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Trans-unsaturated Lipid Dynamics: Modulation of
Dielaidoylphosphatidylcholine Acyl Chain Motion by Ethanol
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ABSTRACT Acyl chain dynamics of the trans-unsaturated lipid, dielaidoylphosphatidylcholine (DEPC), were studied by con-
ventional and saturation transfer electron paramagnetic resonance spectroscopy of aqueous dispersions of DEPC spin labeled
with lecithins having doxyl groups at positions 5, 10, and 14 on the sn-2 chain. The gel to liquid crystalline transition is concerted
with simultaneous increases in rotational motion about the long axis of the acyl chain (libration) and in gauche-trans confor-
mational interconversions (wobble). Relative to saturated lecithins at similar reduced temperatures the double bond (a) slowed
libration by an order of magnitude in both phases, while wobble motions were several times slower, and (b) produced a
pronounced stiffness of the acyl chain near the double bond. Ethanol (0—1.6 M), in addition to its well-known colligative effect
on the phase transition, was found to decrease the bilayer order in a concentration-dependent manner. This effect was smaller
in the gel than in the liquid crystalline phase, most pronounced next to the double bond, and weakest deep in the bilayer. Ethanol
affected slow motions little in the gel phase but wobble and libration correlation times were markedly decreased in the liquid

crystalline phase.

INTRODUCTION

Much is known about acyl chain segmental motion in satu-
rated lecithins from a variety of spectroscopic techniques. In
contrast, less information is available on lipids with unsat-
urated acyl chains, even though unsaturated lipids are more
abundant in biological membranes. The importance of com-
paring the modulatory effect of trans-unsaturated lipids with
saturated lipids in biological systems has recently been em-
phasized in epidemiological reports of adverse health effects
associated with consumption of partially hydrogenated oils
(Willett et al., 1993). In an individual lecithin molecule com-
prised of saturated acyl chains, each methylene segment pos-
sesses comparable degrees of freedom to adopt a variety of
gauche and trans conformers (twists and kinks) with respect
to its proximal and distal neighboring segments (Lange et al.,
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1986; Moser et al., 1989). Ensembles of saturated lecithins
(as in bilayers) possess a flexibility gradient of allowable
segment orientations.

Unsaturated lecithins are expected to differ from saturated
homologs in two respects—two segments are fused together
by a double bond, and the fixed geometry of the double bond
creates a local offset of the chain axis. The YC=C( rigid unit
has nearly twice the mass of a methylene (CH,) segment, and
its motion is retarded in comparison to the single-bonded
methylene segments. These two effects tend to isolate the
motions of the acyl chain sections between the glycerol back-
bone and the site of unsaturation from those between the
double bond and the terminal methyl group. Consequently,
in the lipid bilayer the temperature of the main gel to liquid
crystalline phase transition of unsaturated lipids behaves as
if the acyl chains were composed of semi-independent poly-
methylene sections separated by double bonds (Cevc, 1991).
2H NMR studies have identified the positions of unsaturation
as regions having atypical properties (Seelig and Waespe-
Sarcevic, 1978; Seelig and Seelig, 1977; Baenziger et al.,
1991).

The potency of ethanol and other low molecular weight
general anesthetics correlates with their lipid solubility (Ali-
fimoff et al., 1989). This relationship suggests that physical
interaction of ethanol with the lipid bilayer underlies the
mechanism of its pharmacological properties. The precise
sites of ethanol interaction with the lipid bilayer are not elu-
cidated at this time, but several lines of evidence (Napolitano
and Herbette, 1984; Rowe et al., 1987; Diamond and Katz,
1974) suggest that ethanol associates with the polar region,
and that its effects upon the hydrophobic interior of the bi-
layer may derive from surface perturbations propagating
through the lipid array.

Many studies of ethanol-lipid interactions have focused on
the gel to liquid crystalline phase transition of lipids with
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saturated, rather than unsaturated, acyl chains (Rowe, 1983;
Ohki et al., 1990; Sturtevant, 1982). The time-averaged lo-
cation of ethanol in the polar interfacial region of the bilayer
suggests that the mechanism of ethanol-induced gel phase
melting may not be strictly analogous to that for thermally
induced melting. Ethanol might either differentially perturb
the acyl chains near the surface or interaction with the head
group might be propagated along the chain.

Dielaidoylphosphatidylcholine (DEPC)' contains a mid-
leaflet trans double bond at Cy-C, and its main phase tran-
sition occurs in the range of 10.5° to 13.5°C (Wu and Mc-
Connell, 1975) which is convenient for study of bilayers
dispersed in excess water. We have therefore chosen to com-
pare the effect of temperature and ethanol upon the gel (or
ripple) phase to liquid crystalline phase transition in DEPC.
EPR and saturation transfer EPR methods provide access to
doxyl segmental motion correlation times over several orders
of magnitude (107! to 10~ s). We have used these tech-
niques to study the motion of doxylphosphatidylcholine
guests having their reporter groups at the double bond and
four methylene segments above and below it. Dimyris-
toylphosphatidylcholine, with a main phase transition at 22—
23°C (Silvius, 1983) serves as the saturated lipid reference
for segmental motion rates. A preliminary account of this
work has been presented (Dalton and Miller, 1993).

EXPERIMENTAL PROCEDURES
Materials

DEPC (20 mg/ml in chloroform) and dimyristoylphosphatidylcholine
(DMPC; 25 mg/ml in chloroform) were purchased from Avanti Polar Lipids
(Alabaster, AL). The doxyl-substituted phosphatidylcholine spin labels were
kindly provided by Dr. Anthony Watts (University of Oxford, UK). Ethanol
(USP grade, 200 proof) was obtained from Aaper Alcohol and Chemical Co.
(Shelbyville, KY). Buffer components (MOPS, NaCl, EDTA, and sodium
azide) were obtained from Sigma Chemical Co. (St. Louis, MO) or from
Fisher (Biotech Division, Fair Lawn, NJ). The EPR reference standard,
potassium nitrosodisulfonate, was obtained from Alfa Inorganics (Beverly,
MA).

Preparation of lipid vesicles

Multilamellar liposomes of DEPC containing 1% of either 5-, 10-, or 14-
doxyl distearoylphosphatidylcholine (5-, 10-, or 14-PCSL) were prepared by
the method of Pringle and Miller (1979). Aliquots of chloroform and EtOH
stock solutions of host and guest, respectively, were evaporated to dryness
under nitrogen, residual solvent was removed under vacuum (16 h), then
buffer saturated with argon was added and the lipids were dispersed by
vortexing. Five cycles of vortexing at S0°C alternated with cooling in ice
were conducted to prepare liposomes (50 mg/ml) in buffer (100 mM NaCl,
10 mM MOPS, 0.1 mM EDTA, 0.1% sodium azide, pH 7.4; designated
buffer NME). Liposomes of DMPC doped with 5-PCSL were prepared in
a similar manner. Chilled samples were transferred to quartz capillaries 0.60
mm ID X 0.84 mm OD (Vitro Dynamics, Inc. Rockaway, NJ) in an argon
atmosphere and the capillary was flame-sealed. The lipid dispersions were
sedimented to the bottom of the capillary tube by brief (10 min, 4°C) cen-
trifugation (Boggs et al., 1989) at 4000 rpm in a Sorvall SS-34 fixed-angle
rotor fitted with an adapter. The column height of packed lipid vesicles was
10-12 mm, so that a cylindrical sample having uniform dielectric properties
was present in the active region (Mailer et al., 1991) of the resonator, as
recommended by Hemminga et al. (1984). Relative spin concentrations were
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determined by double integration of the V| EPR spectra or by triple inte-
gration of the low power second harmonic in phase V, spectra.

The ethanol concentration in each series of samples was adjusted by
adding 0.25 volumes buffer (control) or NME containing 5-fold concen-
trated stock solutions of ethanol to separate aliquots of the liposomes in
ReactiVials (Pierce Chemical Co., Rockford, IL) fitted with Teflon/silicone
septum caps for maintenance of an argon atmosphere. The multilamellar
liposome dispersions were permitted to equilibrate with ethanol-
supplemented NME buffer for 24 h prior to transfer to capillaries. The final
concentrations of ethanol in the n-PCSL/DEPC dispersions (40 mg of lipid
per ml) ranged from 0 to 1.6 M.

Recording of V, and V, EPR and V, ST-EPR
spectra

A Varian E-109 spectrometer equipped with a loop-gap resonator, Model
XP-0201 from Medical Advances (Milwaukee, WI), was used. The micro-
wave signal was amplified by an X-band field-effect transistor from Miteq
(Hauppauge, NY) in the Varian E-102 bridge as described by Hubbell et al.
(1987). The spectrometer was interfaced to a Dell 316SX computer with an
analog to digital card from Real Time Devices (State College, PA) in con-
junction with software and hardware from Scientific Software Services
(Bloomington, IL). The magnetic field was externally ramped by a controller
board from the Department of Engineering, University of Denver. Typical
100-Gauss sweeps of the magnetic field consisted of 2000 discrete field bins.
Temperature was regulated using a modified Varian E-257 assembly. The
loop-gap resonator was positioned inside a “Q-Band” size glass dewar (Wil-
mad, Buena, NJ) fabricated to accommodate the Varian heater-sensor ele-
ment in the path of precooled air flow. Temperature was measured in the air
flow around the resonator as well as within the loop-gap resonator ceramic
body. Type T thermocouples (subminiature 40-gauge copper-constantan;
Omega Engineering, Stamford, CT) positioned in the air-vent holes in the
Macor ceramic body of the resonator and in the air flow path upstream from
the resonator were connected to an Omega Engineering Model 412B digital
temperature indicator.

Microwave field intensity was calibrated by measurement of broadening
of the width of the narrow-line reference sample 0.09 mM potassium ni-
trosodisulfonate in 20 mM potassium carbonate, as described by Beth et al.
(1983). The modulation field amplitude was calibrated at each frequency
(100 kHz for V, and 50 kHz for V, and V,) by overmodulated broadening
of the reference sample (Poole, 1983). Conventional EPR V), spectra were
recorded at incident microwave power of 0.05 mW, corresponding to an
effective microwave field intensity (B.¢) of 3.32 uT, with low modulation
amplitude relative to linewidth (50 or 100 uT) and frequency of 100 kHz.
The second-harmonic signals V> and V, were recorded at incident power
levels of 0.05 and 3 mW corresponding to B¢ of 3.32 and 25.7 uT, re-
spectively (Thomas et al., 1976; Hemminga et al., 1984). The low power V,
and V; spectra served as references for auxiliary spin concentration calcu-
lations and self-null phase-sensitive detector settings, respectively. The
magnetic field was modulated at 50 kHz with an amplitude of 500 uT for
recording second harmonic signals detected at 100 kHz.

Analysis of spectra

Order parameters (S) were calculated from A, and A.,;, (Fig. 1 A) with
corrections as described by Griffith and Jost (1976). The ST-EPR V, am-
plitude ratio parameters were measured with a one-milliTesla interval be-
tween L” and L and H” and H (shown in Fig. 1 D) as specified by Squier
and Thomas (1986). Correlation times were calculated from empirical poly-
nomial equations (Horvath and Marsh, 1988) with L"/L,, H"/H, and C'/C as
arguments. “Wobble” correlation times calculated from the L"/L. and H"/H
parameters are attributed to reorientation of the nitroxide z axis away from
alignment with the external magnetic field B, (Marsh, 1980), where the
nitroxide z axis (p-7r orbital) is parallel to the long axis of the acyl chain
(Griffith and Jost, 1976). Rotation about the long axis, “libration,” does not
involve a change in the relative orientation of the nitroxide moiety with
respect to the bilayer normal. A decrease in the L"/L and H"/H parameters
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is associated with an increase in the rate of segmental wobble, i.e., trans-
gauche isomerization motions involving a change in angle of the nitroxide
with respect to the long chain axis. A decrease in the C'/C parameter pro-
vides a measure of increased rate of libration, i.e., rotations about the long
axis (Marsh, 1980). Qualitative features of the central portion of the ST-EPR
spectra of control and EtOH-containing samples are described in terms of
the amplitudes at the local minima and maxima L*, C, C’, C”, and H* shown
in Fig. 1 D (Fajer and Marsh, 1983).

RESULTS
EPR spectra of n-PCSL in DEPC codispersions

The changes in spectral shapes attending the gel to liquid
crystalline phase transition of aqueous multilamellar DEPC
dispersions are shown (Fig. 1) for n-PCSL guests in DEPC
vesicles dispersed in NME buffer without ethanol. The V;
EPR and V;, ST-EPR spectra are shown in the left and right
columns, respectively. Each row, top to bottom, contains gel
phase (solid line) and liquid crystalline phase (dashed line)
spectra for the 5-, 10- and 14-PCSL probes, respectively. In
the top row, left panel, the splittings for analysis of EPR
spectra, 24., and 2A.;,, are indicated by solid (4°C) and
dashed lines (14°C), and, right panel, the amplitude param-
eters for analysis of ST-EPR spectra are annotated for the gel
phase spectrum at 4°C. In the subsections below, the gel

A D

FIGURE 1 EPR (left; A-C) and ST-EPR (right; D—F) spectra of 5-, 10-,
and 14-PCSL (top to bottom) guest in DEPC host multilamellar liposomes
dispersed in NME buffer. Overlay plots of each sample at 4°C (solid line)
and 14°C (dashed line) are shown. In each panel the pairwise overlays are
normalized so that relative spin concentration (EPR, [fV;; ST-EPR, [f[V,
at B; = 3.32 uT) and spectrometer gain are equivalent. Magnetic field scan
width is 10 mT for all spectra.
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phase spectra for each depth will be discussed first and liquid
crystalline phase spectra second.

Ripple-phase EPR spectra

In Fig. 1, ripple-phase spectra at 4°C are shown by solid lines.
The overall spectral lineshape, i.c., a large Ap,,, and small
Anpin, reflect hindered motion. The A, splitting for 5-PCSL
(Fig. 1 A), 6.36 mT, is in the range for the doxyl group in a
strongly immobilized environment in terms of the time scale
of motions detected by EPR.

EPR spectra of 10-PCSL (Fig. 1 B), with the doxy! sub-
stituent situated near the Ag trans double bond of DEPC,
have A, less, and A, greater, than their corresponding
values in the spectra of 5-PCSL. This is consistent with a
larger amplitude of segmental wobble motions which results
in averaging of the A,, A, and A, elements of the doxyl
hyperfine tensor.

At the 14-position near the center of the bilayer, the
smaller A ., and larger A, (Fig. 1 C) indicate that a greater
angular distribution of orientations of the 14-doxyl acyl chain
segment contribute to the ensemble-averaged EPR lineshape
than for the 10- and 5-positions.

Ripple-phase ST-EPR spectra

Analysis of the ST-EPR spectrum of 5-PCSL in DEPC at 4°C
(Fig. 1 D; solid line) yielded correlation times of 20, 35, and
2 us derived from the L"/L, H"/H, and C'/C ratio parameters,
respectively. Correlation times calculated from the H"/H ra-
tio parameter were typically 1.5 times longer than those from
the L"/L parameter, but the values were less precise due to
the lower signal amplitude in the high field region. The 10-
fold difference in effective correlation times for segmental
wobble (L"/L and H"/H) in comparison to long axis rotation
(C'/C) is typical for anisotropic motion in a lipid bilayer
(Marsh, 1980; Delmelle et al., 1980).

The ST-EPR spectrum of 10-PCSL (Fig. 1 E) indicates that
segmental wobble motion is significantly more rapid than for
5-PCSL under the same conditions. The L and H turning
point positions have moved inward and their envelopes have
changed shape, so that the distribution of spectral amplitudes
above and below the baseline is more balanced than in Fig.
1 D. In other words, the first integral of the V7 spectrum of
10-PCSL, normalized with respect to spin concentration, is
much less than that for 5-PCSL at 4°C. This marked contrast
in ST-EPR spectral shapes and integrated intensity of 5- and
10-PCSL provides motional rate information complementary
to the orientational order information contained in the EPR
spectra (which differ less noticeably). The H* region consists
of a local minimum in 10-PCSL, whereas its amplitude in
5-PCSL is comparable to that of C".

The 14-PCSL ST-EPR spectrum (Fig. 1 F) shows evi-
dence of even more rapid motional averaging. The L and
L" regions have merged into a broad resonance with a
high-field shoulder, and the C peak has acquired a low
field shoulder which is better resolved in 14-PCSL than in
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10-PCSL. The H position has moved inward relative to its
position in 10-PCSL.

Liquid crystalline phase EPR and ST-EPR spectra

Spectra at 14°C, above the main gel to liquid crystalline
phase transition (Wu and McConnell, 1975), are shown in
Fig. 1 with dashed lines. For 5-PCSL (Fig. 1 A) melting
decreases the EPR hyperfine splitting A, due to motional
averaging, and the correlation time for segmental wobble is
within the range of sensitivity of EPR. The decrease in A,,x
is accompanied by an increase in A ;.

In the ST-EPR spectrum of 5-PCSL (Fig. 1 D, dashed
lines) the increase in segmental wobble rate is recorded as
inward shifts of the L and H positions. In addition, the depth
of the C' amplitude at 14°C in comparison to 4°C indicates
that the rotation about the acyl chain long axis is more facile
in the liquid crystalline phase. The central region of the ST-
EPR spectrum of 5-PCSL at 14°C contains several features
which are different from the gel-phase counterpart at 4°C. At
14°C, there is a shoulder between L* and C and the apparent
width at half-height of C is less. The C” peak has also nar-
rowed at 14°C and the positive-amplitude peak at H* (at 4°C)
has changed to a depression which is shifted outward toward
H". The overall shape of the V, ST-EPR spectrum at 14°C is
similar to its V, (in phase) counterpart (not shown) in that
there is a more nearly equal distribution of intensity above
and below the baseline. Second, the normalized integral of
the V7, spectrum at 14°C is less than the integral of V7 at 4°C.

The EPR spectrum of 10-PCSL at 14°C (Fig. 1 B) shows
further motional averaging of the hyperfine splittings in com-
parison to 5-PCSL. The 14-PCSL probe (Fig. 1 C) has an
EPR spectrum at 14°C indicative of considerable segmental
wobble; the spectral shape is consistent with nearly isotropic
motion of a weakly immobilized nitroxide.

The ST-EPR spectrum of 10-PCSL at 14°C (Fig. 1 E)
shows evidence of merging of the L and L” regions into a
broad resonance with a slight high-field shoulder. The central
region lineshape resembles a second derivative in that C and
C" are comparable in amplitude and they flank a deep de-
pression at C'. The dip at H* is more negative than the cor-
responding region of the 5-PCSL ST-EPR spectrum. At 14°C,
the 14-PCSL probe spectrum (Fig. 1 F) resembles the de-
rivative of the EPR spectrum (1 C). There is substantial simi-
larity in lineshape between the V, and V), spectra with the
integrated intensity of V; being much lower than its in-phase
counterpart V,. For 10-PCSL, motion is so rapid that analysis
of the EPR spectrum is more informative than examination
of ST-EPR.

An approximate description of the spectral shape changes
with lipid phase and bilayer depth is as follows: The 10-PCSL
EPR and ST-EPR spectra at 4°C (Fig. 1, B and E, solid lines)
resemble the S-PCSL spectra at 14°C (Fig. 1,A and D, dashed
lines). Likewise, at the 14-position near the center of the
bilayer, the EPR spectrum (Fig. 1 C) at 4°C has an overall
lineshape similar to that exhibited by 10-PCSL at 14°C, and
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this descriptive analogy is satisfactory for the ST-EPR spec-
tra (Fig. 1 F) as well.

Ensemble-averaged order parameter versus
depth

In Fig. 2, the results of analysis of V; EPR spectra in terms
of the order parameter S (Hubbell and McConnell, 1971) are
shown. As temperature increases from 0° to 10°C, the
5-PCSL senses a slight decrease in order in the gel phase,
followed by a marked decrease (from 0.9 to 0.74) at 10-12°C
in the main phase transition region, and concluded by a slight
decrease in the liquid crystalline phase. The 10-PCSL order
parameter undergoes a decrease comparable to 5-PCSL in the
0° to 10°C range, but in the phase transition region, 10-12°C,
the decrease in S, from 0.7 to 0.63, is half that observed with
5-PCSL. In the liquid crystalline phase, S continues to de-
crease gradually with temperature.

At 0°C the order parameter drops markedly between the
5- and 10-positions but only by a small amount between the
10- and 14-positions. However, increasing temperature in the
ripple phase is roughly twice as effective in causing disorder
at the 14-position, so that at 10°C the order gradient is ap-
proximately linear. The decrease in order parameter in the
phase transition region (from 0.54 to 0.27) is also more pro-
nounced than for 5- and 10-PCSL.

ST-EPR measurement of motion in the ripple
phase

Changes in motion in the ripple phase were examined using
the ST-EPR method, wherein the spectral shape is sensitive

10 B A A 1
—A— o
Aa,
%) I \
5 08 —a A 5-PCSL
-— \.\.. A, ~—— A
QE) K .\0 - A\A
(\‘_’ 06 \.. .\.\. 7
Il
o e n
§ 04 F \ 10-PCSL 1
5
E 02 B \. -1
T —e
14-PCSL
00 C. 1 1 1 1 1 1 =

5 0 5 10 15 20 25
Temperature, °C

FIGURE 2 EPR order parameters, S, versus temperature for n-PCSL in
DEPC liposomes at three different depths in the bilayer. The doxyl nitroxide
substituent is located on the sn-2 acyl chain at positions 5 (triangles), 10
(squares), and 14 (circles). The relative temperature sensitivity of S, is given
by the slope, dS,/dt. In the ripple phase, the slopes (X 1073) for n = 5, 10,
and 14 are -5.8 (£0.8), -5.0 (£1.0), and -16.0 (+1.1), respectively; in the
liquid crystalline phase, the corresponding values are -9.4 (*2.1), -12.3
(£0.3), and -9.4 (£2.7).
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to reorientation rates slower than the inverse of the hyperfine
anisotropy (Hyde and Dalton, 1979). Fig. 3 illustrates the
changes in spectral features for 5-PCSL codispersed with
DEPC in NME buffer. The low and high field hyperfine reso-
nance positions L and H for the nitroxide turning points are
indicated for the spectrum at 0°C by the vertical dashed lines.
The width of these resonances is comparable over the tem-
perature range of 0° to 9°C, but the width increases by 10%
at 10°C (1°C before melting). Throughout the ripple phase
there is a gradual inward shift of resonance position with
increasing temperature. The amplitudes at the intermediate
positions, L” and H” (1.0 mT toward the center, relative to
the L and H positions) decrease significantly and H” ap-
proaches the baseline. The integral of V), decreases slightly
with temperature in the ripple phase, then decreases sharply
at the phase transition to approximately 15% of its average
ripple phase value. As a control, these measurements were
repeated with 5-PCSL in DMPC from 11° to 23.5°C; similar
lineshape changes were observed (spectra not shown).

In the central region of the V) spectra, the depth of C’
increases with temperature. A more negative C’ amplitude (at
constant C) is associated with decreasing correlation time for
long axis rotation. Analysis of the extent of change with
temperature of correlation times for segmental wobble (ob-
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FIGURE 3 ST-EPR V] spectra for 5-PCSL in DEPC dispersions in NME
buffer over the temperature range pertinent to the main phase transition from
gel to liquid crystalline states. The spectral amplitude parameters L and H,
which shifted inward as temperature was increased, were measured at low
and high field maxima positions as shown by dashed lines on the 0°C spec-
trum. The L” and H" and C and C' parameters were determined as in
Fig. 1. Spectra are scaled so that the positive central excursions, C, are
equivalent.
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FIGURE 4 ST-EPR ratio parameters. (A) H'/H for 5-PCSL in DEPC in
NME buffer (square), in buffer containing 1.2 M ethanol (circle), and for
5-PCSL in DMPC (triangle). (B) C'/C ratios. The abscissa scale is reduced
temperature (observed temperature (T) — main phase transition temperature
(Tw)). The values taken for T, of DEPC and DMPC were 11° and 21°C,
respectively. Although T, for the EtOH-containing sample was depressed
~1°C lower than the control, the value of 11°C was used for calculation of
[T - T,] of both samples for clarity of presentation. Effective correlation
times, Tyobble ANd Tiipration, Calculated from polynomial equation fits to H'/H
and C'/C calibration curves (Horvath and Marsh, 1988), respectively, are
indicated on the right ordinates of A and B. The minimum C'/C value for
which the fit is valid is -1.0, corresponding to 7 = 0.03 us.

tained from L"/L and H"/H) and libration (from C’/C) permits
comparison of the selective onset of a particular motion prior
to or correlated with the main phase transition (Marsh, 1980).
Correlation times, given in Fig. 4, indicate that neither seg-
mental wobble rates (7(L"/L)™*) nor acyl chain long axis ro-
tation rates (7(C’/C) ') change dramatically prior to the onset
of the main phase transition.

The temperature profile of correlation times for wobble,
7(H"/H), and libration, 7(C'/C) for 5-PCSL codispersed with
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DEPC and with DMPC in NME buffer is shown in Fig. 4.
Comparison of motion in different systems in Fig. 4 is made
on a scale of “reduced temperatures,” i.e., at similar tem-
perature intervals below and above the main Py to L, phase
transition temperature (T,) for the respective lipids (Marsh
and Watts, 1980). The prominent difference between the un-
saturated DEPC and saturated DMPC acyl chain motion is
the attenuation of long axis rotation (libration) in DEPC.
Throughout the ripple phase, the correlation time for libra-
tion in DEPC, 2 us, is 10 times longer than 7(C’/C) for
DMPC. This attenuation of rotational motion in DEPC rela-
tive to DMPC is preserved even during melting. The decrease
in the C'/C parameter for DEPC is about 60% of that ob-
served for DMPC. The C'/C value for liquid crystalline
DMPC (Fig. 4 B) is well below the lower limit, —1.0, of the
calibration curve for correlation time (Horvath and Marsh,
1988), so the comparison of libration rates in the liquid crys-
talline state of these two lipids is necessarily qualitative. The
wobble correlation times can be compared and the trans
double bond increases the correlation time 5-fold (Fig. 4 A).

There are subtle changes in the central region of the ST-
EPR spectra of S-PCSL in DEPC in the ripple phase, notably
the change in relative amplitudes of the positive region to the
right of C’ (Fig. 3). There appear to be two components in
this region, analogous to the positions C” and H* (Fig. 1)
defined for spin-labeled hemoglobin (Fajer and Marsh,
1983), but less resolved than for hemoglobin. Second, the
apparent width of the positive excursion C peak increases
with temperature, and upon transition to the liquid crystalline
phase at 11°C, a distinct low-field shoulder separates from
the C peak. The emergence of the low-field shoulder cor-
relates with the appearance of a dip in the H* region. These
spectral features are attributable to changes in anisotropic
motion, but they are difficult to quantify in terms of corre-
lation time because the motion at 11° and 12°C is fast on the
ST-EPR time scale. Similar changes in the central portion of
ST-EPR spectra of 5-PCSL in DMPC were observed prior to
melting (data not shown).

The effect of ethanol on lipid order and dynamics

Inspection of Fig. 5, which shows the parallel relationship of
EPR order parameter S versus temperature for ethanol-
containing samples superimposed upon the corresponding
plots for controls, reveals that the effect of ethanol upon the
phase transition order parameter profile is limited. Ethanol’s
primary effect is to shift the abrupt decrease in S to lower
temperature. The ethanol-induced decrease in T, is of com-
parable magnitude for 5- and 10-PCSL in DEPC but this
effect is propagated weakly to the interior of the bilayer
monitored by 14-PCSL.

Analysis of the ST-EPR spectra of 5-PCSL/DEPC in NME
buffer containing 0—1.6 M ethanol reveals that ethanol causes
the decrease in correlation times for segmental wobble and
libration to occur at lower temperatures (Fig. 4). In the ripple
phase there is little effect on either motion but in the liquid
crystalline phase large changes in both correlation times are
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FIGURE 5 Plots of EPR order parameter, S, for three depths in the bilayer
and six ethanol concentrations. The symbols correspond to ethanol con-
centration (in millimolar): M, 0 (control); @, 150; A, 400; ¥, 800; ¢, 1200;
*, 1600.

observed with the librational correlation time being most
affected. The librational correlation rate increases threefold
as ethanol is varied from 0 to 1.6 M (Fig. 6).

For 5-PCSL, the motions associated with isothermal melt-
ing of the DEPC acyl chains induced by ethanol appear to be
similar to melting caused by increased temperature (compare
Fig. 7 and Fig. 3). At 4°C ethanol causes subtle changes in
the ST-EPR lineshape (not shown), e.g., a change in relative
amplitudes of C” and H*. Changes in ST-EPR lineshape of
5-PCSL representative of ethanol-induced melting at 9°C are
illustrated in Fig. 7; the lineshapes of samples with 0, 150,
and 400 mM ethanol resemble the ripple phase low tem-
perature spectra of Fig. 3, while the spectra of samples con-
taining more than 800 mM ethanol resemble the high-
temperature spectra of Fig. 3. Changes in lineshape in an
isothermal set occur in a progressive fashion, e.g., at 7°C (not
shown) only the sample with 1600 mM ethanol has a char-
acteristic “melted” ST-EPR spectral shape and at 8°C (not
shown) the 1200 and 1600 mM ethanol-containing samples
possess this shape. At 9°C (Fig. 7) in the central region of
the ST-EPR spectrum, elevated ethanol concentrations result
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in the separation of a shoulder between L* and C, a deep-
ening of the depression at C’, and the appearance of a de-
pression between C' and H". The comparison of thermally
induced and ethanol-induced melting is considered in more
detail in the Discussion (Fig. 10).

DISCUSSION

Our aims in this investigation were to examine how seg-
mental motions differ in unsaturated and saturated acyl
chains and to identify the motions most affected by ethanol.
A prominent feature of thermally induced melting of unsat-
urated lipids is that the acyl chain segments above and below
the double bond behave separately, i.e., as if the lipid bilayer
were composed of a sandwich of semi-independent poly-
methylene chains, each having an effective length demar-
cated by the glycerol backbone, double bond, and terminal
methyl group. The ensemble of lipid molecules in a bilayer
thus resembles a multilayered structure of thickness propor-
tional to the effective chain lengths. This semiempirical
model reliably predicts phase transition temperatures of a
wide range of cis- and frans-unsaturated and saturated lipids
(Cevc, 1991). Using Cevc’s concepts as a starting point, we
have performed a detailed investigation of motion and ori-
entational order of spin label probes at three depths in the
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FIGURE 6 The relative decrease in correlation time for libration of
5-PCSL and order parameter S; as a function of ethanol concentration in the
L, phase at 12°C. The slope of the relative libration rate (circles) is 1.6 *
0.3 M™! ethanol. Similar behavior was observed for wobble correlation
times (slope = 7.6 = 2.7); data not shown. The order parameter (squares)
changes minimally with increasing ethanol concentration; the relative de-
crease at 1.6 M ethanol is 1.03 (slope = 0.023 * 0.003).
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FIGURE 7 ST-EPR V] spectra of 5-PCSL/DEPC dispersions in NME
buffer supplemented with ethanol. The concentration of ethanol (in milli-
molar) in the aqueous buffer is given to the right of each spectrum. At 9°C
the control sample and samples containing 150 and 400 mM ethanol (thick
lines) possessed lineshapes representative of ripple phase specimens while
the samples containing 800, 1200, and 1600 mM ethanol (thin lines) had
lineshapes diagnostic for the liquid crystalline phase, with progressive in-
ward shifts of the L and H positions due to decrease of the wobble correlation
time below the range of ST-EPR sensitivity. Sweep width is 10 mT; abscissa
tick marks are at 2-mT intervals.

transverse plane of the bilayer, corresponding to the site of
unsaturation and the midpoints of effective polymethylene
chain lengths in the proximal and distal sections. The relative
rates of two types of motion, rotation, or oscillation about the
long axis (libration) and gauche-trans conformational inter-
conversion (wobble), have been compared in saturated lipid
bilayers of DMPC and DPPC (Marsh, 1980; Fajer et al.,
1992). Corresponding data on unsaturated lipids were lack-
ing at the time our DEPC studies were undertaken. One of
the questions that interested us was whether the double bond,
which provides a jog in the acyl chain, would retard libra-
tional motions. A subsidiary question is whether the double
bond might also prevent the ethanol-induced interdigitation
of acyl chains that is observed in saturated phosphatidyl-
cholines (Rowe, 1983; Boggs et al., 1989; Nambi et al., 1988;
Ohki et al., 1990).

Slow motions in the proximal section of the acyl
chains

Only in the proximal region of the acyl chains, that is, be-
tween the glycerol backbone and the double bond, were
motions slow enough to apply ST-EPR techniques as well
as conventional EPR. Hence, it is in this region that our
conclusions are most complete. In the following section,
orientational order in other regions of the bilayer will be
considered.
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To assess the effect of the double bond of DEPC upon
motion, we compare our results on DEPC with those for
DMPC (this work; Marsh, 1980; Fajer and Marsh, 1983;
Moser et al.,, 1989; Subczynski et al., 1992; Fajer et al.,
1992).°It is appropriate to compare motion in these diverse
systems at similar “reduced temperatures,” i.e., at similar
temperature intervals below and above the main Pg to L,
phase transition temperature (T,,) for the respective lipids
(Marsh and Watts, 1980). T, for DEPC, DMPC, and DPPC,
are 12°,23°, and 41°C, respectively (Silvius, 1983) and their
lamellar Lg: to ripple Pg- pretransition temperatures are 11—
12°C below Ty,. Since our measurements on DEPC extend
to 0°C as the lower limit, we have elected to compare char-
acteristics of motion from [T - T,,] = -10°C to +3 for the
three lipids. Thus our discussion will be limited to the Pg
ripple phase and the L, liquid crystalline phase.

Two classes of acyl chain motion, libration and segmental
wobble, with correlation times given by 7(C'/C) and «(L"/L)
or 1(H"/H), respectively, have been measured from ST-EPR
spectra of 5-PCSL in lecithin hosts in the gel phase. Libration
simply consists of rotation or oscillation about the long axis
of the acyl chain with minimal jostling of adjacent chains. In
contrast, wobble motions, occurring within a cone of orien-
tations relative to the normal to the bilayer, involve pertur-
bation of adjacent chains. In the ripple phase of DEPC, the
correlation times for wobble and libration differ by a factor
of 20 (Fig. 4) with librational motions (7(C'/C) ~ 1 us) being
faster than wobbling motions (7(H"/H) or 7(L"/L) ~20 us).
The faster rate of libration relative to wobble is typical for
anisotropic media such as gel-phase lipid acyl chains (Marsh,
1980; Marsh and Watts, 1980; Fajer et al., 1992).

As the reduced temperature increases in the ripple phase
(from [T - T,,,] = —11° to —2°), this difference is maintained,
but minor changes do occur in regions of the ST-EPR spec-
trum attributable to enhanced off-axial motions (Fajer and
Marsh, 1983). For example, the amplitude parameters L*/L
and H*/H decrease over the temperature range 0° to 9°C, as
shown in the spectra in Fig. 3.

In the ripple phase of DEPC the librational and wobble
correlation times decrease rapidly along the acyl chain; at
10-PCSL they are approximately 0.01 and <« 0.01 ws, re-
spectively, and at 14-PCSL they are too rapid to measure.
Composite correlation times for all types of reorientational
motions were calculated from the inward shifts of hyperfine
extrema of the conventional EPR spectra (McCalley et al.,
1972) of n-PCSL in DEPC in the ripple phase. Defining the
5-PCSL time (7 = 0.04 ps at 0°C) as a reference value, 7 for
10-PCSL and 14-PCSL are 4-fold and 6-fold shorter.

When the motions of 5-PCSL in the ripple phase of DEPC
are compared to those in DMPC, two distinctive features are
noted (Fig. 4). In the saturated lipids, the correlation time for
libration is 8 to 10 times shorter than in DEPC at a given
reduced temperature, whereas the correlation time for
wobble is merely 1.5 to 2 times shorter. The librational cor-
relation time of liquid crystalline DEPC at 12-14°C is com-
parable to that in ripple phase DMPC at the onset of the main
phase transition. Even at comparable absolute temperatures,
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the ripple phase DMPC librational correlation time is only 3-
to 4-fold slower than that in liquid crystalline DEPC. Also,
the less well characterized off-axial motions evident in the
L* and H* regions of the spectra (Fajer and Marsh, 1983)
undergo parallel changes in both DEPC (Fig. 3) and DMPC
(data not shown). Upon melting, the change in wobble rate
is the same for DEPC and DMPC, indicating that the lateral
interchain interactions have relaxed to about the same de-
gree. On the other hand, the role of the double bond in re-
stricting libration is still manifest in the liquid crystalline
phase. In conclusion, the major consequence of introducing
a trans double bond between the ninth and tenth carbons is
restriction of librational motion with much less effect upon
wobble motion.

Average orientational order in Pg. and L, phases

The order parameter at specific segments, S,, provides in-
formation on the fractional distribution of gauche versus
trans conformers as a function of depth in the bilayer. This
order parameter depth gradient (“flexibility gradient”) fa-
cilitates comparison of #-PCSL in DEPC with saturated lipid
systems. In Fig. 8 DEPC and DPPC are compared close to
their respective Pg- — L, phase transitions.

In the ripple phase at 4°C below T, both DEPC and DPPC
exhibit an essentially linear decrease in order parameter with
position, n, along the chain. Two characteristics of this de-
crease are noteworthy: First, the higher values of S, for
DEPC (Fig. 8, left panel) indicate a higher proportion of trans
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FIGURE 8 The order parameter, S, versus position n of the doxyl label
in n-PCSL for DEPC (A, left) and DPPC (B, right) hosts. In the lower panels
S for the ripple state (Pg-, squares and inverted triangles) and the liquid
crystalline state (L,, circles) is shown. The symbols, ¥, [J, and O refer to
data at reduced temperatures of —10, —4, and +1 with respect to T, T, is
11°C for DEPC and 41°C for DPPC. In the upper panels AS refers to the
difference in § between the ripple (-4°C) and liquid crystalline states (+1°),
AS(Pg- — L,). The DPPC data in B are from Hubbell and McConnell (1971).
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conformers at all positions along the acyl chain, which is
simply a consequence of the lower absolute temperature. The
T, for DEPC is 30°C below that for DPPC. Second, the
population of trans/gauche conformers versus depth de-
creases comparably in both lipids.

In contrast, in the liquid crystalline phase at 1°C above Ty,
the flexibility gradients for the unsaturated and saturated acyl
chains differ markedly. In DEPC there is not a uniform de-
crease in trans/gauche conformer population with depth as
in DPPC. The overall decrease in order parameter vs depth
for both lipids is comparable between C-5 and C-14 (DEPC)
or C-12 (DPPC), but the C-10 segment is more ordered than
would be expected based on analogy with saturated lipids
(Hubbell and McConnell, 1971; Subczynski et al.,, 1992;
Seelig and Browning, 1978; Cevc and Marsh, 1987). The
DEPC flexibility gradient is separated into two regions;
gauche/trans conformational flexibility in the proximal re-
gion is attenuated and in the distal region it is amplified. The
result of this behavior is that the change in order parameter
upon melting, AS(Pg—L,), is much smaller at C-10 than at
either C-5 or C-14, whereas in the saturated lipid it increases
linearly with depth (Fig. 8, upper panel).

The unique characteristics of DEPC identified in this work
are congruent with observations reported for unsaturated lip-
ids studied by other methods. First, the enhanced temperature
sensitivity of the 14-PCSL order parameter in the ripple
phase (Fig. 2) indicates that the fraction of methylene seg-
ments in the trans conformation at C-14 (below the double
bond) decreases more rapidly with temperature than at C-5
or C-10. The lower temperature sensitivity of S at C-5 and
C-10 suggests relative confinement of the distribution of seg-
ment orientations, which is congruent with tethering of the
proximal chain segment. The existence of a higher fraction
of gauche conformers in DEPC than in saturated lipids has
been postulated on the basis of neutron scattering measure-
ments of bilayer thickness as a function of pressure (Winter
et al.,, 1989). Another contribution to the elevated gauche
conformer population could derive from additional cross sec-
tion space made available by the slight vertical offset of sn-1
and sn-2 chains in the ripple phase (Seelig and Waespe-
Sarcevic, 1978). Second, the retardation of libration of
5-PCSL in DEPC observed here (i.e., the smaller T(wobble)/
7(libration) ratio for DEPC than DMPC in Fig. 4), is in accord
with NMR observations on cis-unsaturated lipids (Baenziger
et al., 1992). Third, the general stiffness of DEPC relative to
DMPC has been documented by the diminished capability of
termini of doxyl stearic acid guests to fold back and collide
with labels in the proximal layer of the transverse plane (Yin
et al., 1990).

The influence of the double bond is also evident on the
slow motions detected by saturation transfer experiments.
For example, in ripple phase DPPC (Fajer et al., 1992) the
librational correlation time diminishes about an order of
magnitude from the proximal end to the midpoint of the acyl
chains—a change that is comparable to that in ripple phase
DEPC. However, from the middle to the distal portion of the
chain there is little further change in the librational corre-
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lation time in DPPC whereas in DEPC there is a further
marked decrease in correlation time.

The effect of ethanol on acyl chain motion

Our main objective here was to study the action of ethanol
on phospholipid dynamics. However, the information inci-
dentally obtained on the depression of the main phase tran-
sition temperature by ethanol is broadly consistent with pre-
vious studies of saturated lipids which show that it takes
place without changing the width (or cooperativity) of the
transition (Rowe, 1983).

Overall, the action of ethanol on the bilayer dynamics was
both phase- and depth-dependent. In the proximal acyl chain
segments between the glycerol backbone and the double
bond, reported by 5-PCSL, we were able to obtain the most
information because both conventional and saturation trans-
fer EPR could be employed. The detailed picture that
emerges is that, in the ripple phase, ethanol has little effect
on either wobble or librational motions (Fig. 4). In the liquid
crystalline phase, both these characteristics become more
sensitive to ethanol. For example, wobble and libration times
are reduced threefold by the presence of 1.2 M ethanol. In
contrast, the order parameter is much less sensitive to ethanol
than are wobble and librational motions. For example, in 1.2
M ethanol the average decrease in order parameter S,, is 0.05
units, or 3% (Fig. 6).

The order parameter of the distal segments between the
double bond and the terminal methyl group and the proximal
segments nearer the glycerol backbone were almost equally
sensitive to ethanol in both ripple and liquid crystalline
phases (Fig. 9). Paradoxically, it was adjacent to the double
bond, which in Cevc’s model (1991) serves to isolate the two
sections of the acyl chain, that the order parameter was most
sensitive to the addition of ethanol in both Pg and L, phases.
Unfortunately, the rate of motion was sufficiently rapid that
even in the ripple phase it was close to the limit of sensitivity
of the saturation transfer technique and no further informa-
tion could be obtained. An interesting possibility is that the
time-averaged concentration of ethanol is higher near the
double bond than in the rest of the acyl region due to the
polarizability of the 7 electrons.

Comparison of temperature and ethanol-induced
changes

It is instructive to compare the actions of ethanol to those of
temperature. Changes in temperature were sensed by all sec-
tions of the bilayer, whereas those of ethanol may well de-
pend on its unknown distribution throughout the bilayer. In
the proximal segments next to the glycerol backbone, acyl
chain motion is affected equally by ethanol and temperature,
as is illustrated in Fig. 10. ST-EPR spectra of the control at
10° and 11°C are well matched by spectra of 5-PCSL/DEPC
dispersions in ethanol-containing buffers at lower tempera-
ture. The lineshape parameters L"/L and H"/H are nearly
identical for spectra in each column and the differences in
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FIGURE 9 The change in order parameter as a function of ethanol con-
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C’/C are small, indicating slightly faster libration in the pres-
ence of ethanol.

Analysis of librational correlation time data, such as those
presented in Fig. 4 B, in terms of the temperature and ethanol
concentration dependence yields insight into the relative
magnitudes of change effected by these variables. The con-
centration of ethanol which effects a decrease in 7(C'/C)
similar to that caused by a 1°C temperature increase is 150
mM in the ripple phase and 170 mM in the liquid crystalline
phase. Thus, ethanol affects librational motion equivalently
in both phases.

Similar analysis of the order parameter data presented in
Fig. 5 yields the following “equivalent concentrations” of
ethanol versus depth in the liquid crystalline phase: 400, 300,
and 600 mM/°C for 5-, 10-, and 14-PCSL, respectively. Thus,
ethanol enhances disorder in the proximal and midleaflet
strata of the DEPC bilayer but is less potent in the distal
region.

A priori there are two limiting causes which could explain
why ethanol’s ability relative to temperature to perturb acyl
chain order declines with distance from the head group. First,
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ethanol might be uniformly distributed throughout the bi-
layer, but the intrinsic ability of each ethanol molecule to
perturb adjacent segments of the acyl chain varies with depth.
Second, ethanol’s distribution across the bilayer could be
nonuniform and the observed perturbations either reflect its
local concentration or the ability of surface perturbations to
propagate down the acyl chain. More detailed studies will be
needed to establish the relative contributions of these factors.
One readily available approach to these questions is to study
interdigitation, because association of ethanol with lipid head
groups is thought to be the cause of interdigitation in bilayers
of saturated lipids (Rowe, 1983; Boggs et al., 1989). We used
a protocol similar to that described by Boggs et al. (1989),
i.e., slow cooling of samples and 24-h equilibration at tem-
peratures well below the phase transition, with 14-PCSL/
DEPC in NME buffer with and without 1.6 M ethanol. The
V, and V; spectra of these two samples were identical. There
was no evidence for a strongly immobilized component (with
greater A, splitting than the control) similar to that ob-
served by Boggs et al. (1989). Our failure to detect inter-
digitation suggests that either the increased cross-sectional
area associated with the double bond destabilizes this phase
or that the offset in the acyl chain long axis restricts sliding
motions, making the interdigitated phase kinetically more
difficult to attain.

Physiological implications

From the viewpoint of the possible mechanisms of ethanol’s
physiological actions, two new findings may be significant.
First, the importance of acyl chain unsaturation in modulat-
ing the action of ethanol is revealed. In the region of the
double bond the disordering action of ethanol is enhanced,
whereas deeper in the bilayer it is attenuated. If the same is
true of more physiologically relevant lipids, investigation of
the role of such differential action on the adaptation of lipid
composition in the presence of ethanol (“membrane toler-
ance”) would be germane.

A [EtOH] Temp B [EtOH] Temp
(mM)  (°C) (mM) (°C)
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FIGURE 10 ST-EPR V;spectra of S-PCSL in DEPC control samples (top
row) in NME buffer at 10°C (A; left) and 11°C (B; right) with ethanol-
containing samples at lower temperature having similar lineshapes under-
neath. Spectra are normalized so that the central peak amplitudes (C) with
positive excursion above the baseline are equivalent.
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Second, the rates of slow segmental wobble and librational
motions are much more sensitive to the presence of ethanol
than are measures of acyl chain conformational disorder such
as the commonly reported order parameter. This may explain
why in saturated lipids the Lg — Pg pretransition is much
more sensitive to ethanol than the main (Pg. — L,,) transition
(Janes et al., 1992), for in these lipids there is a marked
increase in the rate of librational motions at the pretransition
(Marsh, 1980). In order to quantify these concepts, we must
take into account the marked temperature sensitivity of in
vivo actions of ethanol. In mammals, threshold concentra-
tions for anesthesia are in the range of 50 to 100 mM (Weiner
etal., 1987). In tadpoles at 20°C, the anesthetic concentration
is 200 mM, but at 10°C it is 340 mM (Alifimoff et al., 1989).
An anesthetic concentration of 600 mM has been reported for
Daphnia magna water fleas at 20°C (McKenzie et al., 1992)
and at 10°C a twofold higher concentration is required. To
correlate the influence of ethanol upon DEPC motion and
orientational order with anesthetic effects, we note the fol-
lowing: for 5-PCSL in DEPC dispersions in 300 mM ethanol
at 12°C, the librational correlation time decreases by a factor
of 0.8 relative to the control in NME buffer, whereas the order
parameter decreases less than 1% (Fig. 6). The ethanol con-
centration causing inebriation in poikilotherms at 12°C has
yet to be reported. In mammals, the value is 10 to 20 mM
ethanol, so that by analogy, an inebriating concentration of
50 to 100 mM in tadpoles at 12°C may be estimated, which
corresponds to a 13-26% change in librational correlation
time of 5-PCSL in DEPC.
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