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Location, Structure, and Dynamics of the Synthetic Cannabinoid Ligand
CP-55,940 in Lipid Bilayers
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ABSTRACT The widely used hydrophobic cannabinoid ligand CP-55,940 partitions with high efficiency into biomembranes.
We studied the location, orientation, and dynamics of CP-55,940 in POPC bilayers by solid-state NMR. Chemical-shift perturba-
tion of POPC protons from the aromatic ring-current effect, as well as 1H NMR cross-relaxation rates, locate the hydroxyphenyl
ring of the ligand near the lipid glycerol, carbonyls, and upper acyl-chain methylenes. Order parameters of the hydroxyphenyl ring
determined by the 1H-13C DIPSHIFT experiment indicate that the bond between the hydroxyphenyl and hydroxycyclohexyl rings
is oriented perpendicular to the bilayer normal. 2H NMR order parameters of the nonyl tail are very low, indicating that the hydro-
phobic chain maintains a high level of conformational flexibility in the membrane. Lateral diffusion rates of CP-55,940 and POPC
were measured by 1H magic-angle spinning NMR with pulsed magnetic field gradients. The rate of CP-55,940 diffusion is compa-
rable to the rate of lipid diffusion. The magnitude of cross-relaxation and diffusion rates suggests that associations between
CP-55,940 and lipids are with lifetimes of a fraction of a microsecond. With its flexible hydrophobic tail, CP-55,940 may efficiently
approach the binding site of the cannabinoid receptor from the lipid-water interface by lateral diffusion.
INTRODUCTION

The ligand CP-55,940 (Fig. 1 a) is a widely used synthetic

agonist of the human central cannabinoid receptor CB1 (1)

and the peripheral cannabinoid receptor CB2 (2,3), which

belong to the class of heptahelical G-protein-coupled recep-

tors (GPCRs). Cannabinoid ligands, including the endocan-

nabinoids 2-AG (4,5) and anandamide (6), are known to

be highly lipophilic (the octanol-water partition coefficient

of CP-55,940 is 1.35 � 106) (7). It is assumed that incorpo-

ration of lipophilic ligands into the plane of membranes con-

taining the receptors facilitates the approach to the binding

site of the receptor through lateral diffusion (8,9). A similar

diffusion-controlled mechanism of receptor approach was

also proposed for binding between amphipathic neuropep-

tides and GPCRs (10). These peptides possess significant

affinity for membranes, and molecular details of the

peptide-lipid interactions are being elucidated (10–13). The

binding crevice for ligands of cannabinoid receptors is

expected to be located among transmembrane helices III,

V, VI, and VII near the extracellular face of the receptor

(14), as was recently found for the crystal structures of the

b2-adrenergic receptor (15) and the human A2A adenosine

receptor (16). Most likely, the ligand needs to approach the

receptor at a particular depth in the lipid matrix and in partic-

ular orientation(s) to be able to reach the binding pocket

efficiently. The conformational flexibility of the ligand could

be critical for reducing steric hindrance during entry from the

lipid matrix and allowing the ligand to adjust to the geometry
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of the binding site. Understanding interactions between

CP-55,940 and lipids is thus an important subject for

biophysical research that contributes to our understanding

of ligand-receptor binding. The conformation of CP-55,940

in organic solvent used as a membrane mimetic environment

was reported previously and a model of bilayer incorporation

was suggested (17). However, the location, orientation, and

dynamics of the ligand in actual membranes have not yet

been investigated.

In this work, the interaction of CP-55,940 with bilayers of

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)

was studied. Using solid-state NMR methods, we deter-

mined 1), the location of the hydroxyphenyl ring of

CP-55,940 in bilayers; 2), the orientation of the hydroxy-

phenyl ring with respect to the bilayer normal; 3), the confor-

mation and dynamics of the nonyl tail; 4), the lateral diffusion

coefficients of the ligand and lipids; and 5), the perturbation of

the acyl-chain order of lipids from CP-55,940 incorporation.

The location of the hydroxyphenyl ring of CP-55,940 in

bilayers is critical for understanding CP-55,940-lipid interac-

tions. The locations of simple aromatic rings such as benzene

(18), phenol (19), indole (19–21), and pyrene (22) in bilayers

were investigated previously. Although benzene locates

preferentially in the hydrophobic core (18), the addition of

a directly bonded hydroxyl group (as in phenol) results in

a location near the lipid-water interface (19). It is also known

that the hydroxyphenyl ring of tyrosine in proteins and

peptides is found at high probability near the lipid-water

interface of membranes (23). The aromaticity of the hydrox-

yphenyl ring of CP-55,940 is not only important for its inter-

action with lipids, it also provides a convenient way to

specify the location of the ligand in bilayers by NMR
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(21,24). In this work, we determined the location of the

hydroxyphenyl ring of CP-55,940 at atomic resolution via its

ring-current effect on the lipid 1H chemical shifts (21), and

by measuring cross-relaxation rates between the ring and lipid

protons (24). High resolution of the NMR signals was

achieved by magic-angle spinning (MAS) using rotor inserts

to create a small spherical volume in the center of the rotor.

The orientation of cannabinoid ligands in bilayers was

previously investigated for the cannabis ingredients D9-

THC (25,26), D8-THC (26–28), and a functionally inactive

analog, O-methyl-D8-THC (Me-D8-THC) (26,28,29).

Small-angle x-ray diffraction at ~6 Å resolution and
2H NMR quadrupolar splittings of the isotope-labeled tricy-

clic rings showed that D9-THC and D8-THC are located near

the water-membrane interface and oriented with the bond

connecting the hydroxyphenyl and cyclohexenyl rings

perpendicular to the bilayer normal (25–28). With this orien-

tation, the hydroxyl group at the phenyl ring is exposed to the

water phase. In contrast, Me-D8-THC, a methylated analog at

the hydroxyl group, has an orientation of the same bond

parallel to the bilayer normal (26,28,29). It was suggested

that the orientation of the functionally active D9-THC and

FIGURE 1 Chemical structure of (a) synthetic cannabinoid ligand

CP-55,940 and its deuteration at the nonyl tail (b) CP-55,940-d19 and (c)

CP-55,940-d6.
D8-THC may be critical for ensuring efficient access to the

receptor-binding pocket from the lipid matrix (26). Here

we determined the orientation of the hydroxyphenyl ring

of CP-55,940 in POPC bilayers by measuring the 1H-13C

dipolar interactions with the dipolar and chemical-shift

(DIPSHIFT) correlation experiment (30). The magnitude of

the 1H-13C dipolar interactions in the ring is a function of the

orientation of the ring, i.e., the angle between the 1H-13C

bond and the bilayer normal. Since the ligand may approach

the receptor from the lipid matrix, we measured the lateral

diffusion rates of CP-55,940 and POPC by 1H MAS NMR

with application of pulsed magnetic field gradients (PFGs).

Another important structural feature of CP-55,940 is the

conformational state of the nonyl tail. Because of its hydro-

phobicity, the nonyl tail is expected to have a tendency to

point toward the bilayer core like an anchor. The efficiency

of anchoring should be linked to the location and orientation

of the hydroxyphenyl ring to which it is bonded. The nonyl

tail was selectively deuterated (Fig. 1, b and c), and 2H NMR

quadrupolar splittings were measured and analyzed for

orientation and chain isomerization. The 2H NMR method

was also applied to the lipids that had a perdeuterated palmi-

toyl chain (POPC-d31) to sensitively monitor perturbations

of lipid packing from CP-55,940 incorporation.

MATERIALS AND METHODS

Materials

CP-55,940 ((1R,3R,4R)-3-[2-hydroxy-4-(1,1-dimethylheptyl)phenyl]-4-(3-

hydroxypropyl)cyclohexan-1-ol); Fig. 1 a), was purchased from Tocris

Bioscience (Ellisville, MO). CP-55,940 with a deuterated alkyl tail

(CP-55,940-d19 and -d6; Fig. 1, b and c) was synthesized as described else-

where (31). POPC and POPC with a perdeuterated palmitoyl chain (POPC-

d31) were obtained from Avanti Polar Lipids (Alabaster, AL). Deuterium-

depleted H2O (2–3 ppm D), D2O (99.9%D), and methanol-d4 (99.8% D

with 0.05% v/v tetramethylsilane) were obtained from Cambridge Isotope

Laboratories (Andover, MA).

Multilamellar vesicles (MLVs) containing various concentrations of the

ligand (0, 15, and 30 mol %) were prepared as follows: First, 7 mg of lipid

and a proper amount of the ligand were dissolved in methanol, and the solvent

was removed in a stream of nitrogen gas to form a dry film. MLVs were

formed by addition of an equal volume of water, and transferred to a 4-mm

outer-diameter zirconia MAS rotor with an insert made of Kel-F (Bruker Bio-

spin, Billerica, MA) that kept the sample centered within the rotor. The

DIPSHIFT experiment was conducted on a sample of ~25 mg of POPC at

a POPC/CP-55,940 molar ratio of 7:3, using a MAS rotor with an insert for

a 50-mL sample volume. For 2H NMR experiments on deuterated ligand or

lipid, samples were prepared with deuterium-depleted water.

1H MAS NMR

Solid-state 1H MAS NMR spectra were recorded on a Bruker AV800 spec-

trometer operating at a resonance frequency of 800.18 MHz. Sample spin-

ning at 10 kHz was accomplished with a Bruker 4-mm-diameter double

gas bearing MAS probehead. The temperature inside the spinning rotor

was 17�C, which was calibrated by recording the proton spectra of

1-stearoyl-2-oleoyl-sn-glyero-3-phosphocholine (SOPC) and 1,2-dimyris-

toyl-sn-glycero-3-phosphocholine (DMPC) as a function of temperature to

detect the gel-to-liquid crystalline phase transition at 6.6�C (32) and

23.5�C (33), respectively. The temperature was controlled to 50.1�C.
Biophysical Journal 96(12) 4916–4924
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The chemical-shift scale was calibrated by setting the resonance of the

terminal methyl group of the lipid acyl chains to 0.885 ppm (24).

1H MAS nuclear Overhauser enhancement
spectroscopy NMR

1H NMR cross-relaxation rates reflecting ligand-lipid interactions were

measured on lipid bilayers containing 30 mol % ligand. Two-dimensional

phase-sensitive 1H MAS nuclear Overhauser enhancement spectroscopy

(NOESY) NMR experiments were recorded at 17�C and a MAS frequency

of 10 kHz on a Bruker AV800 spectrometer. The pulse sequence (90� � t1�
90� � tm � 90� � acquire [t2])n was used with a 2.7-ms 90� pulse, 512 t1
increments, 4096 t2 data points, and 16 scans per t1 increment. Spectra for

the mixing times, tm, of 5, 50, 100, 150, 200, 250, 300, and 350 ms were

recorded. The intensities of the diagonal- and cross-peaks were determined

by volume integration and cross-relaxation rates calculated by a matrix

algorithm as reported previously (24). To aid signal assignment, a high-

resolution spectrum of CP-55,940 in methanol was recorded on the same

spectrometer.

2H NMR

2H NMR powder spectra of POPC-d31 bilayers containing 0, 15, or

30 mol % CP-55,940, and POPC bilayers containing 30 mol % CP-55,940-

d19 or -d6 were acquired on the Bruker AV800 spectrometer operating at

a resonance frequency of 122.83 MHz. The MAS probehead was used

without sample spinning. Sample temperature was varied from 5�C to 45�C
in increments of 5�C. A quadrupolar echo sequence (34) was used with

two 5.2-ms 90� pulses and an interpulse delay of 25 ms. Typically 10,240

scans at a spectral width of 500 kHz and a delay time of 0.2 s were acquired.

Analysis of the 2H NMR spectra was conducted as follows: Spectra were

recorded and the signals phase-corrected to minimize intensity in the imag-

inary channel. The echo maximum in the real channel was determined with

a resolution of 1/10 of a dwell-time unit. A time-base-corrected free induc-

tion decay (FID) was calculated by spline interpolation between data points

to begin exactly at the echo maximum. An exponential line-broadening of

100 Hz was applied to the FID before the Fourier transformation.
2H NMR powder pattern spectra were dePaked (35,36) to obtain spectra

that corresponded to the 0� orientation of the bilayer normal with respect

to the external magnetic field. The order parameter S(n) of the methylene

or methyl groups at the carbon number n of the palmitoyl chain were then

determined from the quadrupolar splitting DnQ(n) as

SðnÞ ¼ DyQðnÞ
3

4
,

e2qQ

h

; (1)

where e2qQ/h is the quadrupolar coupling constant (167 kHz for deuterons in

the C-2H bond). Smoothed order parameter profiles for the carbon sites from

C2 to C11 giving unresolved signals were calculated according to Lafleur

et al. (37). All data processing starting from the manipulation of the FID

was done with a program written for Mathcad (MathSoft, Cambridge, MA).

DIPSHIFT

To determine the orientation of the hydroxyphenyl ring of CP-55,940 with

respect to the bilayer normal, 1H-13C dipolar interactions of the ring were

measured on a liposome sample containing 30 mol % CP-55,940. Measure-

ments were performed with the DIPSHIFT experiment (30) on the Bruker

AV800 spectrometer with a Bruker 4-mm-diameter MAS probehead oper-

ated at the 13C resonance frequency of 201.21 MHz. The sample temperature

was 25.0�C as verified by the 1H chemical shift of water immediately before

and after the DIPSHIFT experiment. The MAS frequency was set to

3,994 Hz to fit seven cycles of the MREV-8 pulse train into one rotor period.

After the first 2.8-ms 90� pulse on 1H, cross polarization from 1H to 13C was
Biophysical Journal 96(12) 4916–4924
applied at 42 kHz for 1 ms, ramped from 100% to 75%. The evolution time t1
of the spin system under 1H-13C dipolar interaction was altered by varying

the number of 37.1-ms MREV-8 cycles from zero to seven within one rotor

period. The decoupling power on the 1H channel for the homonuclear decou-

pling with MREV-8 and for continuous wave decoupling after MREV-8 was

105 kHz. The duration of continuous wave decoupling was 40 ms. The

p-pulse on the 13C channel had a length of 10 ms. For each of the t1 incre-

ments, the natural-abundance 13C spectrum was acquired with 3000 scans

with a delay time of 4 s. The magnitude of the 1H-13C dipolar interactions

was determined by comparing the dipolar dephasing curves with theoretical

curves that were calculated as reported previously (30). The chemical-shift

scale was calibrated by setting the resonance of the terminal methyl group

of the lipid acyl chain to 14.1 ppm (38).

1H MAS NMR PFG diffusion experiments

1H MAS NMR PFG diffusion experiments on bilayers containing 15 mol %

CP-55,940 were performed on a Bruker DMX500 at a proton frequency of

500.17 MHz with a Bruker 4-mm PFG-MAS probe with a magic-angle

gradient. Sample spinning was set to 5 kHz. The temperature inside the spin-

ning rotor was 22�C. Spectra were acquired with a stimulated-echo sequence

(39) using sine-shaped bipolar gradient pulses with a length of 5 ms and

a diffusion time of 50 ms. The spectra were acquired at 16 different values

of gradient strength varying from to 0.007 to 0.368 T/m. A longitudinal

eddy-current delay of 5 ms was used. Diffusion constants were determined

by fitting measured intensities to the following equation (40):

ln

�
I

I0

�
¼ �2

3
kD þ 2

45
ðkDÞ2; (2)

where D is the diffusion constant and k is a factor that depends on the pulse

sequence and instrumental settings. For the stimulated-echo sequence with

sine pulses, k ¼ 4g2g2d2(D � (T/2) � (d/8)), where g is the gyromagnetic

ratio of protons, g is the gradient strength, d is the gradient pulse length,

D is the diffusion time, and T is the time between the gradient pulses sand-

wiching the 180� pulses.

RESULTS AND DISCUSSION

Lipid order after CP-55,940 insertion

Perturbation of lipid packing in the bilayers from CP-55,940

incorporation was monitored by measuring the 2H NMR

quadrupolar splittings, DnQ, of the perdeuterated palmitoyl

chain of POPC-d31. The shape of the order parameter profile

and the magnitude of DnQ are a reflection of the phase state

of lipids (41), whereas the perturbation of DnQ along the acyl

chain after ligand incorporation reflects the location of the

ligand.

The spectra acquired for the POPC-d31 bilayers at

CP-55,940 concentrations of 0, 15, or 30 mol % at 25�C
(see Fig. S1 in the Supporting Material) demonstrate the

integrity and homogeneity of the fluid bilayers. We have

also observed that the functional integrity of the recombinant

pheripheral cannabinoid receptor CB2, reconstituted in lipid

bilayers, is fully maintained by addition of CP-55,940 in this

concentration range (data not shown). The quadrupolar

splittings, DnQ, decrease with increasing ligand content, indi-

cating reduced order parameters. Order parameter profiles

S(n) calculated as described in the Materials and Methods

section are plotted in the top panel of Fig. 2. The reduction
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of order takes place along the entire chain. The same trend

was observed regardless of the temperature in the investi-

gated range of 5–45�C (see Fig. S2). The overall reduction

of order indicates that CP-55,940 incorporation has

a tendency to increase the lateral area and reduce the thick-

ness of the bilayers.

Changes of the order parameters, DS(n), due to CP-55,940

incorporation are plotted in the bottom panel of Fig. 2. The

order reduction is larger from the middle of the chain toward

the terminal methyl group. The reduction close to the chain

terminus is smaller because of generally low chain order in

this region. The observation is in contrast to a previously

reported CP-55,940-induced order (DS(n) > 0) near the

surface of DMPC-DHPC bicelles (42), whereas the overall

trend of larger disordering toward the bilayer center is

similar. The degree of disordering can be quantified by

comparing averages of order parameter changes, hDS(n)i,
for the upper half (C2-8) and lower half (C9-16) of the chain

(Table S1). The larger disordering in the lower half of the

chains supports a location of CP-55,940 at the lipid-water

interface, as would intuitively be expected from its amphi-

pathic structure. The ligand incorporation at the interface

introduces a void volume in the bilayer center, causing

progressive disordering toward the chain termini. With

increasing temperature, hydrocarbon chains become more

disordered by enhanced thermal motions, which diminish

FIGURE 2 Order parameters S(n) of the POPC-d31 palmitoyl chain at 0,

15, and 30 mol % of CP-55,940 at 25�C (top panel). Ligand-induced

changes of order parameters, DS(n), are shown in the bottom panel.
the effect from ligand incorporation (compare also Fig. 2

and Fig. S2).

Location of the hydroxyphenyl ring

The location of the CP-55,940 hydroxyphenyl ring in POPC

bilayers was determined by analyzing the ring-current-

induced chemical-shift perturbation (43) of POPC protons

measured by 1H MAS NMR (21), as well as by measuring

ligand-to-lipid cross-relaxation rates with the two-dimen-

sional 1H MAS NOESY experiment (24). Here we approxi-

mate that the ring-current effect of CP-55,940 is dominant in

perturbing lipid 1H chemical shifts. The validity of the

approximation was confirmed by the congruence with results

from the cross-relaxation rates.

Ring-current-induced chemical-shift changes

The ring-current-induced chemical-shift changes, Dd,

depend solely on the mutual orientation of the ring and

protons of lipids in proximity. The ring current shifts the

resonances downfield upon interaction with the ring edge,

and upfield upon interaction with the ring center (43). The
1H spectra of POPC-d31 bilayers in the absence and presence

of 30 mol % CP-55,940 are presented in Fig. 3, a and b,

respectively. Assignment of the lipid signals is shown at

the chemical structure. For comparison, a high-resolution

FIGURE 3 Solid-state 1H MAS NMR spectra of (a) POPC-d31 MLVs and

(b) POPC-d31 MLVs with 30 mol % CP-55,940. (c) High-resolution solu-

tion-state 1H NMR spectrum of 1 mM CP-55,940 in methanol-d4.
Biophysical Journal 96(12) 4916–4924
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1H NMR spectrum of CP-55,940 in methanol-d4 solution is

shown in Fig. 3 c. The hydroxyphenyl ring of CP-55,940

gave signals at 6.67 and 6.86 ppm (see Fig. 3 b). Lipid

signals do not have overlap with CP-55,940 signals, except

for the alkyl chain resonances at 0.8–2.0 ppm.

The proton-site dependence of Dd at concentrations of 15

and 30 mol % CP-55,940 is illustrated as a bar graph in

Fig. 4. Upon binding of CP-55,940 to the bilayers, an upfield

shift is observed for all POPC resonances near the lipid-

water interface. The induced shifts Dd are largest for protons

of the upper acyl-chain C2, C3, and of the glycerol carbon,

g1. Hence it is concluded that the preferred location of the

hydroxyphenyl ring is centered near the lipid ester groups

between the glycerol and upper acyl chain regions. The loca-

tion is not dependent on the ligand concentration. The

upfield direction of the induced shifts indicates that the

shielding ring-current effect is dominant; that is, the ring

plane orients parallel to the bilayer normal. It is known

that the probability of locating water molecules in a phospha-

tidylcholine membrane decays to nearly zero at C2, whereas

there is a significant probability at the ester carbonyl groups

(44). Therefore, the amphipathic hydroxyphenyl ring of

CP-55,940 is located in a region where the degree of hydra-

tion is notable.

1H NMR cross-relaxation rates

1H NMR cross-relaxation rates depend primarily on the

distance between the interacting protons, but also on the

correlation time of motions of the vector that links those

protons (45). A typical 1H MAS NOESY spectrum observed

for POPC-d31 bilayers at the CP-55,940 concentration of

30 mol % is presented in Fig. S3. The spectral region that

shows the diagonal and cross peaks for the hydroxyphenyl

ring of the ligand is magnified on the left. The signal

threshold was adjusted to a lower contour level for clarity.

The diagonal and cross peaks were integrated, and normal-

ized cross-relaxation rates between the protons of the hy-

droxyphenyl ring and the lipid were determined by matrix

analysis (24). The mixing-time dependences of the cross-

and diagonal-peak volumes used in the matrix equation are

shown in Fig. S4, e.g., for protons of the hydroxyphenyl

FIGURE 4 1H chemical-shift changes (Dd) of POPC-d31 induced upon

incorporation of 15 mol % (slashed bars) and 30 mol % (solid bars) of

CP-55,940.
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ring (l) at 6.86 ppm and the lipid C2 and g1(h), where the

largest ring-current effect on the chemical shift was

observed. Fig. 5 provides a summary of the normalized

cross-relaxation rates (the lipid C3, -(CH2)n-, and u-CH3

were excluded from analysis because of signal overlap

with other protons of the ligand molecule). The use of CP-

55,940-d19 (Fig. 1 b) allowed us to eliminate the overlap at

u-CH3 and confirm that cross-relaxation at this site is negli-

gible. The hydroxyphenyl ring resonance at higher field

(6.67 ppm; open bars in Fig. 5) has the highest cross-relax-

ation rate toward the C2 resonance, and lower rates toward

the end of the headgroup. For the other hydroxyphenyl

ring resonance at lower field (6.86 ppm, solid bars in

Fig. 5), the cross-relaxation rate is highest at the g1 reso-

nance. The preferred location of the ring is thus centered at

the lipid carbonyl groups between the glycerol and the upper

acyl chain regions. This conclusion is in excellent agreement

with the result from the ring-current effect.

The magnitude of the 1H cross-relaxation rates between

the CP-55,940 hydroxyphenyl ring and the lipid is compa-

rable to the magnitude of cross-relaxation rates between

lipids. We reported previously that the magnitude of inter-

molecular cross-relaxation rates of lipids is likely to be

primarily determined by the lateral diffusion rates (46).

The comparable magnitude of cross-relaxation rates for

CP,55-940-lipid and lipid-lipid interactions, as well as the

similar lateral diffusion rates of CP-55,940 and lipids as

shown in the later section (Lateral diffusion rate), suggests

that the lifetime of associations between CP-55,940 and lipid

is on the order of a fraction of a microsecond (47).

FIGURE 5 Normalized 1H NMR cross-relaxation rates (per proton)

between the hydroxyphenyl ring of CP-55,940 and POPC. Open bars are

for the ring signal (h) at 6.67 ppm, and solid bars are for the ring signal

(l) at 6.86 ppm. Values for C3, -(CH2)n-, and u-CH3 were not obtained,

due to superposition with ligand protons. The use of CP-55,940-d19 allowed

the overlap for u-CH3 to be circumvented, and cross relaxation at this site

was confirmed to be negligible.
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Orientation of the hydroxyphenyl ring

The orientation of the hydroxyphenyl ring of CP-55,940 in

POPC bilayers was determined by measuring the 1H-13C

dipolar interactions at three different sites of the ring

(sites 1–3; Fig. 6) with the DIPSHIFT experiment. The 13C

MAS NMR spectra of the hydroxlphenyl ring recorded (a)

without the MREV-8 pulse train, and (b) with four

MREV-8 cycles are shown in Fig. 6. The peak intensities

differ somewhat between the aromatic ring carbons because

of differences in spin-spin relaxation rates. Attenuation of

the signals observed by MREV-8 is a result of dephasing

of the 13C magnetization due to 1H-13C dipolar interactions.

The signal intensities were plotted as a function of the

number of MREV-8 cycles, and corresponding dipolar

curves are given in Fig. 7. The strength of 1H-13C dipolar

interactions is ~3.5 kHz for all three protonated carbon atoms

of the hydroxyphenyl ring. The experimental uncertainty is

on the order of 50.5 kHz.

The rigid-limit coupling (order parameter S ¼ 1) of

a 1H-13C bond in the ring with a length of 1.1 Å is 22.7 kHz

(48). Under application of the semi-windowless MREV-8

sequence, this dipolar interaction is attenuated by a factor

of 0.536 (48). The attenuation factor under our experimental

conditions was 0.567, as determined on a sample of
13C-labeled cholesterol, yielding an effective rigid-limit

coupling of 12.9 kHz. Therefore, an order parameter S ¼
0.27 5 0.04 is obtained for the observed dipolar coupling

of 3.5 5 0.5 kHz.

Ring orientations that could possibly yield nearly identical

order parameters at the three sites are shown in Fig. 6 as

corresponding axes of the bilayer normal: 1), orientation z
(bilayer normal perpendicular to the bond between the hy-

droxyphenyl- and hydroxycyclohexyl rings); 2), orientation

FIGURE 6 Natural-abundance 13C MAS NMR spectra of the hydroxy-

phenyl ring of CP-55,940 measured in the DIPSHIFT experiment at the

MAS frequency of 3,994 Hz: (a) without MREV-8 cycles (t1 ¼ 0, cross-

polarization only), and (b) with four MREV-8 cycles (t1 ¼ 148.6 ms). The

chemical structure above the spectra shows the orientations of the hydroxy-

phenyl ring with respect to the bilayer normal (x, y, or z axis) that could

possibly yield identical 1H-13C dipolar interactions for sites 1–3 (see text).
x (bilayer normal parallel to the bond between the hydroxy-

phenyl and hydroxycyclohexyl rings); 3), orientation y
(bilayer normal perpendicular to the plane of the hydroxyl-

phenyl ring); and 4), orientations in between z and y (obtained

by tilting the ring plane). Here rapid rotational diffusion of the

ligand about the bilayer normal is assumed. Orientation y can

be excluded immediately because it does not agree with the

observation from the ring-current-induced chemical-shift

perturbation; the ring plane orients parallel to the bilayer

normal. Orientations close to y in between orientations z
and y can also be excluded for the same reason. Order param-

eters for orientations z and x are easily calculated. Orientation

z yields an angle q between the 1H-13C bonds and the bilayer

normal axis of 30�, corresponding to the order parameter

S(q)¼ (3 cos2q� 1)/2 ¼ 0.625. Orientation x yields q¼ 60�

and jS(q)j ¼ 0.125, which is much lower than the experimen-

tally determined value of 0.27; note that the calculated

value should be higher than the experimentally observed

value because the calculation does not account for molecular

wobble. Therefore, we can conclude that orientation z, or

orientations close to z with some tilt of the ring plane agree

with the observation. In orientation z, the hydroxyphenyl

ring is oriented such that the bond to the hydroxycyclohexyl

ring is perpendicular to the bilayer normal. With this orienta-

tion, it is likely that the hydroxyl group attached to the phenyl

ring is directed toward the water phase. The wobble motion of

the hydroxyphenyl ring reduces the order parameter from

0.625 to 0.27. This reduction of order by a factor of 0.43 is

in accordance with a location of the hydroxyphenyl ring

near the lipid-water interface, for which similar molecular

order parameters have been reported.

A structural model of the peripheral cannabinoid receptor

CB2 based on homology modeling to the crystal structure of

the GPCR bovine rhodopsin was previously proposed (14).

The putative solvent-accessible ligand-binding site is located

on the extracellular side between helices III, V, VI, and VII.

The cavity possesses a clear amphipathic character with

a hydrophilic center framed by polar residues near the edges

of the transmembrane helices and a hydrophobic cleft sur-

rounded by aromatic residues. The location and orientation

of CP-55,940 at the water-membrane interface determined

in this work suggest that ligand access to the receptor-

binding pocket from the lipid matrix is possible. The entry

to the binding pocket may take place between helices VI

and VII, considering the absence of a network of hydrogen

bonds between these helices in the CB2 model (14) and

the prominent movement of helix VI toward V upon receptor

activation, as previously found for bovine rhodopsin (49).

Conformation of the nonyl tail

CP-55,940 has a nonyl chain linked to the hydroxyphenyl

ring. The hydrophobic chain is expected to contribute to

membrane binding by anchoring itself in the membrane

core. Here we examine the structural features of this anchoring
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FIGURE 7 1H-13C dipolar dephasing curves (solid lines)

for the carbon atoms at sites (a) 1, (b) 2, and (c) 3 of the

hydroxyphenyl ring of CP-55,940 obtained with the DIP-

SHIFT experiment; see Fig. 6 for the carbon assignments.

Intensities of the 13C NMR signals were plotted as a function

of the evolution period t1 of the 13C magnetization under
1H-13C dipolar interaction; the length of t1 corresponds to

the number of MREV-8 cycles (from 0 to 7) applied within

one rotor period tr¼ 250 ms. Signal intensities were normal-

ized to the intensity at t1 ¼ 0. The broken lines above and

below the solid line show the effect of a 51 kHz change

of the dipolar interaction from the best fit (see text). The

error bars represent the spectral noise level.
through order parameter analysis. The order parameters of the

nonyl chain were determined by measuring the 2H NMR

quadrupolar splittings, DnQ, using CP-55,940 specifically

deuterated at the chain.

The 2H NMR powder spectrum of 30 mol % CP-55,940-

d19 (Fig. 1 b) in POPC bilayers recorded at 25�C is shown in

Fig. S5 a. To assign signals of the branched methyl groups in

the nonyl chain, CP-55,940 deuterated only at those methyls

was also synthesized (CP-55,940-d6; Fig. 1 c). The spectrum

for CP-55,940-d6 is shown in Fig. S5 b. CP-55,940-d6

gives a distinct quadrupolar splitting of DnQ ¼ 5.6 kHz, cor-

responding to the order parameter S ¼ 0.045 (the weak

signals near the center of the spectrum are from residual

deuterated water and minor sample inhomogeneity). A

distinct splitting of a similar value, DnQ ¼ 5.0 kHz, is

observed in the spectrum of CP-55,940-d19. All of the quad-

rupolar splittings in the CP-55,940-d19 spectrum are ~8 kHz

or less. Therefore, the order parameters of the nonyl chain are

S ¼ 0.064 or smaller. For comparison, the quadrupolar

splittings of the upper half of the POPC palmitoyl-chain

segments where the nonyl chain locates are in the range

of ~20–25 kHz, corresponding to an order parameter S ¼
~0.16–0.20. It is concluded that the nonyl chain has a high

level of conformational flexibility.

If the nonyl chain points toward the bilayer center with the

orientation of the hydroxylphenyl ring determined as above,

then the order parameter of the branched methyl groups is

predicted to be Smol ¼ 0.056. It should be noted that, with

this ring orientation, free rotation about the C-C bond linking

the nonyl chain to the hydroxyphenyl ring also yields an

order parameter Smol ¼ 0.056 for the branched methyl

groups. The value Smol ¼ 0.056 is higher than the measured

value Smeas ¼ 0.045, indicating that order is further reduced

by nonyl chain dynamics. It is likely that a rotation about the

C-C bond linking the nonyl chain to the hydroxyphenyl ring

significantly contributes to the overall low order of the chain.

The high conformational flexibility of the hydrophobic tail of

CP-55,940 in membranes could be critical for reaching the

binding site of the cannabinoid receptor.

Lateral diffusion rate

To investigate the possibility that the ligand can efficiently

approach its receptor from the bilayer by lateral diffusion,
Biophysical Journal 96(12) 4916–4924
we measured the diffusion coefficients of CP-55,940

and POPC by 1H MAS NMR with application of PFGs.

The experiments were conducted at 22�C on 15 mol %

CP-55,940 in POPC bilayers. The diffusion coefficient of

CP-55,940 was 0.74(50.05) � 10�11 m2/s (Fig. S6 a),

compared with 0.56(50.05) � 10�11 m2/s for POPC

(Fig. S6 b). The diffusion rate of POPC in the presence

of CP-55,940 agrees within limits of experimental error

with the rate observed in the absence of the ligand

(0.64(50.05) � 10�11 m2/s). At the recorded rate, the CP-

55,940 molecules travel 5 mm/s on average in the bilayers,

which suggests that a diffusion-controlled approach could be

an efficient mechanism.

CONCLUSIONS

Our experiments were driven by the hypothesis that a widely

used synthetic cannabinoid ligand, CP-55,940, may

approach the binding site on the receptor from the lipid

matrix because of the marked lipophilic nature of the ligand.

The location, structure, and dynamics of CP-55,940 in

a membrane were studied by solid-state NMR and the results

are summarized in Fig. 8.

CP-55,940 incorporates homogeneously into the lipid

matrix at concentrations as high as 30 mol %. The aromatic

FIGURE 8 Schematic illustration of the structural features of CP-55,940

in PC bilayers determined by solid-state NMR. The location of the hydrox-

yphenyl ring with respect to the bilayer normal axis is highlighted with

a gray band. The fast lateral diffusion of the ligand takes place along this

band. The orientation of the hydroxylphenyl ring is shown by an arrow

with the degree of director fluctuation. The nonyl tail has high conforma-

tional flexibility.
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ring-current-induced shifts of lipid resonances and the cross-

relaxation rates locate the hydroxyphenyl ring of the ligand

in a region near the lipid ester groups between glycerol

and upper segments of the hydrocarbon chains shown as

a gray band in Fig. 8. Within this band the ligand performs

rapid lateral movements with rates similar to or slightly

higher than those of the matrix lipid. A structural model of

the peripheral cannabinoid receptor CB2 based on homology

modeling to the crystal structure of the GPCR bovine

rhodopsin was previously proposed, and the putative binding

site of the ligand was shown to be located on the extracellular

side among helices III, V, VI, and VII (14). The location of

CP-55,940 at the water-membrane interface determined in

this work is favorable for the ligand access to the receptor-

binding pocket from the lipid matrix. The 2H NMR measure-

ments on POPC-d31 showed that incorporation of CP-55,940

into bilayers has a tendency to reduce the order of lipid acyl

chains. The reduced lipid order in the vicinity of the ligand

may also relate to the efficient configurational search for

the ligand entry into the receptor, and to induction of the acti-

vated receptor conformation.

Both the location and the orientation of the ligand with

respect to the bilayer normal determine the efficiency of

the approach of the binding site on the receptor. The order

parameters of the hydroxyphenyl ring indicate that the ligand

has a distinct orientation in the bilayer such that the bonds

linking the hydroxyphenyl ring to the hydroxycyclohexyl

ring and to the nonyl chain are oriented perpendicular to

the bilayer normal. In this orientation, the hydrophobic nonyl

chain tends to be located near the membrane interface. The

observed low order parameters of the nonyl chain indicate

that the chain has high conformational flexibility. This is

likely to be advantageous for enabling the ligand to gain

access to the binding pocket among the transmembrane

helices, and to adjust to the geometry of the binding site.
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