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Abstract: 2H NMR measurements on several dimyristoylphosphatidylcholine (DMPC)/water/benzyl alcohol (BZA) ternary 
systems in the L„ phase are reported. The results on selectively deuterated BZA are analyzed on the basis of several possible 
models for the conformational motion of the benzene ring with respect to the a-hydroxymethyl group. The data are not consistent 
with a model in which the ring rotates rapidly relative to the hydroxymethyl group about the para axis of the molecule. Results 
for selectively deuterated DMPC show that at a molar ratio BZA:DMPC of 7:15, BZA has its greatest effect on the orientational 
ordering of the head group and glycerol moiety in the "backbone" region of the bilayer membranes. This confirms the location 
of the molecule in the interfacial region of the bilayer. The NMR data are supported by low-angle X-ray diffraction measurements 
which show significant increases in bilayer area per lipid molecule on incorporation of BZA in the membrane. 

It is still unclear how and where anesthetics exert their phar
macological effects on excitable tissues and produce the physio
logical phenomenon known as anesthesia.1"7 Anesthesia can be 
induced by reagents ranging from xenon to steroids, suggesting 
a molecular mechanism that involves a nonspecific receptor site. 
The excellent correlation of lipid solubility with anesthetic potency1 

implies an interaction with hydrophobic regions in the membrane 
and has led to the formulation of various unitary theories of 
anesthesia. These theories propose that all general anesthetics 
act by the same mechanism at a common molecular and sub
cellular site. There have been numerous suggestions as to the 
precise location of this site within the cell. Although it is widely 
agreed that the ultimate effects of general anesthetics are on 
proteins, the following question remains: do anesthetics act directly 
on proteins or do they act indirectly by first affecting membrane 
lipids or cellular water?8,9 Unitary theories based on membrane 
lipids as the site of anesthetic action have been favored.1 These 
may be grouped into three broad categories depending on whether 
they emphasize membrane expansion or thickening, an anesthetic 
induced phase transition, or changes in fluidity as triggering the 
onset of anesthesia.1"6 

As a first step in critically evaluating lipid-based unitary theories 
of anesthesia, it is necessary to determine the distribution of 
anesthetic molecules in lipid bilayers and their effect on bilayer 
structure. Using calorimetric10"13 dilatometric,14 and spin label 
methods,1516 a number of authors have studied the effects of 
anesthetics on lipid structure by examining how they change the 
chain-melting temperature Tm of the lipids. Changes in bilayer 
thickness on incorporation of n-alkanes have been investigated 
by means of membrane capacitance measurements,17 X-ray,13,18 

and neutron" diffraction. However, surprisingly little is known 
about how anesthetic molecules are oriented by, and interact with, 
phospholipid bilayers at the molecular level. Novak and Swift20 

have demonstrated an interaction between lipid head groups and 
anesthetic barbiturates in nonpolar solvents by 1H NMR. HaI-
othane and xenon have been shown by 19F and Xe NMR, re
spectively, to be in fast exchange between the membrane and 
aqueous phases in some model and biological membranes, but this 
is not the case with saturated lecithins, even above their phase 
transition.21"23 Kelusky and Smith24"26 have employed 2H NMR 
to study the binding of procaine and tetracaine to lipid bilayers 
formed from egg PC and PE (phosphatidylethanolamine). Here 
too, the anesthetics are in slow exchange between the bilayer and 
the aqueous phase. Tetracaine partitions strongly into the lipid 
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while procaine is only weakly bound. Recently the interaction 
of M-octanol and /i-decanol with model membrane systems has been 
examined by 2H NMR.27,28 

The effect of the local anesthetic benzyl alcohol (BZA) on 
bilayer structure has received more attention.29"37 Ashcroft et 
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Figure 1. Representative 2H NMR spectra of BZA(^7) in lipid bilayer 
of molar composition DMPC/0.5 BZA/9H20 for two temperatures in 
the L„ phase: (a) 21 °C, (b) 42 0C together with the corresponding 
computer simulated spectra (above). Identification of the principal peaks 
of the superimposed powder spectra is indicated by p, the ring para 
position, a, the a-CD2 group, and R, the ring ortho and meta positions. 

al.29,30 studied the influence of BZA on the capacitance of black 
lipid membranes formed from egg lecithin. It was found that the 
capacitance of the hydrocarbon region was reduced, suggesting 
a thickening of the bilayer. In contrast membranes formed in the 
absence of n-alkane solvent (commonly used to dissolve the lipid 
before painting the membranes) are reduced in thickness in the 
presence of BZA,31,32 indicating that the earlier result reflected 
increased solvent retention by the bilayer. Metcalfe et al. studied 
the binding of BZA in erythrocyte membranes, lipid bilayers, and 
protein extracts.33'34 Proton NMR studies of the choline methyl 
groups in model membranes indicate that a fraction of the dis
solved BZA molecules exists within the interfacial region close 
enough to the choline moiety to cause aromatic ring current 
induced chemical shifts in the iV-methyl protons.35 

2H NMR of selectively deuterated lipids has been extensively 
employed to study molecular orientational ordering and mobility 
in model membranes formed from both synthetic lipids and lipid 
extracts of biological membranes.38'39 The 2H NMR spectrum 
has the advantage of being little affected by intermolecular in
teractions and consequently its interpretation is relatively unam
biguous. In addition, the method generates minimum perturbation 
to the system under study. The use of 2H NMR in the study of 
solutes incorporated in lipid bilayers has been much more Hm-
ited.24^6'28'36'40"44 In order to further characterize the nature of 
anesthetic-membrane interactions in general, and that of BZA 
with lipid bilayers in particular, we have extended the work of 
Turner and Oldfield36 by carrying out a 2H NMR study of di-
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Figure 2. Illustration of the coordinate frames used in the text, (xyz) 
is the principal axis frame of the order matrix, (x̂ y.-z,) that of the indi
vidual sites in the molecule with i = p, a, and R corresponding to the 
para, a-CD2, and ring (ortho and meta) deuterons, respectively, the latter 
chosen to take account of the ring flipping motion. A tetrahedral ar
rangement was assumed for the C-OH, C-D0, and C-C (aromatic) 
bonds and the para axis chosen to lie in the yz plane of illustration (a). 
A view parallel to the para axis is shown in (b) while (c) and (d) illustrate 
the Euler angles (afitf,) employed in the calculation. 

myristoylphosphatidylcholine (DMPC)/BZA/H 20 systems in 
which both the BZA and DMPC were selectively 2H labeled. 
Deuterated BZA has several desirable features which make it a 
suitable compound for study in this way. In particular it contains 
a number of relatively rigid C-D bond directions which provide 
most of the information necessary to characterize its orientational 
ordering in the bilayer. Data from 2H-labeled sites on the glycerol 
backbone and acyl chains of DMPC provide complementary in
formation which assists in determining the disposition of the BZA 
molecule in the bilayer. 

Theory 
The spectral patterns illustrated in Figure 1 are characteristic 

of uniaxially ordered molecules in which the deuterium quadrupole 
interaction has been averaged in the fast motion regime.45 In 
this case, the splittings, AK1-, between the edge singularities of the 
fth deuterated site are related to the time-averaged quadrupole 
interaction Pn' = e2Qq/h by the expression "Q 

A», = %Vcj (D 
where eq = FZNZN is the principal (zN) component of the time-
averaged electric field gradient tensor (parallel to the bilayer 
normal) and eQ is the quadrupole moment of the nuclear spin. 

Because some of the C-D bonds are differently oriented with 
respect to the most ordered axis of the molecule, the quadrupole 
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interactions, which are almost entirely intramolecular in origin 
and determined by the electronic configuration of this bond, are 
differently averaged by the thermal motion. In order to compare 
the averaging of the various spectral components, a common 
procedure is to make use of the Maier-Saupe order tensor Sjk = 
'/2<3 cos Bj cos 8k - 5jk) (J, k = x, y, z) where the 0, define the 
instantaneous orientation of a coordinate frame fixed to the 
molecule, relative to the common zN axis of the averaged field 
gradient tensor from all of the sites (in this case the bilayer 
normal). In its diagonal form, there are only two order parameters 
Sn and (Sxx - Syy) for the order matrix where x, y, z are the axes 
which diagonalize the matrix (the principal molecular axes). If 
a,, ft, and 7, are the Euler angles (see Figure 2) that give the 
orientation of the principal axes of the field gradient tensor as
sociated with a particular deuterated site relative to the principal 
molecular axes, the motion of the x, y, z frame due to thermal 
reorientation will, in the fast motion regime, yield an average 
coupling constant, PQ', given by the expression45 

"Q' 

\+(SxxSyy)\ *- sin2 ft cos 27, I +(Sxx - Syy)\ - sin2 ft cos 2a, + ^ (1 + 

B cos2 ft) cos 2a, cos 27, - — cos ft sin 2a,- sin 27, | J (2) 

where pQ' and 77' are the coupling constant and asymmetry pa
rameter, respectively, associated with the particular site prior to 
the averaging process. A common problem in these studies is that 
internal motion within the molecule causes an additional averaging. 
In general in such cases it is necessary to define a set of principal 
molecular axes and order parameters for each molecular con
formation, unless these are rendered equivalent by the molecular 
symmetry.46,47 However, in the limit that the conformational 
motion is independent of the molecular motion, the above analysis 
is still applicable provided VQ' and if are replaced by quantities 
V and Tj' respectively, which reflect this internal averaging. 

In the application of eq 2 we have fixed the molecular x, y, z 
frame to the hydroxymethyl group as indicated in Figure 2a,b. 
Because the a-positions show equivalent spectra at all tempera
tures, we take the z, y plane to bisect the two C-D a bonds. Not 
knowing the orientation of z we let it subtend an angle p (to be 
measured) relative to the para axis of the ring. Assuming a 
tetrahedral configuration for the C-OH, C-Da, C-Da , and C-C 
(ipso) bonds and using the principal axes associated with each 
site as indicated in Figure 2a, eq 2 gives 

"QP 

"<f 

= »QP{(feos*p -\j 

" Q i 2 [si"2 05.26 - p) 

(sin2 p)(Sxx - Syy) (3a) 

I]S** + 7[sin2 (35.26 - p) + 
6 

1 ] ( S „ - S W ) > (3b) 

PQR = V) I (j COs2 P ~ 2 / ~ T "^ P 

I 1 • 2 

2 s i n 
vR 

(1 + COS2 p) (Sxx-Syy)> (3c) 

where the superscripts refer to the para, a-CD2, and ring (ortho 
and meta) positions and the values of VQP and VQ" we take as 182 
and 175 kHz, respectively.39,48 Since in this case the ring can rotate 
relative to the hydroxymethyl group we must model this motion 
in order to use the splitting of the ortho and meta positions of the 
ring in the evaluation of molecular order. We are forced to do 
this since knowledge of the splittings from the a-CD2 and para 
positions alone is insufficient to solve for the 3 unknown, p, Sn, 

Figure 3. Possible conformations of the flipping aromatic ring, with 
(X&VR^R) the time averaged principal axes and zR parallel to the para axis 
of the ring. The ring flip models illustrated include (a) the three con
formations in which one of the C-D„ or C-O bonds lies in the plane of 
the ring. Conformation a(i) is assigned probability p, while that of a(ii) 
and a(iii) is (1 -p)/2 in each case, (b) The three conformations in which 
one of the C-D0 or C-O bonds is in a plane normal to that of the ring, 
with probabilities (1 -pO/2 andp', respectively. 

and (Sxx - Syy). Accordingly we have calculated the average 
quadrupolar interaction at the ortho and meta ring positions on 
the basis of several possible models for the conformational motion. 

Free Rotation Model. This is the model normally assumed for 
this motion.49 Free rotation about the para-axis yields PQ

R = (3/2 

cos2 8 - ' / ^ ) V where the angle, 8, between the C-Da bond and 
the para axis is assumed to be 60° and vQ

K = 182 kHz.49 We 
shall show in the discussion, however, that this model yields un
acceptable results. 

Hindered Rotation Model. A more realistic model is one in 
which the ring prefers one of several conformations relative to 
the hydroxymethyl group such as those indicated in Figure 3. For 
rotation about the para axis and noting that xR and >R are axes 
of symmetry, the field gradient tensors in the xR, yR, zR frame 
can be expressed as50 

= V1Ay1 sin2 8 cos2 4> - Y2) 

*WR = v**02 sin2 8 sin2 <j> 1A) (4) 

= K2(2,(3/2 cos 2 9 - V2) 

where 8 and <j> are the polar and azimuthal angles giving the 
orientation of the ith C-D bond (z axis) of the ortho and meta 
ring positions relative to the xR, yR, zR frame. We take 8 = 60° 
and <j> takes on values consistent with a particular model. Defining 
V = (eQ/h)VZR!R and fl* = (VXRXR - Vn^J/Vn^ we find that 
for all the models described in the caption of Figure 3 ?QR = 
-J /Q R /8 while the value of 5jR is model dependent. For a ring 
flipping between the conformations of Figure 3a with a probability 
p of being in conformation 3a(i) we obtain 

5jR = 
lip-9 

(5a) 

while for a similar 6-fold flip of the ring between the conformations 
of Figure 3b with probability p'assigned to conformation 3b(i) 

- 2 7 p ' - 9 
; (5b) n* = 
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Table I. Calculated Values »jR for the Various Ring Flip Models 
Described in Figure 3" 

model i;R 

1. (i) T and 120° flips of the ring between all (27p - 9)/2 
conformations of Figure 3a 

(ii) ir and 120° flips of the ring from -9/2 
conformations of Figure 3a (ii) and (iii) (p = 
0) 

(iii) ir flips of the ring from conformation of +9 
Figure 3a (i) (p = 1) 

2. (i) ir and 120° flips of the ring between all (-2Ip' + 9)/2 
conformations of Figure 3b 

(ii) v and 120° flips of the ring from +9/2 
conformations of Figure 3b (ii) and (iii) (p' -
0) 

(iii) x flips of the ring from conformation of -9 
Figure 3b (i) ( p ' = 1) 

"Note: In all cases PQ
R = -vQ

R/8 = -22.75 kHz. Values for ijR 

assume 8 = 60° (Figure 2a). The value of p or p' predicts the proba
bility of the conformers of Figure 3a (i) and Figure 3b (i), respectively. 
The remaining conformers in each group then have probability (1 -
p) /2 or (1 - pr)/2. Free rotation of the ring corresponds to p or p' = 
V3. 

Results for some specific cases are summarized in Table I. It 
may be noted that the values of ?jR may be greater than one or 
negative which simply indicates that we have not followed the 
convention of taking \VXRXR\ < | P W R | < \VZRZR\. 

The above analysis is valid subject to the conditions indicated 
above, that the conformational motion of the ring is independent 
of the orientation of the molecule in the bilayer. A further ap
proximation, commonly employed in studies of molecular order 
in lipid crystal systems,45 is to assume that (S^ - Sn,) = 0, enabling 
eq 3a and 3b to be solved for p and Szz independent of a model 
for the ring motion. 

Materials and Methods 
Synthesis of 2H-Labeled Fatty Acids. 14,14,14-Trideuterio-

tetradecanoic (myristic) acid was prepared by the method of Westerman 
and Ghrayeb.51 6,6-Dideuteriotetradecanoic acid was synthesized by 
anodic coupling of a-deuterated decanoic acid with monomethyl-
succinate.41 Deuterium exchange at the a-position of myristic and de
canoic acids was accomplished by using a modification of the method of 
Aasen et al.52 The purity of the 2H-labeled fatty acids was confirmed 
by GLC of the corresponding methyl esters. GLC was performed on a 
Hewlett-Packard 5840 gas chromatograph with a column packed with 
10% Silar-lOC on 100-120 mesh gas Chrom Q. The position and extent 
of isotropic incorporation of the 2H labels were determined by 13C NMR 
and mass spectrometry. Natural abundance 13C NMR spectra (15% 
(w/v) solutions in CHCl3) were obtained on either Bruker WP 80 or 
Varian FT80 spectrometers operating at 20.115 MHz with proton noise 
decoupling. 

Synthesis of 2H-Labeled Dimyristoylphosphatidylcholine. DMPC, 
selectively 2H-labeled on the sn-2 acyl chain was prepared by the fol
lowing sequence of reactions. Glycerophoshocholine cadmium chloride 
(GPC-CdCl2), prepared from egg lecithin, was acylated with unlabeled 
myristic acid anhydride to yield l,2-dimyristoyl-.sn-glycero-3-phospho-
choline.41 Enzymatic removal of the fatty acid from the sn-2 position53 

gave lysolecithin, which was then acylated with either 2H-labeled myristic 
acid54 or 2H-labeled myristic acid anhydride55 to yield labeled 1,2-di-
acyl-sn-glycero-3-phosphocholine. The product was isolated by column 
chromatography on silica gel, eluting with chloroform/methanol 8:2 or 
7:3 (v/v). TLC analyses were carried out on Absorbosil-5 silica gel plates 
(Applied Sciences), using chloroform/methanol/water 65:25:4 (v/v) as 
the solvent system and both molybdenum blue and iodine vapor to visu
alize spots. The positional purity of the phosphatidylcholine was deter
mined by GLC and mass spectral analysis of the fatty acids as methyl 

(51) Westerman, P. W.; Ghrayeb, N. Chem. Phys. Lipids 1981, 29, 
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Figure 4. The structure of dimyristoylphosphatidylcholine (DMPC) 
indicating the selectivity 2H-labeled sites in the region of the headgroup 
and glycerol backbone. 

esters after hydrolysis with phospholipase A2.
56 Phosphate analyses were 

performed by the method of McClare.57 DMPC selectively 2H-labeled 
on the 2' positions of both the sn-\ and sn-2 chains was prepared by 
acylation of GPC-CdCl2.

54 

Selective deuteration of the glycerol moiety was achieved by the fol
lowing procedure. rac-Isopropylidene [2-2H]glycerol was prepared by 
reduction of dihydroxyacetone with NaB2H4

58 and rac-isopropylidene 
[1,3-2H4] glycerol was synthesized from diethylacetoxymalonate by re
duction with LiAl2H4.58 The appropriately labeled rac-isopropylidene 
glycerol was used to prepare in several steps selectively deuterated 1,2-
dimyristoyl-rac-glycerol,59 which was then converted to 2H-labeled 
DMPC by the procedure of Eibl.60 DMPC selectively deuterated on the 
choline moiety was prepared by the same procedure utilizing 2H-labeled 
ethanolamine61 at the appropriate step. The positions of the labeled sites 
on the glycerol backbone and headgroup regions of the DMPC molecule 
are illustrated in Figure 4. 

Synthesis of 3H-Labeled Benzyl Alcohols. Reduction of methyl ben-
zoate (Aldrich) with LiAl2H4 gave a quantitative yield of BZA(rf2), 
2H-labeled on the benzylic (a-CD2) position. Purification by vacuum 
distillation produced material with physical properties consistent with 
published data. BZA both perdeuterated (d-i) and selectively deuterated 
on the benzene ring (d5) were purchased from MSD (Merck, Sharp and 
Dohme) as isotopes and used without further purification. Benzyl alco
hol, 2H-labeled in the para position, was prepared from [4-2H] benzoic 
acid by esterification and reduction with LiAl2H4. The labelled benzoic 
acid was synthesized by the treatment of p-chlorobenzoic acid with Raney 
nickel in 2H2O under alkaline conditions according to Buu-Hoi et al.62 

Sample Preparation and Data Acquisition. The purity of phospholipid 
samples was checked by TLC both before and after recording NMR 
spectra. The DMPC/«BZA/9H20 samples (with n = 0.1 and 0.5) were 
prepared by adding the appropriate quantities of labeled BZA and water 
to a weighed (~100 mg) amount of vacuum dried DMPC (Sigma) via 
a microsyringe in a test tube with a ~ 1-mm constriction. The tubes were 
then sealed with the contents frozen by dipping the end of the tube in 
liquid nitrogen and mixed by repeated centrifugation through the con
striction.28 Hydration of the 2H-labeled DMPC samples was achieved 
by warming at 30 0 C in excess deuterium depleted water (70-80% 
(w/w)) with thorough mixing.63 Spectra from the 2H-labeled BZA 
samples were recorded on a Bruker CXP 300 NMR spectrometer oper
ating at 46.063 MHz, while those from the labeled DMPC were obtained 
at 30.87 MHz on a "home built" spectrometer. In both cases a quad-
rupolar echo technique was employed with Cyclops phase cycling.3' 
Low-angle X-ray diffraction patterns were obtained by using copper Ka 
radiation from a Hilger microfocus X-ray generator fitted with Elliot 
toroidal optics. Further details of sample preparation and analysis, in
strumentation, and temperature control are contained in ref 28 and 63. 

(56) van Deenen, L. L. M.; de Haas, G. H. Biochim. Biophys. Acta 1963, 
70, 538-553. 

(57) McClare, C. W. F. Anal. Biochem. 1971, 39, 527-530. 
(58) Wohlgemuth, R.; Waespe-Sarcevic, N.; Seelig, J. Biochemistry 1980, 

19, 3315-3321. 
(59) Howe, R. J.; Malkin, T. J. Chem. Soc. 1951, 2663-2667. 
(60) Eibl, E. Chem. Phys. Lipids 1980, 26, 239-247. 
(61) Taylor, M. G.; Smith, I. C. P. Chem. Phys. Lipids 1981, 28, 119-138. 
(62) Buu-Hoi, N. P.; Dat Xuong, N.; van Bac, N. Bull. Soc. Chim. Fr. 

1963, 2442-2445. 
(63) Westerman, P. W.; Vaz, M. J.; Strenk, L. M.; Doane, J. W. Proc. 

Natl. Acad. Sci. U.S.A. 1982, 79, 2890-2894. 
(64) Katz, Y.; Diamond, J. M. J. Membr. Biol. 1974, 17, 101-120. 
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Table II. Effects of Benzyl Alcohol on 2H NMR Quadrupole 
Splittings of Specifically 2H-Labeled D M P C 
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Figure 5. Temperature dependence of quadrupole splittings measured 
between the principal peaks in the 2H NMR spectra of deuterated BZA 
in bilayer membranes formed from DMPC. The results are plotted 
against reduced temperature (7"- Tm), where Tm is the main gel-liquid 
crystal transition temperature. Sample compositions are (O) DMPC/0.1 
BZA/9H20 (Tm = 24 0C) and (D) DMPC/0.5BZA/9H2O (7"m = 18 
0C). The full curves represent smoothed data for DMPC/0.1BZA/ 
9H2O as used in the theoretical analysis. 

Results 
Representative spectra for BZA(^7) in bilayers of molar com

position DMPC/0.5BZA/9H2O are shown in Figure 1, together 
with the corresponding computer simulated (y = 0) powder spectra 
at two temperatures. The assignments of the principal peaks 
indicated in the figure were determined by comparison with similar 
results for BZA selectively deuterated at the para position of the 
ring and a-CD2 positions, respectively. They were confirmed on 
the basis of the peak intensities required for the spectral simu
lations and a chemical shift of approximately 3-4 ppm between 
the center of the a-CD2 component and that of the two components 
from the ring positions. The variation with temperature of the 
splittings between the principal peaks corresponding to para, 
a-CD2, and ring (ortho and meta) deuterons is shown in Figure 
5 for all samples studied. The results are plotted against reduced 
temperature (T- Tm) where Tm is the temperature of the main 
gel-liquid crystal transition. The latter is reduced on increasing 
both water and BZA concentration and was determined from the 
observed discontinuities in 2H splittings at the transition. Values 
of Tm for the samples studied are given in the caption to Figure 
5. Results shown include data from perdeuterated BZA(^7) and 
BZA selectively deuterated at the ring (d5) and «-CD2 (^2) 
positions. 

It was found necessary to work at reduced hydration with the 
2H-labeled BZA samples in order to resolve the splittings from 
the ring ortho and meta deuterons (Figure 1). This also resulted 
in an improved signal-to-noise ratio, enabling us to work at 

position of 2H label 

3S (glycerol) 
IR (glycerol) 
2 (glycerol) 
IR (glycerol) 
IS (glycerol) 
2'R,S (sn-\-chain) 
2'R (sn-2-chain) 
2'S (j«-2-chain) 
6'R,S (sn-2-chain) 
14', 14', 14' (ra-2-chain) 
a-CH2 (choline) 
/3-CH2 (choline) 

quadrupole splittings 
(kHz)* 

28.3 
26.3 
25.4 
19.0 
0.0 

26.0 
17.5 
12.4 
26.8 

3.0 
6.0 
4.9 

effect of benzyl 
alcoholc 

-1.5 
-1.3 
-0.1 
+0.6 

0.0 
+ 1.4 
+ 1.1 
+0.4 
+0.3 
-0.2 
-0.6 
-0.9 

"For T = Tm + 14 0C; mol of BZA/mol of DMPC = 7/15 in bi
layer. Ratio calculated using a DMPC/H20 partition coefficient of 
13.9.64 'Multilamellar dispersion of pure DMPC in excess H2O, for 
which chain melting temperature Tm = 23 0C. Error estimated to be 
±0.2 kHz. c Positive value indicates an increase in the quadrupole 
splitting. For this sample, chain melting temperature Tm = 16 0C. 

concentrations (n = 0.1) approaching those employed for an
esthesia. The samples at n = 0.5 were used mainly for spectral 
simulation purposes in order to check the peak assignments. In 
excess water the splittings from the a-CD2 and para deuterons 
were reduced by approximately 15-20% at equivalent temperatures 
with respect to those obtained at reduced hydration. 

Results for the influence of BZA on the temperature variation 
of 2H splittings from selectively deuterated DMPC in excess water 
are shown in Figure 6 and summarized in Table II for a tem
perature of 37 0C. In assigning quadrupole splittings in the 2H 
NMR spectra of DMPC deuterated at the \R, IS, 3/?, and 3S 
sites of the glycerol moiety it was assumed that these splittings 
in DMPC were very similar to values reported for the same 
positions in DMPC65 dipalmitoylphosphatidylcholine,66 and other 
phospholipids.58'6768 Stereospecific monodeuteration of several 
of these phospholipids showed that the two splittings from the 
1-glycerol segment and the two splittings from the 3-glycerol 
segment reflect motional inequivalence of the individual deuter
ons.67 Assignment of quadrupole splittings for DMPC, 2H-labeled 
in the 2' positions of the sn-\ and sn-2 chains, was based on 
reported values for these splittings.69,70 a and /3-CH2 choline data 
were obtained on tetradeuterated material, and assignments are 
based on previously published data.66,71 

Low-angle X-ray diffraction data from DMPC/BZA/1IH2O 
as a function of the concentration of BZA in the bilayer, above 
the phase transition, are shown in Figure 7. The thickness of 
the acylglycerol region (dAG) and the bilayer area per phospholipid 
(A) were calculated from the bilayer repeat distance (d) according 
to the method of ref 28. 

Discussion 
In interpreting the data from 2H-labeled BZA (Figure 5), two 

problems arise. Firstly, the 2H NMR spectra yield the magnitudes 
of the time averaged quadrupole interactions VQ for each labeled 
site i on the molecule from eq 1, but not their relative signs. 
Secondly, solution of eq 3a-c to yield values for p, S2Z, and (Sxx 

- Sy)l) requires a knowledge of the ring motion relative to the 
hydroxymethyl group in order to obtain a value for 5jR (see Table 
I). However, even in the absence of such information some 
progress can be made. 

(65) Strenk, L. M.; Westerman, P. W.; Doane, J. W. Biophys. J. 1985, 
48, 765-773. 

(66) Gaily, H. U.; Niederberger, W.; Seelig, J. Biochemistry 1975, 14, 
3647-3652. 

(67) Gaily, H. U.; Pluschke, G.; Overath, P.; Seelig, J. Biochemistry 1981, 
20, 1826-1831. 

(68) Browning, J. L.; Seelig, J. Biochemistry 1980, 19, 1262-1270. 
(69) Engel, A. K.; Cowburn, D. FEBS Lett. 1981, 126, 169-171. 
(70) Seelig, J.; Seelig, A. Q. Rev. Biophys. 1980, 13, 19-61. 
(71) Seelig, J.; Gaily, H.; Wohlgemuth, R. Biochim. Biophys. Acta 1977, 

467, 109-119. 
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Figure 6. Temperature dependence of quadrupole splittings measured 
between the principal peaks in the 2H NMR spectra of DMPC (•) and 
DMPC/BZA (O) (15 mol:7 mol) bilayer membranes in which the 
DMPC is 2H-labeled (a) on the \RJS and 3R,S positions of the glycerol 
backbone; (b) on the a and 0 (to the phosphate) methylene segments of 
the choline headgroup, and (c) on the 2'-positions of the sn-\ and -2 
chains. 

Firstly, a ring freely rotating about the para axis can be ruled 
out. From Table I free rotation (p — l/3 or p' = ' /3) yields 5?R 

= 0. Since in this case PQR = V(^-Ql2 cos2 8 - ' / 2 ) , where 6 is the 

< 

jj[ 50O 0-5 10 15 2 0 

HOLAR RATIO BZA / L I PIO (n) 
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Figure 7. Variation with benzyl alcohol concentration of (a) the bilayer 
repeat distance d, (b) the thickness of the hydrocarbon region (acyl-
glycerol region) dAa, and (c) the bilayer area per lipid molecule A for 
bilayers of composition DMPC/BZA/11H20 at a temperature just above 
the gel-liquid crystal phase transition, as determined by low-angle X-ray 
diffraction. 

angle between the ortho and meta C-D bond directions relative 
to the para axis, we have from eq 3 with r)R = 0 that T>QR/I>Q? = 
(3/2 cos2 8 - ]/2). The data of Figure 5 then clearly yield the 
unacceptable result that 8 = 54.7° for BZA in DMPC/ 
0.1BZA/9H2O at Tm + 18 0 C = 42 0C for which temperature 
VQR passes through zero. To satisfy this relationship 8 would also 
have to vary by 2° in angle over the ~40 0C temperature range 
of our liquid crystal phase data. The value of 8 however is known 
to be 60° ± 1 ° and would would not be expected to vary with 
temperature in this way.49 

The fact that the 2H splittings for the ring positions of BZA 
pass through zero in the temperature range of our data also 
removes much of the uncertainty over the relative signs of the 
observed 2H splittings. For this temperature there are then only 
two possibilities—corresponding to the time averaged quadrupole 
interactions for the a-CD2 and para deuterons having the same 
or opposite signs. Consequently we have sought solutions to eq 
3 at this temperature for DMPC/0.1BZA/9H2O, over the full 
range of the weighting parameter p, viz 0 < p < 1 for the 6-fold 
flip model of Figure 3a. The solutions were found by substituting 
for S„ from eq 3a and 3b and 3c and rearranging to obtain two 
separate expressions for (Sxx - Syy) in terms of p, p, and the 
measured splittings. For a given p value, these expressions were 
then compared over a suitable range of p values (-90° < p < 
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+90°). For values of p which gave simultaneous solutions for (Sxx 

- Syy), all three order parameters Sxx, Syy, and S22 were calculated 
by making use of the identity Sxx + Syy + S22 = 0. Apparent 
"solutions" for p which yielded values of the maximum order 
parameter (largest of Sxx, Syy, and S22) 5M A X > 1 were discarded, 
as were those for which any two of the S,,'s had magnitudes >0.5, 
this being inconsistent with the above identity and the definition 
of the order parameters which requires -0.5 < S1J S 1. Clearly, 
from eq 5a and 5b, a solution corresponding to a particular p value 
can in general also be interpreted in terms of the alternative 6-fold 
flip model of Figure 3b with p' = 2/3 - p, subject of course to 
the proviso that 0 < p' < 1. 

The solutions are illustrated in Figure 8a-c. We have defined 
DjS as the difference between the two smaller components of the 
order matrix (D) divided by the largest component 5M A X . For 
the case where the a-CD2 and para deuteron splittings were 
assumed to be of opposite sign (case A), there are no solutions 
for p values in the range 0.26 5 p S 0.38. For p = 0 and low 
values of this parameter the most ordered axis is z (Figure 2a). 
While with p =* 0.11, \D/S\ —• 1 and the most ordered axis 
switches to y in the range 0.11 S p S 0.26 and 0.38 S p S 0.4. 
For 0.4 S p S 0.51 there is a further change of the most ordered 
axis to x, before returning to z for p > 0.51. However, for the 
most ordered axis to be x requires that this axis be parallel to the 
bilayer normal. This would appear to be unlikely if, as anticipated, 
the polar hydroxyl group of BZA confers on the molecule a 
preference for the aqueous interface region of the bilayer, since 
such a conformation could be expected to result in maximum 
disruption of the bilayer structure. That the BZA molecule does 
reside preferentially in the vicinity of the lipid headgroups and 
glycerol backbone region of the bilayer is confirmed by our X-ray 
diffraction data and NMR results for bilayers comprising 2H-
labeled DMPC (see below). 

If the time averaged quadrupole interactions for the a-CD2 and 
para deuterons are assumed to have the same sign (case B), 
solutions can be found only for p values SO.3. Here the y axis 
is most ordered for 0 S p S 0.11 and 0.27 S p S 0.3, but it 
switches to z in the intervening range. 

With the exception of a narrow range of p values (0.22 S p 
< 0.26 and 0.38 <p< 0.385 for case A and 0.285 S p S 0.30 
for case B), values of the order parameter for the most ordered 
axis (5MAX) are restricted to the ranges 0.18 S 5M A X S 0.5 and 
0.39 S SMAX S 0.5, respectively. To further restrict the range 
of possible solutions would require a knowledge of either the ring 
motion or the relative signs of the quadrupole couplings for the 
various sites, derived from some independent measurement. On 
the basis of gas electron diffraction,72 infrared spectroscopy,73 

NMR spectroscopy,74 and molecular force field calculations,73 

exchange models of the type illustrated in Figure 3 appear to be 
favored. Experimental evidence72'74 indicates that the dominant 
conformation corresponds either to a CAr-C torsion angle of 
approximately 60° [conformers 3a (ii) and (iii) of Figure 3, i.e., 
p — 0] or free rotation of the ring around this bond. In contrast 
the molecular force field calculations73 appear to favor slightly 
the conformation of Figure 3b (i), but this conformation is not 
supported by the NMR data.74 Since the experimental data for 
the gas phase and solutions of BZA in both CCl4 and Me2SO point 
to p values close to zero, we have calculated values of p, 5M A X , 
and |£>/5| for DMPC/0.1BZA/9H2O over the full temperature 
range of our measurements. Results are shown in Figure 9, 
together with similar results obtained on the assumption D = (Sxx 

- Syy) = 0 for comparison. The p values corresponding to these 
solutions are p «= 0.78 (case A) and p « 0.27 or p ' = 0.40 (case 
B) almost independent of temperature over the range studied. The 
bars on the points in Figure 9 indicate the separation of values 
obtained on the assumption of positive or negative sign respectively 
for the time averaged quadrupole interaction for the ring (ortho 

(72) Traetteberg, M.; Oestersen, H.; Seip, R. Acta Chem. Scand. 1980, 
A34, 449-454. 

(73) Ito, M.; Hirota, M. Bull. Chem. Soc. Jpn. 1981, 54, 2093-2098. 
(74) Abraham, R. J.; Bakka, M. Tetrahedron 1978, 34, 2947-2951. 
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Figure 8. Solution for the ordering of BZA in bilayers of composition 
DMPC/0.1BZA/9H2O at 42 0C for case A, where the time averaged 
quadrupole interactions at the a-CD2 and para sites (PQ" and VQP, re
spectively) are assumed to have opposite sign (open symbols) and case 
B where they are assumed of the same sign (full symbols). The plots 
show the variation with statistical weighting parameter p (which describes 
the motion of the ring with respect to the a-hydroxymethyl group) of (a) 
the angle p which defines the orientation of the principal molecular axes 
with respect to the molecule, (b) the magnitude of the largest diagonal 
component of the ordering matrix, SMAX, and (c) the quantity \D/S\, 
defined as the modulus of the difference between the other two diagonal 
components divided by SMAX. In b the symbols indicate (O, • ) 5MAX 
= S22, (D, •) SMAX = Syy, and (A) SMAX = Sxx. There are no solutions 
for 0.26 < p < 0.38 (case A) or p £ 0.3 (case B). 
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Figure 9. Variation with temperature of the orientation of the principal 
molecular axes with respect to the molecule p and order parameters S„ 
and D = Sxx - Syy for BZA in bilayers of composition DMPC/ 
0.1BZA/9H2O. The data refer to the case p = 0 corresponding to the 
conformations of Figure 3a (ii) and (iii) (open symbols) and the solutions 
obtained by assuming P = O (full symbols). (O, • ) V0" and J0

P assumed 
to have opposite sign (case A); (D, • ) JQ" and 5QP assumed to have the 
same sign (case B). The bars on the symbols indicate the difference 
between values obtained on the assumption of positive and negative signs 
for PQR with respect to JQP, respectively. 

and meta) deuterons PQR with respect to 3>QP. Obviously there is 
no distinction between these cases in the vicinity of 42 0 C where 
the ring deuteron splittings pass through zero. It is tempting to 
reject solutions with SMMi ~ 0.5 on the basis that molecular order 
parameters (Sm0i) for the most ordered sites on the lipid molecules 
themselves are below this value.38'39,75 This would suggest that 
solutions with VQ" opposite in sign to VQP should be favored (Figure 
9). However, it should be remembered that values of Smo] include 
the effects of lipid conformational motion in addition to the re
orientation of the molecular long axis which might be expected 
largely to influence the order of a BZA solute molecule. We 
emphasize also that the above analysis assumes "ideal" molecular 
geometry. 

In comparing results for samples of different composition, it 
is noticeable that an increase in the molar ratio of BZA to lipid 
from 0.1 to 0.5 at the same water content has negligible effect 
on the splittings for the a-CD2 and para deuterons, at a given value 
of reduced temperature (T- Tm), affecting only those for the ring 
ortho and meta sites (Figure 5). Since the latter only are influ
enced by the conformational motion, this suggests that the main 

effect of changing BZA concentration is to change the parameter 
p which describes the statistical weight of the various possible 
conformations. In contrast the effect of increasing lipid hydration 
may be to reduce bilayer order to an extent greater than can be 
explained purely in terms of the reduction in chain melting tem
perature. 

Information on the location of BZA in the bilayer and its effect 
on bilayer order can be inferred from studies of bilayers formed 
from 2H-labeled lipids (Figure 6), together with low-angle X-ray 
diffraction data (Figure 7). Largest effects on lipid 2H splittings 
on incorporation of BZA at constant reduced temperature ( T -
Tm) are observed at the 3R and 3S positions of the glycerol 
backbone, the choline a and /3 positions (for all of which BZA 
produces a decreased splitting), and the 2'R,S positions of the sn-l 
chain and 2'R position on the sn-2 chain, for which the splittings 
increase on incorporation of BZA (Table II). This is consistent 
with a strong interaction between DMPC and BZA in the region 
of the glycerol bridge and the top of the alkyl chains, the presence 
of the BZA molecules causing increased order in this region of 
the bilayer. There is some evidence that the ordering effect of 
BZA on the bilayer may extend down to the 6' position of the 
alkyl chains, but the effect is one of a slight disordering at the 
methyl terminal. This effect and the reduced order at the glycerol 
3R,S and choline a and /3 positions can be readily explained as 
a consequence of the lipid molecules being forced apart by the 
presence of the BZA solute, giving rise to an increase in bilayer 
area. This in turn will result in greater reorientational freedom 
for the headgroup, while the ends of the chains must disorder to 
take up this additional bilayer area. It should be noted that our 
data for the 6' position of the sn-2 chain are not inconsistent with 
the results of Turner and Oldfield,34 who reported a reduction in 
order for this position in the presence of BZA at constant tem
perature. We believe that comparison of the splittings at fixed 
reduced temperature (T- Tm) is more revealing. Note also that 
while the presence of BZA in the bilayer reduces 2H splittings 
at the 3R and 35 sites, they still have inequivalent splittings. We 
have found that the presence of a number of other bilayer solutes 
chemically related to BZA, such as butanol and octanol, also 
reduces the splittings at these sites without destroying their 
nonequivalence (unpublished results). 

The low-angle X-ray data of Figure 7 confirm that BZA resides 
preferentially at the aqueous interface region of the lipid bilayer, 
giving rise to substantial increase in bilayer area with increasing 
BZA concentration. This increase in area per lipid molecule in 
turn results in some disordering of the lipid chains to fill space 
in interior of the bilayer, with a consequent small reduction in 
bilayer thickness. Note that significant changes in bilayer area 
can be expected even at pharmacological concentrations of BZA 
(of order 0.1 molar in the bilayer). 

In summary our results show that BZA is located principally 
in the aqueous interface region of the lipid bilayer. Its incorpo
ration at concentrations comparable to those known to induce 
anaesthesia produces appreciable changes in bilayer structure and 
molecular order. A number of models for the ordering and 
conformational motion of the BZA within the lipid bilayer have 
been explored and the principal components of the molecular 
ordering matrix derived for several of these models. A model in 
which the benzene ring reorients freely with respect to the a-
hydroxymethyl group about the para axis is not consistent with 
the observed results. 
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