
Biochimica et Biophysica Acta, 1028 (1990) 31-42 31 
Elsevier 

BBAMEM 74973 

The perturbation of model membranes 
by ( -)-A9-tetrahydrocannabinol. 

Studies using solid-state 2H- and 13C-NMR 
Alexandros Makriyannis 1,2, De-Ping Yang 1, Robert G. Griffin 2 

and Sunil K. Das Gupta 2 
I School of Pharmacy and lnstituEe of Materials Science, University of Connecticut, Storrs, CT 

and 2 Francis Bitter National Magnet Laboratory, Massachusetts Institute of Technology, Cambridge, MA (U.S.A.) 

(Received 1 May 1990) 

Key words: Solid state NMR; NMR, 2H-; NMR, 13C-," (-)-Ag-Tetrahydrocannabinol; Model membrane; 
Drug-membrane interaction 

The effects of (-)-A9-tetrahydrocaunabinol (Ag-THC) on model phospholipid membranes were studied using solid-state 
2H and 13C nuclear magnetic resonance spectroscopy. Aqueous multilamellar dispersions of dipalmitoylphosphatidyl- 

• . .  2 13 choline with specific H- and C-labels as endogenous probes at the C 7, methylene and the carbonyi groups, 
respectively, of the sn-2 chain were used to study the conformational and dynamic properties of the bilayer as a function 
of temperature and drug concentration. The drug molecule decreases the phase transition temperature of the bilayer in a 
concentration dependent manner up to 20 molar percent when full saturation has occurred. The 2H spectra show that 
A9-THC broadens the phase transition during which the spectra acquire a characteristic shape of a two-component 
system exchanging at an intermediate rate ( - -10 6 s - t )  with some liquid crystalline features. Such spectra provide 
information related to the melting of the phospholipid chains. At intermediate temperatures, the 13C spectra show a 
gel-like and a liquid-crystalline-like exchanging components and provide information about a conformationai change at 
the phospholipid glycerol backbone occurring at or near the pretransition. The spectral composition and rate of 
exchange are both dependent on drug concentration. We have carried out computer simulations of the t3c spectra and 
obtained conformational information related to the phase transition process in the bilayer from gel to liquid crystal. Our 
studies show that A9-THC has a stronger effect on the sn-2 carbonyl near the bilayer interface than on the lipid chains 
and serve to describe the membrane perturbing effects of cannabinoids in molecular terms. 

Introduction 

(-)-A9-Tetrahydrocannabinol (A9-THC, Fig. 1) is the 
principal psychoactive constituent of marijuana. Many 
of its pharmacological actions, including psychotropic 
properties, bronchodilation, increased heart rate, re- 
duced intraocular pressure and analgesia, can be related 
to its effects on cellular membranes. Existing evidence 
indicates that these membrane effects, at least in part, 
are due to interactions with those lipids that make up 
the environment of membrane-associated proteins [1,2]. 
The cannabinoid-membrane interactions presumably 

Abbreviations: DPPC, dipalmitoylphosphatidylcholine; Ag-THC, 
(-)-A%tetrahydrocannabinoi; NMR, nuclear magnetic resonance. 
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induce changes in the functions of a number of these 
proteins and thus produce a variety of physiological 
effects. Experimental evidence for a mechanism of ac- 
tion involving cannabinoid-phospholipid interactions 
came from calorimetric measurements [3-7] and from 
electron spin resonance experiments [8,9]. Recently, we 
have used small angle X-ray diffraction techniques to 
study the location of cannabinoids in phosphatidyl- 
choline model membranes and found that the amphi- 
pathic drug molecule resides near the water /  
hydrocarbon-core interface of the lipid bilayer [10]. 
However, these experiments provided only limited in- 
formation on the molecular features of the drug-phos- 
pholipid interactions. We have now obtained more de- 
tailed information from the solid-state 2H- and 13C- 
NMR spectra of appropriately 2H- and 13C,labeled 
dipalmitoylphosphatidylcholine (DPPC, Fig. 1) pre- 
parations into which the drug was incorporated. 

Solid-state 2H- and 13C-NMR experiments with 
drug/phospholipid preparations can be carried out by 
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Fig.  1. S t r u c t u r e s  o f  A g - T H C  a n d  D P P C .  

observing spectra from either the drug or the ~hospho- 
lipid. In earlier work, we obtained solid-state H-NMR 
spectra from DPPC bilayers containing A9-THC specifi- 
cally 2H-labeled in six different positions and de- 
termined the orientation of Ag-THC in the model mem- 
brane [11]. In the present communication, we describe 
and analyze the effects of Ag-THC on the 2H- and 
13 • • • C-NMR spectra obtmned from bllayer preparations of 
DPPC labeled with two 2H nuclei at the C 7, methylene 
group of the sn-2 chain and with one 13C nucleus at the 
carbonyl group of the same chain. 

Our choice of DPPC as the model membrane was 
motivated by the fact that phosphatidylcholines are a 
major membrane component whose phase properties 
have been studied extensively. Calorimetric measure- 
ments for fully hydrated DPPC show two endothermic 
transitions; a broad low-enthalpy pretransition at Tj = 
35.3°C and a main transition at T¢=41.3°C [12,13]. 
Below the pretransition, the phospholipid molecules are 
arranged in a lamellar gel phase (L/r), while above the 
main transition they exist in the liquid crystalline phase 
(L~). At temperatures between Tj and T~, the ripple 
phase (Pa,)is composed of coexisting gel and liquid 
crystalline components [14,15]. Our present study seeks 
to uncover more detailed molecular information on the 
interactions of the cannabinoids with the phospholipid 
bilayer. To that effect, we have systematically obtained 
solid-state 2H- and 13C-NMR spectra of DPPC/A9-THC 
with molar ratios 1.00 : 0.00, 0.95 : 0.05, 0.90 : 0.10, 
0.80:0.20 and 0.60:0.40 at temperatures ranging from 
17 °C to 50 ° C. We have analyzed the temperature and 
concentration dependences of the lineshapes of both 
2H- and 13C-NMR spectra and carried out simulations 
of all of the 13C spectra. The effects of A9-THC on 
DPPC bilayers are then discussed in terms of changes in 
the conformational and dynamic properties of the model 
membrane. 

Materials and Methods 

A9-THC was obtained from the National Institute on 
Drug Abuse while 2-[1'-13C]DPPC and 2-[7',7'- 
2H2]DPPC were synthesized according to literature pro- 
cedures [14-16]. 

Samples of model membranes for the solid-state 
NMR experiments were prepared by dissolving the 2H- 
or 13C-labeled phospholipid (50 mg) without or with 
A9-THC in 2 ml of dichloromethane. The solvent was 
then evaporated by passing a stream of nitrogen over 
the solution at 50 °C and the residue was placed under 
vacuum (0.1 mmHg) for 12 h. The phospholipid or the 
drug:phospholipid mixture was subsequently intro- 
duced into 7-mm glass tubes appropriately constricted, 
and 2H-depleted water was added to produce a 50:50 
(w/w) lipid/water preparation. The preparation was 
submerged in liquid nitrogen while the tube was being 
sealed at the constriction under vacuum. The samples 
were equilibrated before recording the spectra by heat- 
ing to 50 °C for 15 min. 

NMR spectra were obtained on a home-built solid 
state pulse spectrometer operating at a magnetic field of 
6.8 T (73.9 MHz for 13C, 294 MHz for 1H, and 45.1 
MHZ for 2H). For the 13C spectra, a cross-polarization 
experiment was used with a refocusing Ir pulse [17] and 
typical parameters used were 4.0 #s for the ~r/2 pulse 
and 2.5-3.5 ms for the mixing time. Sample heating due 
to the 1H-decoupling was minimized by employing the 
minimum decoupling power necessary to obtain sharp 
spectra and by using long recycle delays of 3-5 s. The 
number of 13C free induction decays accumulated ranged 
between 1000 and 3000, depending on the sample tem- 
perature. 2H spectra were obtained using the quadru- 
pole echo pulse sequence, [(~r/2)x-'r-(cr/2)y ], which 
consists of a pair of 90 °-phase-shifted ~r/2 pulses sep- 
arated by a time ~- (typically 35-50 #s) longer than the 
spectrometer recovery time [18]. Spectral simulations 
were carried out on a VAX computer system using a 
FORTRAN program described elsewhere [15,19]. 

Differential scanning calorimetry thermograms were 
obtained on a Perkin-Elmer DSC-7 instrument. The 
samples were prepared by dissolving 5 mg of DPPC and 
the appropriate amount of A9-THC in chloroform. After 
removing the solvent using a nitrogen stream, the sam- 
ples were dried under vacuum for 6 h. The preparations 
were scraped into weighed stainless steel capsules. Dis- 
tilled and deionized water (50 : 50, w/w) was added and 
the capsules were sealed. The samples were scanned at a 
heating rate of 2.5 K/rain. 

Results and Discussion 

Solid-state NMR has now established itself as a 
powerful method for the study of lipid and membrane 
dynamics and conformation [17,20]. To obtain informa- 



tion on the manner in which Ag-THC interacts with the 
phospholipid components of the membrane, we made 
use of aqueous dispersions of DPPC into which the 
drug molecule was incorporated. These preparations 
exist in the form of multilamellar bilayers and possess 
dynamic properties resembling those of natural mem- 
branes [21]. Because of its highly lipophilic character 
and as confirmed by our X-ray diffraction studies [10], 
tetrahydrocannabinol partitions exclusively in the mem- 
brane bilayer [22]. Presumably, the drug molecule inter- 
calates between the chains of contiguous DPPC mole- 
Cules, a location analogous to that of cholesterol in the 
bilayer. 

2H-NMR spectra of 2-[7', 7'-2He]DPPC preparations 
The deuterium nucleus gives rise to a doublet in the 

absorption spectrum due to the interaction between its 
quadrupole moment ( I  = 1) and the surrounding elec- 
tric field gradient. The separation between the two 
spectral lines can be observed in an oriented samples 
and is equal to: 

v2 - ul = ( 3 / 4 ) (  e 2 q Q / h  )( 3 COS20 - - 1 )  

where e2qQ/h is the 2H quadrupole coupling constant 
(=  170 kHz) and 0 is the angle between the magnetic 
field and the axis of molecular ordering [23]. In a 
sample of an aqueous phospholipid dispersion, all val- 
ues of 0 are possible and the spectrum from 2H nuclei 
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at one site is a 'powder pattern' in which the two 
principal peaks correspond to 0 = 90 o (perpendicular 
edges, v±) and the two shoulders to 0 = 0  ° (parallel 
edges, vii ). 

In the liquid crystalline phase, /H-labeled multi- 
lamellar phospholipid bilayers give a characteristic 2H 
powder pattern spectrum with quadrnpolar splittings 
considerably narrowed from the rigid lattice value (120 
kHz) due to rapid axial diffusion and trans-gauche 
isomerization in the chain. We have systematically car- 
ried out solid-state 2H-NMR experiments on hydrated 
preparations of 2-[7',7'-2H2]-DPPC/A9-THC at differ- 
ent drug concentrations and various temperatures. 
Shown in Fig. 2 are representative /H-NMR spectra 
from DPPC/A9-THC preparations with molar ratios of 
1.00 : 0.00, 0.95 : 0.05, 0.90 : 0.10, 0.80 : 0.20 and 
0.60:0.40 (or x--0.00, 0.05, 0.10, 0.20 and 0.40) at 
temperatures ranging from 18 o C to 42 o C. 

Our earlier work using differential scanning calorim- 
etry [7] showed that the presence of A9-THC in DPPC 
bilayers broadens the phase transitions from gel to 
liquid crystal and lowers the transition temperature. 
The ending point of the gel to liquid crystal endotherm 
was regarded as the phase transition temperature at 
which the bilayers exist entirely in the liquid crystalline 
phase. These temperatures were measured to be 42.0 o C, 
40.5 o C, 39.0 ° C, 36.5 ° C and 36.5 o C for hydrated 
DPPC with A9-THC concentrations of x = 0.00, 0.05, 
0.10, 0.20 and 0.40, respectively. Our 2H-NMR spectra 
from the different DPPC/Ag-THC preparations, respec- 

2-[7',T- 2H2]- DPPC / A 9-THC 

1.00 / 0.00 0.95 / 0.05 0.90 / 0.10 0.80 / 0.20 0.60 / 0.40 

U 

|'" i 100 (~ "I00 10(3 0 "I(~0 100 (~ "I00 I~:) 0 -I00 I00 (~ -I00 
FREQUENCY (kHz) 

t I 2 9 Fig. 2. Solid-state 2H-NMR spectra obtained from aqueous dispersions of 2-[7 ,7 - H2]-DPPC/A -THC with molar ratios of 1.00:0.00, 0.95:0.05, 
0.90:0.10, 0.80:0.20 and 0.60:0.40 at temperatures between 18°C and 42 ° C. To obtain each spectrum, 8000 to 16000 e~hoes were signal-averag~l. 
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tively, show almost exactly the same phase transition 
temperatures. 

At 42 ° C, preparations with all concentrations are in 
the liquid crystalline phase (L~) and the spectra are 
qualitatively similar, exhibiting the characteristic fast- 
limit axially symmetric powder pattern. The sharp per- 
pendicular and parallel edges in the spectra indicate 
that the phospholipid molecules are now undergoing 
fast axial diffusion and gauche-trans isomerization with 
motional rates greater than 107 s -]. The residual 
quadrupolar splitting (Ago) as measured directly from 
the separation of the two 90 ° edges in the spectrum was 
28.1 kHz for pure DPPC at 42 ° C. Addition of A9-THC 
produced a small increase in the splitting indicating a 
slight increase in the trans : gauche ratio of methylene 
chain conformers. A comparison between the first 2H 
spectra to show the characteristic L~ lineshape in each 
of the series of the drug-containing preparations shows 
that this increase in the residual quadrupolar splitting is 

• • • 2 concentratxon dependent. The first L~-like H spectra 
for each of the four drug-containing preparations were 
observed at 41°C, 39°C, 36°C and 36°C, and had 
respective Ag O values equal to 30.8, 31.9, 32.4 and 33.1 
kHz for increasing A9-THC concentrations. 

At temperatures just below the main phase transi- 
tion, the spectra of pure hydrated DPPC do not display 
the sharp 90 ° and 0 o edges that characterize the fast- 
limit spectra. As can be seen, between 40 °C and 33°C 
the spectra acquire a flat top appearance with the 90 ° 
and 0 o edges still discernible, but severely broadened. 
This broadening continues as the temperature is further 
lowered. Below the pretransition, all the liquid-crystal- 
line spectral features disappear. At 18°C, the 2H spec- 
trum has an almost conical shape with a rounded top. 
The overall width of the gel-phase spectra is about 120 
kHz, only one-half of that expected for the rigid lattice 
values and is evidence that, even at 18°C, the DPPC 
molecules continue to undergo long axis diffusion. 

The most dramatic effects of Ag-THC on the 2H- 
NMR lineshapes of 2-[7',7'-2H2]DPPC were produced 
during the transition from gel to liquid crystalline phase. 
A general feature of this transition with the different 
preparations is that it becomes progressively more grad- 
ual with increasing drug concentrations and the spectra 
retain more liquid-crystalline features. Characteristi- 
cally, the spectra from the DPPC/Ag-THC (x = 0.20) 
preparation at 35 °C show a gradual broadening of the 
0 o edges while the center of the spectrum starts to fill. 
However, the 90 ° edges maintain their sharp vertical 
features and the splitting is quite visible until 27 °C at 
which temperature the spectrum acquires the flat top 
appearance. This particular spectral shape can also be 
found in the corresponding spectra of pure DPPC at 
37 °C as well as in the spectra of other drug-containing 
preparations of x = 0.05, 0.10 and 0.40 at 33°C, 30°C 
and 27 ° C, respectively. Interestingly, spectra for x = 

0.20 and x = 0.40 are virtually identical at all tempera- 
tures, indicating a saturation of A9-THC at concentra- 
tions greater than x = 0.20. 

The gradual transition in the spectral features de- 
scribed above is accompanied by a correspondingly 
gradual change in the quadrupolar splitting value which 
was obtained by measuring the separation between the 
two 90 o edges. When a spectrum does not have the 
features of a Pake pattern and the 90 ° edges are not 
sharp but still discernible, the quadrupolar splitting 
value was measured between the two highest points in 
the spectrum. As the temperature is raised, the 
quadrupolar splitting from each preparation decreases, 
a direct indication that the ratio of gauche: trans con- 
formers increases with temperature. Fig. 3 shows 
quantitatively the temperature dependence of quadru- 
polar splittings (open circles) in the L~-type spectra for 
two of the preparations, DPPC and DPPC + A9-THC 
(x = 0.20). A very sharp decrease in the quadrupolar 
splitting is observed for DPPC as it goes through the 
phase transition temperature while DPPC + A9-THC 
shows a gradual change in A gQ over a temperature span 
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Fig. 3. Temperature dependence of the 2H quadrupolar splitting (0)  
in the solid-state 2H-NMR spectra of the 2-[7',7'-2H2] segment of 
DPPC and relative echo amplitudes (e). Top: DPPC; Bottom: 
DPPC/Ag-THC with molar ratio 0.80 : 0.20. The thermogram included 
in each graph was obtained from an identically prepared sample using 

differential scanning calorimetry. 



of more than 10 K. This is in very good agreement with 
the thermograms (included at the bottom of each graph 
in Fig. 3) from our differential scanning calorimetric 
measurements [7], where we observe a sharp main tran- 
sition for DPPC and a broad transition for DPPC + A 9- 
THC. In addition, the temperature dependence of A v o 
parallels the results of our small angle X-ray diffraction 
experiments [10], where we observed a very similar 
temperature dependence for the total period repeat dis- 
tance (d-spacing) of the bilayer. 

Also in Fig. 3, we have plotted echo amplitudes 
representing changes in the absolute 2H spectral intensi- 
ties (solid circles) as a function of temperature. In the 
case of DPPC alone, we observed a gradual loss of 
intensity as the temperature was increased and a sudden 
recovery just before the main transition. The z~9-THC - 
containing sample gave spectra in which there was also 
a gradual lowering of the spectral intensity as the tem- 
perature was raised. After going through a minimum, 
the spectral intensity recovered but, unlike the pure 
DPPC spectra, it did so gradually and formed a maxi- 
mum when it reached the liquid crystalline phase. This 
phenomenon has also been observed in our earlier work 
involving the interactions of anesthetic steroids with 
DPPC [24]. 

The decrease in total intensity of the 2H-NMR signal 
is because of very short T2e relaxation time values at 
those temperatures. Under such circumstances, a signifi- 
cant amount of magnetization is lost during the interval 
(r)  between the two ~r/2 pulses of the quadrupole echo 
pulse sequence and is not refocused by the second ,r/2 
pulse. An additional spectral features that accompanies 
the overall loss in spectral intensity is that different 
portions of the powder pattern exhibit different T2e 
values. The net outcome of this are lineshape distortions 
which are very sensitive to the value of r. Fig. 4 shows a 
representative set of 2H-NMR spectra from a 
DPPC/A9-THC (x = 0.20) preparation at 30°C with 
six systematically varied z-values. These spectra are 
plotted with their absolute intensities on the left and 
with scaled intensities on the right to show the details of 
the lineshapes. As can be seen, the overall intensity of 
the spectrum decreases as the r-value increases from 50 
#s to 190 #s. Also, the drop in the perpendicular 
(8 = 90 °) and parallel (O = 0 °) edges of the powder 
pattern is more rapid than that in the center (8 = 54 ° ) 
of the spectrum, resulting in drastic changes in the 
spectral lineshapes. 

Losses in spectral intensity and the lineshape distor- 
tion are most pronounced when the C-2H bond orienta- 
tions are characterized by motional rates of the order of 
the quadrupole interaction (-~10 ~ s-l).  Phenomena 
similar to the one observed here have been attributed to 
an inter- or intramolecular exchange process with an 
intermediate rate [23]. In this instance, the intermolecu- 
lar process could be an  exchange between the gel and 
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Fig. 4. Solid-state 2H-NMR spectra of 2-[7',7'-2H2]DPPC/~9-THC 
(molar ratio 0.80:0.20) at 30 °C obtained using a quadrupolar echo 
sequence with variable interval ~- between the two ¢r/2 pulses. On the 
left are spectra plotted with absolute intensity while on the right are 
the same ones scaled up to show the details of the lineshape dis- 

tortions. 

liquid crystal in a two-component DPPC phase mixture 
(presumably Pp,), while the intramolecular process may 
result from an exchange between gauche and trans 
conformers in the phospholipid acyl chains. 

~3C-NMR spectra of 2-[1 '-I3C]DPPC preparations 
The 13C-enriched carbonyl in the phospholipid sn-2 

chain of the membrane gives rise to a powder pattern 
spectrum due to the chemical shift anisotropy, i.e., the 
chemical shift value depends on the angle 0 between the 
magnetic field and the molecular ordering axis. If the 
molecular motions about this axis are in fast limit on 
the 13C-NMR time scale and are axially symmetric, the 
spectrum shows a characteristic axially symmetric 
powder pattern which consists of a distribution of in- 
tensities between a perpendicular edge at one chemical 
shift value (O_L) and a parallel edge at another value 

(oil). 
Shown in Fig. 5 is a set of proton-decoupled solid 

state 13C-NMR spectra of 2-[l'-13C]DPPC/Ag-THC 
preparations of identical molar ratios as those used in 
the 2H-NMR experiments and at temperatures ranging 
from 17 °C to 40 o C. In each spectrum, the envelope of 
resonances extending from 65 to 146 ppm on the far 
right and the smaller signal to the left of it are due to 
the natural abundance ~3C of the protonated acyl chains 
and those of the head group and glycerol carbons, 
respectively. The dominant powder pattern in the spec- 
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Fig. 5. Proton-decoupled solid-state ]3C-NMR spectra obtained from aqueous dispersions of 2-[I'J3C]-DPPC/zI9-THC with molar ratios of 
1.00:0.00, 0.95:0.05, 0.90:0.10, 0.80:0.20 and 0.60:0.40 at temperatures between 17°C and 40°C. 1000 to 3000 free induction decays were 

signal-averaged to obtain each spectrum. 

tral region between -120 and 0 ppm is due to the 
13C-enriched sn-2 carbonyl group. 

The details of the temperature dependence of 13C- 
NMR spectra of a pure 2-[I'J3C]DPPC model mem- 
brane preparation and a corresponding dry lipid pre- 
paration have been discussed elsewhere [14]. For our 
hydrated 2-[1'-13C]DPPC dispersion preparation at 
17 ° C, the spectral component due to the a3C -- O group 
shows an axially symmetric powder pattern with o±-- 
- 7  ppm, oll = - 1 1 9  ppm and a residual anisotropy 
(ao)  = oll- o± = -112 ppm. The breadth of the spec- 
trum is thus reduced when compared to that of the dry 
lipid (Ao =--148 ppm) indicating that, in hydrated 
lipid bilayers, the lipid molecules undergo some aniso- 
tropic motion faster than 7HoAo = 104 s- 1. At 30 o C, 
the spectrum shows the presence of a new symmetric 
line of width --- 1 kHz. The chemical shift of this line, 
(o)  = -44  ppm, is equal to that expected if the tensor 
values of the powder pattern are completely averaged, 
i.e., ( o ) =  (20± +o11)/3. As the sample temperature is 
further increased, the narrow component increases in 
intensity and becomes the only component at tempera- 
tures above the main phase transition temperature (T~ = 
41.3 ° C). The effective line width of this narrow compo- 
nent at T>  T~ is about 500 Hz, which includes ,a 
substantial instrumental contribution. 

With preparations containing Ag-THC, the spectral 
band due to the 2-[I'-]3C]DPPC carbonyl group shows 
the same two components observed in the pure DPPC 

preparation. There is no discernible difference in the 
shape of each of the components. However, there are 
distinct differences in their relative intensities. In these 
spectra, the narrow component appears and the broad 
powder pattern diminishes at progressively lower tem- 
peratures as the Ag-THC concentration increases. For 
example, in the spectra from DPPC/A9-THC of con- 
centration x = 0.20, the narrow component is already 
apparent at 17 °C and increases gradually in intensity 
so that at 30°C the 13C-enriched spectral band is a 
sharp peak of linewidth less than 1 kHz. In fact, we 
observe the complete disappearance of the broad Pake 
pattern at 42°C, 40°C, 36°C, 32°C and 32°C for 
A9-THC concentrations of x = 0.00, 0.05, 0.10, 0.20 and 
0.40, respectively. Fig. 5 shows that we can obtain 
virtually identical 13C spectra from all of the drug-con- 
taining preparations, although at different tempera- 
tures. For example, the 13C spectra for pure DPPC at 
330C is identical to those of DPPC/THC x -  0.05 at 
30 °C and x = 0.10 at 25 ° C. Characteristically, and as 
we observed with the 2H-NMR spectra, the 13C spectra 
for zlg-THC concentrations x = 0.20 and x--0.40 are 
virtually identical at the same temperatures indicating 
again that the effect of the drug at x = 0.20 has already 
reached a saturation point. 

The two-component 13C-NMR lineshape of the 2-[1'- 
]3C] segment of several phospholipids at temperatures 
just below their main transition was observed and 
studied in earlier work [14,15]. After considering differ- 



ent explanations, the authors carried out spectral simu- 
lations to exclude unreasonable models. They explained 
the lineshape as being due to the coexistence of gel-like 
and liquid-crystal-like molecules in the bilayer, resulting 
in the L/rlike broad pattern and the L,-like sharp peak, 
respectively. The temperature-dependent superposition 
of the two spectral components was simulated by as- 
suming two types of axially symmetric ~3C = O tensors 
with the unique tensor component Oil (along the ~3C = O 
bond) making an angle 8p,--28 ° with respect to the 
diffusion axis for the La,-like pattern and 8, = 54 o for 
the L,-like line. Both tensors were allowed to execute 
rapid 3-fold jumps (=  105 s -1) about the diffusion axis 
and, in addition, there was a chemical exchange be- 
tween the two tensor orientations. Very good simula- 
tions of the spectra were obtained by adjusting the 
exchange rate, kex, and the fraction of lipid in the L,  
form, f,. The authors concluded that the ripple Pa, 
phase possesses properties of both La, and L,  phases 
with a locally varying microscopic structure and that 
the collapse of the powder pattern to the sharp line is 
due to a conformational change at the sn-2 carbonyl 
which is associated with the L~,-to-L, phase transition. 

We have observed this two-component lineshape in 
the ~3C-NMR spectra from all of the THC-containing 
DPPC preparations. Although the presence of the can- 
nabinoid appears to abolish the endothermic peak asso- 
ciated with the pretransition in the thermograms of 
fully hydrated DPPC preparations, the 13C spectra pro- 
vide a different picture. Indeed, the presence of La,-like 
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and L~-like features in spectra obtained at temperatures 
about 12 K below the respective main transition tem- 
peratures of the DPPC/THC preparations indicates 
that the Pa, phase is till present and that the micro- 
scopic process of the La,-to-L~ transition is qualitatively 
similar to that of pure DPPC. However, the transition 
occurs at progressively lower temperatures with increas- 
ing drug concentrations. Furthermore, the lineshapes 
show some subtle differences when compared to those 
obtained from the pure DPPC preparation. In order to 
quantitatively study the effects of A9-THC on the dy- 
namic behavior of the DPPC bilayer, we have adopted 
the model described above and carried out 13C-NMR 
spectral simulations for that part of the spectrum 
originating from the 2-[1'-13C] segment of DPPC in the 
absence and presence of A9-THC for all of the spectra. 

Again, the model involves two different types of 
long-lived conformations for the sn-2 carbonyl group; 
one in which the 13C = O bond has a variable angle 0a, 
with respect to the diffusion axis (presumably along the 
bilayer normal) and the other with the 13C = O bond 
vector near the magic angle 0~ = 54 °. We were able to 
account for the slight narrowing of the LB,-like pattern 
with increasing temperatures by adjusting the 0~,-value, 
generally within 7 o. According to our simulations, in- 
creases in temperature and/or  A9-THC concentration 
result in progressive increases in the value of the 13C = O 
tilting angle. Both conformations were allowed to un- 
dergo rapid three-fold jumps about the diffusion axis at 
a rate of 5 • 1 0  6 s - 1  which is in fast limit for 13C. Since 

2-[1'-13C] - DPPC / A s -THC 

1.00 / 0.00 

40°C 

37°C . j ~  
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30°C f ) ~  
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17°C, .~  

0.95 / 0.05 0.90 / o. 10 0.80 / 0,20 0.60 / 0,40 

37°C ~ 37°C .~ 37°C ~ 37°C ~ 

 ,oc A 

 ooo/  3ooo  ,ooc  
A 

~ 25°C j , ~  

22OC j ~  22°C j , ~  

' ' . ~ o  20~ -200 ~ 20~ - ~  ~ 200 
CHEMICAL SHIFT (ppm) 
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Fig. 6. Computer simulations of the spectral region due to 2-[1'-13C] segment of DPPC in the corresponding solid-state 13C-NMR spectra in Fig. 5. 
Each simulated spectrum contains 128 points in the 400-ppm chemical shift span. 
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T A B L E  I 

1 3  . . Temperature and composition dependences of the C spectral slmulanon parameters: 0~,, angle between the gel-like 1 3 C  = O bond and the diffusion axis," 
f~, fraction of lipid molecules in the liquid crystalline form," k ex, exchange rate between the two conformations 

Paramete r  a Temp.  

(°C) 
Molar  ra t ios  of DPPC/z~9-THC 

1.00:0 .00  0.95 : 0.05 0.90 : 0.10 0 .80 :0 .20  0 .60:0 .40  

0iv(  o ) 17 25 25 26 27 28 

22 26 26 27 28 29 

25 27 28 29 30 
27 28 29 30 b 31 

30 28 29 31 33 33 

33 29 30 32 34 - 

35 30 31 33 - - 

37 31 32 34 

40 32 33 - 

f~ 17 0.01 0.01 0.02 0.02 0.02 

22 0.01 0.02 0.05 0.05 0.05 

25 0.05 0.14 0.10 0.15 
27 0.07 0.24 0.21 b 0.33 

30 0.08 0.12 0.39 0.85 0.99 

33 0.12 0.21 0.55 0.99 1.00 

35 0.19 0.33 0.90 1.00 1.00 

37 0.22 0.45 0.96 1.00 1.00 

40 0.42 0.95 1.00 1.00 1.00 

kex ( s -  1) 17 800 800 800 1000 1000 
22 800 800 1000 1300 1300 

25 1000 1300 1 700 b 1 700 
27 1 300 1 600 2000 2000 

30 1000 1600 1800 2000 2000 

33 1 300 1 800 2000 2000 - 
35 1600 2000 2000  -- - 

37 2000 2000 2000  -- - 

40 2000 2000 -- - 

a The  es t imated  uncer ta in t ies  in the values  are +0 .5  ° for 0/~,, +0 .01  for f~ and _+200 s -1 for kex. 
b This  spec t rum was ob ta ined  at  26 o C. 

higher axial diffusion rates produce no change in the 
a3C lineshapes, the value used in our calculations repre- 
sents only a lower limit. Our simulations show that both 
kex, the rate of exchange between the two components, 
and f~, the fraction of lipid molecules in the L~ form, 
increase with increasing temperatures. A complete set of 
simulated spectra are shown in Fig. 6. For each simu- 
lated spectrum, 128 points were calculated for the 400- 
ppm chemical shift span. Each of these points was 
obtained by averaging over 128 values of the polar 
angles O' and q,' in the powder pattern calculation. It is 
evident that the simulations using this model reproduce 
the experimental spectra quite well. The final values of 
the simulation parameters are listed in Table I. The 
estimated uncertainties in these values are +0.5 ° for 
0~,, + 0.01 for f~ and + 200 s- 1 for kex. 

The most sensitive parameters in the simulations are 
the tilting angle 0~, and the fraction f~ of the L~-like 
lipid component. In Fig. 7, we have plotted the temper- 
ature- and concentration-dependence of the values of 
these two parameters obtained from the simulations. 
These curves show higher f~ values with increasing 

temperatures and concentrations accompanied by slight 
increases in the values of 0t~,. The curves corresponding 
to the two highest concentrations have a very similar 
temperature dependence, indicating saturation of the 
DPPC bilayer at a A9-THC concentration x = 0.20. One 
interesting effect of increasing A9-THC concentrations 
is that the f~ curves become progressively steeper indi- 
cating that the drug-containing DPPC bilayers exhibit 
progressively smaller temperature ranges in which the 
L~,-like and L~-like spectral components coexist. This 
seemingly contradicts the observation that Ag-THC 
broadens the main phase transition of DPPC bilayers, 
but can be explained by relating the appearance of the 
two-component 13C spectra with the onset of the pre- 
transition as has also been suggested in the earlier work 
with different phosphatidylcholine preparations [15]. 
The endothermic peak associated with the pretransition 
in the thermogram of hydrated DPPC is no longer 
observable when Ag-THC is present. A likely explana- 
tion is that the pretransition peak gradually broadens 
with increasing drug concentrations and/or  is masked 
by the stronger peak of the main transition which 
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Fig. 7. Temperature and concentration dependences of two of the 
parameters used in the computer simulations of the solid-state 13C- 
NMR spectra of 2-[I'-13C]-DPPC/Zlg-THC with molar ratios of 
1.00 : 0.00 (El), 0.95 : 0.05 (~), 0.90 : 0.10 (o), 0.80 : 0.20 (zx) and 
0.60:0.40 (v). The top graph contains the tilting angle O#, (5=0.5 ° ) 
that the [,#,-like ~3C = O bond makes with the diffusion axis and the 
bottom one shows the fraction f, (5= 0.01) of lipid molecules in the L~ 

form. The uncertainty in the temperature values is 5= 0.5 K. 

undergoes serious broadening and occurs at progres- 
sively lower temperatures. This interpretation would 
mean that AIg-THC, when introduced in a DPPC bilayer 
preparation, lowers the main phase transition tempera- 
ture and extends its temperature range  while at the 
same time the drug has a smaller effect on the onset 
temperature for the pretransition. 

In our spectral simulations, we found the exchange 
rate kex between the two components to be a less 
sensitive parameter (Table I). We have varied kex from 
800 to 200 s -~ to refine the simulated spectral shapes 
and found that the presence of A9-THC in DPPC bi- 
layers increases the rate of this exchange in a concentra- 
tion dependent manner. The exchange between the L#, 
and L ,  components can be either inter- or intramolec- 
ular. The intermolecular model would involve a coexis- 
tence of the L#, and L~ phases as separate lipid do- 
mains. The domains can be regularly arranged as sug- 
gested by the ripple structure observed by X-ray diffrac- 
tion [25] and the exchange process between two lipid 
molecules in different phases would take place at the 
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domain boundaries. This in effect moves the boundary 
while keeping the number of molecules of each type 
constant for a given temperature. An exchange rate of 
= 10 3 s -1 implies that there must be fast dynamic 
movement of the boundaries sweeping through the do- 
mains. Direct evidence for the existence of such do- 
mains was obtained by a selected reflection dark-field 
micrograph of a hydrated DPPC single bilayer at 17 °C  
[26]. On the other hand, the intramolecular model would 
involve an equilibrium between two lipid conformers, 
representing the L#, and L~ phases, exchanging at a 
rate of = 10 3 S -1. 

Composition dependence of phase properties in the DPPC 
/ A 9- THC system 

The combination of solid state ZH- and ~3C-NMR 
spectra of DPPC/A9-THC preparations can be utilized 
to characterize the composition dependence of the phase 
transition properties. Arguably, data from calorimetric 
measurements may provide the necessary information 
for this characterization. However, such results would 
only reflect on the macroscopic phase changes and bulk 
thermotropic properties of the bilayer, but would pro- 
vide no information at the molecular level. In this 
regard, different chemical groups in the phospholipid 
molecule may respond differently to temperature 
changes and thus be associated with different stages of 
the phase transition. 

For phosphatidylcholines, there is substantial evi- 
dence that the main phase transition and the pretransi- 
tion can be associated with conformational changes in 
two separate groups of the lipid molecule. X-ray diffrac- 
tion [27], electron spin resonance [28,29] and 3ap-NMR 
[30] experiments on saturated phosphatidylcholines 
show that a conformational change occurs at a tempera- 
ture near that of the pretransition. Also, in a 13C-NMR 
study of three saturated phosphatidylcholines, di- 
myristoyl-, dipalmitoyl-, and distearoyl-phosphatidyl- 
choline, the temperature at which the L~-like line first 
appears was found to correlate consistently with the 
temperature of the pretransition in the calorimetric 
measurements [15]. In contrast, phosphatidylethanol- 
amines which do not exhibit a pretransition show only 
the L#, component in the sn-2 carbonyl a3C-NMR 
spectra [31]. Collectively, the emergence of the L~-like 
line in the a3C spectra is believed to result from a 
conformational change in the backbone region of the 
lipid molecule and this change gives rise to the observed 
pretransition endotherm in the thermograms. 

2H spectra due to labeled methylene segments of 
saturated phosphatidylcholines acquire the liquid crys- 
talline appearance of a motionally narrowed Pake pat- 
tern at the main transition temperature which essen- 
tially corresponds with the melting of the lipid acyl 
chains. As previously reported [24,32], we also found by 

2 1 3  comparing the H- and C-NMR spectra of DPPC that 
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the conformational change at the sn-2 13C = O precedes 
the melting of the acyl chains. 

The combined solid-state NMR data from two dif- 
ferent labels in the DPPC molecule provide evidence 
that the pretransition and the main transition are caused 
by two separate events, i.e., a conformational change in 
the glycerol backbone region and melting of the acyl 
chain. To monitor the effects of A9-THC on the phase 
transition properties of the DPPC model membrane at 
the molecular level, we have combined earlier data from 
differential scanning calorimetry with our present 
solid-state NMR results. The data are used to construct 
temperature-composition phase plots in a manner used 
earlier with the dipalmitoylphosphatidylethanolamine/ 
cholesterol system [33]. 

From the ;H-NMR spectra of the different 
DPPC/A9-THC preparation, we have identified the 
temperatures at which the spectrum transforms com- 
pletely into a well defined Pake pattern with sharp 
perpendicular and parallel edges. The 13C spectra al- 
lowed us to extract two temperature values for each 
THC-containing preparation. One value corresponds to 
the temperature at which the L~-like line first becomes 
visible and the other to the temperature at which the 
L/r-like pattern disappears completely leaving only the 
Lclike line in the spectrum. In a parallel manner, we 
also measured two temperature values in the respective 
thermograms corresponding to the starting and ending 
points of the gel to liquid crystal endotherm. In the case 
of pure DPPC, the lower temperature corresponds with 
the onset of the pretransition while the higher tempera- 
ture is equal to the end of the main transition. These 
two endotherms are no longer clearly separable in the 
drug-containing preparations and no attempt was made 
to separate the individual components representing the 
phase transformation from the gel to liquid crystal. 

Shown in Fig. 8 are five plots of temperature versus 
THC concentration. The group of two curves at lower 
temperatures traces out the dependence of pretransition 
temperature on drug concentration. Specifically, the 
13C-NMR data show the temperatures at which the 
local conformational changes occur while the calori- 
metric data reflect changes in the bulk properties. It is 
interesting to notice that the former changes precede the 
latter in temperature by about 4 to 9 K. The group of 
three curves at higher temperatures characterizes the 
dependence of the main transition temperature on the 
DPPC/Ag-THC concentration. Although they show the 
same downward trend with increasing drug concentra- 
tions and are confined within a temperature band of 
less than 4 K, the three curves do exhibit noticeable 
differences. The 2H-NMR results closely correspond to 
the calorimetric data and describe the effect of the 
different drug concentrations on the melting of the 
bilayer chains. In contrast, the curve from the Z3C-NMR 
data represents points at which the conformational 
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Fig. 8. Composition dependence of phase transition properties for the 
DPPC/A9-THC system using transition temperature values obtained 
from 2H-NMR spectroscopy (+), 13C-NMR spectroscopy (O and A) 

and differential scanning calorimetry (0 and A). 

change in the glycerol backbone has been completed. In 
pure DPPC the points from the above three curves 
coincide, indicating that both conformational events are 
complete at the same temperature (= 42 ° C). However, 
in the presence of THC, the full conversion into an 
L,-type 13C-spectrum occurs at progressively lower tem- 
peratures than its 2H counterpart with increasing drug 
concentration. The above data provide further evidence 
that in hydrated DPPC preparations the conformational 
change at the sn-2 carbonyl group is a separate event 
from the melting of the chains. Although zag-THC in- 
fluences both events, its effects on the carbonyl site are 
apparently more intense than those on the chains. This 
is in accord with other data from our laboratory show- 
ing that the cannabinoid resides near the membrane 
interface and is well positioned to interact directly with 
the acyl carbonyl groups [10,11]. 

C o n c l u s i o n s  

Our systematic studies on the temperature and con- 
centration dependences of the solid-state 2H- and 13C- 
NMR spectra show that A9-THC produces drastic ef- 
fects on the phase properties of DPPC bilayers that are 
manifested as changes in the bulk properties of the 
hydrated phospholipid as well as changes in the dy- 
namic and conformational properties of the bilayer. 

Changes in the phase transition temperatures ob- 
served in our previous differential scanning calorimetric 
study of the DPPC/A9-THC system [7] are also re- 
flected in the solid-state 2H- and 13C-NMR spectra 
presented here. Our NMR studies show that the pres- 
ence of A9-THC in DPPC bilayers induces the forma- 
tion of the liquid-crystalline phase component at lower 
temperatures and over a wider temperature range. This 
effect is intensified with increasing drug concentrations 
up to x = 0.20 when full saturation has occurred. 



Changes in the dynamic properties of acyl chains in 
the DPPC bilayers due to the presence of A9-THC are 
best seen in the temperature dependence of the 
quadrupolar splittings and echo amplitudes as measured 
from the 2H spectra. The spectral results suggest that 
za9-THC reduces the cooperativity among the phospho- 
lipid chains providing useful insights into the mecha- 
nism of membrane perturbation by the cannabinoids. 
The 13C spectra and the corresponding computer simu- 
lations reveal that the equilibrium population between 
the La, and L~ phase components is drastically altered 
by the incorporation of the A9-THC into the DPPC 
bilayers. In effect the presence of A9-THC causes the 
DPPC bilayers to appear as if the membrane were at a 
higher temperature. 

Regarding the conformational properties of DPPC 
bilayers, both 2H and 13C spectra provide evidence of 
changes induced by Ag-THC. The slight increase in the 
quadrupolar splittings that we observed in the 2H spec- 
tra is a piece of evidence that Ag-THC increases the 
trans: gauche conformer ratio in the region from C~, to 
C7, of the lipid chain when compared to pure DPPC. 
However, it does this much less effectively than 
cholesterol. At 42 ° C, A9-THC (x = 0.20) increases AvQ 
by 1 kHz whereas we have observed an increase of 11 
kHz by cholesterol (x = 0.20) in DPPC preparations at 
the same temperature. If we assume that one molecule 
of Ag-THC displaces one molecule of cholesterol in the 
mammalian cell membrane, one could argue that the 
net effect of A9-THC is to increase the relative number 
of gauche conformers in the bilayer. 

Regarding the 13C-NMR results, these seem to indi- 
cate that A9-THC initially affects the bilayer at the 
interface between the polar and hydrophobic compo- 
nents of the phospholipid and most likely at the carbonyl 
region. This is in accord with our previous findings on 
the orientation [11] and topography [10] of Ag-THC in 
the membrane. The effects on the phospholipid chains 
appear to follow this interaction. Higher drug con- 
centrations produce a wider separation between the two 
conformational events. This thermal behavior of the 
bilayer in the presence of A9-THC contrasts the ob- 
served properties of pure hydrated DPPC where the 
thermally induced conformational events at the carbonyl 
and the chain components of phospholipid proceed 
concurrently. 

Our present data on the interactions of A9-THC with 
phosphatidylcholine bilayers can be used as a model 
which describes the molecular events leading to mem- 
brane perturbation by amphipathic molecules. These 
include; (a) interaction of the amphipath with the bi- 
layer at the interface; (b) decreased cooperativity at the 
bilayer chains represented by a broadening of the phase 
transition which results from a separation between the 
conformational events at the interface and those at the 
bilayer chains; and (c) an overall increase in the ratio of 
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gauche: trans conformers in cholesterol containing bi- 
layers. 
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