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Abstract

Previous studies from our laboratories have delineated the relationship between the acyl chain asymmetry of mixed-chain
phosphatidylcholines, C(X):C(Y)PC, and the effect of ethanol concentration, [EtOH], on the main phase transition
temperature, 7Tp,, and the phase structure of the lipid bilayer composed of C(X):C(Y)PC using differential scanning
calorimetry and X-ray diffraction techniques [Huang and Mclntosh, Biophys. J. 72 (1997) 2702-2709]. In the present work,
we have extended these studies to characterize the effect of [EtOH] on the T, and the phase structure of the lipid bilayer
composed of sn-1 saturated/sn-2 monounsaturated phosphatidylcholines with various positions of the cis double bond.
Specifically, five positional isomers of 1-eicosanoyl-2-eicosenoyl-sn-glycero-3-phosphocholines, C(20):C(20:1A")PC with
n=5,8, 11, 13 and 17, were synthesized and studied. For C(20):C(20:1A")PC with n=15 and 8, results from the calorimetric
experiments showed that in response to various concentrations of ethanol, the change in T, of the lipid bilayer composed of
monounsaturated lipids was characterized by a sigmoidal or biphasic profile in the plot of Ty, versus [EtOH]. In contrast, a
continuous depression of the Ty, by ethanol was observed calorimetrically for C(20):C(20:1A")PC with n=11. The X-ray
diffraction experiments further demonstrated that C(20):C(20:1A%)PC and C(20):C(20:1A%)PC can undergo the ethanol-
induced gel-to-fully interdigitated phase transition at 7'<Ty,. Such a transition, however, was not observed for
C(20):C(20:1A3)PC even at a very high ethanol concentration of 100 mg/ml. These distinct different effects of [EtOH] on
the phase transition temperature and the phase structure can be attributed to various positions of the cis double bond in these
monounsaturated phosphatidylcholines. And the different effects of ethanol can, in fact, be explained based on the molecular
structures of these monounsaturated lipids packed in the gel-state bilayer as generated by molecular mechanics simulations.
To the best of our knowledge, this is the first time that the ethanol-induced fully interdigitated bilayers are observed at
T < Ty, for unsaturated phospholipids with well defined double bond positions in their sn-2 acyl chains. © 2001 Elsevier
Science B.V. All rights reserved.
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1. Introduction

The biphasic effect of ethanol on the main phase
transition temperature, 7p,, of lipid bilayers com-
posed of saturated identical-chain phosphatidylcho-
lines (PC), or C(X):C(X)PC, has been well docu-
mented [l1]. For instance, the T, value of
C(16):C(16)PC constituting lipid bilayers in the
aqueous dispersion is 41.6°C in the absence of etha-
nol. This Ty, value is shifted in a down-and-up man-
ner when a series of ethanol solutions is added
successively into the aqueous lipid dispersion. Specif-
ically, as the ethanol concentration (in mg/ml),
[EtOH], in the aqueous dispersion is increased ini-
tially, the T, value of C(16):C(16)PC is observed
to decrease almost linearly, reaching a nadir of
39.4°C at an ethanol concentration of ~ 50 mg/ml.
Thereafter, the Ty, value of C(16):C(16)PC increases
as the [EtOH] is increased up to 120 mg/ml, resulting
in a V-shaped Ty, profile in the plot of T, versus
[EtOH]. The ethanol concentration that corresponds
to the inflection point in the V-shaped Ty, profile is
called the ‘threshold concentration’. This threshold
concentration, abbreviated as [EtOH]rc, is found to
decrease curvilinearly with increasing chain length
for a homologous series of saturated identical-chain
C(X):C(X)PC ranging from C(14):C(14)PC to
C(21):C(21)PC [1]. In fact, in the plot of [EtOH]rc
versus the Ty, exhibited by C(X):C(X)PC in the ab-
sence of ethanol, a straight line with a negative slope
can be detected for this homologous series of satu-
rated identical-chain C(X):C(X)PC. For saturated
mixed-chain C(X):C(Y)PC (saturated diacyl PC
with X and Y carbons in the sn-1 and sn-2 acyl
chains, respectively) with AC<4.2 C-C bond
lengths, the Tj, profile in the plot of T;, versus
[EtOH] is also V-shaped [2]. Here, the structural
parameter AC refers to the effective chain length dif-
ference between the two acyl chains of lipid in the
gel-state bilayer. For instance, the AC values for
the two positional isomers of C(15):C(17)PC and
C(17):C(15)PC are 0.5 and 3.5 C-C bond lengths,
respectively. Classical V-shaped T, profiles are ob-
served for C(15):C(17)PC and C(17):C(15)PC with
[EtOH]rc values being 50 and 73 mg/ml, respectively
[2]. In the absence of ethanol, the C(15):C(17)PC and
C(17):C(15)PC bilayers exhibit Ty, values of 41.7 and
37.7°C, respectively. Hence, for these two positional

isomers with mixed acyl chains, the one with a higher
T value exhibits a smaller [EtOH]rc value in re-
sponse to ethanol. Most importantly, it was shown
by X-ray diffraction that, at 20°C, C(16):C(16)PC,
C(15):C(17)PC and C(17):C(15)PC share a common
packing motif, when the equilibrium concentration
of the incubating ethanol is 120 mg/ml, which is con-
siderably greater than [EtOH]rc [3,4]. In this packing
motif, the two acyl chains of each lipid molecule
extend across the whole width of the hydrocarbon
core with their terminal methyl groups being exposed
to the ethanol-water medium. The lipid bilayer that
exhibits such a fully interdigitated packing motif, at
T <Ty, is called the Lg;-phase (fully interdigitated
gel-phase) bilayer. The X-ray diffraction data also
show that these saturated lipids, C(16):C(16)PC,
C(15):C(17)PC and C(17):C(15)PC, form the normal
Lp-phase (tilted gel-phase) lipid bilayer at 20°C in
the absence of ethanol [3,4]. The V-shaped Ty, pro-
files exhibited by these saturated lipids in response to
various concentrations of ethanol can thus be ex-
plained by the Ly — Lg; isothermal phase transition,
at T<Ty, induced by concentrations of ethanol
above the threshold concentration [3].

Although the biphasic effect of ethanol on the T,
of the lipid bilayer composed of PC has been studied
exhaustively, the lipid bilayers employed in these
studies are prepared exclusively from either saturated
identical-chain C(X):C(X)PC or saturated mixed-
chain C(X):C(Y)PC. It is well known, however,
that membrane PCs isolated from animal cells are
commonly mixed-chain unsaturated PC, in which a
saturated long-chain fatty acid and an unsaturated
long-chain fatty acid with cis C-C double bonds
are esterified at C-1 and C-2 of the glycerol back-
bone, respectively [5]. Moreover, the number and
position of cis double bonds (A) in the sn-2 acyl
chain of membrane PC may vary considerably. It is
thus of biological relevance to study the effects of
ethanol on the T}, of lipid bilayers comprised of un-
saturated mixed-chain PC with various numbers and
positions of A-bonds in the sn-2 acyl chain. As a first
step to investigate the effects of ethanol on the Ty, of
unsaturated mixed-chain PC, a series of five double-
bond positional isomers of monounsaturated mixed-
chain PC was first synthesized as described in this
communication. Specifically, 1-eicosanoyl-2-eicosenoyl-
sn-glycero-3-phosphocholines [C(20):C(20:1A")PC]
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with n=15, 8, 11, 13 and 17 were chosen, where the
superscript n of A” refers to the A-bond position at
the nth carbon atom from the carbonyl end along the
sn-2 acyl chain. Subsequently, the phase transition
behavior of this series of C(20):C(20:1A")PC in the
presence of various concentrations of ethanol was
studied by differential scanning calorimetry (DSC).
In parallel, the possible ethanol-induced Lg — Lg;
isothermal phase transition, at 7'<< Ty,, was also in-
vestigated by X-ray diffraction techniques. Interest-
ingly, the biphasic effect of ethanol on 73, was ob-
served calorimetrically for C(20):C(20:1A")PC
with A"=5 and 8. Moreover, X-ray diffraction
results showed that the lipid bilayers prepared indi-
vidually from these two wunsaturated lipids,
C(20):C(20:1AMPC with A" =5 and 8§, can transform
into the fully interdigitated (Lg;) gel-state bilayers at
[EtOH] > [EtOH]rc. In this communication, the
ethanol-induced isothermal Lg —Lg; phase transi-
tion is thus clearly demonstrated, for the first time,
to take place in the lipid bilayer that contains bio-
logically relevant mixed-chain phospholipids.

2. Materials and methods

2.1. Semi-synthesis of monoenoic mixed-chain PC
with 20 carbons in each acy! chain or
1-eicosanoyl-2-eicosenyl-sn-glycero-
3-phosphocholines [C(20):C(20:14")PC]

All chemicals used in the semi-synthesis of
C(20):C(20:1A")PC were of reagent grade, and all
solvents were of spectroscopic grade. The C(20)-lyso-
phosphatidylcholines were purchased from Avanti
Polar Lipids (Alabaster, AL, USA). With the excep-
tion of cis-17-eicosenoic acid, all other monoenoic
C(20)-fatty acids were obtained from Sigma (St.
Louis, MO, USA). Cis-17-eicosenoic acid was de
novo synthesized in the laboratory using the method
published recently [6]. Each of the following five po-
sitional isomers of the monoenoic mixed-chain PC
was semi-synthesized, in the presence of the catalyst
4-pyrrolidinopyridine, from C(20)-lysophosphatidyl-
choline and the corresponding monoenoic C(20)-
fatty acid at room temperatures according to the
established procedure published previously [7]:
C(20):C(20:1A"PC, where n=15, 8, 11, 13 and 17.

The lipids were then purified by column chromatog-
raphy using Silica Gel 60 (mash size, 230-400) (Sig-
ma), and they were judged to be ~98% isomerically
pure [7]. Prior to use, the purified lipids were lyophi-
lized and the resulting lipid powder was stored under
an N, atmosphere at —20°C.

2.2. High-resolution DSC

Prior to DSC experiments, the aqueous dispersion
of purified mixed-chain lipid with a defined concen-
tration was prepared by dispersing the pre-weighted
lipid power in a known volume of aqueous solution
containing 50 mM NaCl, ] mM EDTA, 5 mM phos-
phate buffer, pH 7.4. The lipid concentration, usually
~ 4 mg/ml, was also checked by inorganic phosphate
determination. The aqueous lipid sample (2 ml) was
sealed under a N, atmosphere and heated to a tem-
perature of ~15°C above the Ty, of the lipid. Sub-
sequently, the lipid sample was subjected to ultrason-
ic irradiation in an ultrasonic water bath at the
elevated temperature for up to 30 min. Aliquots of
absolute ethanol (10-250 ul) were added to the lipid
solution to give the final desired [EtOH]. The lipid/
ethanol sample was resealed followed by vortexing
for several minutes at the room temperature, and
then equilibrated at 4°C for a minimal of 4 h prior
to injection into the sample cell of the differential
scanning calorimeter.

The thermotropic phase behavior of the lipid/etha-
nol samples was studied using a high-resolution MC-
2 differential scanning calorimeter (Microcal, North-
ampton, MA, USA), as previously described [7]. A
nominal heating rate of 15°C/h was used for all sam-
ples and, for each sample, the reference cell of the
calorimeter was filled with buffer solution containing
the same ethanol concentration as that of the lipid/
ethanol sample [2,4]. In general, each lipid/ethanol
sample was run successively four times over a tem-
perature range of 30°C (7}, £ 15°C) using the upscan
mode. In this mode, DSC measured continuously the
excess heat capacity as a function of ascending tem-
perature. The four DSC heating curves recorded for
each lipid/ethanol sample were analyzed using the
software provided by Microcal. Specifically, the
main phase transition temperature, 7,,, exhibited
by the lipid/ethanol sample was taken as the temper-
ature at which the excess heat capacity reached a
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maximum in the DSC heating curve. In these DSC
experiments, the values of 7Ty, determined from the
second, third and fourth DSC heating curves were
virtually identical, with a difference among them
being well within +0.05°C. The Ty, value determined
from the second DSC heating scan was thus taken
uniformly in this communication as the experimental
T value.

2.3. X-ray diffraction

For X-ray diffraction analysis, multiwalled vesicles
were prepared by adding dry lipid to excess buffer
(50 mM NaCl, 1 mM EDTA, 5 mM phosphate buff-
er, pH 7.0) or the same buffer containing specified
concentrations of EtOH. The suspensions were
heated to 50°C three times for 30 min, extensively
vortexed, pelleted with a bench centrifuge, sealed in
quartz glass X-ray capillary tubes, and mounted in a
point collimation X-ray camera. X-ray diffraction
patterns were recorded on stacks of Kodak DEF
X-ray film which were densitometered with a Joyce-
Loebl microdensitometer. After background subtrac-
tion, integrated intensities, I(%), were obtained for
each order /4 by measuring the area under each dif-
fraction peak as described previously [8,9]. For these
patterns from unoriented suspensions the structure
amplitudes F(h) were set equal to {h2I(h)}'/>. Elec-
tron density profiles, p(x), on a relative electron den-
sity scale were calculated from:

p(x) = (2/d) Y exp{i¢(h)}F(h)cos2mxh/d) (1)

where x is the distance from the center of the bilayer,
d is the lamellar repeat period, (/) is the phase angle
for order A, and the sum is over /4. As described
elsewhere, phase angles were determined by compar-
ison with previous diffraction analyses [9,10].

3. Results

3.1. The ethanol effect on the T,, of aqueous
dispersions of 1-eicosanoyl-2-eicosenoyl-sn-
glycero-3-phosphocholines

Fig. 1 shows a series of DSC heating thermograms
for the aqueous dispersions of C(20):C(20:1A%)PC

containing different [EtOH]. The Ty, value obtained
with lamellar C(20):C(20:1A%)PC at different [EtOH]
is shown next to each DSC curve in Fig. 1. It is
evident that at relatively low [EtOH], ethanol causes
a downward shift in the phase transition curve,
whereas an upward shift is seen at higher [EtOH].
In the plot of Ty, versus [EtOH], a V-shaped Ty,
profile with a distinct inflection point is observed
for C(20):C(20:1A%)PC as shown in the lower inset
of Fig. 1. The ethanol concentration of 60 mg/ml
at the Tp-inflection point is by definition the value
of [EtOH]rc. For comparison, we have also studied
the biphasic effect of ethanol on the Ty, of satur-
ated mixed-chain C(20):C(19)PC. We have chosen
C(20):C(19)PC based on the fact that the sn-2 acyl
chain length of C(20):C(19)PC in the crystalline bi-
layer is virtually identical to that of C(20):
C(20:1A%)PC. In the absence of ethanol, the Ty, val-
ue obtained calorimetrically with C(20):C(19)PC is
61.4°C. In the presence of various concentrations of
ethanol, the apparent Ty, values for C(20):C(19)PC
are plotted against [EtOH] in the upper inset of Fig.
1. Clearly, the resulting Ty, curve is biphasic with the
inflection point occurring at [EtOH]rc of 15 mg/ml.
This [EtOH]rc value is significantly smaller than that
of 60 mg/ml observed for C(20):C(20:1A%)PC.

Fig. 2 shows the results of a second series of DSC
experiments, in which the addition of ethanol is ob-
served to cause a shift in the phase transition curve
for the aqueous dispersions of C(20):C(20:1A%)PC.
Unlike C(20):C(20:1A%)PC, the phase transition
curve of C(20):C(20:1A®)PC shifts continuously to-
ward a lower temperature as [EtOH] increases from
one DSC curve to another. In the plot of T}, versus
[EtOH], the apparent T}, values associated with these
DSC curves fall on a nearly straight line with a neg-
ative slope (the lower inset, Fig. 2). Similar 7}, pro-
files with negative slopes have also been observed
previously for saturated highly asymmetric PC such
as C(12):C(20)PC and C(18):C(14)PC [2,4].

In an attempt to examine fully how variations in
the position of a single cis double bond affect the
response of monounsaturated PC to ethanol, we
have, in addition to C(20):C(20:1A%)PC and
C(20):C(20:1A)PC, further studied the effects of
ethanol on the T, of C(20):C(20:1A")PC with
n=35, 11 and 17. In the absence of ethanol, the T},
values of C(20):C(20:1A")PC with n=5, 8, 11, 13
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Fig. 1. The effect of ethanol concentration, [EtOH], on the phase transition behavior of the aqueous dispersion of C(20):C(20:1A%)PC.
The representative DSC curves are the second DSC heating curves, and the [EtOH] and Ty, values are indicated on the right side of
each corresponding DSC curve. Scan rate: 15°C/h. The Tp, value of unsaturated C(20):C(20:1A%)PC is also plotted against [EtOH] as
shown in the lower inset giving rise to a biphasic Ty, profile. For comparison, the 7, value of saturated C(20):C(19)PC is also plotted

against [EtOH] as shown in the upper inset.

and 17 are 44.9, 30.6, 19.4, 22.1 and 49.7°C, respec-
tively, which are in good agreement with the litera-
ture values [11]. And all these values are plotted
against the position of A” in the inset of Fig. 3, giving
rise to an inverted bell-shaped curve with the mini-
mum 7Ty, occurring at n=11. We can define a term

ATy, as the difference between the phase transition
temperature of the lipid sample prepared in the pres-
ence of a given [EtOH] and the T, of the aqueous
lipid dispersion prepared from the same lipid in the
absence of ethanol. With this normalized parameter,
ATy, a large number of the phase transition temper-
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Fig. 2. The effect of ethanol concentration, [EtOH], on the phase transition behavior of C(20):C(20:1A'3)PC. The [EtOH] and T}, val-
ues associated with each DSC curve are indicated on the right-hand side of the corresponding DSC curve. The upper and lower insets
show the plots of T}, versus [EtOH] for C(20):C(19)PC and C(20):C(20:1A*)PC, respectively.

atures exhibited by C(20):C(20:1A")PC with n=35, 8,
11, 13 and 17 in the presence of various concentra-
tions of ethanol can all be compared simultaneously
in a single plot. This plot of AT}, against [EtOH] for
all five positional isomers of C(20):C(20:1A")PC is
depicted in Fig. 3. One distinct feature is immediately
evident from this plot, viz. the effect of ethanol on

ATy, depends critically on the position of the cis
double bond (A”") in the sn-2 acyl chain. For instance,
a biphasic effect of ethanol on ATy, is observed for
C(20):C(20:1A)PC with a [EtOH]rc value of 60
mg/ml. This V-shaped AT, profile suggests that
C(20):C(20:1A%PC are packed, at T< Ty, in the
Lg-phase bilayer at [EtOH] <60 mg/ml and that
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Fig. 3. The plot of ATy versus [EtOH] for C(20):C(20:1A")PC
with n=5, 8, 11, 13 and 17. AT, denotes the difference between
the phase transition temperature of the lipid sample prepared in
presence of a given [EtOH] and the T), exhibited by the same
lipid in the absence of ethanol. The T}, values of lipids in this
series of C(20):C(20:1A™")PC obtained in the absence of ethanol
are also plotted against the position of the double bond (A") as
shown in the inset.

the Lg-phase bilayer of C(20):C(20:1A%)PC trans-
forms isothermally into the Lg;-phase bilayer at
[EtOH] > 60 mg/ml. As the cis double bond migrates
toward the hydrocarbon/H,O interface as exempli-
fied by C(20):C(20:1A%)PC, the AT,, profile shown
in Fig. 3 is no longer V-shaped. Instead, a sigmoid-
shaped profile with a positive slope is observed. Such
a sigmoidal ATy, profile suggests that for C(20):
C(20:1A%)PC the isothermal Lg — Lg; phase transi-
tion can be induced by a minimum of 5 mg/ml of
ethanol, which is significantly lower than the
[EtOH]rc value of 60 mg/ml observed for C(20):
C(20:1A%)PC. Interestingly, as the cis double bond
moves stepwise from the A3-position toward
the methyl end, the AT, profiles exhibited
by C(20):C(20:1A'H)PC, C(20):C(20:1A3)PC and
C(20):C(20:1A'")PC are each characterized by a

nearly straight line with a negative slope as shown
in Fig. 3. Since no inflection points in the ATy,
profiles are detected for C(20):C(20:1A")PC,
C(20):C(20:1A*)PC and C(20):C(20:1A7)PC in the
plot of ATy, versus [EtOH], the ATy, value observed
for each of the three positional isomers at a given
[EtOH] represents the magnitude of the 73, depres-
sion induced by ethanol at that specific ethanol con-
centration.

3.2. X-ray diffraction

For all lipid dispersions, each X-ray diffraction
pattern contained a series of low-angle reflections
that indexed as orders of a single lamellar repeat
period, along with one or two wide-angle reflections.
The lamellar repeat period and the wide-angle spac-
ing varied, depending both on the lipid and the
amount of EtOH in the buffer.

For both C(20):C(20:1A>)PC  and C(20):
C(20:1A%)PC the repeat period was 86 A and the
wide-angle region contained a rather broad reflection
centered at 4.21 A. However, the presence of EtOH
changed both the low- and wide-angle spacings. In
the case of C(20):C(20:1A%)PC the presence of 20, 40
or 100 mg/ml gave a pattern containing several or-
ders of 56 A lamellar repeat period and a very sharp
410 A wide-angle reflection. In the case of
C(20):C(20:1A%PC, the presence of 80 mg/ml
EtOH produced no change in the diffraction pattern,
whereas the presence of 120 mg/ml EtOH produced a
pattern with a lamellar spacing of 57 A and a very
sharp wide-angle spacing of 4.10 A. For C(20):
C(20:1A3)PC, the X-ray patterns were the same in
the presence and absence of 100 mg/ml EtOH and
consisted of a lamellar repeat period of 71 A and two
wide-angle spacing, a sharp reflection at 4.31 Aanda
broad reflection at 4.17 A.

Electron density profiles were calculated by using
the same phase angles as previously obtained for
saturated PCs in the presence and absence of EtOH
[8,9]. Representative profiles are shown in Fig. 4. In
each profile, the bilayer center is located at the
origin, so that the low electron density region in
the center of each profile corresponds to the lipid
hydrocarbon regions. The high density peaks,
located at =18 A for both C(20):C(20:1A%)PC and
C(20):C(20:1A%)PC and at +25 A for C(20):
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C(20:1AP)PC, correspond to the lipid polar head
groups. Thus, the bilayer thickness, as measured by
the distance between the high density headgroups, is
considerably larger for C(20):C(20:1A*)PC in the
presence of 100 mg/ml EtOH compared to either
C(20):C(20:1A°)PC  with 20 mg/ml EtOH or
C(20):C(20:1A»)PC with 120 mg/ml EtOH. For
C(20):C(20:1A®)PC in the presence of 100 mg/ml
EtOH there is a sharp dip in electron density in the
geometric center of the bilayer, whereas for both
C(20):C(20:1A°)PC at 20 mg/ml EtOH and
C(20):C(20:1A%)PC at 120 mg/ml, there is no such
trough in the bilayer center. Such central electron
density troughs are caused by the localization of
the hydrocarbon chain terminal methyl groups in
the center of the bilayer [9,12], which is typical of
bilayers in the non-interdigitated Ly phase. The ab-
sence of this central trough, such as seen with both
C(20):C(20:1A°)PC at 20 mg/ml EtOH and
C(20):C(20:1A%)PC at 120 mg/ml (Fig. 4), is typical
of bilayers in the fully interdigitated phase (Lg),
where the hydrocarbon chains from apposing mono-
layers of the bilayer interpenetrate so that the termi-

C(20):C(20:1A%)PC
20 mg/ml EtOH

C(20):C(20: 1A% PC
120 mg/m! EtOH

C(20):C(20:1A13)PC
100 mg/ml EtOH

Electron Density (Arbitrary Units)

L I n | L 1 L |
-40 20 0 20 40

Distance from Bilayer Center (A)

Fig. 4. Electron density profiles for bilayers of
C(20):C(20:1A%)PC in the presence of 20 mg/ml EtOH,
C(20):C(20:1A%PC with 120 mg/ml EtOH, and
C(20):C(20:1A)PC with 100 mg/ml EtOH. For each profile
the geometric center of the bilayer is located at the origin, and
the high density peaks, located at 18 A for both
C(20):C(20:1A°)PC and C(20):C(20:1A%)PC (denoted by the
vertical dotted lines) and +25 A for C(20):C(20:1A*)PC, cor-
respond to the lipid polar headgroups.

C(20):C(20:1A%PC
sn-1 acyl chain

sn-2 acyl chain

~>l short segment |4—

C(20):C(20:1A®)PC
sn-1 acyl chain

sn-1 acyl chain

short segment ’4—

Fig. 5. Molecular graphic representations of the energy-mini-
mized structures of C(20):C(20:1A%PC and C(20):C(20:
IAB)PC. It should be noted that the monounsaturated sn-2
acyl chain of each lipid molecule adopts a crankshaft-like motif
with two unequal chain segments. For C(20):C(20:1A%)PC, the
short chain segment is positioned near the H,O/hydrocarbon in-
terface. In contrast, the short chain segment is closer to the bi-
layer center for C(20):C(20:1A3)PC.

nal methyl groups are located near the hydrocarbon—
water interface [10].

The wide-angle X-ray reflections also indicate that
in the presence of EtOH, C(20):C(20:1A%)PC and
C(20):C(20:1A%)PC, but not C(20):C(20:1A%)PC,
form an interdigitated phase. That is, the single
sharp wide-angle reflection at the relatively small
spacing of 4.10 A is typical of PCs in the Lg; phase,
whereas the single broad reflection at 4.21 A
(observed for C(20):C(20:1A°)PC and C(20):
C(20:1A%)PC in the absence of EtOH) or the doublet
of a sharp and broad reflections (observed for
C(20):C(20:1A*)PC in the presence or absence of
EtOH) are consistent with tilted hydrocarbon chains,
or bilayers in the non-interdigitated Ly phase [10].

4. Discussion

We have examined the effect of ethanol on the
phase transition temperature (7,,) as well as the
phase structure of a series of five positional isomers
of monounsaturated C(20):C(20:1A")PC by high-res-
olution DSC and X-ray diffraction techniques. As
summarized in Fig. 3, our DSC results show that,
in response to ethanol, variations in the normalized
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T values of C(20):C(20:1A")PC with n<<11 differ
markedly from those of C(20):C(20:1A")PC with
n=11. Specifically, when the cis C-C double bond
is positioned in the upper segment of the sn-2 Cyy-
acyl chain such as C(20):C(20:1A°)PC and
C(20):C(20:1A%)PC, the variation in the normalized
Ty of these lipids as a function of [EtOH] is charac-
terized by a sigmoidal or biphasic profile. In con-
trast, over a wide range of [EtOH], a continuous
depression of the 7y, by ethanol is observed for
C(20):C(20:1AMPC with n=11. The results of X-
ray diffraction experiments further demonstrate that
C(20):C(20:1A%PC and C(20):C(20:1A%)PC can
undergo the ethanol-induced Lg —Lg; phase
transition, with C(20):C(20:1A%)PC undergoing the
transition at lower ethanol concentrations than
C(20):C(20:1A%)PC (Fig. 4). However, the Ly — Ly
phase transition does not occur in C(20):
C(20:1AP)PC even at a very high ethanol concentra-
tion of 100 mg/ml (Fig. 4).

Two distinct effects of ethanol on the phase tran-
sition behavior and the phase structure of the
lipid bilayer composed of monounsaturated PC
have been observed as just discussed above. More-
over, these two effects can be definitely attributed to
the different positions of the single A-bond in the sn-
2 acyl chain of the lipid molecule. Hence, we need to
examine some representative structures of C(20):
C(20: 1AMPC packed in the gel-state bilayer for an
understanding of the origin of the two distinct etha-
nol effects. Recently, a simple molecular model for
the monounsaturated phospholipids packed in the
gel-state bilayer has been advanced, and this model
can explain adequately the experimental observations
of various chain-melting characteristics exhibited by
monounsaturated PC or PE [11,13]. Three interesting
aspects of this model are worth mentioning. (1) The
monounsaturated sn-2 acyl chain in the gel-state bi-
layer is assumed to adopt a crankshaft-like motif,
consisting of two unequal chain segments linked by
a A-containing kink sequence. (2) The long linear
segment is assumed to adopt an all-trans conforma-
tion; hence, it can undergo intramolecularly and in-
termolecularly van der Waals attractive interactions
with its neighboring all-trans acyl chains. (3) The
short chain segment is assumed to be disordered at
T < T, thus containing both trans and gauche ro-
tamers in the gel-state bilayer.

With this simple molecular model in mind, the
energy-minimized structures of C(20):C(20:1A%)PC
and C(20):C(20:1A3)PC are constructed by molecu-
lar mechanics simulations [2], and the molecular
graphics representations of these two energy-mini-
mized structures are illustrated in Fig. 5. It should
be mentioned, however, that the molecular structures
shown in Fig. 5 are energy-minimized conformations
of lipids packed in the crystalline state. Most impor-
tantly, the conformations of these two positional
isomers are different. Specifically, the short chain
segment of the kinked sn-2 acyl chain of
C(20):C(20:1A%)PC is positioned in the upper chain
region near the H,O, hydrocarbon interface, while
the short chain segment of C(20):C(20:1A)PC is
in the lower chain region away from the H,O/hydro-
carbon interface. These different conformations per-
sist when these two positional isomers, C(20):
C(20:1A%PC and C(20):C(20:1A3)PC, are packed
in the gel-state bilayer. However, in the gel-phase
bilayer the short segments in the sn-2 acyl chains of
the two positional isomers are not all-trans as illus-
trated in Fig. 5; instead, they are rotationally disor-
dered containing both trans and gauche rotamers.

Next, let us consider the structural as well as the
energetic difference between the normal Ly gel-phase
bilayer and the fully interdigitated Lg; gel-phase bi-
layer. In the Ly gel-phase, the sn-1 acyl chain of one
PC molecule is juxtaposed to the sn-2 acyl chain of
another PC molecule from the opposing leaflet.
Hence, the chain terminal methyl groups of each
PC molecule are buried in the hydrocarbon core of
the lipid bilayer. In the fully interdigitated Lg; gel-
phase, both the sn-1 and the sn-2 acyl chains of a PC
molecule extend across the length of the whole hy-
drocarbon core, with their chain methyl termini fac-
ing the aqueous medium. In this packing mode, the
exposure of methyl ends to the water is energetically
unfavorable, and the unfavorable interaction is pro-
portional to the product of the surface tension and
the exposed surface area of the two acyl chain (y2A)
[14]. In the presence of ethanol, this unfavorable en-
ergy is reduced somewhat due to the decrease in the
surface tension and the shielding of the methyl end
of each acyl chain by the ethyl moiety of ethanol. In
the absence of ethanol, the magnitude of the unfav-
orable interaction can also vary, depending on the
water accessible surface area of the chain end. If
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the effective surface area is rather large, it is possible
that the Lg; phase is energetically so unfavorable that
the ethanol-induced Ly — Lg; transition will not oc-
cur. The highly asymmetric C(12):C(20)PC, for ex-
ample, does not undergo the ethanol-induced
Lg — Lg; transition [2,4]. This can be attributed to
the large surface area of the sw-2 acyl chain in
C(12):C(20)PC that, due to the high asymmetry of
the two acyl chains, would be accessible to water in
the Lg; phase.

As shown in Fig. 5, the short segment of the sn-2
acyl chain of C(20):C(20:1A*)PC is in the lower
chain region. The chain terminus of this short seg-
ment would be exposed to the aqueous medium, if
C(20):C(20:1A*)PC molecules were packed in the
fully interdigitated Lg; phase. According to the third
basic feature of the molecular model of monoun-
saturated lipid discussed earlier, this short segment
is, at T'< T, rotationally disordered, consisting of
trans and gauche rotamers. Although the precise
structural details of this disordering state are not
known, the effective cross-sectional area of this dy-
namic short segment near the chain end appears to
increase by at least 1.7-fold over the actual cross-sec-
tional area of an all-frans chain terminal [15]. This
increase in the effective cross-sectional area of the
short segment at 7'<< T}, means that the unfavorable
interaction (y2A) between the chain termini of
C(20):C(20:1A*)PC and the aqueous medium must
increase appreciably. As a result, the free energy of
the C(20):C(20:1A3)PC bilayer in the fully interdi-
gitated gel state (Lg;) can be assumed to be consid-
erably larger than that of the C(20):C(20:1A3)PC
bilayer packed in the non-interdigitated Lg gel-
phase. This large free energy difference suggests a
molecular interpretation as to why ethanol at the
concentration up to about 100 mg/ml is unable to
induce the Lg—Lg phase transition for the
C(20):C(20:1A*)PC bilayer. Similarly, the large un-
favorable interaction between the chain termini of
C(20):C(20:1A*)PC and the aqueous medium also
forms a plausible basis for interpreting the non-bi-
phasic effect of ethanol on the T, of C(20):
C(20:1AP)PC as observed in the plot of T}, versus
[EtOH] shown in Fig. 2. Likewise, the same interpre-
tation can also be applied to the non-biphasic effect
of ethanol on the normalized T, of C(20): C(20:
IAMHPC and C(20):C(20:1A7)PC as observed in

Fig. 3. For C(20):C(20:1A")PC and C(20):
C(20:1A)PC, the dynamically disordered short seg-
ment is also positioned in the lower region of the sn-
2 hydrocarbon chain, which may give rise to a large
unfavorable interaction with water.

A closer inspection of Fig. 3 reveals that, for
lipids with a lower disordered short segment in the
sn-2 acyl chain, the magnitude of the |AT,| value at
a given [EtOH] has the following decreasing
order: C(20):C(20:1A7)PC > C(20):C(20:1A3)PC >
C(20):C(20:1AMPC. It has been suggested that the
ethanol-induced T}, depression can be treated ther-
modynamically as the freezing point depression [3].
Hence, the depression of the Ty, (or |ATy,|) is related
to the square of the phase transition temperature in
the absence of ethanol (7; fn); in addition, the depres-
sion of the T}, is also inversely related to the tran-
sition enthalpy [1]. The transition enthalpy is
rather insensitive to the position of the A-bond for
these positional isomers [11]. In contrast, the Ty,
depends strongly on the position of the A-bond in
the sn-2 acyl chain. Specifically, the Ty, values of
lipid bilayers prepared individually from C(20):
C(20:1A)PC, C(20):C(20:1A¥)PC and C(20):
C(20:1A™PC are 49.7, 22.1 and 19.4°C, respectively,
as shown in the inset of Fig. 3. Based on these Ty,
values, the magnitude of the ethanol-induced T},
depression can be expected to be the largest
for C(20):C(20:1A7)PC followed by C(20):C(20:
1A¥)PC and C(20):C(20:1A")PC. This decreasing
order is indeed observed in Fig. 3 for C(20):
C(20:1A')PC, (C(20):C(20:1A*)PC and C(20):
C(20:1A'HPC.

In the case of C(20):C(20:1A%)PC, the short seg-
ment of the kinked sn-2 acyl chain is located in the
upper hydrocarbon region near the H,O/hydrocar-
bon interface and the long segment of the kinked
sn-2 acyl chain is in the lower hydrocarbon region
(Fig. 5). When C(20):C(20:1A%)PC molecules are
packed in the fully interdigitated Lg; gel-phase bi-
layer, the methyl ends of the long all-trans (or fully
extended) segment of the kinked sn-2 acyl chain and
the all-trans sn-1 acyl chain of each PC molecule are
in direct contact with water. This situation is analo-
gous to saturated PC molecules packed in the Lg;
gel-phase, in which the tails of two fully extended
acyl chains of each lipid molecule are facing the
aqueous medium. Most importantly, the effective
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cross-sectional area of the acyl chain is at the mini-
mum as the chain adopts an all-trans conformation.
Hence, the water accessible surface area of the tail
group (A) is also at minimal, leading to a minimal
strength of the unfavorable interaction, y-2A. Under
the condition of fully extended all-frans conforma-
tion of the chain terminal, the free energy of the
Lg; gel-phase is still higher than that of the Ly gel-
phase. However, as demonstrated by most saturated
PC, the free energy difference between the Lg; and
the Ly gel-states can be overcome by the addition of
a high concentration of ethanol into the aqueous
medium [4]. The observed biphasic effect of ethanol
on the T}, of C(20):C(20:1A%)PC shown in Fig. 1 can
thus be explained as being most likely due to the all-
trans conformation of the long segment of the sn-2
acyl chain, with which the tail surface area accessible
to H,O is minimal. It should be noted, however, that
in comparison with saturated C(20):C(19)PC the in-
flection point of the biphasic curve for C(20):
C(20:1A%PC occurs at a higher concentration of
ethanol (Fig. 1). The physical basis underlying this
larger [EtOH]pc value is not fully understood.
Nevertheless, it does imply that the free energy differ-
ence between the Lpg; and the Lg gel-states for
C(20):C(20:1A%)PC is larger than that for saturated
C(20):C(19)PC.

It should also be mentioned that C(20):
C(20:1A°)PC exhibits a AT}, profile with a positive
slope when the AT, value is plotted against [EtOH]
as shown in Fig. 3. Moreover, X-ray diffraction re-
sults indicate that at room temperatures the
C(20):C(20:1A%)PC bilayer adopts the fully interdigi-
tated Lg; motif under the condition of [EtOH] =20
mg/ml. Like C(20):C(20:1A%)PC, the short and long
segments of the kinked s»n-2 acyl chain of
C(20):C(20:1A%)PC are positioned in the upper and
lower hydrocarbon regions, respectively. Hence, it is
not unexpected that the C(20):C(20:1A%)PC bilayer
can undergo the ethanol-induced Lg —Lg phase
transition. Interestingly, the observed [EtOH]c val-
ue of ~20 mg/ml for C(20):C(20:1A%)PC is consid-
erably lower than those obtained with C(20):
C(20:1A3PC and C(20):C(19)PC. For C(20):
C(20:1A°)PC, a unique structural feature is the posi-
tion of its A-bond, which is located very near (~ 3 A)
to the H,O/hydrocarbon interface. In general, the A-
bond in the sn-2 acyl chain can perturb locally the

lateral chain—chain van der Waals attractive interac-
tion in the gel-state bilayer. Moreover, as the A-bond
is positioned at ~3 A away from the H,O/hydro-
carbon interface, H,O molecules can diffuse readily
into this perturbed local region and orient themselves
in the immediate vicinity of the A’>-bond. These
penetrated H,O molecules have decreased entropy
because of their reduced mobility as constrained by
the hydrophobic chains. In addition, these highly or-
dered water molecules could further weaken locally
the lateral chain—chain interaction. Consequently,
in the Ly phase C(20):C(20:1A%PC differs from
C(20):C(19)PC and C(20):C(20:1A%)PC in terms of
the degree of hydration. As ethanol is added, the
bound water in the immediate neighborhood of the
A’-bond in the gel-state bilayer will be displaced by
ethanol. The released water molecules will gain free-
dom of motion, which, in turn, makes a favorable
contribution to the ethanol-induced Lg — Lg; phase
transition. The relatively high degree of hydration of
C(20):C(20:1A%)PC in the Lg phase can, therefore,
be considered as a plausible basis to explain why the
C(20):C(20:1A%)PC bilayer is prone to convert from
the Ly gel-phase to the Lg; gel-phase in the presence
of ethanol.

In recent years, it has been shown by many bio-
physical studies that a high concentration of ethanol
can induce the lipid bilayer to undergo an isothermal
phase transition, at 7'<Ty, from the normal Lg
phase to the fully interdigitated Lg; phase. All these
studies, however, were confined to phospholipids
with sn-1 saturated/sn-2 saturated acyl chains. In
this communication, we have studied the effect of
ethanol on the phase transition behavior and the
phase structure of the lipid bilayer prepared from
mixed-chain sn-1 saturated/sn-2 unsaturated PC
such as C(20):C(20:1A")PC with n=5, &, 11, 13
and 17. Our DSC and X-ray diffraction results
show for the first time that lipid bilayers composed
of mixed-chain C(20):C(20:1A")PC with n=35 and 8§
can indeed undergo the ethanol-induced isothermal
Lg — Lg; phase transition at T< Tp,,. Moreover, the
concentration of ethanol required to induce such an
isothermal phase transition can be rather low for
mixed-chain C(20):C(20:1A%)PC. It is worth men-
tioning that phospholipids isolated from animal cell
membranes are predominantly mixed-chain sn-1 sat-
urated/sn-2 unsaturated lipids. The phospholipids
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employed in this communication are thus biologi-
cally relevant. However, the physiological conse-
quences of the observed ethanol-induced isothermal
Lg — Lg; phase transition in animal cell membranes
are not yet understood at the present time.
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