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ABSTRACT The deuterium nuclear magnetic resonance (*H NMR) spectrum of perdeuterated tetradecanol in a
mixture of 1-palmitoyl-2-oleoyl-phosphatidylethanolamine (POPE) and water was used to compare the variation of the
acyl chain orientational order parameter, S(n), with carbon position, n, in the liquid crystalline lamellar (L,) and
hexagonal (Hy) phases. The characteristic independence of S (n) with n (plateau) normally observed in the L, phase is
replaced by a more rapid decrease of S(n) with n in the Hy phase. It is suggested that as a consequence of the
geometrical characteristics of the Hy; phase, there is an increase in conformational freedom available to different parts

of the acyl chain.

INTRODUCTION

The technique of deuterium nuclear magnetic resonance
(*H NMR) has provided microscopic information on local
orientational order of the acyl chains in phospholipid
bilayer model membranes (Mantsch et al., 1977; Seelig
and Seelig, 1980; Davis, 1983) and in biological mem-
branes under physiologically relevant conditions (Seelig,
1977; Seelig and Seelig, 1980; Jacobs and Oldfield, 1981;
Devaux, 1983; Bloom and Smith, 1985). Measurements of
S (n) in biological membranes have also yielded important
information on lipid-protein interactions (Seelig and See-
lig, 1980; Devaux, 1983; Bloom and Smith, 1985; Mou-
ritsen and Bloom, 1985).

The orientational order parameter associated with the
nth carbon atom on an acyl chain is given by the ensemble
average

S(n) = 1h{(3 cos’6, — 1), 1)

where 6, is the angle between the nth C-D bond and the
axis of symmetry for rapid motions of the acyl chain. For
2he lamellar liquid crystalline (L,) phase, structural mea-
surements of model membranes made using the traditional
diffraction techniques can only provide a measure of a
single parameter, which can be the surface area per
molecule or, equivalently for an incompressible fluid,
membrane bilayer thickness (Janiac et al., 1976; Lis et al.,
1982; Cornell and Separovic, 1983; Lewis and Engelman,
1983). Measurements of S(n) are thus an important
complementary source of structural and dynamical infor-
mation in model membranes.

The fluid bilayer signature (Seelig and Seelig, 1980) of
S versus n is characterized by a plateau (i.e., very little
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variation of S with n) for the part of the acyl chain closer to
the glycerol backbone, followed by a relatively rapid
decrease towards the end of the chain (Seelig, 1977; Seelig
and Seelig, 1980). This behavior can be understood in
terms of models which take account of the following
features of lipid bilayers (Seelig, 1977; Jihnig, 1979;
Seelig and Seelig, 1980; Dill and Flory, 1980): (a) the
lamellar symmetry of the phospholipid bilayers and the
amphiphilic nature of the phospholipid molecules; (b)
rapid axial rotation about the bilayer normal in the L,
phase and also rapid conformational averaging of the
NMR observables associated with deuterons on the acyl
chains; (c) the existence of an effective molecular field
parallel to the bilayer normal due to interactions between
neighboring phospholipid molecules.

The variation of the orientational order parameter with
chain position can also be studied in the hexagonal (Hy)
phase of a phospholipid-water dispersions. In this phase,
the water is found on the inside of long parallel cylinders
which are hexagonally coordinated in the plane perpendic-
ular to their axes of symmetry as shown schematically in
Fig. 1. The hydrophobic acyl chains fill the space between
the cylinders. It is well established from phosphorus (*'P)
NMR measurements (Cullis and de Kruijff, 1979) that the
lipid molecules diffuse rapidly around the cylinder axes on
the NMR time scale. This feature, the symmetry proper-
ties of the Hy phase, and in particular, the anticipated
nature of the acyl chain packing in the regions between the
cylinders led us to expect a qualitatively different depen-
dence of orientational order on chain position. This expec-
tation is supported by measurements made by Jarrell and
coworkers (1986; also Perly et al., 1985) which give the
changes in orientational order between L, and Hj; phases
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FIGURE 1 Comparison of the
L, (left) and hexagonal Hy
(right) phases of phospholipid-
water dispersions. A schematic
representation of their geometry
is shown at the top. Due to the
rapid diffusion around the cylin-
der axes in the Hy phase, both
the P NMR (middle) and the
2H NMR (bottom) spectra are
scaled by a factor of — 1. The *'P
NMR spectra can yield both the
absolute value of S and its sign.
Because of their symmetry, the
’H NMR spectra do not provide
the information about the sign of
S. For illustrative purposes, the
simulated powder patterns are
shown on arbitrary horizontal and vertical scales, with wj indicating the
Larmor frequency for each nucleus.

for some selected chain positions. Here, we present the first
systematic study of the variation of S with n, which enables
us to analyze quantitatively differences in chain packing
between the L, and Hj; phases. As we shall see, substantial
differences are indeed observed. We present our experi-
mental results in the hope that they stimulate theoretical
studies of the differences in local orientational order
between Hy and L, phases in relation to their symmetry
properties.

MATERIALS AND METHODS

The 2H NMR and *P NMR measurements to be
described below were carried out in ternary alcohol-lipid-
water mixtures. The alcohol used was tetradecanol (TD)
deuterated in carbon positions 2-14. Lipids having phos-
phatidylcholine (PC) and phosphatidylethanolamine (PE)
headgroups were used and the two chains were either two
oleoyl chains (DOPC or DOPE) or 1-palmitoyl-2-oleoyl
(POPC or POPE).

Materials

1-palmitoyl-2-oleoyl-phosphatidylethanolamine (POPE) and 1-palmi-
toyl-2-oleoyl-phosphatidylcholine (POPC) were purchased from Avanti
Polar Lipids, Inc., (Birmingham, AL). Deuterium depleted water
(0.0033 x natural abundance) and borane-tetrahydrofuran complex (1.0
M solution in tetrahydrofuran) were purchased from Aldrich Chemical
Co., Milwaukee, WI. D,O (99.8 atom percent purity) was supplied by
Merck Frosst Canada Inc., Montreal, PQ. Tetradecanoic acid was
purchased from Sigma Chemical Co., St. Louis, MO. Palladium on
charcoal (9% Pd) was obtained from VWR Scientific Div., Univar, San
Francisco, CA.

Synthesis of Perdeuterated Tetradecanol

Perdeuterated tetradecanol was prepared from tetradecanoic acid as
outlined in the following equation:

D,,Pd/C
165°

CH;(CH,),,COOH CD,(CD,),,COOD

BH;-THF
00

CD,(CD,),,CH,OH.
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Perdeuterated tetradecanoic acid was prepared by hydrogen/deuterium
exchange between the fatty acid (five parts) and deuterium gas at
atmospheric pressure over 9% palladium on charcoal (one part) catalyst
at 165°C (Hsiao et al., 1974; Delikatny, 1987). The deuteration process,
stopped at 80%, was monitored periodically by mass spectroscopy carried
out with a Kratos MS50 mass spectrometer. The perdeuterated tetra-
decanoic acid, purified by column chromatography (silica gel 60-120
mesh) and recrystallized from methanol (melting point 57-58°C), was
reduced to the corresponding alcohol by borane in tetrahydrofuran
(THF) at 0°C (Yoon et al., 1973). The tetradecanol so obtained was
redistilled under vacuum (boiling point 100-102°C at 0.5 mm Hg). It has
a melting point of 39—40°C when recrystallized from aqueous ethanol.
Due to the nature of the synthetic procedure, only carbon positions 2-14
of the tetradecanol are deuterated.

Sample Preparation

Stock solutions of POPE and POPC in chloroform were made and
phosphate assays were done to determine their lipid concentration. A
0.1 M solution of the perdeuterated tetradecanol was also prepared. An
amount of lipid stock solution containing 200 um of lipid was placed in a
test tube and mixed with the required amount of tetradecanol solution.
The chloroform was evaporated off, first under nitrogen and subsequent-
ly, under reduced pressure for at least 2 h. Once dry, the sample was
dissolved in a small amount of cyclohexane and transferred to glass NMR
sample holders, 8 mm in diameter and 17 mm long. These were placed in
a —80°C freezer for 1 h and then immediately transferred to a vacuum
and left there overnight. An excess of buffer composed of 20 mM Hepes
and 300 mM NaCl in deuterium depleted water at pH 7.4 was added and
then the sample was sealed with a teflon plug.

'P NMR

IP NMR spectra were obtained on a WP200 FT-NMR spectrometer
(Bruker Instruments, Inc., Billerica, MA). The lipid sample, in a sealed
sample holder, was placed in a 10-mm round bottom NMR tube and the
sample holder was then completely covered with 2H,O to provide the
locking signal. The spectrometer was operated at 81 MHz with broad-
band proton decoupling of 10 W. The spectra were collected for at least
500 transients with a 20 kHz sweep width, an 18 us 90° pulse and a
repetition rate of 1s~'. Temperature was maintained by a Bruker B-VT
1000 temperature controller to +0.5°C. Ten minutes were allowed for the
sample to equilibrate at each temperature. Since hysteresis has been
observed in the L, to Hy, phase transition, spectra were always collected
first at the lowest temperature and then at increasingly higher tempera-
tures. Samples were stored at —20°C overnight before collecting spectra
at a lower temperature.

’H NMR

Deuterium NMR spectra were obtained on a home-built 35 MHz 2H
NMR spectrometer described in detail elsewhere (Davis, 1979; Sternin,
1985). Spectra were collected for at least 20,000 transients each using a
quadrupolar echo pulse sequence and phase cycling (Davis, 1979; Davis,
1983; Rance and Byrd, 1983). The 90° pulse length was 2.5-3.5 us and
repetition rate was 2s~'. The time between the two pulses in the
quadrupolar pulse sequence was 50 us. Spectra consisted of 2,048
complex data points each and the dwell time varied from 1 to 5 us. A
modified Bruker B-ST 100/700 temperature controller was used to
maintain the temperature of an oven enclosing the sample and the radio
frequency coil to within +01.°C. The absolute temperature calibration
was +1°C. The sample was allowed at least 30 min to equilibrate at each
temperature. To avoid hysteresis effects spectra were always collected at
increasing temperatures, as described for the *'P NMR spectra.

DePakeing

The obtained spectra exhibit the powder pattern lineshape characteristic
of superposition of randomly oriented domains. An effective way of
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analyzing such powder spectra quantitatively is provided by the numer-
ical dePakeing procedure (Bloom et al., 1981, Sternin et al., 1983). The
dePakeing procedure converts a powder spectrum into one characteristic
of an oriented bilayer or cylinder, and thus provides the actual distribu-
tion of values of S (n).

RESULTS

The *'P NMR spectra obtained with 20 mol% TD in POPE
at temperatures varying from 26° to 56°C are shown in
Fig. 2. These spectra indicate that the L, to Hy, transition
occurs between 36° and 46°C. This is ~15° lower than in
pure POPE. As expected (Tilcock et al., 1986), *'P NMR
spectra (not shown) of POPC with 20 mol% TD over the
same range of temperatures showed that the sample
remained in the L, phase.

The 2H NMR spectra of 20 mol% TD in POPE at
varying temperatures are shown in Fig. 3. Below the L, to
Hy, transition (as determined from the *'P NMR) the H
NMR spectra exhibit the usual lamellar lineshape for a
perdeuterated chain (Davis, 1979; Thewalt et al., 1985).
Above the transition the lineshape is significantly different.
In the immediate vicinity of the transition, spectra contain-
ing mixtures of both lineshapes are obtained. By contrast,
the 2H NMR spectrum (not shown) of 20 mol% TD in
POPC exhibits a characteristic lamellar lineshape over the
same temperature range, with a gradual reduction in its
overall width as the temperature is increased.

DISCUSSION

Molecules in the Hj phase diffuse rapidly about the
cylinder axes on the NMR time scale. If this were the only
difference between L, and H; phases then for a nucleus
near the lipid-water interface, the effective symmetry axis
for the spin-dependent interactions would be rotated by
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FIGURE 2 L, to Hy phase transition as seen from the *'P NMR spectra.
The results of dePakeing the powder spectra on the left (a—d) are shown
on the right (e-4) for four different temperatures. The phase transition
occurs between 36° and 46°C. By convention, the depaked spectra are
shown for the orientation corresponding to 8 = O (shoulder), and the
position of the depaked peak gives both the sign and the absolute value of
S. Note the small remnant of the L, phase in the depaked spectrum of g,
almost impossible to see in the powder spectrum of ¢. Binomial smoothing
over +3 points was used on the depaked spectra.
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FIGURE 3 L, to Hy phase transition as seen from the 2H NMR spectra.
The results of dePakeing the powder spectra on the left (a—) are shown
on the right (d—f) for three different temperatures. The spectrum in a
(and in d) exhibits the plateau lineshape characteristic of the L, phase;
the lineshape of ¢ (and of f) is completely different. In the immediate
vicinity of the phase transition (b and e) a mixture of both lineshapes is
observed. The integral intensity of all spectra is normalized to 1, but for
clarity the spectrum in a is shown at twice the vertical scale of those in b
and ¢. By convention, the depaked spectra are shown for the orientation
corresponding to § = O (shoulder). Binomial smoothing over +3 points
was used on the depaked spectra.

90°, from the normal to the lipid-water interface to the
direction of the cylinder axis. From Eq. 1 it may be seen
that this gives rise to a change in S by a factor of —1.
Because of their symmetry, 2H NMR spectra are sensitive
only to the magnitude of S and not to its sign. However, *'P
NMR spectra manifest both the factor of )4 (actually,
0.46—0.47 as measured from the depaked spectra) and the
sign change. This may be seen from a comparison of the >'P
NMR spectra of the L, phase with those of the H}; phase in
Fig. 2.

Here we investigated via ZH NMR the orientational
order of the acyl chain of perdeuterated TD in the lipid-
water mixtures. In a sense, the TD molecule was used as a
reporter of the orientational order along the chains of the
lipid molecules. In fact, adding alcohol to the lipid-water
mixtures has a strong effect on the temperature of the
phase transition. This suggests that such systems should
really be treated as ternary. Nevertheless, since TD does
have a polar end, we expect it to be pinned down to some
extent at the lipid-water interface with its acyl chain
extending into the bulk of the lipid, and therefore, to be a
good reporter of the orientational order of the acyl chains
of the host lipid. This has been confirmed in a recent study
of alcohol-lipid-water mixtures in the L, phase (Thewalt et
al., 1986).

Inspection of the 2H NMR spectra of perdeuterated TD
in POPE in Fig. 2 shows that the lineshapes in the L, and
Hy; phases are different from each other. This indicates
that across the phase transition the various S(n) values
along the TD chain do not scale by a common factor. Also,
measuring the average quadrupolar splitting as a function
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of temperature gives a decrease by considerably more than
a factor of two. These two observations agree with our
expectations since the geometry of the Hy phase allows
more conformational freedom for the ends of the chains
than that of the L, phase.

An important and much discussed feature of the varia-
tion of |S'(n)|in the L, phase is the plateau. In the depaked
spectrum of the L, phase shown in Fig. 3 d, the plateau
corresponds to the largest splitting, which accounts for
almost half of the total intensity. In the Hj; phase, shown in
Fig. 3 f, a relatively larger fraction of the total intensity
appears at smaller splittings, indicating a diminishing
importance of the plateau. This point is more readily seen
from the renormalized plots of Fig. 3 d and f'shown in Fig.
4. Here we plot the spectral intensity against the variable
0 = S/S nax Where Sy, is the maximum value of the local
chain orientational order parameter in a given phase, as
measured from the maximum observed splittings in Fig. 3
d and f. In addition, the area of each spectrum has been
normalized to 27, the number of *H nuclei per TD chain
contributing to the ?H NMR spectra. This corresponds to
twelve methylene (position one is not deuterated) and one
methyl group. Therefore, each curve can be viewed as a
plot of the number of deuterons per unit interval of ¢. The
plots show clearly that the Hj phase no longer has a
plateau near o = 1 and that the distribution of ¢ is more
heavily weighted at lower values in the H; phase relative to
the L, phase.

If one now assumes that o varies monotonically along the

-15 -1.0 -0.5 0.0 0.5 1.0 15

T=5(n)/Smex

FIGURE 4 Comparison of the distribution of the fractional order param-
eter in the two phases. L, phase, shown by the dotted line, exhibits the
characteristic plateau lineshape where a major fraction of the total
intensity is in the outermost peaks of the spectrum. In contrast, in the Hy,
phase, shown by the solid line, the importance of the plateau is
diminished. Both spectra are normalized to have the total intensity of 27.
The fractional order parameter for every carbon position is assigned by
calculating the midpoints of intervals weighted 3-2-2-2-. . ., as discussed
in text. Their locations are shown for both phases, immediately above (for
L,). and the below (for Hy) the spectra. Notice, that the tick marks
corresponding to these midpoints are more evenly spaced for the Hy
phase.
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chain, one can assign an average fractional order parame-
ter in each phase to every carbon position ». This is denoted
by o,(n) for the L, phase and a,(n) for the Hy; phase. In
practice, we separately assign the peaks associated with the
smallest values of ¢ in Fig. 4 to the methyl deuterons. The
remaining area under the curve corresponds to 24 deu-
terons and is divided into 12 equal parts. The value of ¢ at
the center of each of these parts determines the value of
o.(n) or ay(n) corresponding to the appropriate methylene
group in the chain. The plots of the average o(n) values for
each phase assigned in this manner are shown in Fig. 5.

A more appropriate way of characterizing the system-
atic differences in conformational averaging along the
chain is by the ratio

ay(n)

R =

2
This ratio should in principle be determined from spectra
obtained at a common temperature, such as in Fig. 3 e.
Since we are unable to separate the coexisting spectra in
Fig. 3 e, we calculate the values of R(n) under the
assumption that the L, and Hy, spectra approximately scale
with temperature, ie., that Sy(n)/(Sy)ms and S;(n)/
(S.)mex do not change appreciably for a small change in
temperature. Therefore, we approximate R(n) by the ratio
oy(n)/oy(n), where oy and ¢, are measured from the
spectra of pure Hy and L, phases in Fig. 4 f and d,
respectively. The resulting R(n) versus n is plot is pre-
sented in Fig. 6. Note that this approximation is only valid
for the dimensionless quantity ¢. If we measure the ratio of
maximum quadrupolar splittings in the same way, we
obtain (Sy)max/(Se)max = 12.94/36.28 ~ 1/2.8. On the
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FIGURE 5 Order parameter profile of L, (A) and Hy, (®). We use the
assumption that o decreases monotonically with carbon position to divide
the integrated intensity, normalized to 27, into the intervals of weight
3-2-2-2-..., and assign the midpoints of these intervals to the average
fractional order parameter associated with the appropriate carbon posi-
tion. In this way, Sp,, in each phase is the one associated with the
outermost such interval which we assign to the carbon position n =2.
Consequently, 6,(2) = 04(2) = 1.
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FIGURE 6 Ratio of the fractional order parameters, o(n), in the L, and
Hy; phases. The increase of the orientational freedom available to the acyl
chain in the Hy; phase is approximately linear as compared with the L,
phase. The straight line is the result of a linear least squares fit to the first
nine points (carbon positions n = 2 to n = 10).

other hand, measuring the same ratio from the coexisting
spectra of Fig. 3 e, yields (Sg)max/(SL)mx =~ 1/2.4.

The almost linear decrease of R(n) with n provides a
measure of the increase in conformational freedom avail-
able for different parts of the TD chain when the system
undergoes the L, to Hy phase transition. Note that the
ratio of the maximum splittings, which we associate with
n = 2, differs from 4. This is probably indicative of the
degree to which the polar end of the TD molecule is pinned
down to the lipid-water interface.

CONCLUDING REMARKS

Most previous NMR studies of phospholipid Hj, phases
have been carried out using *P NMR (Cullis and de
Kruijff, 1979). In agreement with these studies, our *'P
NMR measurements show that the ratio of the *'P aniso-
tropic chemical shift in the Hy; phase to that in the L, phase
is ~ —1. This result demonstrates that the conformational
averaging of the polar headgroup region of the phospholi-
pid molecules is not appreciably affected by the curvature
of the cylindrical lipid-water interface in the Hy phase.
Equivalently, one can say that the local orientational order
parameter for the polar headgroup is not affected by this
curvature. The factor of — is attributable to the rapid
diffusive motion of the lipid molecules around the cylinder
axes. By contrast, we have shown that the local orienta-
tional order of the acyl chains, as sensed by ZH NMR of the
TD molecules in our samples, is systematically lower in the
Hy; phase than in the L, phase. For the n = 2 position, the
ratio of the quadrupolar splittings in the Hy; phase to that
of the L, phase is 1/2.4; near the end of the chain this ratio
decreases to ~1/5.0. The fact that the ratio of 1/2.4 is
within 20% of the factor —!4 demonstrates that the polar
end of the TD molecule spends most of its time close to the
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lipid-water interface, while the systematic additional
decrease of Sy(n) down the chain indicates significantly
greater angular freedom deep in the hydrophobic region of
the Hy, phase as compared with the L, phase.

The theoretical methods required to interpret the depen-
dence of S on n in amphiphilic systems of various geome-
tries are now well established (Jdhnig, 1979; Dill and
Flory, 1980; Seelig and Seelig, 1980; Ben-Shaul and
Gelbart, 1985) but have not, to our knowledge, been
applied to the geometry of the Hy; phase. We hope that our
work will stimulate such calculations. An explicit predic-
tion that a system with a cylindrical lipid-water interface
should exhibit a more rapid decrease of .S with n than that
of a planar interface was made by de Gennes (1974). This
qualitatively agrees with our experimental observations.
On the other hand, studies of S versus n for the hexagonal
Hj phase of a soap-water system (Mely et al., 1975) were in
disagreement with de Gennes’ prediction. The H; phase is
the reverse of the Hy; phase in the sense that the water in
the H, phase is outside the cylinders and the chains are
inside. Theoretical studies of the type we propose above
should account for the different properties of the Hy and

~Hy phases.

Our analysis of S versus n was carried out using
experimental 2H NMR spectra of perdeuterated rather
than specifically labeled chains. This resulted in an enor-
mous saving of time and money since one sample sufficed
for the entire S (n) profile. We used the dePakeing method
to establish a correct probability distribution for S. Its
reliability for perdeuterated chains is by now well estab-
lished (Bloom et al., 1981; Davis, 1983; Pauls et al., 1983;
Sternin et al., 1983). However, our analysis was based on
the assumption that S varies monotonically with n. This
assumption is, in fact, not rigorously correct. It is well
known that there is a small oscillation in S'(n) between odd
and even values of n because of the geometry of the acyl
chain (Seelig and Seelig, 1980; page 36). Our results
should be compared with the orientational order of a
smooth curve drawn through the mid-points of the C-C
bonds, much in the spirit of representing the chains by
continuous elastic lines (Jihnig, 1979). We feel strongly,
however, that in most cases the crucial physical informa-
tion provided by 2H NMR measurements is associated
with the properties of this smooth curve.

Finally, we wish to comment on future prospects for
measurements of the type reported here. Here, TD mole-
cules were used to probe the orientational order of the host
lipid in the L, and Hy; phases. In the case of L, phase,
previous studies have shown that molecules such as TD
(Thewalt et al., 1985; Thewalt et al., 1986) and fatty acids
(Pauls et al., 1983) do perturb the orientational order of
the host phospholipid molecules, but that they report
accurately on this perturbed orientational order. It would
be desirable to compare the S (n) profile for the acyl chains
of the phospholipid molecules in the Hy phase with those
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reported here for TD, and we plan to do so. Another aspect
of the problem, and the one which originally attracted us to
these systems, is the great influence that a small amount of
alcohol has over the phase behavior of the lipid-water
dispersions, effectively facilitating the transition to the Hy
phase. Our data seems to imply that the alcohol molecules
are pinned down to a certain degree at the lipid-water
interface. Thus it will be of interest to examine the
partition of TD and phospholipid molecules in the various
regions of the Hj; phase. One way to do this would be to
replace TD by an appropriate perdeuterated alkane, which
does not have a polar end and may therefore preferentially
migrate deeper into the hydrophobic region of the Hj
phase. This may preferentially affect the orientational
order of the ends of the acyl chains of the phospholipid, as
the alkane would fill up the pockets in the middle of the
triangles formed by the nearest-neighbor cylinders of the
H,; phase (Kirk and Gruner, 1985).
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