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The interaction of n-alkanols with lipid bilayer membranes: a 2H-NMR study 
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The interaction of eight n-alkanols with bilayers of dimyristoylphosphatidylcholine (DMPC) has been 
studied by deuterium nuclear magnetic resonance (aH.NMR). At comparable temperatures and concentra- 
tions of solute in the bilayer, order parameters measured at the 1-methylene segment of the n-alkanois show 
a maximum for n-dodecanol. For both n-dodecanol and n-tetradecanol, orientational ordering shows a 
maximum at the C-4 to C-7 methylene segments, with labels at both ends of the n-aikanoi exhibiting reduced 
order. These observations are consistent with earlier findings for n-octanoi and n-decanol. Unlike the longer 
chain n-alkanols, ordering in n-butanol decreases from the hydroxyl group end to the methyl group end of 
the molecule. Orientational ordering at nine inequivalent sites in DMPC, has also been measured as a 
function of temperature, for bilayers containing n-butanol, n-octanol, n-dodecanol and n-tetradecanoi. At 
the 3R,S sites on the glycerol backbone, for comparable temperatures and solute concentrations, n-butanol 
produces a larger disordering than the other n-alkanols. This result probably reflects the greater fraction of 
time spent by the hydroxyl group of n-butanol in the vicinity of the lipid polar head group compared with the 
hydroxyl group in longer chain n-alkanols. It was found that n-octanol orders the acyi chains of DMPC, 
unlike n-butanol which disorders them, and the longer chain n-aikanols which have little effect. Within 
experimental error, the effect of n-dodecanol on order at all sites in DMPC is the same as n-tetradecanol. 
The influence of n-alkanols on DMPC ordering at twelve sites has been compared with that of cholesterol 
which is shown to interact with DMPC bilayers in a distinctly different manner from the n-alkanols. 

Introduction 

It is still unclear how and where anesthetics 
exert their pharmacological effects on excitable 
tissues and produce the physiological phenome- 
non known as anesthesia [1-5]. Disagreement ex- 

Abbreviations: DMPC, dimyristoylphosphatidylcholine; 
DPPC, dipalmitoylphosphatidylcholine. 

Correspondence: P.W. Westerman, Department of Biochem- 
istry, Northeastern Ohio Universities College of Medicine, 
Rootstown, OH 44272, U.S.A. 

ists as to whether the primary site of action of 
anesthetics is lipid or protein [1,2,6,7]. Lipid-based 
unitary theories of anesthesia propose that general 
anesthetics first perturb the lipid bilayer, resulting 
in either a functional change in excitable mem- 
brane proteins or in a change of membrane per- 
meability [8-10]. Those lipid-based unitary theo- 
ries invoking ultimately an excitable membrane 
protein may be grouped into three broad cate- 
gories, depending on whether they emphasize 
membrane expansion or thickening, an anesthetic- 
induced phase transition, or changes in fluidity as 
triggering the onset of anesthesia [1-5]. 
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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 struc- 
ture. A systematic investigation of the bilayer dis- 
position of n-alkanols in membranes provides a 
particularly useful approach for the study of the 
mechanism of anesthesia because of the so-called 
'cut-off' effect observed in this homologous series 
[1]. The anesthetic potency (determined in 
tadpoles) of saturated n-alkanols increases with 
increasing chain length up to 1-dodecanol after 
which it decreases sharply, n-Tridecanol is a par- 
tial anesthetic, whereas n-tetradecanol and higher 
alcohols are totally inactive. 

The changes induced by members of the n-al- 
kanol family in lipid bilayer phase transitions and 
acyl chain order and mobility have been examined 
using 2H-NMR [11-14], ESR [15-19], DSC 
[20-27], fluorescence [25,28] and turbidity mea- 
surements [29]. n-Alkanols can either raise or lower 
the main gel to liquid crystal phase transition of 
the phospholipid, depending on the length of the 
alcohol and its concentration [26] as well as the 
type of lipid used [27]. 1-Alkanols are found to 
decrease slightly the ESR order parameter of 
spin-labelled lipid and fatty acid probes in both 
model and biological membranes. The degree of 
disordering is proportional to the concentration of 
anesthetic in the membrane and also depends 
upon the lipid composition [30]. Changes in 
steady-state depolarization of fluorescent probes 
in several biological membranes, caused by 1-al- 
kanols have been attributed to increased motion 
of the lipid acyl chains. 2H-NMR has been used 
to study the interaction of n-butanol, n-octanol, 
and n-decanol with DMPC and dipalmitoylphos- 
phatidylcholine (DPPC) bilayer membranes 
[11-14]. Unlike the nitroxide spin-label and fluo- 
rescent probes, the deuterium nucleus is a non- 
perturbing probe that can be attached to the n-al= 
kanol and water components of the system as well 
as to the lipid. It has been found that the order 
profiles for both n-octanol and n-decanol exhibit 
a maximum at carbon segments 3-5, with reduced 
order being displayed at each end of the molecule 
[13,14]. The shape of the profile for n-octanol is 
dependent upon both solute concentration and 
extent of bilayer hydration [13]. 1-Alkanols have 
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been found, at 25-35 mol% concentration, to have 
no significant effect on the profile on the C-2H 
bond order parameter along the phospholipid acyl 
chain except in the upper or 'plateau' region, 
where n-octanol and n-decanol increase the order 
while n-butanol decreases it [13]. 

In order to examine further the interaction of 
n-alkanols with phospholipid bilayers we have un- 
dertaken a systematic study of the interaction in 
the L~ phase of n-butanol, n-octanol, n-dodecanol 
and n-tetradecanol with DMPC bilayer mem- 
branes. Both n-alkanol and lipid have been exten- 
sively deuterium labelled, especially in the glycerol 
backbone and choline headgroup regions of the 
phospholipid. Comparable data have been ob- 
tained for cholesterol, to determine whether differ- 
ent patterns of changes in lipid ordering can be 
found for this related solute. It is our aim to 
associate different patterns of changes in ordering 
to the time-averaged disposition of the solute in 
the bilayer. DSC measurements have been made 
on the same systems so that comparisons of order- 
ing may be made at the same reduced tempera- 
tures. 

Experimental procedures 

Materials 
Unlabeled DMPC was obtained from Avanti 

Polar Lipids, Inc., Birmingham, AL. Deuterated 
solutes and reagents (MeO2H, 2H20 , LiA12H4, 
NaB2H4) were purchased from Aldrich Chemical 
Co., Milwaukee, WI, KOR Isotopes, Cambridge, 
MA, and MSD Isotopes, Montreal, Canada. 

Synthesis of 2H-labelled fatty acids 
Deuterium exchange at the a-position of tetra- 

decanoic acid was accomplished by using a mod- 
ification of the method of Aasen et al. [31]. 
Perdeuterated butanoic, dodecanoic and tetrade- 
canoic acid were prepared by catalytic exchange at 
high temperature and pressure, of the alkanoic 
acid with 2H20 in a pressure vessel according to 
the procedure of Dinh-Nguyen and Stenhagen 
[32]. The purity of the 2H-labelled alkanoic acid 
was confirmed by GLC of the methyl ester. GLC 
was performed on a Hewlett-Packard 5840 gas 
chromatograph with a column packed with 10% 
Silar-10C on 100-120 mesh gas Chrom Q. The 
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position and extent of isotopic incorporation of 
the 2H-labels were determined by 1H- and 13C- 
NMR and mass spectrometry. Natural abundance 
13C-NMR and 1H-NMR were obtained on Bruker 
WP80, Varian FT-80 and EM 360 spectrometers. 

Synthesis of 2H-labelled DMPC 
DMPC, selectively 2H-labelled on the 2'-posi- 

tions of both sn-1 and sn-2 chains was prepared 
by acylation of GPC. CdC12 with activated de- 
rivatives of 2,2-[2H2]tetradecanoic acid [33,34]. 
Using the same procedures with perdeuterated 
tetradecanoic acid, DMPC, perdeuterated on both 
acyl chains, was prepared. In each of the above 
syntheses, the product was isolated by column 
chromatography on silica gel, eluting with chloro- 
form/methanol (8:2 or 7:3, v/v). TLC analyses 
were carded out on Absorbosil Plus-1 silica gel 
plates (Applied Sciences), using chloroform/ 
methanol/water (65:25:4,  v/v)  as the solvent 
system and Molybdenum blue and iodine vapor to 
visualize spots. 

Selective deuteration of the glycerol moiety of 
DMPC was achieved by the following procedure. 
rac-Isopropylidene [1,3- 2 H4]glycerol was synthe- 
sized from diethylacetoxymalonate by reduction 
with LiA12H4 [35]. rac-Isopropylidene [1,3- 
2H4]glycerol was used to prepare in several steps, 
1,2-dimyristoyl-rac.[1,1,3,3-2H4]glycerol, which 
was then converted to DMPC, 2H-labelled at the 
1R,S and 3R,S sites in the glycerol backbone 

3' 2'R 15 

~ ~  p2'(I- choin) 
2-cho.in 1R 

Fig. 1. Portion of the structure of dimyristoylphosphatidylcho- 
line (DMPC) indicating the selectively 2H-labdled sites in the 

region of the headgroup and glycerol backbone. 

[36]. DMPC, selectively deuterated on the choline 
moiety, was prepared by the same procedure 
utilizing 2H-labelled ethanolamine [37] at the ap- 
propriate step. If 1,2-dimyristoyl-rac-[1,1,3,3- 
2H4]glycerol is used as starting material, DMPC, 
2H-labelled at eight sites in both the glycerol 
backbone and choline headgroup is synthesized. 
The positions of the labelled sites in the glycerol 
backbone and headgroup region of the DMPC 
molecule are illustrated in Fig. 1. 

Synthesis of 2H-labelled n-alkanols 
Methyl esters of specifically (2,2-2H2) deu- 

terated or perdeuterated butanoic, dodecanoic or 
tetradecanoic acid were reduced with LiA1H4 to 
give a quantitative yield of butanol, dodecanol or 
tetradecanol. The alcohol was 2H-labelled at all 
sites except the 1-position if perdeuterated ester 
was starting material, or only at the 2-position if 
a-deuterated ester was the starting material. 
Butanol, pentanol, hexanol, octanol, decanol, 
dodecanol, tetradecanol and hexadecanol, specifi- 
cally 2H-labelled at their 1-positions, were pre- 
pared from the appropriate commercially availa- 
ble methyl (or ethyl) ester (Aldrich) by reduction 
with LiA12H4. The crude product in each case was 
purified by vacuum distillation to give material 
with physical properties consistent with published 
data. 

Sample preparation and data acquisition 
The purity of phospholipid samples was checked 

by TLC both before and after recording NMR 
spectra. DMPC samples containing 33 tool% n-al- 
kanol were prepared by adding the appropriate 
quantities of n-alkanol and 2H-depleted water 
(Aldrich) to a weighed amount of vacuum-dried 
DMPC in a 5 mm or 10 mm NMR tube with an 
approx. 1 mm constriction. A lipid-to-water molar 
ratio of 1:25 was used except where indicated. 
Additional water has no observable effects on 
measured quadrupole splittings in either lipid or 
n-alkanol. The NMR tube was then sealed and the 
contents were mixed by repeated centrifugation 
through the constriction at a temperature above 
the phase transition. In samples containing 2H- 
labelled DMPC, the labelled lipid was first diluted 
with a 2-fold excess of commercial unlabelled 
DMPC, in order to reduce any influence of minor 



impurities in the synthetic material. NMR spectra 
of samples containing 2H-labelled butanol, penta- 
nol, hexanol, octanol and decanol were recorded 
at 30.87 MHz on a 'home-built' spectrometer. 
Samples containing perdeuterated and specifically 
labelled dodecanol, tetradecanol and hexadecanol 
were obtained with the same instrument. The ~r/2 
pulse width for this spectrometer was 3-4.5 /~s, 
which is adequate power for the 2H-NMR spectra 
in all the systems investigated. Because the normal 
two-pulse quadrupole echo sequence [38] was af- 
fected by acoustic ringing, a modified quadrupole 
echo sequence was used for data acquisition [39]. 
Typically, the value of ~" in the quadrupole echo 
sequence was 80 #s, and the pulse sequence was 
normally repeated three to five times per second. 
Spectra were recorded 'on-resonance' using 
quadrature detection. Sample temperature was 
controlled by a computer-controlled liquid (ethyl- 
ene glycol/H20 ) flow system, to an accuracy of 
less than 0.05 C o in a single-coil probe head with 
a temperature gradient less than 0.1 C o across the 
sample. The sample tube and coil are encased in a 
boron nitride block which sits in a cavity of a 
larger block of the same material, through which 
the refrigerant circulates. The whole unit is en- 
closed in a vacuum-jacketed and water-cooled 
brass oven. Sample temperature is automatically 
read at the beginning, middle, and end of an 
accumulation, while the RF transmitter is off, by a 
100 12 platinum resistor (System 193, Keiphley) 
placed in close proximity to the sample coil. 

Spectra from the specifically 2 H-labelled DMPC 
bilayers containing dodecanol or tetradecanol were 
recorded on a Bruker CXP300 NMR spectrometer 
operating at 46.063 MHz. Further details of this 
instrumentation and its temperature control are 
contained in Ref. 11. 

DSC measurements were made on a Perkin- 
Elmer differential scanning calorimeter, normally 
at a heating rate of 5 C°/min.  While this pro- 
duced significant broadening of the transitions for 
pure lipid samples, it was found to be adequate 
for observing the transitions of the ternary sys- 
tems under study here. 

I n t e r p r e t a t i o n  o f  N M R  spec t ra l  p a r a m e t e r s  

The theory of 2H-NMR as applied to labelled 
sites in bilayer membranes is well established and 
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a full discussion can be found elsewhere [40-43]. 
Of the several parameters that can be measured in 
the 2H-NMR spectrum of an oriented bilayer 
sample perhaps the most informative is the split- 
ting (Avi) between the 90 ° singularities of the 
spectral powder pattern. This quantity is given by: 

Av i = 3/4 Vq (3/2 cos 2o i -- 1/2) (1) 

where Oq is the solid-state quadrupole coupling 
constant associated with a given C-2Hi bond and 
(3/2  cos 2o i - 1/2), or the order parameter S c 2  H 

is the time average of the quantity in brackets, 
taken over all the angles (oi) that the C-2Hi bond 
direction assumes with respect to the time aver- 
aged principal axis of the electric-field-gradient 
tensor during the time course of the NMR mea- 
surement. For the C-2H, C-2H2 and C-2H3 
groups in these DMPC-solute samples, a value of 
170 kHz for Oq has been assumed [44]. A principal 
goal in the study of membrane structure by 2H- 
NMR, is the interpretation of S in terms of the 
relative importance of the various motions that 
time average the quadrupole interaction for a par- 
ticular C-2H~ segment. In these multilamellar 
samples, it is assumed that translational diffusion 
and vesicle tumbling are not significant in the 
time-averaging process. However, no attempt is 
made, at least in the conformationally flexible 
solute molecules and acyl chains of DMPC, to 
quantify the relative contributions to the time- 
averaging of Oq, of segmental motions produced 
by rotational isomerization about C-C bonds, and 
of rigid-body reorientations produced by motion 
of the molecule as a whole. Such an analysis for 
DMPC/alkanol systems is currently being at- 
tempted using data from the more rigid glycerol 
backbone region of DMPC. 

Results 

A representative 30.87 MHz 2H-NMR spec- 
trum of an approximately 33 mol% solution of 
perdeuterated n-butanol in bilayers of DMPC is 
shown in Fig. 2(a). The assignment of the powder 
pattern with the largest splitting to the 1-methyl- 
ene segment was made on the basis of similar 
results for n-butanol selectively deuterated at that 
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10 kHz  
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(b) 

I I 

(c) (d) 

Fig. 2. 2H-NMR spectra for 33 mol% specifically 2H-labelled 
n-alkanols in DMPC bilayers in the liquid crystal (La) phase 
(A) DMPC/50 H20/0.5 n-butanol-d 9 at 43 ° C; (B) DMPC/25 
H20/0.5 n-tetradecanol-d27 at 45°C; (C) DMPC/25 
H20/0.5 n-tetradecanol-2-d2 at 54°C; (D) DMPC/25 

H20/0.5 n-dodecanol-l-d2 at 47 o C. 
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Fig. 3. Temperature dependence of 2H-NMR splittings for 33 
tool% deuterated n-tetradecanol in DMPC bilayers. Data for 
the 1- and 2-methylene segments were obtained using specifi- 
cally labelled alcohols. Quadrupole splittings for other posi- 
tions were measured with alcohol perdeuterated at all positions 

except 1. 

position. Confirmation was obtained from an ob- 
served chemical shift of approximately 1-2 ppm 
between the mid-points of the 1-C2H2 component 
and that of the central isotropic signal. This latter 
signal arises from n-butanol dissolved in the aque- 
ous phase. It is evident that the rate of exchange 
between n-butanol intercalated in the lipid bilayer 
and n-butanol dissolved in water, is slow on the 
time scale of the NMR measurement. The con- 
centration of n-butanol in the bilayer is only 
approximate, being estimated from the known 
quantities of lipid and water in the sample and the 
reported partition coefficient [45]. 

The 2H-NMR spectrum of 33 mol% n-tetrade- 
canol, perdeuterated at all positions except C-l, in 
bilayers of DMPC is shown in Fig. 2(b). Several of 
the outer singularities present in this spectrum 
become resolved into two or three peaks at higher 
temperatures. The origin of the signals in the 
center of the spectrum probably arise from an 
2 H-labelled impurity in the alcohol. The variation 
with temperature of the splittings between the 

principal peaks in the spectrum is shown in Fig. 3. 
Assignment of these splittings was only certain in 
the case of the 1,2 and methyl sites. The lowest 
temperature for which data are reported corre- 
sponds to TMF which is defined as the finishing 
temperature of the main thermal transition de- 
termined from the DSC thermogram (vide infra). 
At temperatures immediately below TMV, in the 
case of both multi-deuterated n-dodecanol and 
n-tetradecanol, two sets of spectral components 
were observed (data not shown). The narrower set 
of powder patterns arises from n-alkanol dissolved 
in more fluid regions of the bilayer, while the 
broader set of components arises from solute in 
gel-like regions. The splittings from the solute in 
the more fluid environment are relatively tempera- 
ture invariant throughout the broad phase transi- 
tion. These spectral components gradually de- 
crease in intensity with decreasing temperature 
until they disappear at approximately /'Ms, the 
starting temperature of the main thermal transi- 
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tion. Similar observations have been made previ- 
ously for n-octanol [13]. 

On the basis of Fig. 3 and similar data for 
n-butanol and n-dodecanol order profiles were 
calculated for n-butanol, n-dodecanol and n-tetra- 
decanol. These profiles are compared in Fig. 4, 
together with the order profile for n-octanol esti- 
mated from data in Ref. 13, after corrections had 
been made for differences in solute concentration 
and hydration. The order profiles were all de- 
termined at 10 C o above TMF. The rationale for 
making the comparisons relative to TMF rather 
than Tu, is provided in the same reference [13]. 
The most striking feature of Fig. 4 is the existence 
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Fig. 4. Order parameter profiles for 33 mol~; n-butanol, n-oc- 
tanol, n-dodecanol and n-tetradecanol in DMPC bilaycrs at ]0 
C ° above TMF. (DMPC/25 H20/0 .5  n-alkanol) Error bars 
indicate deviations of 5:2 C o in the determination of TMF. 
The SCD values at C-1 were obtained using selectively 2H- 
labelled alcohols. Except in the case of n-butanol ScD values 
at C-2 were also measured with selectively labelled alcohols. 
The remaining data are from samples containing (C2-Ct¢) 
perdeuterated alcohols so that uncertainty exists in assign- 
ments for several chain positions near the plateau. The data for 
n-octanol have been estimated from the order profiles reported 
in ReL 13, after first correcting for the known dependence of 
order on hydration and solute concentration described therein. 

of an ordering maximum at  C3, 4 in n-octanol, and 
C4_7 in n-dodecanol and n-tetradecanol, with 
labels at both ends of the alcohol molecules ex- 
hibiting reduced ordering. Similar effects have 
been noted previously for n-octanol in DMPC [13] 
and for n-decanol in soap bilayers [46,47] and 
DPPC [14]. Explanations for the reduced order 
towards the hydroxyl group of n-decanol in DPPC 
have been provided in terms of either increased 
amplitudes of motion or geometric effects due to 
hydrogen bonding [14]. In contrast, the ordering 
profile for n-butanol shows no ordering maximum 
in the center of the alkyl chain, an effect probably 
arising from the shortness and low mass of the 
butyl chain preventing it from being anchored in 
the hydrophobic portions of the bilayer for any 
significant fraction of time. Another feature of 
Fig. 4 is the increased ordering of the methyl 
group with decreasing alkanol chain length, re- 
flecting the lower depth of bilayer penetration of 
the terminal methyl group in n-octanol compared 
with n-dodecanol and n-tetradecanol. 

To further examine the dependence of solute 
ordering on solute chain length we have measured 
at comparable reduced temperatures and con- 
centrations the quadrupole splittings at the 1-C 2H 2 
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Fig. 5. Dependence of quadrupole splitting of the 1-segment of 
n-alkanols as a function of alkyl chain length for DMPC 
bilayers containing 33 tool% n-alkanol. Data are for equivalent 

reduced temperatures. 
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segment for n-alkanols varying in chain length 
from n-butanol to n-tetradecanol. The data (Fig. 
5), for bilayers containing 33 mol% solute at TMF 
and at 10 C ° above TMF shows maximal ordering 
for n-dodecanol. The existence of the maximum 
was confirmed by obtaining the equivalent data 
for n-hexadecanol, which showed a further reduc- 
tion in splitting compared to n-tetradecanol (Fig. 
5). 

All the n-alkanols studied broaden the main gel 
to liquid-crystal thermal transition, TM, as well as 
shifting its temperature. In the presence of excess 
water, short chain n-alkanols reduce TM, while the 
longer-chain solutes give rise to an increase in TM 
[21,25,26,48,49]. In comparing the effects of one 
solute with another on the order and mobility of 
both the solute molecules themselves and the bi- 
layer in which they are dissolved, it is important 
to determine the magnitude of such changes in 
chain-melting temperature. While changes in T M 
are apparent from the 2H-NMR results them- 
selves, such data are better obtained from DSC. 
Typical DSC thermograms are shown in Fig. 6, 
which also demonstrates our method for de- 
termining TMS and TMF. 

The dependence of solute ordering on solute 
concentration in DMPC bilayers has been studied 
at the a-methylene site of n-tetradecanol. In Fig. 7 
is shown a plot of the quadrupole splitting at this 
position as a function of temperature for bilayers 
containing 9, 16.7 and 33 tool% n-tetradecanol. In 
the same figure the width of the phase transition 
in each case as determined DSC is shown. The 
starting and final temperature of the transition are 
marked as TMS and TMF, For the highest con- 
centration of n-tetradecanol the 2H-NMR spectra 
at two temperatures between TMs and TMF are 
shown in insets. In both instances, two splittings 
are evident, indicating the existence of two popu- 
lations of motionally averaged n-tetradecanol. The 
proportion of the more ordered component in- 
creases with decreasing temperature until at TMS 
(33°C) it disappears. Below this temperature the 
spectrum is a broad featureless hump of ap- 
proximate width 30 kHz. An interesting feature of 
Fig. 7 is that the ordering at TMF is approximately 
the same (23 + 0.5 kMz), regardless of the con- 
centration of solute. The temperature dependence 
of the splitting above TMF, however, varies with 

(c) 

T~MF =510C 

TMS--S =--_ 33oc/ TMF =47°C 

(a) 

TMF =40°C 

~MS----31oc 
Fig. 6. DSC thermograms of the gel to liquid-crystal transition 
in DMPC bilayers containing 33 rnol% n-alkanots: (a) 
DMPC/25 HzO/0.5 dodecanol; (b) DMPC/25 H20/0.5 te- 
tradecanol; (e) DMPC/25 H20/0.5 hexadeeanol. In the case 
of n-butanol and n-octanol being the solute, TMF is 20.5 °C 

and 18 o C, respectively, under identical conditions. 

solute concentration. The implication of these re- 
suits is that the ordering of membrane solutes at 
very low concentrations may be measured at TMF 
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Fig. 7. Temperature dependence of 2H-NMR splitting for the 
1-segment of tetradecanol showing the influence of solute 
concentration for bilayers of molar composition 1.0 DMPC/25 
H 2 0 / X  n-tetradecanol-d 2 with X = 0.1 (O); X = 0.2 (zx) and 
X = 0.5 (O). Limits of the thermal transition measured by DSC 
are indicated for each concentration. The two splittings ob- 
served at each concentration for temperatures within the limits 
of the thermal transition are also indicated. Representative 
2H-NMR spectra obtained at the highest solute concentration 

are shown in insets. 

using higher solute concentrations. Such a conclu- 
sion is supported by results using n-dodecanol 
(data not shown). Also, for the same bilayer con- 
centrations of n-dodecanol and n-tetradecanol the 
dependences of the quadrupole splitting on tem- 
perature are the same. 

To determine the influence of n-alkanols on 
bilayer structure the same ternary systems have 
been studied with the 2H-label on DMPC, rather 
than on the n-alkanol. Particular emphasis has 
been placed on acquiring data for 2H-labelled 
sites at the interracial region between the hydro- 
philic choline headgroup and the hydrophobic acyl 
chains. This region which is probably the most 

71 

rigid portion of the DMPC molecule in bilayer 
systems, offers the most promise for a quantitative 
analysis of solute-induced conformational changes 
in the lipid [50], 

Representative 2H-NMR spectra, in the L~ 
phase, of bilayers formed from selectively 
deuterated DMPC in the presence of 33 mol% 
n-butanol are shown in Fig. 8. Spectra in Fig. 8 
(a), (b) and (c) were obtained using lipid deu- 
terated at sites on the upper regions of the acyl 
chains, on the glycerol backbone, and in the 
choline headgroup, respectively. The convention 
used in numbering sites in these regions is indi- 
cated in Fig. 1. Assignment of the quadrupole 
splittings in the 2H-NMR spectra of DMPC, 2H- 
labelled in the 2' positions of the sn-1 and -2 
chains (Fig. 8a) was based on reported values for 

(A) 
2S (2-chain) ~ 2R (2-chain) ! ~-chaJn) 
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Fig. 8. 2H-NMR spectra in the L~ phase of an aqueous 
multilameUar dispersion of specifically 2H-labelled DMPC 
containing 33 mol~ n-butanol as solute. (A) DMPC, 2H- 
labelled on 2'-positions of sn-l,2 chains at 47 o C; (B) DMPC, 
2H-labelled at 1R, 1S, 3R, 3S of glycerol backbone at 35 ° C; 
(C) DMPC, 2 H-labelled at a- and fl-methylenes of chohne at 
32°C. Peak labelled 1,3-isomer arises from choline a- and 
fl-methylene groups in the 1,3-diacyl isomer of DMPC. (D) 

Acyl chain perdeuterated (d54) DMPC at 24 o C. 



la) these splittings [41,51]. In assigning splittings in 
the spectrum of DMPC, deuterated at the 1R, 1S, 
3R and 3S sites in the glycerol backbone (Fig. 
8(b)), it was assumed that these splittings were 
very similar to values reported for the same posi- 
tions in DPPC and other phospholipids [35,53,54]. 
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 inequiv- 
alence of the individual deuterons [53]. a- and 
fl-choline data (Fig. 8(c)) were obtained on tetra- 
deuterated material and assignments are based on 
previously published data [52,55]. Some results 
were obtained with DMPC, 2H-labelled at the 1R, 
1S, 3R and 3S sites on the glycerol as well as the 
a- and fl-methylene groups of the choline 
headgroup. A representative spectrum in the L,  
phase of bilayers formed from DMPC labelled in 
these eight sites, in the presence of n-dodecanol, is 
shown in Fig. 9. The influence of four n-alkanols 
on ordering at the 3S site of the glycerol backbone 
is shown in Fig. 10(a) where the quadrupole split- 
ting is plotted as a function of reduced tempera- 
ture both in pure DMPC bilayers and DMPC 
bilayers containing 33 reel% n-alkanol. In Fig. 

3R (glycerol) ) v , J  

1S (glycerol) 

fl -methylene (choline) 
,¢.-methylene (choline) 

20 kHZ 
I I 

Fig. 9. 2H-NMR spectrum at 42°C of bilayers of DMPC 
containing 33 mol% n-dodecanol. The lipid is 2H-labelled at 
the 1R, 1S, 3R, 3S sites of the glycerol backbone and the a- 

and ,8-methylenes of the choline headgroup. 
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Fig. 10. (a). Temperature dependence of the 2H-NMR 
quadrupole splittings for the 3S site of the glycerol backbone 
in an aqueous multilamellar dispersion of selectively 2H- 
labelled DMPC containing 33 mol% n-alkanol. Reduced tem- 
peratures ( T -  TMF) are the differences between sample tem- 
perature, and the finishing temperature of the main thermal 
transition as determined from the DSC thermogram. (b) De- 
pendence of 2H-NMR splittings at the 3R and 3S sites of the 
glycerol backbone, as a function of alkanol chain length for 33 

mol% n-alkanol in DMPC bilayers at 10 o C above TMF. 

10(b) quadrupole splittings at the 3R and 3S sites 
are plotted as a function of n-alkanol chain length 
for a temperature of TMF + 10 C °. Equivalent 
data for 2H labels on the 1R, 1S sites of the 
glycerol backbone, the 2' positions of the sn-l,2 
chains, and the a- and fl-methylene groups on the 
choline headgroup were made (data not shown). 
The different effects on quadrupole splittings pro- 
duced by these four n-alkanols at the twelve 2H- 
labelled sites in the interfacial region of DMPC 
may be grouped into four categories. Firstly, the 
largest effect occurs at the 3R,S sites of the 
glycerol backbone, where a plot of chain length 
versus quadrupole splitting shows a minimum at 
n-butanol (i.e., a maximum disordering by n- 
butanol). This observation probably reflects the 
greater fraction of time the hydroxyl group of the 
n-butanol spends hydrogen bonded to the phos- 
phate group of the lipid, compared with the more 
hydrophobic longer-chain n-alkanols, which are 
more deeply embedded in the bilayer. The second 
type of effect, of smaller magnitude, is found for 
the 1R glycerol and fl-methylene groups where 



increasing chain length produces increasing dis- 
order. Thirdly, at the 2R,S sites on the sn-1 acyl 
chain and the 2 R site of the sn-2 chain a maximal 
ordering is observed for n-octanol. Finally, there 
are four sites (1S (glycerol), 2'S (sn-2 chain) and 
a-CH 2 (choline)) where orientational ordering is 
insensitive to the presence of n-alkanol in the 
bilayer. The interpretation, in molecular terms, of 
many of the above smaller effects on ordering, is 
complicated by subtle factors such as the change 
in surface area per lipid molecule produced by 
intercalation of the n-alkanol in the membrane, 
and by the ability of the various n-alkanols to 
influence whole-body reorientations, depending on 
the mass (chain length) of the alkanol. 

The effect of n-alkanols on ordering in the 
glycerol backbone, choline headgroup and upper 
regions of the acyl chains of DMPC has been 
compared, under identical conditions with the ef- 
fect of cholesterol at the same sites (Table I). The 
patterns of change produced in lipid ordering by 
n-alkanols are quite different from those produced 
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by cholesterol. For example, at the 1R, 3R, 3S 
glycerol sites n-alkanol decreases ordering, whereas 
cholesterol has little effect. The 1S site is insensi- 
tive to the presence of n-alkanol but in the case of 
cholesterol an increase in ordering is observed. At 
the upper sites of the acyl chains, cholesterol 
increases order to a greater extent than the n-al- 
kanols whose effect is dependent on chain length. 
The influence of the n-alkanols at the choline 
fl-methylene position is disordering, while that of 
cholesterol is negligible. It is apparent that these 
differences reflecting subtle differences between 
n-alkanols and cholesterol in the way in which 
each solute influences whole-body reorientations 
of the lipid molecules as well as the time-averaged 
conformation of the lipid interfacial region. 

The influence of n-alkanols on orientational 
ordering at sites over the whole acyl chain length, 
was determined from spectra of samples prepared 
using chain perdeuterated DMPC. Fig. 8(d) shows 
the spectrum obtained when n-butanol is the so- 
lute. As we have shown earlier [13], changes in the 

T A B L E  I 

E F F E C T S  O F  S E V E R A L  A L C O H O L S  O N  2 H - N M R  Q U A D R U P O L E  S P L I T T I N G S  (Av)  O F  S P E C I F I C A L L Y  2 H - L A B E L L E D  

D M P C  a 

Pos i t ion  of  Av (kHz)  Effec t  o f  so lu te  (kHz)  c 

2 H  label  n o  so lu te  b 
b u t a n o l  o c t a n o l  d o d e c a n o l  t e t r a d e c a n o l  choles te ro l  d 

3 S  (glycerol)  e 28.3 - 4 .4  - 3.5 - 1.5 - 2.0 - 0.2 

3R (glycerol)  ¢ 26.3 - 3.7 - 3.9 - 1.5 - 2.2 0.3 

1R (glycerol)  e 25.4 - 1.9 - 1.5 - 1.9 - 2.9 0.0 

1 S  (glycerol)  ¢ 0.0 0.0 0.0 0.0 0.0 1.3 

2'R,S (sn-l-chain) f 26.0 0.6 1.5 0.0 - 0 . 1  6.9 

2 ' R  ( sn -2 -cha in )  f 17.5 0.7 0.9 - 0 . 4  h - 0 . 4  h 7.1 

2 ' S  ( sn -2 -cha in )  f 12.4 0.3 0.1 1.0 h 1.0 h 4.0 

e t -CH 2 (chol ine)  s 6.0 - 0.5 - 0.7 - 0.7 - 0.7 - 0.2 

f l - C H  2 (chol ine)  g 5.2 - 1.3 - 0.9 - 1.7 - 2.3 0.3 

a F o r  33 mol% so lu t ions  o f  a l coho l  in l ip id  a t  10 C o a b o v e  TMF unless  o the rwi se  ind ica ted .  E r r o r  e s t i m a t e d ' t o  be  + 0 . 3  kHz .  

b Mu l t i l ame l l a r  d i spe r s i on  o f  p u r e  D M P C  in excess H 2 0 ,  fo r  w h i c h  c h a i n  me l t ing  t e m p e r a t u r e  is 2 2 - 2 4  ° C. E r r o r  e s t ima ted  to  be  

+ 0 . 2  kHz .  

c Posi t ive  va lue  ind ica tes  a n  inc rease  in  the  q u a d r u p o l e  spl i t t ing.  

d 22 mol% so lu t ion  in  b i layer .  

e M e a s u r e d  wi th  e i the r  D M P C - d  4 spec i f ica l ly  2 H - l a b e l l e d  a t  the 1,1,3,3 sites o f  the  g lycero l  moie ty ,  o r  wi th  D M P C - d  s speci f ica l ly  

2H- l abe l l ed  a t  b o t h  the  cho l ine  m e t h y l e n e  g r o u p s  a n d  the  1,1,3,3 si tes of  the  g lyce ro l  moie ty .  

r M e a s u r e d  w i th  DMPC-d 4 spec i f ica l ly  2 H - l a b e l l e d  a t  the  2 ' - p o s i t i o n s  o f  the  sn-1 a n d  sn-2 acyl  cha ins .  

s M e a s u r e d  w i th  e i the r  D M P C - d  4 spec i f ica l ly  2 H- l abe l l ed  a t  the  cho l ine  m e t h y l e n e  g roups ,  o r  wi th  D M P C - d  8 spec i f ica l ly  labe l led  a t  

the  chol ine  m e t h y l e n e  g r o u p s  a n d  the  1,1,3,3 sites o f  the  g lycero l  moe i ty .  
h E r r o r  e s t ima ted  to he  + 0.5. 
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Fig. 11. Temperature dependence of the width of 2H-NMR 
spectra for bilayers of perdeuterated DMPC containing 33 
mol% n-alkanol. D, no alkanol; r ,  n-butanol; O, n-octanol; ©, 

n-dodecanol ~ ,  n-tetradecanol. 

spectra of perdeuterated DMPC on addition of 
solutes can be substantial, and in general prevent 
a complete assignment of the splittings in those 
cases. This would require spectra from samples 
containing selectively deuterated lipids in the pres- 
ence of solute. We have not done this but it is 
clear that the central resolved splitting reflects the 
order of the terminal C2H3 groups of the lipid 
chains, while the outer edges of the main part of 
the spectrum yield the order parameter for the 
most ordered segments of the acyl chains. The 
width of this order parameter plateau reflects 
ordering from segments near the glycerol back- 
bone region of the bilayer (although the 2-position 
of the sn-2 chain exhibits anomalous behavior) 
and is most marked just above the gel to liquid- 
crystal transition. The temperature dependence of 
splittings corresponding to this plateau is shown 
for several samples with and without solutes in 
Fig. 11. At comparable reduced temperature n-oc- 
tanol has a pronounced ordering effect, n-butanol 
a significant disordering effect, while n-dodecanol 
and n-tetradecanol have little effect on acyl chain 

ordering. By comparison all four solutes have little 
effect on the splitting of the terminal methyl end 
of the chains, when corrected for changes in TMF. 

Discussion 

Previous studies [21,25] have shown that n-al- 
kanols C3-C]8 dissolve in lipid bilayers to varying 
degrees in the L a phase, without producing gross 
changes in bilayer structure, such as non-lamellar 
aggregates. Data on the location of the solutes 
within the bilayer and the extent to which they 
intercalate between the lipid chains is, however, 
much more limited [11-14]. All the 2H-NMR data 
obtained in this study, of which the spectra in Fig. 
2 are representative, show that n-alkanols from C 4 
to C14, at concentrations up to 33 tool% in the L~ 
phase, dissolve completely in DMPC bilayers. 
Furthermore, the uniaxial nature of the spectra 
(Fig. 2) indicate that the motions of the solute, 
responsible for time-averaging the quadrupole in- 
teraction are rapid on the NMR time-scale (~-< 
10- s s). 

Whether the solute molecules are intercalated 
between the alkyl chains of the lipid molecules or 
form an ordered sandwich between monolayers at 
the bilayer center, has not been determined by 
measuring the direction of the principal axis of the 
time-averaged electric field-gradient tensor with 
oriented bilayers. However, the former option is 
favoured on the basis of the order parameter 
profiles for n-octanol, n-dodecanol and n-tetrade- 
canol shown in Fig. 4. For these n-alkanols, the 
magnitudes of the quadrupole splittings from the 
most ordered segments are comparable to those of 
the lipid chain (Fig. 11), while the presence of a 
significant order parameter plateau reflects that 
exhibited by the lipid chains [40,42]. This confirms 
that, as expected, the terminal hydroxyl is 
anchored near the aqueous interface, probably at 
times projecting significantly into the aqueous 
phase beyond the most ordered 'glycerol back- 
bone' region of the bilayer, giving rise to a re- 
duced order parameter for this segment (Fig. 4). 
Similar effects have been observed for n-decanol 
in soap bilayers [46,47] and in DPPC bilayers [14]. 
Anchoring of the hydroxyl group in the vicinity of 
the aqueous interface of the bilayer is also re- 
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flected in the increased order parameter for the 
methyl group of n-octanol and n-dodecanol, (S = 
0.039 and 0.034, respectively) with respect to that 
for the acyl chain methyls of the lipid molecules at 
a comparable temperature (Ao = 3.5 kHz or S = 
0.027 at TMF + 10 C ° ) [56]. This results from the 
shorter length of the n-octanol and n-dodecanol 
chains so that the alcohol methyl groups are pulled 
into more ordered regions of the lipid bilayer [57]. 

A comparison of the order profiles for the 
n-alkanols in Fig. 4 is informative about their 
time-averaged dispositions in DMPC bilayers. The 
measured order parameter for the 1-methylene 
segment shows a maximum for a chain length of 
twelve. This result indicates that 1-dodecanol is 
maximally ordered in DMPC bilayers, suggesting 
that this chain is of optimal length for intercala- 
tion between the acyl chains of this phospholipid. 
If the n-alkanol is longer as in n-tetradecanol, it is 
too large to be ideally accommodated and this is 
reflected by increased disorder in the solute mole- 
cule. n-Tetradecanol is the first n-alkanol in the 
series where the order parameter for its terminal 
methyl group (S = 0.023 at TMF + 10 C °) is less 
than that of the terminal methyl groups of the acyl 
chains in DMPC (S = 0.027 at TMF + 10 C o ) [56]. 
Consideration of the relative lengths of the all-trans 
configuration of the hydrocarbon chains in n- 
dodecanol and DMPC using space-filling models 
suggests that the hydroxyl group of n-dodecanol is 
ideally positioned to be hydrogen bonded to the 
ester carbonyl groups of the sn-1 and -2 acyl 
chains in DMPC. The larger quadrupole splitting 
of the terminal methyl group in n-dodecanol com- 
pared with the terminal methyl groups of DMPC, 
however, show that this methyl group is, at times, 
located further up in the bilayer, allowing the 
hydroxyl group to hydrogen bond with the phos- 
phodiester group in DMPC as well as water mole- 
cules closely associated with the polar headgroup 
region. Such an arrangement would account for 
the drop in the order parameter towards the hy- 
droxyl end of the molecule. If the n-alkanol is 
shorter than n-dodecanol, the lower molecular 
weight and fewer opportunities for van der Waals 
interactions with the acyl chains, would allow 
these movements of the n-alkanol out into the 
headgroup region to assume more significance. 
Thus, the order at the 1-methylene segment de- 

creases with decreasing n-alkanol chain length. In 
the case of n-butanol, there is no plateau region in 
the order profile so that the fraction of time spent 
by the alkyl chain intercalated between the lipid 
acyl chains must be quite small. Since the most 
ordered segment in n-butanol is the 1-methylene 
group, it appears that the hydroxyl group is 
anchored to hydrogen bond acceptor groups in the 
polar headgroup region. This binding must be 
sufficiently strong to make the rate of exchange of 
n-butanol with the bulk water environment, slow 
on the NMR time scale (Fig. 2(a)). 

The presence in Fig. 5 of an ordering maximum 
at n-dodecanol is also evident at TMF, as well as at 
TMF + 10 C o. Since the data for n-tetradecanol in 
Fig. 7, and equivalent results for n-dodecanol, 
show that ordering at the 1-methylene segment at 
TMF is independent of solute concentration, the 
above comments regarding the dispositions of n- 
dodecanol and n-tetradecanol in the bilayer are 
still applicable for much lower solute concentra- 
tions. Thus, at the lower levels of solute con- 
centration which produce anesthesia, ordering of 
n-alkanols in DMPC bilayer still should show a 
maximum at n-dodecanol. That this ordering max- 
imum in n-alkanols occurs at the same chain 
length as the 'cut-off' in anesthetic potency in the 
same series may however be coincidental. DMPC 
bilayers bear little resemblance to the biological 
membranes in tadpoles, in which anesthetic 
potencies for n-alkanols were measured. We are 
currently determining whether the ordering maxi- 
mum in a homologous series is a function of the 
acyl chain length of the lipid, by measuring the 
ordering of the n-alkanols in DPPC bilayers. 

The difference observed between the ordering 
of n-dodecanol and n-tetradecanol in DMPC bi- 
layers is not reflected in their respective effects on 
the ordering of DMPC. At 33 mol% n-alkanol 
concentration and at comparable temperatures 
above TMF, there is virtually no difference be- 
tween the effects of n-dodecanol and n-tetrade- 
canol on ordering at most sites in the choline 
headgroup, glycerol backbone and acyl chains of 
DMPC (Figs. 10, 11 and unpublished data). That 
both n-alkanols perturb the time-averaged confor- 
mation of the interfacial region of DMPC is evi- 
dent by comparing their effect with the data for 
DMPC in the absence of n-alkanol. Significant 
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changes are seen at the fl-methylene segment of 
the choline, and the 1R,3S sites of the glycerol 
backbone, but almost no changes in the acyl chain 
ordering are apparent (Table I). These results are 
consistent with the n-alkanols being intercalated 
between the acyl chains of DMPC, thus increasing 
the average area per lipid molecule in the bilayer 
and resulting in a change in time-averaged confor- 
mation of the interfacial region of the lipid. The 
ordering properties of the acyl chains would not 
be expected to change significantly, since there is 
little difference for a given acyl chain in DMPC, 
between having a long alkyl chain of an n-alkanol 
or another lipid acyl chain as a nearest neighbor 
in the bilayer. 

The influence of the long chain n-alkanols on 
DMPC ordering, however, is quite different from 
that observed for n-octanol and n-butanol. Fig. 10 
shows that n-butanol has a large effect on order- 
ing at the 3R,S sites of the glycerol backbone. 
This change is caused partially by an increased 
area per lipid molecule in the bilayer, but the 
predominant contribution probably arises from 
new hydrogen bond interactions between the n-al- 
kanol and the phosphodiester group in DMPC, 
causing a change in the time-averaged conforma- 
tion of the interracial region. This binding also 
appears to be important in the case of n-octanol 
(Fig. 10). The ordering of the a-methylene seg- 
ment of the choline group which is the second 
methylene group directly bonded to the phos- 
phodiester linkage is not altered significantly by 
such hydrogen bonding (Table I). The decreased 
ordering observed at the 1R site and the absence 
of any effect at the 1S site in the case of all four 
n-alkanols, suggest a change in time-averaged con- 
formation of this segment with respect to the most 
odered molecular axis of the lipid. Similar effects 
at two sites on the same methylene group are also 
observed at the 2'R,S-positions of the sn-2 acyl 
chains where the 2'S site, unlike the 2"R site is 
relatively insensitive to the presence of n-alkanol 
in the bilayer. The effect of both n-octanol and 
n-butanol on acyl chain ordering in DMPC has 
been discussed previously [13]. It was argued that 
the anchorage of n-butanol at the aqueous inter- 
face gives rise to an increase in bilayer area which 
the lipid chains accommodate by disordering be- 
low those segments directly affected by the pres- 

ence of solute. It is more difficult to explain the 
ordering effect of n-octanol (Fig. 11), although for 
n-alkanols of intermediate chain length it is possi- 
ble that an additional factor comes into play. 
Disordering of those parts of the lipid chains 
which entered beyond the terminal methyl of the 
n-alkanol clearly involves an energy penalty, since 
the additional energy associated with formation of 
a gauche bond is 500 ± 100 cal/mol [58]. This is 
only partially offset by the increased entropy con- 
tribution to free energy. Alternatively, the extent 
of the disordering can be reduced and the Van der 
Waals interactions with neighboring chains can be 
minimized if the lipid chains adjacent to the n-al- 
kanol straighten, giving rise to the observed in- 
crease in order. This in turn will reduce the degree 
to which the ends of the lipid chains must disorder 
to fill space in the bilayer center, since the alkanol 
itself experiences a more ordered environment and 
consequently has a smaller projected area at the 
bilayer surface than it would have in the absence 
of such effects. Both these factors result in a 
reduction in free energy at the expense of some 
entropy contribution. For the short chain n-al- 
kanols (n-butanol) the latter is clearly dominant, 
so that the lipid chains disorder over their entire 
length. Once the alcohol chain length approaches 
that of the lipid chains, the propensity for in- 
creased order of the lipid chains in the 'plateau' 
region is again reduced, since a better match can 
be achieved between the order and packing of 
both types of chain. 

The effect of these four n-alkanols on DMPC 
ordering at comparable temperatures and con- 
centrations are quite unlike those produced by the 
alcohol, cholesterol. For this solute the hydro- 
phobic portion of the molecule comprises a larger 
component than in the case of the n-alkanols so 
we would predict this solute to be more deeply 
embedded in the bilayer. The minimal effects of 
cholesterol on the order parameter at the 1R,3R,3S 
sites on the glycerol backbone and the a- and 
/3-methylene segments of the choline (Table I) 
suggests that there is little interaction between its 
hydroxyl group and the phosphodiester group of 
the lipid, as well as little change in the average 
area per lipid molecule in the bilayer. In conclu- 
sion, it appears that the data in Table I can be 
interpreted qualitatively in terms of the relative 



depth of penetration of the various alcohol mole- 
cules into the lipid bilayer. 
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