutant (blue). C, the Org 27569 induced reversal seen in Bis rapid, with a t;,, < 1 min. Org 267569 (5 um) also reverses the
fluorescence increase caused by CB1 agonists (the figure is an example of data collected from one sample in real time). D and E, WIN55212-2 (WIN, 10 um, 30
min) (D) and meAEA (38 um, 30 min) (E). F, the dose-response plot for Org 27569 inhibition of agonist (CP55940)-induced TM6 movement (stimulated increase
in fluorescence, EC5, = 2.2 == 1.2 um) can be compared with the dose response for Org 27569 enhancement of agonist CP55940 binding (shown in Fig. 3D). The
bimane dose-response plot represents the mean of two independent experiments =+ range. The ECy, values were determined by fitting a variable slope
sigmoidal dose-response function to the combined respective data sets, and errors were determined from least squares fitting. All spectra are background-
subtracted from buffer and ligands and are normalized to the background-subtracted emission for the bimane-labeled mutant CB1 in the apo form (Fo, gray).
For comparison, the data for the Org 27569 enhancement of fluorescence was normalized to the maximum increase in fluorescence. Further details are

provided under “Experimental Procedures.”

we find the 3 value (magnitude of the allosteric modulation of
agonist efficacy) to be less than one and in fact approaches zero
(Table 1). This indicates an insurmountable allosteric antago-
nism of the observable, the bimane response, which we inter-
pret to be transition of the receptor into the active state. The
implications of these results are discussed below.

DISCUSSION

In this study, we set out to determine how the allosteric CB1
ligand Org 27569 can enhance agonist binding, yet at the same
time inhibit receptor function, a phenomenon first reported by
Price et al. (12). GPCRs are inherently under allosteric regula-
tion by G proteins; a bound G protein induces a high agonist
affinity binding site in the receptor that is lost when the G pro-
tein is activated and released (30). Recently, the cause of this
effect has been localized to specifically involve binding of the G
protein C terminus to a site exposed by TM6 movement in the
receptor (31, 32). Thus, we hypothesized that Org 27569 bind-
ing might affect key conformational changes in the cytoplasmic
face of the receptor that typically accompany agonist binding
and receptor activation/G protein coupling.

SEPTEMBER 28, 2012 +VOLUME 287 -NUMBER 40

To test this hypothesis, we employed an SDFL approach. We
introduced a unique and reactive cysteine residue into CB1 and
then labeled it with an environmentally sensitive fluorophore,
PDT-bimane. We put this probe on the cytoplasmic end of
TMB6 because this helix has been shown to move during activa-
tion in a number of GPCRs (15, 17, 32—41). Thus, we antici-
pated that activation would cause a change in the fluorescence
of the bimane probe.

Our results clearly show activation-induced changes in
fluorescence caused by increased solvent exposure for the
bimane probe on TM6 upon agonist binding (Fig. 2).
Although these results do not delineate precisely how TM6
moves (or the extent) in CB1, they are consistent with an
outward TM6 movement observed in other GPCRs (Fig. 2F)
(15, 17, 31-33, 35-38, 40— 42).

Significantly, the agonist concentration that yields half-maxi-
mal bimane fluorescence response (EC,) essentially matches the
agonist affinity determined from radioligand binding (compare
Fig. 2B with Fig. 1D). The fact that antagonist binding causes no
dramatic fluorescence change (Fig. 2C), and can even rapidly
reverse the slower agonist-induced changes (Fig. 2D), indicates
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FIGURE 5. Graphic model proposing that discrete CB1 receptor structures are induced by a bound agonist, antagonist, or agonist plus allosteric
ligand. The model suggests that occupation of the traditional (orthosteric) binding site by an agonist alone (Ag, right) accompanies a conformational change
in TM6 (blue), detected as an increase in fluorescence from an attached bimane probe (green). In contrast, antagonist alone binding (Ant, left) causes no change
in TM6 (red). When the allosteric ligand Org 27569 (ORG) binds to its (currently unknown) site on an agonist-bound CB1, the conformational change in TM6
(purple) is either blocked or reversed. This model proposes that ORG binding traps a distinct and different agonist-bound CB1 structure, which may be a
structural intermediate on the pathway to full receptor activation. The basal (ligand-free) CB1 state is depicted in light gray.

that the fluorescence increase is specifically linked to agonist
activation.

However, it is not clear why the agonist-induced fluores-
cence change is so slow. The Kobilka laboratory (43) observed a
similar slow change in their SDFL studies of the 3, adrenergic
receptor, which they determined is due to a multistep binding
phenomenon of the ligand to the receptor (44). Thus, the slow
change we see for CB1 may represent an analogous multistep
binding phenomenon.

Alternatively, the slow fluorescence change we see in CB1
may be caused by interactions of the hydrophobic cannabinoid
ligands with the detergent micelles used in our experiments.
Interaction of the ligand with empty micelles could slow the
amount of agonist cannabinoid ligand available to a receptor/
micelle complex. Thus, the more hydrophobic CP55940 would
have a slower apparent rate of repartitioning from an empty
micelle to a micelle containing a receptor, and this could thus
contribute to the slower observed fluorescence change/confor-
mational change in the labeled CB1. Similarly, the faster rate of
change observed for the antagonist SR141716A might be par-
tially due to its greater aqueous solubility (lower octanol/water
partition coefficient when compared with agonist -1 X 10° ver-
sus 1.6 X 10°, respectively) (45, 46). Notably, multistep binding
models have previously been proposed for cannabinoid ligands
to account for their interaction with membranes (47, 48).

How can we reconcile our Org 27569 data with an activation
model of CB1? We propose that the binding of the allosteric
modulator Org 27569 induces or stabilizes a new ligand-spe-
cific conformation, a state that has an agonist bound, but lacks
conformational changes in TM6. These results are in agreement
with predictions of the allosteric two-state model where the allos-
teric ligand has positive cooperativity with agonist binding but
negative cooperativity with receptor activation (49).

Fig. 5 demonstrates how a multistate model can explain our
data. The model shows that agonist binding accompanies a
movement of TM6 (right), whereas the antagonist-bound state
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does not (left). Org 27569 binds with the agonist to CB1, but at
least partially inhibits and/or reverses the agonist-induced
TM6 movements (middle). Previous experimental studies as
well as models have also suggested that multiple GPCR confor-
mations are possible (50 —52). The model in Fig. 5 is consistent
with our data, which show that Org 27569 puts the CB1 recep-
tor in a distinct conformational state, one in which the binding
pocket is occupied by an agonist (Fig. 3, B and C), yet lacks
conformational change(s) in TM6 (Fig. 4).

Lack of full TM6 movement explains the observed negative
allosteric effect Org 27569 has on CB1 signaling efficacy (12).
Inhibiting structural changes in the cytoplasmic face of CB1
should impact receptor signaling because movement in this
region is associated with the ability of a GPCR to bind and
activate its cognate G protein (15, 17, 32, 33, 37, 38).

It is tempting to speculate that the CB1 agonist Org 27569
complex represents not a new conformational state, but rather,
the stabilization of an already existing intermediate structure,
one that is on the pathway that flows from agonist binding to
full receptor activation. There is ample precedence for this pos-
sibility. Rhodopsin, the GPCR involved in vision, clearly under-
goes several spectrally distinct conformational changes during
the conversion of the inactive state to fully activated receptor
(53, 54). Structures for many of these inactive intermediates
have been solved, and they show that although the agonist (all-
trans-retinal) is in the binding pocket of the receptor, only lim-
ited changes have propagated throughout the protein to the
cytoplasmic face, especially regarding TM6 movements (42,
55-57). Similarly, a structure of a “low-affinity” 8, adrenergic
receptor containing an irreversibly bound agonist shows
diminished TM6 movement (58). These examples demonstrate
the difficulty of trapping a fully active GPCR conformation,
even one that contains a covalently attached agonists.

One way that Org 27569 could trap such an early activation
intermediate would be by exploiting or lowering the energy of
an early agonist-bound intermediate state and/or increasing
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the energy barrier required for the receptor to take on the active
conformation. Interestingly, a similar concept was recently
used to determine the structure of an energetic intermediate of
the adenosine A,, and f3; adrenergic receptors by extensive
mutagenesis designed to produce a more thermally stable
receptor. The resulting structures show an intermediate con-
formation between the inactive and active state, with TM6 par-
tially occluded (59 -61). Interestingly, one would expect that
the inhibition of full TM6 movement by Org 27569 and the
trapping of CB1 in the intermediate state on the pathway to full
activation would also increase the dwell time of agonist in the
binding pocket. This should enhance the apparent amount of
agonist bound to CB1 in the presence of Org 27569, exactly as
we observed in our data (Fig. 3).

Understanding how allosteric ligands exert their effects is an
exciting and crucial new field of GPCR study (62). Our results
here provide insight into one way an allosteric ligand can alter
the signaling of its cognate GPCR by either inducing or captur-
ing a previously unidentified and unique receptor conforma-
tion or trapping an existing intermediate state formed on the
way to receptor activation. These findings also suggest that
GPCR intermediate structures may prove to be better tem-
plates for designing and screening new allosteric GPCR drugs
than either the fully active or the fully inactive state structures.
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