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ABSTRACT: A CB1 cannabinoid receptor peptide fragment from the C-terminal juxtamembrane region
autonomously inhibits adenylyl cyclase activity in a neuroblastoma membrane preparation. The cannabinoid
receptor antagonist, SR141716A, failed to block the response. The peptide was able to evoke the response
in membranes from Chinese hamster ovary (CHO) cells that do not express the CB1 receptor. These
studies are consistent with a direct activation of Gi by the peptide. To test the importance of a BXBXXB
sequence, Lys403 was acetylated, resulting in a peptide having similar affinity but reduced efficacy.
N-Terminal truncation of Arg401 resulted in a 6-fold loss of affinity, which was not further reduced by
sequential truncation of up to the first seven amino acids, four of which are charged. N-Terminal-truncated
peptides exhibited maximal activity, suggesting that Gi activation can be conferred by the remaining amino
acids. Truncation of the C-terminal Glu417 or substitution of Glu417 by a Leu or of Arg401 by a Norleucine
reduced activity at 100µM. The C-terminal juxtamembrane peptide was constrained to a loop peptide by
placement of Cys residues at both terminals and disulfide coupling. This modification reduced the affinity
3-fold but yielded near-maximal efficacy. Blocking the Cys termini resulted in a loss of efficacy. Circular
dichroism spectropolarimetry revealed that all C-terminal juxtamembrane peptide analogues exist in a
random coil conformation in an aqueous environment. A hydrophobic environment (trifluoroethanol) failed
to induceR-helix formation in the C-terminal juxtamembrane peptide but did so in less active peptides.
The anionic detergent sodium dodecyl sulfate inducedR-helix formation in all analogues except the loop
peptide, where it induces a left-handed PII conformation. It is concluded thatR-helix formation is not
required for Gi activation.

The CB1 cannabinoid receptor is a member of the
G-protein coupled receptor family that interacts with the
pertussis toxin-sensitive Gi/o family of G-proteins to inhibit
adenylyl cyclase (1, 2), regulate N-type Ca2+ channels (3),
and initiate the mitogen-activated protein kinase pathway
leading to immediate early gene induction (4). The amino
acid sequence determined for the CB1 cannabinoid receptor
is 97% conserved in human, rat, and mice (5-8). The
primary structure is consistent with the seven transmembrane
helical structure that characterizes G-protein coupled recep-
tors. Bramblett et al. (9) analyzed the secondary structure
of the CB1 receptor based upon hydrophobicity and a
variability profile to predict the regions ofR-helicity. Using
the Bramblett alignment as a guide, we explored the in-
tracellular loop regions of the CB1 receptor for their abil-
ity to interact with G-proteins in in vitro studies using
peptides and site-directed antibodies (10). We found that

peptide fragments from the N-terminal side of the third
intracellular loop and the C-terminal juxtamembrane region
autonomously inhibited adenylyl cyclase activity. This would
suggest that these peptides represent two domains on the
receptor that interact with and contribute to the activation
of Gi.

The synthetic peptide fragment of the C-terminal jux-
tamembrane region (CB1401-417) has been previously
shown to activate G-proteins autonomously by its ability to
promote [35S]GTPγS binding to G-proteins in brain mem-
branes (predominantly Go). CB1401-417 activates Gi in
neuroblastoma membranes to inhibit adenylyl cyclase, and
this response can be blocked by pertussis toxin treatment,
suggesting that the peptide-Gi interaction is compromised
by ADP-ribosylation as is the receptor-Gi interaction (11).
In the present study, we have used peptide CB1401-417 to
analyze the structural requirements important for optimal
activation of Gi by this domain of the receptor. We have
provided evidence that activation by peptide is not dependent
on receptor activation, implicating a peptide-Gi interaction.
We have examined a series of peptide analogues for their
ability to activate Gi and for conformation in various environ-
ments monitored by CD1 spectroscopy. The data indicate that
R-helix-forming ability is not required for activation of Gi
by these peptides.
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EXPERIMENTAL PROCEDURES

Peptide Synthesis.Peptides described in Table 1 were syn-
thesized by fluoromethoxycarbonyl chemistry and purified
over a Microsorb C-18 reverse-phase HPLC column by
Princeton Biomolecules (Columbus, OH). The structures of
the peptides were verified by GC/MS at Princeton Biomol-
ecules. The amino acid sequences of peptides CB1401-417
and acetyl-Lys403-CB1401-417 were verified by automated
Edman degradation at the Saint Louis University Peptide
Facility.

Acetylation of Peptide CB1 401-417. The Lys403 was
acetylated following a modification of the method of Shen
and Strobel (12). The peptide was dissolved in water (2 mg/
mL), followed by addition of an equal volume of saturated
sodium acetate (15 M). Acetic anhydride was slowly added
to a final concentration of 6 mM and the reaction mixture
was continuously stirred at 0-4 °C for 1 h. The reaction
was stopped by lyophilization, and the lyophilized powder
was dialyzed overnight against water. The purity of the
modified peptide was checked by HPLC, performed on a
Varian Star Workstation (9095 autosampler, 9010 solvent
delivery system, 9050 UV detector, and Microsorb M-V
C18 column). The mobile phase comprised solvent A, 0.1%
TFA, and solvent B, 80% acetonitrile and 0.085% TFA; all
solvents were filtered and degassed prior to use. The elution
program was as follows: 0 min, 100% solvent A; 5 min,
80% solvent A and 20% solvent B; 40 min, 20% solvent A
and 80% solvent B; 45 min, 100% solvent B. Absorbance
was measured at 214 nm. The control peptide eluted at 21.4
min and the acetylated peptide eluted at 20.6 min. A mixture

of both control and acetylated peptide eluted at the same
times as the individual peaks.

Membrane Preparation and Adenylyl Cyclase Assay.
N18TG2 cell membranes were prepared and adenylyl cyclase
assays were carried out as described (1). CHO cells and
CB1-CHO cells stably expressing exogenous CB1 cannab-
inoid receptors were a gift from Dr. D. A. Kendall, University
of Connecticut (13), and were grown in Dulbecco’s modified
Eagle’s/Ham’s F12 (1/1) medium supplemented with 10%
heat-inactivated calf serum plus 50 IU/mL penicillin and 50
µg/mL streptomycin. Plasma membrane fractions were
prepared by nitrogen cavitation disruption and density
gradient sedimentation exactly as described for the N18TG2
cells (1). The adenylyl cyclase reaction mixture included
membranes (15µg of protein), forskolin (10µM), and
Ro20-1724 (100µM) [plus isobutylmethylxanthine (100
µM) for CB1-CHO membranes]. The concentrations of fatty
acid-free BSA present in these enzyme assays were 0.16-
0.21 mg/mL. The forskolin-stimulated enzyme activities from
these studies averaged 83.4( 3.03 pmol min-1 (mg of
protein)-1 (mean( SEM,n ) 18). Triplicate determinations
were made for each data point, and data are presented as
the percent inhibition of forskolin-stimulated adenylyl cyclase
activity. Data were analyzed by ANOVA followed by the
Bonferroni posthoc test.

Circular Dichroism Studies of Peptides.The CD spectra
were measured on a Jasco J-500 or J-720 spectropolarimeter.
Peptide samples for CD measurements were approximately
75 µM. The instruments were calibrated with 0.06% am-
monia d-10-camphorsulfonate. Spectra were acquired at
ambient temperature (298 K) over 190-240 nm using a 1.0
mm quartz cuvette at a sensitivity of 2.0 mdeg/cm and a
scan speed of 20 nm/min. Spectra were recorded digitally
and each signal was averaged from 4 runs followed by
subtracting a similarly signal-averaged solvent baseline. To
mimic different biomembrane compartments, different sol-
vents were used. The aqueous compartment was mimicked

1 Abbreviations: BSA, bovine serum albumin; CD, circular dichro-
ism; CHO, Chinese hamster ovary fibroblasts; DALN, desacetyllevo-
nantradol; DPPG, dipalmitoylphosphatidylglycerol; GC/MS, gas chro-
matography/mass spectrometry; HPLC, high-performance liquid
chromatography; SDS, sodium dodecyl sulfate; TFA, trifluoroacetic
acid; TFE, trifluoroethanol.

Table 1: CB1 Cannabinoid Receptor Peptide Fragments

a The numbers correspond to inclusive amino acids (6). Serreplaced a Cys in the sequence to avoid spontaneous disulfide formation in solution.
b acm is the acetamido sulfhydryl blocking group.
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by a 10 mM sodium phosphate buffer at pH 7.2, the charged
surface by the anionic detergent SDS, and the hydrophobic
membrane interior by TFE. CD spectra for all peptides were
recorded in water, sodium phosphate buffer, and increasing
concentrations (vol/vol) of TFE, methanol, anionic detergent
SDS, and anionic lipid DPPG (45µM) micelles.

RESULTS

ActiVation of Gi by Peptide CB1 401-417 Bypasses the
CB1 Receptor.Two studies were performed to support the
contention that the C-terminal juxtamembrane fragment
peptide CB1401-417 can directly activate the Gi protein.
An experiment was performed to demonstrate that inhibition
of the receptor by the competitive antagonist SR141716A
(14) fails to alter the response to the C-terminal juxtamem-
brane peptide. Inhibition of adenylyl cyclase was elicited by
the CB1 cannabinoid receptor agonist DALN, increasing to
the maximally effective 1µM. This response was blocked
by 1 µM SR141716A, as shown in Figure 1A. However,

SR141716A failed to attenuate the response to submaximal
or maximally effective concentrations of peptide CB1401-
417 (Figure 1B). This study demonstrates that the response
to the juxtamembrane C-terminal peptide fragment does not
act by mimicking the agonist at the receptor.

To confirm that the G-protein activating capability of the
peptide does not depend on the presence of the CB1 receptor,
adenylyl cyclase activity was determined in membranes from
CHO and CB1-CHO cells (13). The CB1 receptor agonist
DALN was active only in the membranes from CB1-CHO
cells, demonstrating that this agonist acts via the expressed
human CB1 receptor (Figure 2). Peptide CB1401-417
activated Gi to inhibit adenylyl cyclase activity both in cells
expressing the CB1 receptor and in the wild-type CHO cells,
which are devoid of cannabinoid receptors. As controls to
demonstrate specificity of peptide CB1401-417 to evoke Gi
activation, fragments from the N-terminus (amino acids
1-14) and from the first extracellular loop of the CB1

receptor (amino acids 174-188) were also tested in the
adenylyl cyclase assay (10). Neither of these peptides resulted
in inhibition of adenylyl cyclase at the concentration of CB1-
401-417 that produced a maximal response (100µM).

Determination of Functionally Critical Amino Acids of CB1

401-417 Peptide.The efficacy of the CB1 receptor jux-
tamembrane C-terminal peptide to activate Gi suggests that
a conformation of the isolated peptide fragment can be
adopted that is able to mimic the receptor conformation.
There are three Arg and one Lys nonconsecutive residues
within the N-terminal-side sequence of the CB1 C-terminal
peptide, posing the possibility for a cationic patch. For a
number of G-protein coupled receptors, a motif of BBXXB
or BBXB (where B is a basic residue and X is any amino
acid) has been proposed to be present on the N-terminal sides
of intracellular loops that couple to G-proteins (15, 16). The
CB1 receptor C-terminal juxtamembrane peptide possesses
a modification of such a motif (BXBAXB, where A is an
acidic residue). To determine the importance of this motif
to peptide CB1401-417, the sequence of discontinuous
positive charges was disrupted by neutralization of the

FIGURE 1: Effect of antagonist SR141716A on the DALN- and
CB1401-417- mediated inhibition of adenylyl cyclase activity.
DALN (A) or peptide CB1401-417 (B) was included in the reaction
mixture at the indicated concentrations in the presence and absence
of SR141716A (1µM). Data are presented as mean( SEM of
three independent experiments. (A) Inhibition of adenylyl cyclase
was significantly different (p < 0.05) between the absence (striped
bar) and presence (solid bar) of SR141716A at all DALN
concentrations. (B) No significant difference (p < 0.05) was
observed between the absence (open bar) and presence (hatched
bar) of SR141716A at any of the peptide concentrations.

FIGURE 2: Effect of agonist DALN and peptide CB1401-417 on
inhibition of adenylyl cyclase activity in membranes from CHO
and CB1 -CHO cell membranes. DALN (1µM) or peptides CB1-
401-417, CB11-14, or CB1174-188 (100µM) were included in
the adenylyl cyclase reaction mixture. Data are from two indepen-
dent experiments. The effect of DALN in CB1-CHO membranes
was significantly different from its effect in CHO membranes (p
< 0.05). No significant difference (p < 0.05) between the CB1-
CHO and CHO membranes was observed for any of the peptides.
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intervening Lys403 through acetylation. The resulting BXX-
AXB pattern would be expected to present a very different
charge patch surface to the G-protein. The acetylated peptide
was found to retain the Gi activation response. However,
this modification resulted in a loss in the maximal activity,
being reduced from 42% to 22% inhibition of adenylyl
cyclase at 100µM (Figure 3A). Concentrations of acetyl-
Lys403-CB1401-417 as high as 1 mM failed to evoke
inhibition of adenylyl cyclase greater than 25% (data not
shown). Peptide CB1401-417 exhibited an EC50 of 32 µM,
whereas acetyl-Lys403-CB1401-417 exhibited a somewhat
lower EC50 at 13 µM. Thus, disruption of the multibasic
BXBAXB motif appears to result in a peptide that is active
with reduced efficacy but exhibits a similar apparent affinity
for the G-protein.

In an attempt to determine whether the N-terminal-side
positive charges of the peptide CB1401-417 comprise a
functional motif for interaction with G-proteins, peptides with
serial removal of one or two amino acids from the N-terminal
side were tested for inhibition of adenylyl cyclase activity
(Figure 3B). Removal of Arg401 in peptide CB1402-417
resulted in almost total loss of the inhibitory effect of the
peptide on adenylyl cyclase activity at 100µM concentration.
This was due to a loss of apparent affinity, inasmuch as the
EC50 exhibited by CB1402-417 was 226µM compared with
45 µM for the nontruncated CB1401-417. This Arg401-
truncated peptide was also less efficacious, inhibiting ade-
nylyl cyclase by only 31% compared with 42% for the
nontruncated peptide. When 100µM CB1402-417 (4%
inhibition) was combined with 100µM CB1401-417 (32%
inhibition), an intermediate value (16% inhibition) was
obtained (data not shown). This might suggest that CB1402-
417 could compete for access to the G-protein but not evoke
the full response, in a manner reminiscent of a partial ago-
nist. Further truncation on the N-terminal side as in peptides
CB1404-417, CB1406-417, and CB1408-417 evoked in-
hibition of adenylyl cyclase to the same maximal extent as
did CB1402-417 when the peptides were tested at>1 mM.
Caution is generally exercised in interpretation of data at
such high peptide concentrations; however, it should be noted
that extending the concentration of peptide CB1401-417
from 100µM to 10 mM did not result in any aberrancy in
the log dose-response curve. The EC50 values were esti-
mated to be 631µM, 649 µM, and 810µM for peptides
CB1404-417, CB1406-417, and CB1408-417, respectively,
applying the constraint that the maximal response occurred
at the 3 mM concentration of each peptide. Addition of
inactive (100 µM) concentrations of these N-terminal-
truncated peptides to 100µM CB1401-417 or 1µM DALN
did not significantly alter the effect on adenylyl cyclase
activity (data not shown), implying that these peptides did
not behave as competitive antagonists. These data would
suggest that the residue of primary importance in determining
apparent affinity for the G-protein was Arg401.

The importance of the positive charge on the N-terminal
residue for G-protein activation was tested by substitution
of uncharged amino acid norleucine (Nle) (having almost
the same bulk) for Arg401 in peptide CB1Nle402-417. As
shown in Figure 4, 100µM CB1401-417 exhibited 37%
inhibition of adenylyl cyclase in this set of experiments,
whereas CB1Nle402-417 exhibited only 8% inhibition at
the same concentration. This loss of activity is believed to
be due to a loss of efficacy because increasing the concentra-
tion to as high as 1 mM failed to evoke any greater inhibition
of adenylyl cyclase (data not shown).

To further explore the importance of negatively charged
Glu417, two peptide analogues were synthesized by truncation
at the C-terminal side (CB1401-415) or substitution of the
negatively charged Glu with a Leu (CB1401-416Leu).
Removal of the C-terminal two amino acids from CB1401-
417 rendered poor activity (7% inhibition of adenylyl
cyclase) when tested at 100µM (Figure 4). The peptide CB1-
401-416Leu, however, inhibited the enzyme activity 13%
to 21.5% going from 10µM to 100µM. It was not possible
to achieve graduated log dose-response curves with these
peptides that had been modified to uncharged residues at
the terminals. It might be postulated that the elimination of

FIGURE 3: (A) Effect of Lys403 acetylation of CB1401-417 on
inhibition of adenylyl cyclase activity. CB1401-417 and acetyl-
Lys403-CB1401-417 (AcCB1401-417) were present in the incuba-
tion mixture at the indicated concentrations and data are expressed
as the percent inhibition promoted by the peptides. Each bar depicts
mean ( SEM of three separate experiments. The curves were
analyzed by Graphpad Inplot for nonlinear regression analysis of
a sigmoidal curve in which maxima, minima, concentration at half-
maximal activity, and slope were unconstrained. (B) Dose-response
effect of N-terminal-side truncated CB1401-417 peptide analogues
on inhibition of adenylyl cyclase activity. Data (mean( SEM) are
from two separate experiments. Curves were analyzed for nonlinear
regression analysis of sigmoidal curves by Graphpad Inplot. For
peptides CB1401-417 and CB1402-417, for which maximal
activities were achieved for at least 1 order of magnitude in the
experimental points, all parameters were unconstrained. However,
because the shapes of the curves of the other peptides were not
obviously sigmoidal with the points available, these curves were
constrained at a maximum defined by the highest peptide concen-
tration tested (3 mM), which was also the maximum for CB1401-
417. For these curves, the EC50 values should be considered
theoretical.
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the terminal charges might facilitate dimerization or ag-
gregation of these peptides in aqueous solution, thereby
leading to what would appear as high cooperativity in the
curves.

Assessment of the CB1 Receptor Juxtamembrane C-
Terminal Conformation Using Peptide Fragments.The
amphiphilic cationic nature of the CB1401-417 peptide is
reminiscent of mastoparan, a bee venom peptide that assumes
a helical structure in a hydrophobic environment that is
critical for its ability to activate G-proteins (17). Although
it is theoretically predicted with molecular modeling param-
eters that this region of the CB1 cannabinoid receptor can
form anR-helix spontaneously (9), some structural limitations
are expected due to the biological nature of this protein. As
for a number of other G-protein coupled receptors, the jux-
tamembrane region of the CB1 receptor possesses a Cys416

residue that is expected to be palmitoylated and would
thereby tether the C-terminus to the membrane, forming a
“fourth loop” (18-20). In the case of the CB1 receptor, the
structure imposed by Cys-palmitoyl anchoring to the mem-
brane may be highly influential in receptor/G-protein cou-
pling. In an attempt to determine the role of putative fourth
loop anchoring to the membrane at Cys416, the situation was
mimicked by the loop peptide CB1Cys401-415Cys (disul-
fide). The loop peptide attained 90% of the maximal activity
as the peptide CB1401-417 at a concentration of 1 mM,
with an EC50 of 104 µM (Figure 5). A control for the
additional Cys residues at either end of the peptide, CB1-
Cys(acm)401-415Cys(acm) was synthesized such that in-
ternal disulfide coupling or dimerization with other mono-
mers would be prohibited. This blocked peptide suffered a
loss of efficacy, attaining a maximal activity of 20% inhibi-
tion of adenylyl cyclase activity. The apparent affinity was
similar to the loop peptide CB1Cys401-415Cys (disulfide).
It is possible that the acetamide groups on Cys residues,
which would transform the properties of the termini from
charged to hydrophobic, might be sufficient to alter the con-
formation that this peptide could achieve at the active site.

Structural Studies of Analogues of Peptide CB1401-417.
The CD spectra for peptide CB1401-417 in water, sodium
phosphate buffer, and methanol are characteristic of a random

coil peptide (Figure 6A), having a weak maximum around
220 nm and a strong minimum around 198 nm (21). Minimal
amounts of the anionic detergent SDS caused a definitive
change in structure of CB1401-417, having the most
negative ellipticity at 222 nm and a dichroic spectra
characteristic for peptide solutions having a high fractional
population of residues in theR-helical conformation (22-
24). An isodichroic point was present at 203 nm for SDS
titration (data not shown), pointing to a clear transition to
R-helical structure in SDS. TheR-helical content was found
to be almost independent of the amount of SDS in the range
of 0.1-1%, indicating that the helical conformations are

FIGURE 4: Effect of CB1Nle402-417, CB1401-415, and CB1401-
416Leu on inhibition of adenylyl cyclase activity. Peptides were
included in the reaction mixture at 100µM or 100µM and 1 mM
for CB1Nle402-417. Data are mean( SEM from three separate
experiments. The activities of peptides CB1401-415 and CB1401-
416Leu were significantly lower than that of CB1401-417 (p <
0.05).

FIGURE 5: Dose-response effect of loop peptide CB1Cys401-
415Cys (disulfide) and its control CB1 Cys(acm)401-415Cys(acm)
on inhibition of adenylyl cyclase activity. Data are the average and
range from two separate experiments.

FIGURE 6: CD spectra for (A) CB1401-417 compared with (B)
mastoparan. Solvents for the peptides were: (s) 10 mM sodium
phosphate, pH 7.2; (‚‚‚) 100% methanol; (- - -) 80% TFE in
panel A and 20% TFE in panel B; (+) 0.1% SDS; (- ‚‚ -) 1.0%
SDS.
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stabilized within this range. Titrations with anionic lipid
DPPG micelles also inducedR-helical structure very similar
to that of SDS: an isodichroic point was observed at 203
nm, indicating a clear transition toR-helical structure (data
not shown). On the other hand, TFE titration indicated a
random structure with a slight shift toward ordered structure
(only a small hump appears around 222 nm) on addition of
90% TFE. This indicates that a hydrophobic environment
does not induceR-helical structure in CB1401-417. This is
in contrast to mastoparan, for whichR-helical structure was
induced by methanol and TFE, as well as by SDS (Figure
6B).

CD spectra for acetyl-Lys403-CB1401-417 are shown in
Figure 7, as determined in sodium phosphate buffer, 70%
TFE, and 0.1% SDS. The acetyl-Lys403-CB1401-417 pep-
tide remained random in sodium phosphate buffer, as is
evident from an intensive negative band around 198 nm.
Addition of TFE and SDS caused a drastic change in struc-
ture. A significant number of residues were in anR-helical
conformation at 70% TFE. SDS inducedR-helical structure
at very small concentrations. SDS titration exhibited an
isodichroic point at 203 nm (data not shown). DPPG micelles
inducedR-helical structure similar to SDS (data not shown).
In comparison with CB1401-417, the acetylated peptide is
unique in that it assumesR-helical structure in a hydrophobic
environment.

CD spectra for peptide CB1402-417 recorded in sodium
phosphate buffer and in various concentrations of TFE and
SDS micelles are shown in Figure 8A. The spectrum was
characteristic of random coil structure in sodium phosphate
buffer, evident from the intense negative band around 198
nm. The TFE titration indicated a shift towardR-helical
structure at 75% TFE, with a negative band appearing at
222 nm. At 90% TFE, some of the residues appeared to be
in anR-helical conformation. SDS induced moreR-helicity
than TFE, evident from the appearance of negative bands
around 208 and 222 nm. TheR-helicity induced was less
when the SDS concentration was below the critical micelle

concentration. The spectra seen in the presence of DPPG
micelles were similar to those obtained in SDS, indicating
induction of a significant amount ofR-helical structure (data
not shown).

CD spectra for peptide CB1Cys(acm)401-415Cys(acm)
are shown in Figure 8B. The peptide exists as a random coil
structure in sodium phosphate buffer, as is evident from the
intense negative band at 196 nm. TFE titration indicated the
influence of a hydrophobic environment to induceR-helical
structure. At 50% TFE, some shift toward helicity was
initiated with a few residues in anR-helical conformation.
Above 75% TFE, negative bands appeared around 208 and
222 nm and a positive band appeared around 192 nm. The

FIGURE 7: CD spectra for acetyl-Lys403-CB1401-417. Solvents
were (s) 10 mM sodium phosphate, pH 7.2; (‚‚‚) 70% TFE;
(- - -) 0.1% SDS.

FIGURE 8: CD spectra for (A) CB1402-417; (B) control CB1 Cys-
(acm)401-415Cys(acm) peptide; and (C) the loop peptide CB1
Cys401-415Cys (disulfide). Solvents for the peptides were (s)
10 mM sodium phosphate, pH 7.2; (‚‚‚) 25% TFE; (- - -) 75%
TFE; (- ‚‚ -) 90% TFE; (+) 0.1% SDS in panel A or 0.5% SDS
in panel B. In panel C the solvents were (‚‚‚) 10 mM sodium
phosphate, pH 7.2; (- - -) 90% TFE; (s) 0.5% SDS.
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changes are characteristic for a gradual increase in the
fractional population of residues in the helical conformation
with increasing TFE concentration. There was an isodichroic
point around 203 nm, indicating a clear transition to an
R-helical conformation in the TFE hydrophobic environment.
Studies performed in SDS and DPPG (data not shown)
micelles also indicated induction of anR-helix, but the
helicity induced was less than that in TFE.

CD spectra recorded for the loop peptide CB1Cys401-
415Cys (disulfide) in sodium phosphate buffer, TFE, and
SDS are shown in Figure 8C. The peptide remained in a
random coil structure in sodium phosphate buffer and in
various concentrations of TFE, including 90% TFE. SDS
titrations indicated the appearance of a positive band around
218 nm, a strong negative band around 198 nm, and a
discernible band around 230 nm. This is characteristic of
the presence of significant populations of residues in a PII
conformation [poly(Pro) II helix] (22, 25). The CD spectrum
in the presence of DPPG micelles was inconsistent upon
repetition, and so it could not be established convincingly
whether the resulting PII conformation was greater or less
than that seen with SDS. A PII conformation is a left-handed
extended helix, in which contiguous residues are spaced by
3 Å along the helix axis, with three residues per helix turn.
The ionized forms of the polypeptides poly(Lys) and poly-
(Glu) are the most documented examples of PII conformation
in non-Pro-containing peptides (21, 25).

In summary, all five peptides exist in a random coil
conformation in aqueous solution, sodium phosphate buffer,
and low concentrations of TFE. The anionic detergent SDS
inducesR-helix formation in all the peptide analogues except
the loop peptide CB1Cys401-415Cys (disulfide), where it
induces a left-handed poly(Pro) II helical conformation.
ConsiderableR-helical content was induced in all peptides
except CB1Cys401-415Cys (disulfide) by DPPG micelles.
Among the set of peptides in whichR-helix formation was
induced, the amount of helical content increases progressively
in the sequence CB1Cys(acm)401-415Cys(acm)< CB1-
402-417 < acetyl-Lys403-CB1401-417 < CB1401-417.
This may be due to the higher probability of helix formation
due to the Arg and Lys residues. In future studies, it will be
of interest to identify the amino acid domain in which order
is induced in these peptides.

DISCUSSION

Data presented previously (10) and in the present paper
are consistent with the regulation of Gi by a peptide
comprising the C-terminal juxtamembrane region of the CB1

receptor. In more recent studies, we have demonstrated that
the CB1 receptor can be immunoprecipitated as a complex
with G-proteins and that the peptide comprising the C-
terminal juxtamembrane domain is able to disrupt this
interaction in detergent solution (11). High concentrations
of the peptide are required for this response, presumably due
to the three-dimensional diffusion of peptide in detergent
solution. Unfortunately, it is not possible to include high
enough concentrations of the low-affinity peptide analogues
described in the present paper to test their ability to directly
compete for this interaction.

The efficacy of the CB1 receptor juxtamembrane C-
terminus peptide to activate Gi and Go proteins suggests that

the isolated peptide fragment can adopt a conformation
mimicking that of the receptor. There are three Arg and one
Lys nonconsecutive residues within the sequence of the CB1

C-terminal peptide, posing the possibility for a cationic patch.
For a number of G-protein coupled receptors, a motif of
BBXXB or BBXB has been proposed to be present on the
N-terminal domains of intracellular loops that couple to
G-proteins (15, 16). The cationic patch within the C-side of
the third intracellular loop 15-mer peptide fragment from
the 5-HT1A receptor (26) results from a BBXXB motif.
Studies of chimeric mutations of m2/m3-cholinergic receptors
assayed for phosphatidylinositol-coupled Cl- currents dem-
onstrate that the Gq-selective region of the m3-cholinergic
receptor is the N-side intracellular loop 3 segment possessing
the BBXB motif (15). The CB1 receptor C-terminal peptide
possesses a modification of such a motif (BXBXXB). It is
possible that some flexibility exists regarding the importance
of each basic amino acid in this motif. For example, a Gi/o

GTPase-activating peptide fragment from theR2A-adrenergic
receptor possesses a reversed BBXB motif (REKR) in
addition to possessing a total of six basic amino acids (27).
Ala scanning mutations of the C-side of the third intracellular
loop sequence KKAAR within the m1-cholinergic receptor
suggest that the first basic residue could be modified, but
the second and third are essential for coupling to G-proteins
(28). TheR2A-adrenergic receptor C-side third intracellular
loop/N-side third intracellular loop peptide dimer (coupled
via a Cys-Cys disulfide bridge) potently stimulated GTPγS
binding and GTPase activity (29). This dipeptide possesses
a RWRGR sequence that, although charged, is not a motif
that would be consistent with a patch of (+)-charged residues
on one surface of anR-helix.

For the CB1 receptor peptide studied here, loss of the first
N-terminal positive charge (Arg401) results in loss of affinity
(see truncation and neutralization by Nle substitution). The
loss of affinity by further truncation is minimal, suggesting
that the high affinity is contributed primarily by the N-
terminal Arg401. Near-maximal activity is achieved by
N-terminal truncated peptides, which possess fewer charged
residues. The acetylation of Lys403 resulted in a 40%
reduction of G-protein activation, which could be due either
to the loss of the positive charge or to the addition of acetyl
bulk to the peptide in this region. It is interesting to note
that the juxtamembrane C-terminal region of the CB1 receptor
exhibits homology with the same region of the CB2 receptor
only on the N-terminal side of each peptide, for which the
pattern RSKDLR in the CB1 receptor is paralleled by
RSGEIR in the CB2 receptor. The CB2 juxtamembrane pep-
tide fragment failed to regulate Gi activity in this membrane
assay (unpublished observations, S. Mukhopadhyay and A.
C. Howlett), despite several conserved charged residues.
These data would suggest that conferral of the Gi activation
does not reside within the highly charged residues located
at the N-terminal region of the peptide. The single charged
residue on the C-terminal side of CB1401-417, Glu417, can
be truncated or neutralized by Leu substitution with some
loss of activity. It can be hypothesized that the highly charged
N-terminus may be required for docking at the site of action,
and the C-terminal negatively charged residue may partici-
pate in this action.

Lechleiter and colleagues (15) suggested that a common
feature found among receptors that couple to Gq (m1-, m3-,
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and m5 -cholinergic, 5HT1C and 5HT2B, andR1A-adrenergic
receptors) appears to be a “region of potentially amphipathic,
R-helix followed by a somewhat hydrophobic sequence as
proposed for mastoparan.” An amphiphilic helical structure
has been shown for the C-side of the third intracellular loop
15-mer peptide fragment from the 5-HT1A receptor (26). This
peptide interacts with Gi to inhibit forskolin-stimulated
adenylyl cyclase in cell membrane fractions. CD polarimetry
of this peptide in TFE (but not sodium phosphate buffer)
indicatesR-helicity as predicted for an amphiphilic cyto-
plasmic extension of transmembraneR-helix. The am-
phiphilic cationic nature of the CB1 C-terminal juxtamem-
brane peptide suggests thatR-helical structure could be
induced in certain environments. However, according to its
CD spectrum, peptide CB1401-417 exists in aqueous solu-
tion as an unstructured peptide, and this random coil persists
in a hydrophobic environment. One can postulate that the
reason that the Arg401 truncated CB1402-417, the acetamide-
blocked CB1Cys(acm)401-415Cys(acm), and the acetylated
acetyl-Lys403-CB1401-417 peptides exhibit someR-helix
formation in 90% TFE is that the N-terminal negative charges
play a role in restrictingR-helix formation in a hydrophobic
environment. These peptides could developR-helical struc-
ture in SDS, which suggests that the positively charged
residues must be stabilized in anR-helical structure by the
negatively charged SDS.

In the biological mechanism of Gi activation, the receptor
domain could be in an unstructured form as it interacts with
the G-protein. To mimic this conformation, the juxtamem-
brane C-terminal peptide may form a looped structure stabi-
lized by the docking site at Arg401 and facilitated by a charge
interaction of the C-terminal Glu417 and a positively charged
residue, probably Arg401, at the N-terminal side of the
peptide. Alternatively, the receptor domain could beR-helical
as it interacts with the G-protein. To mimic this conforma-
tion, a negatively charged region on the G-protein surface
could stabilize anR-helical structure of the peptide as it binds
to the G-protein surface. To address these two alternatives,
we created a peptide possessing Cys residues at the terminal
ends and coupled the ends by a disulfide linkage. This loop
peptide remains unstructured in both aqueous and hydro-
phobic environments and forms a PII left-handed helix in
the presence of SDS. This loop peptide exhibits full ability
to activate Gi and suffers only a 3-fold loss of apparent
affinity for the G-protein. In contrast, the control peptide,
possessing blocked Cys residues at both ends, is able to form
R-helical structure in a hydrophobic environment, perhaps
as the result of occluded charges at the terminal ends of the
peptide. This blocked peptide exhibits incomplete (<50%)
activation of Gi and suffers a 4-fold loss of affinity for the
G-protein. Thus, the ability to formR-helical structure is
not requisite to activation of Gi by these peptides. Although
we could predict that peptide CB1401-417 would form
R-helical structure stabilized by an interaction with negatively
charged phospholipid headgroups (e.g., phosphatidic acid)
at the membrane surface, such conditions may not be optimal
for peptide interaction with the G-protein surface. Freissmuth
and colleagues (30) have studied the structures and biological
properties of peptides representing the domains of GPCRs
that activate G-proteins. Their findings conclude that an
amphipathicR-helical structure of the charged motif is not
requisite to a productive interaction with G-proteins (30).

The present studies have specifically addressed charge and
helicity within the peptide simulating the C-terminal jux-
tamembrane region of the CB1 receptor. There are other
aspects of this region of the molecule that remain to be
addressed. The three Ser residues (Ser402, Ser411, and Ser415)
are possible targets of phosphorylation/dephosphorylation
reactions. Should one or more of these residues serve as
substrates for protein kinases, the charge distribution along
this region of the receptor would be modified by inclusion
of negative charges. The influence of these negative charges
on the conformation of the receptor remains to be addressed.
Conversely, the formation of anR-helical structure in this
region may influence the availability of one or more of these
Ser residues to serve as substrates for protein kinases. Also
not addressed in these studies is the role of Pro414 as a
potential helix-breaker, demarcating the potential termination
of an R-helical domain and origin of a random coil. The
substitution of polar or charged amino acids for those
hydrophobic residues that predict helicity within this domain
of the receptor (Leu405, Ala408, Phe409, Met412, Phe413) has
not been addressed. Although the present studies suggest that
R-helical structure is not necessary for function, assessed as
inhibition of adenylyl cyclase,R-helicity may be important
for other aspects of receptor regulation. If potential regulatory
aspects ofR-helical structure are identified, then modifica-
tions of these residues will be warranted. Importantly, the
influence of palmitoylation of Cys416 remains to be addressed.
Preliminary studies in our laboratory have indicated that
>95% of immunoprecipitatable CB1 cannabinoid receptors
in rat brain membranes are palmitoylated (unpublished
observations, S. Mukhopadhyay and A. C. Howlett). One
might predict that palmitoylation/depalmitoylation reactions
would influence the conformation of the juxtamembrane
C-terminal region in a physiologically relevant way. These
questions remain to be addressed by more extensive com-
prehensive investigations of phosphorylation and palmitoy-
lation as regulatory mechanisms for CB1 receptor signaling.

One might question the ability of an isolated peptide to
adequately simulate the domain found within the optimally
folded protein as it exists in its native membrane environ-
ment. Membrane surface is considered to comprise three
layered compartments: a hydrophobic, an aqueous suface,
and an aqueous bulk compartment (31). Because of the
presence of anionic lipids in biological membranes, there is
a negative surface potential near the interface. This negative
surface potential is diffusive and decreases with distance from
the fixed charges and increasing ionic strength of the sur-
rounding medium. Sargent and Schwyzer (32) suggested that
catalysis of ligand-receptor interactions is an important
function of the lipid phase of the cell membrane. In their
model, a direct ligand-receptor reaction is replaced by
multiple sequential steps including (i) surface accumulation
of charged ligands; (ii) ligand-membrane interactions; and,
ultimately, (iii) binding to the receptor itself. Applying this
model to the present data, activation of G-proteins by these
peptides may be mediated through the following four steps:
(i) the solution conformation of the peptide; (ii) an electro-
static interaction of the peptide with the lipid headgroups of
the membrane, with Arg401 playing a prominent role; (iii) a
hydrophobic interaction of the peptide in the lipid acyl
chains; and (iv) the G-protein bound state. In the intact
functional CB1 receptor, such a sequence of events may be
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replaced by conformational changes induced by agonist
binding that may subserve the intervening steps to catalyze
the conversion of the C-terminal juxtamembrane domain
from the inactive conformation to the G-protein-activating
state. We have shown that peptide CB1401-417 is able to
compete for CB1 receptor-G-protein association in detergent
solution (11), indicating that the peptide can interact with
G-proteins at a receptor-binding site. It will be of interest to
continue these studies by determining where the peptide
interaction site resides on the G-proteins and what the
mechanism is for activation by the peptide.
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