BB

: ‘ Biochimica
- et Biophysica Acta
Biochimica et Biophysica Acta 1283 (1996) 199-206

A calorimetric study of binary mixtures of saturated and
monounsaturated mixed-chain phosphatidylethanolamines

Hai-nan Lin, Shusen Li, Guoquan Wang, Erich E. Brumbaugh, C. Huang
Department of Biochemistry, Health Sciences Center, Unicersitv of Virginia, Box 440, Charlottesville, VA 22908, USA
Received 29 January 1996; accepted 16 April 1996

Abstract

In this study, we have semisynthesized the following three molecular species of mixed-chain phosphatidylethanolamine: C(22):C(12)PE,
C(16):C(18:1A%)PE, and C(10):C(24:1A'5)PE. These lipids share a common structural characteristic, that is, they all have the same total
number of carbon atoms in their acyl chains. Aqueous dispersions prepared from three sets of binary lipid mixtures,
C(16):C(18:1A7PE /C(22):C(12)PE, C(10):C(24:1A")PE /C(22):C(12)PE, and C(16):C(18:1A°)PE /C(10):C(24:1A")PE, were studied
by high-resolution differential scanning calorimetry, leading to the construction of three temperature-composition phase diagrams. A
computer program developed on the basis of the thermodynamic equations for non-ideality of mixing (or Brigg-Williams approximation)
was applied to fit the calorimetric data, yielding the non-ideality parameters of mixing in the gel and the liquid-crystailine bilayers (p©
and p"). Based on the shapes of these phase diagrams and the values of p“ and pl, it is concluded that any two of the three molecular
species of phosphatidylethanolamines under study can mix nearly ideally in the bilayer plane of the liquid-crystalline bilayer. However,
these binary lipid mixtures do exhibit the gel-gel phase immiscibility over an extensive compositional region in the gel-state bilayer. By
comparison with experimental data obtained with binary mixtures of saturated identical-chain phospholipids, we can conclude that
mixed-chain cis-monounsaturated lipid molecules and saturated lipid molecules are highly demixed in the same two-dimensional plane of
the gel-state bilayer, although the bilayer thickness difference between the lipid bilayer composed of cis-monounsaturated lipids and that
of saturated lipids may be only one or two C-C bond lengths at 7 < T,
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1. Introduction well known to be far below that for bilayers prepared from
saturated counterparts. A good example is demonstrated by
the bilayer composed of I-stearoyl-2-oleoyl-
phosphatidylcholines or C(18):C(18:1A°)PC which, in ex-
cess water, exhibits calorimetrically a 7, value of 5.6°C
[2]. In contrast, the T, value of the fully hydrated bilayer
composed of distearoyl phosphatidylcholines or
C(18):C(18)PC is 55.3°C [4]. Despite the fact that the
T, -lowering effect of a single cis carbon-carbon double
bond is well established, the fundamental mechanism un-
derlying such a phenomenon remains to be elucidated. Our
recent MM calculations indicate that in the gel-state bi-
layer, a single cis-double bond in the sn-2 acyl chain of a
phosphatidylcholine molecule can cause the chain to kink
in the shape of a crankshaft, resulting in two nearly
parallel chain segments [5,6]. This structural information
provides us a basis to formulate a model which can
account for the 7, -lowering effect of a cis-double bond
[3]. Our model can be briefly summarized as follows: the

" Corresponding author. Fax: + 1 (804) 9245069. shorter segment of the kinked acyl chain is considered to

Recently, we have applied the computer-based molecu-
lar mechanics (MM) computations and high-resolution dif-
ferential scanning calorimetry (DSC) to study systemati-
cally the structures and melting properties of a large
number of mixed-chain cis-monoenoic phospholipids in
excess water [1-3]. More specifically, these are sn-1 satu-
rated /sn-2 cis-monounsaturated phosphatidylcholines (PC)
and phosphatidylethanolamines (PE) with chemical struc-
tures resembling those of naturally occurring membrane-
phospholipids. Based on the computational and calori-
metric data, some of the common structure /chain melting
property relationships exhibited by most, if not all, mixed-
chain cis-monoenoic phospholipids are delineated. For
instance, the gel-to-liquid crystalline phase transition tem-
perature, T, of the fully hydrated lipid bilayer prepared
from single-component cis-monoenoic phospholipids is
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be partially disordered and, hence, it acts structurally as a
perturbing element for the lateral lipid-lipid interactions.
Moreover, since this shorter segment is already partially
disordered at T < T, , it does not contribute significantly to
the conformational disordering process of trans — gauche
isomerizations involved in the phase transition [3]. As a
result, the total number of C-C trans bonds per lipid
molecule undergoing the trans — gauche isomerization
during the phase transition is decreased appreciably for the
bilayer composed of cis-monoenoic phosphatidylcholines
relative to that of the saturated counterparts, leading to a
significantly lower T value.

After having studied extensively the phase transition
behavior of single-component liposomes prepared from a
large number of cis-monoenoic phospholipids, we now
turn our attention to examine the thermal behavior of
binary lipid mixtures containing cis-monoenoic phospho-
lipids. Recently, some very interesting findings were re-
ported from other laboratories concerning the mixing be-
havior of binary mixtures of saturated identical-chain phos-
pholipids [7-9]. For instance, Snyder et al. [7] observed a
small fraction of lipid demixing in the binary mixture of
C(18):C(18)PC /C(20):C(20)PC at — 19°C. However, the
present knowledge about the mixing behavior of binary
lipid mixtures containing sn-1 saturated /sn-2 cis-mono-
unsatured phospholipids, particularly phos-
phatidylethanolamines, is still scanty. Hence, in this study
three molecular species of mixed-chain phos-
phatidylethanolamine including one saturated mixed-chain
phosphatidylethanolamine and two sn-1 saturated/sn-2
cis-monounsaturated phosphatidylethanolamines were first
semisynthesized. These three lipids have the same total
number of carbon atoms in their acyl chains. Subsequently,
the thermal behavior of binary mixtures of these semisyn-
thesized lipids was studied calorimetrically. Based on the
calorimetric data, three temperature-composition phase di-
agrams were constructed using Brumbaugh’s simulation
program [10]. Analyses of these phase diagrams showed
that cis-monoenoic phospholipids in the gel-state bilayer
are significantly demixed from the saturated phospholipids.
Earlier, we have proposed that the short chain segment of
the kinked sn-2 acyl chain in the sn-1 saturated/sn-2
cis-monounsaturated phospholipid molecule acts as a per-
turbing element in the gel-state bilayer which can account
for the T, -lowering effect of a cis-double bond [3]. Now,
we suggest that this perturbing element is also responsible
for the demixing behavior exhibited by cis-monoenoic
phospholipids in the gel-state bilayer.

2. Materials and methods

2.1. Materials and
phatidylethanolamines

semisynthesis of phos-

Various saturated and monounsaturated fatty acids were
purchased from Sigma (St. Louis, MO). Lysophosphatidyl-

cholines were provided by Avanti Polar Lipids (Alabaster,
AL). These fatty acids and lysolipids were used as the
starting materials to semisynthesis mixed-chain phos-
phatidylcholines, at room temperature, using the modified
procedure of Mena and Djerassi [11] as described previ-
ously [12]. Each of the synthesized mixed-chain phos-
phatidylcholines was subsequently converted enzymati-
cally to the corresponding mixed-chain phos-
phatidylethanolamine by the transphosphatidylation with
phospholipase D in the presence of excess amount of
ethanolamine hydrochloride, at pH 5.6, as described in
detail elsewhere [13]. In this study, three molecular species
of mixed-chain phosphatidylethanolamine were semisyn-
thesized; they were I|-palmitoyl-2-oleoyl-
phosphatidylethanolamine (C(16):C(18:1A%)PE), 1-capryl-
2-nervonoyl-phosphatidylethanolam ine
(C(10):C(24:1A®)PE), and 1-behenoyl-2-lauroyl-phos-
phatidylethanolamine (C(22).C(12)PE). After semisynthe-
sis, various mixed-chain phospholipids were purified by
repeated column chromatography on Silica gel 60 (Mesh
numbers:230-400), eluting with chloroform /methanol
mixtures as reported earlier [12]. The purified phospho-
lipids were analyzed by TLC with
CHC1,/CH,0OH/NH,OH (65:30:5); only a single spot
was observed for each molecular species of phos-
phatidylethanolamine at a loading of about 1 pmol per
sample. In addition, the high purity of the semisynthesized
phosphatidylethanolamine was established further by the
single, sharp endothermic peak observed in the differential
scanning calorimetric scan.

2.2. DSC measurements

Prior to high-resolution differential scanning calorime-
try (DSC) experiments, binary lipid mixtures of
C(16):C(18:1A°)PE/C(22):C(12)PE,
C(10):C(24:1A")PE /C(22):C(12)PE, and
C(16):C(18:1A°)PE /C(10):C(24:1A"°)PE  with various
concentration ratios were prepared in 50 mM NaCl solu-
tion containing 5 mM phosphate buffer, I mM EDTA and
0.02 mg/m!l NaN, (pH 7.4), according to the method of
Lin and Huang [14]. These lipid samples were preincu-
bated at 4°C under N, atmospheres for a minimum of 24 h
prior to DSC scans.

DSC experiments were performed using a high-resolu-
tion Microcal microcalorimeter (Model MC-2) equipped
with DA-2 digital interface and data acquisition utility for
automatic data collection (Microcal, Northampton, MA).
In all DSC experiments, a constant heating /cooling scan
rate of 15°C/h was used. The construction of the phase
diagram was based on the DSC heating curves for a given
binary mixture at various relative compositions, following
the procedure described earlier [14]. Briefly, the onset and
completion temperatures for each transition peak, after
proper correction for the finite widths of the transition
peaks of the pure components [15], were plotted as a
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function of the mole fraction of the higher melting compo-
nent lipid. These corrected onset and completion tempera-
ture points form the bases for defining the solidus and
liquidus, respectively, of the temperature-composition
phase diagram.

2.3. Simulations of the phase diagrams

The basic thermodynamic equations, derived from the
regular solution theory (or Brigg-Williams approximation),
describing phenomenologically the phase diagram of non-
ideal binary mixtures of phospholipid components A and B
in the two-dimensional plane of the bilayer are given
below [16]:

In(X$/Xg)=AHy/R(1/T~1/Ty)
+1/RT] pH(1 = X§) = p°(1 - X8|
(1)
inf(1 = x¢)/(1 - xb)]
= AH,/R(1/T—1/T,)

+1/RT| pH(x§) = pO(x8)] )
where X§ and Xj, the composition variables, are the
mole fraction of the high melting component B in the gel
and liquid-crystalline phases, respectively, AH, and A Hy
are the transition enthalpies (kcal/mol) of pure compo-
nents A and B, respectively, T, and Ty are the phase
transition temperatures (Kelvin) of the bilayers composed
of the pure components A and B, respectively, and p® and
p" are two parameters having units of energy (kcal /mol)
which describe the nonideality of mixing between compo-
nents A and B in the gel and liquid-crystalline phases of
the bilayer, respectively. The nonideality parameter, p, is
related to the pair-interaction energy between mixed pairs
and between like pairs in the two dimensional plane of the
bilayer as follows: p = Z[ E,5-1/2 (E, , + Egp)], where Z
is the number of nearest neighbors in the plane of the
bilayer, and E,y, E,,, and Eyp are the molar interaction
energies of A-B, A-A, B-B pairs of nearest neighbor pairs,
respectively [16,17]. If the value of p is positive, then
there is a tendency for like-lipid species to cluster together
leading to lateral phase separation; p < 0 reflects the ten-
dency of compound formation; p = O corresponds to ideal
lateral mixing between components A and B in the bilayer.
Eq. (1) and Eq. (2) allow the shape of the phase
diagram for a given binary lipid mixture to be determined,
provided that the values of p~ and p® and other experi-
mental values (7, and AH) are known. On the other
hand, if the shape of the phase diagram has already been
determined experimentally, Eq. (1) and Eq. (2) can be used
to estimate the p" and p® values by matching the experi-
mental and the simulated phase diagrams [18,19]. A com-
puter simulation program utilizing the statistical method of
nonlinear least-squares was developed in this laboratory by
Brumbaugh to determine the p* and p® values based on

the experimental data and Eq. (1) and Eq. (2) [10]. The p"-
and p® values reported in this communication were ob-
tained using Brumbaugh’s program. Briefly, two rounds of
simulations were generally carried out. In the first round,
all experimental values (T, and A H) were fixed, and the
phase diagram was simulated by adjusting simultaneously
the p~ and p% values in such a way that the shape of the
simulated phase diagram can match reasonably well with
the experimentally determined solidus and liquidus. In the
second round, all or selected 7., and A H values and the p
values from round one were allowed to float during the
matching process, leading to a refined phase diagram with
a reduction in variance.

3. Results

3.1. The phase diagram for C(16):C(18:1A°)PE /
C(22):C(12)PE mixtures

The thermal behavior of a series of aqueous dis-
persions prepared individually from C(16):C(18:1A°)PE/

C(16):C(18:14° )PE / C(22):.C(12)PE
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Fig. 1. The second DSC heating thermograms for samples of
C(16):C(18:14°)PE /C(22):C(12)PE mixtures containing various mole
fractions as indicated. The onset and completion temperatures for each
phase transition curve are indicated by arrows.
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C(22):C(12)PE mixtures with different concentration ratios
was studied calorimetrically as a function of temperature.
The observed DSC heating curves for the binary mixtures
with increasing C(22):C(12)PE content are summarized in
Fig. 1, in which the onset and completion temperatures of
the endothermic transition are indicated by arrows. The
aqueous dispersion of the pure C(16):C(18:1A°)PE exhibits
a single, sharp, reasonably symmetrical transition peaked
at 26.1°C (T,) with a transition enthalpy (AH) of 5.4
kcal /mol and a peak-width at half maximal height (AT, ,,)
of 0.5°C. Interestingly, the values of 7., and A H obtained
from the first DSC heating scan of the pure
C(16):C(18:1A°)PE sample, which has been preincubated
at 4°C for 24 h, are reproducible upon immediately re-
peated reheatings, indicating that the chain melting charac-
teristics of the bilayer are independent of the thermal
history.

As the relative content of C(22):C(12)PE in the binary
mixture of C(16):C(18:1A°)PE /C(22):C(12)PE increases
from 0 to 20 mol%, the transition curves for the binary
mixtures are characterized by single endothermic peaks;
however, the transition curves are slightly broadened and
the T, values are gradually down-shifted (Fig. 1). At 25
mol% of C(22):C(12)PE, the binary mixture exhibits a
main endothermic transition with a high-temperature
shoulder. As the relative content of C(22):C(12)PE contin-
ues to increase progressively up to 80 mol%, the magni-
tude of the transition peak originated from the pure
C(16):C(18:1A°)PE decreases successively. On the other
hand, the shoulder appeared in the transition peak for the
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binary mixture containing 25 mol% C(22):C(12)PE grows
and shifts gradually to higher temperatures. Above 80
mol% of C(22):C(12)PE, the DSC curves are again charac-
terized by single endothermic peaks with nearly symmetric
shapes. For 100% C(22):C(12)PE, the single, narrow,
nearly symmetric peak has a T, of 44.7°C with a AT, ,, of
0.4°C and a A H of 12.4 kcal /mol. Most interestingly, this
T, value is only 1.6°C higher than that of the
C(22):C(12)PC bilayer [20]. This small difference in T,
between the C(22):C(12)PE bilayer and the C(22):C(12)PC
bilayer can be taken as evidence indicating that
C(22):C(12)PEs are self-assembled, in excess water and at
T <T,, into the gel-state bilayer with a mixed interdigi-
tated packing motif [21]. Such a structural motif has been
detected experimentally for the fully hydrated
C(22):.C(12)PC bilayer, at T<T,, by Zhu and Caffrey
[22].

In Fig. 2, the corrected onset and completion tempera-
tures for each transition curve shown in Fig. 1 are plotted
as a function of C(22):C(12)PE content. The lines connect-
ing the corrected onset and completion temperatures are
the solidus and liquidus, respectively, of the simulated
phase diagram for C(16):C(18:1A%)PE/C(22):C(12)PE
mixtures. The simulation uses Brumbaugh’s program with
pY = 1.30 and p" = 0.00 kcal /mol. It is evident from Fig.
2 that the simulated phase diagram fits the experimental
data very well; moreover, the phase diagram has the shape
of a eutectic system. This eutectic phase diagram is charac-
terized by the eutectic point at 16.5 mol% of C(22):C(12)PE
and 22.0°C. Another key feature of the eutectic phase

70
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—~ oL = 0.15 kal/mol .
2w 6 = 1.23 keal/mol
60 |- s
® 30F  Eutectic point
g
- § 20
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Fig. 2. The temperature-composition phase diagram for C(16):C(18:1A%)PE /C(22):C(12)PE mixtures. The experimental data points are the corrected onset
and completion temperatures of the various transition peaks shown in Fig. 1. The solidus and liquidus of the phase diagram are obtained from the
computer-simulation program of Brumbaugh [10]; however, the temperatures are expressed in °C. G, the C(16):C(18:1A°)PE enriched phase; G,, the
C(22):C(12)PE enriched gel phase; L, the liquid-crystalline phase. The inset shows the phase diagram for C(18):C(10)PE/ C(14):C(14)PE mixtures [22].

The dotted lines are estimated solvus lines.
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diagram shown in Fig. 2 is the long eutectic horizontal
which spans the composition range from 10 to 70 mol%
C(22):C(12)PE and occurs at 21.5 +0.5°C. Below the
eutectic horizontal is a two-phase immiscible region in
which the C(16):C(18:1A°)PE enriched domain and the
C(22):C(12)PE enriched domain co-exist in equilibrium.
The small amount of C(22):C(12)PE present in the
C(16):C(18:A°)PE enriched domain can be considered as a
minor component of impurity, and vice versa for the
C(22):C(12)PE enriched domain. Above the liquidus, bi-
nary mixtures of C(16):C(18:1A°)PE /C(22):C(12)PE are
mixed ideally and homogeneously in all proportions to
form a single liquid-crystalline phase (L), as indicated by
the p“ value of zero. It is worth pointing out that the
overall shape of the phase diagram for
C(16):C(18:1A°)PE /C(22):C(12)PE mixtures is remark-
ably similar to that exhibited by
C(18):C(10)PE /C(14):C(14)PE mixtures [21]. As a refer-
ence, the phase diagram for
C(18):C(10)PE /C(14):C(14)PE mixtures is shown in the
inset in Fig. 2. In this case, the p“ and p® are determined
to be 0.15 and 1.23 kcal /mol, respectively. The p~ value
of 0.15 kcal/mol is, in fact, smaller than the average
kinetic energy of the thermal environment at room temper-
ature (0.58 keal /mol); hence, the two lipid components,
C(18):C(10)PE and C(14):C(14)PE, are mixed nearly ide-
ally in the liquid-crystalline state at room temperature.

3.2. The phase diagram for C(10):C(24:1A7)PE /
C(22):C(12)PE mixture

After examining the eutectic phase diagram for
C(16):C(18:1A°)PE /C(22):C(12)PE mixtures, we studied
the therm al behavior of
C(10):C(24:1A°)PE /C(22):C(12)PE mixtures. This cis-
monoenoic phospholipid, C(10):C(24:1A”)PE, is highly
asymmetrical with a AC/CL value of 0.56. Similarly, the
C(22):C(12)PE molecule has a AC /CL value of 0.55. The
ratio AC/CL is a structural parameter describing the
asymmetry of lipid acyl chains in the gel state bilayer
[3,23]; the larger the ratio, the more asymmetrical the lipid
molecule. When the value of AC/CL is determined for a
lipid molecule to be 0.56, it means that the longer acyl
chain of the phospholipid molecule is about twice as long
as the shorter acyl chain of the same lipid molecule. The
DSC curve for the aqueous dispersion of pure
C(10):C(24:1AP)PE is shown in Fig. 3A as the bottom-
most trace. The phase transition exhibited by the
C(10):C(24:1A®)PE bilayer is characterized by a highly
cooperative endotherm peaked at 27.3°C (T,,) with a AT, /2
value of 0.4°C and a AH value of 5.8 kcal /mol. More-
over, the transition behavior is independent of the thermal
history of the sample.

Traces of DSC curves for
C(10):C(24:1A)PE /C(22):C(12)PE mixtures at 11 differ-
ent concentration ratios are presented in Fig. 3A. The
simulated phase diagram obtained from Brumbaugh’s pro-

A
C(10):C(24:1A15 )PE/C(22):C(12)PE

0% / 100%
10% / 90%

t 4
20% / 80%

4

)
’_’/\_,/Lao% 170%

40% / 80%

50% / 50%

Endothermic ——

60% / 40%

70% / 30%

80% / 20%

90% /10%

100% / 0%

45 -

pt = 0.28 kcalfimol
pG = 1.08 kcal/mol

Temperature (°C)
£ FS

w
o

25 L L 1 L L L I 1 !
0 10 20 30 40 50 60 70 80 90 100

Mol % of C(22):C(12)PE

Fig. 3. The phase transition behavior exhibited by binary mixtures of
C(10):C(24:1A"*)PE /C(22):C(12)PE. (A) The second DSC heating curves
of the binary mixture recorded at different molar ratios of the component
lipids as indicated. (B) The phase diagram obtained with the computer-
simulation program of Brumbaugh {10}.

gram based on the corrected onset and completion temper-
atures for each of the transitions shown in Fig. 3A is
summarized in Fig. 3B. This simulation yields p® = 1.08
and pl = 0.28 kcal /mol.

3.3. The phase diagram for C(16):C(18:14°)PE /
C(10):C(22:1A7)PE mixtures

After constructing the two phase diagrams for
C(16):C(18:1A°)PE /C(22):C(12)PE and
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C(10):C(24:1A)PE /C(22):C(12)PE mixtures, we studied
the final set of binary mixtures composed of
C(16):C(18:1A°)PE and C(10):C(24:1A“)PE. These two
cis-monoenoic lipid species, C(16):C(18:1A°)PE and
C(10):C(24:1A®)PE, have the same MW. However, the
AC/CL values for the two cis-monoenoic lipid molecules
are 0.02 and 0.56, respectively. Fig. 4 shows twenty DSC
heating curves for aqueous dispersions of
C(16):C(18:14°)PE /C(10):C(24:1A¥)PE  mixtures con-
taining different contents. As the mol% of
C(10):C(24:1A")PE incorporated into C(16):C(18:1A°)PE
bilayers increases from 0 to 35, the 7,, of the phase
transition in the DSC heating curve is observed in Fig. 4 to
decrease progressively; however, the transition peak-width
broadens initially up to 12.5 mol% of C(10):C(24:1A")PE
and thereafter it narrows successively. As the mol% of
C(10):C(22:1A®)PE increases continuously from 40 to
100, a reverse trend in T, is observed, that is, the T,
increases with increasing content of C(10):C(22:1A")PE.
Moreover, the width of the transition peak broadens pro-
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Fig. 4. The second DSC heating curves for samples of
C(16):C(18:1A°)PE /C(10):C(24:1A)PE mixtures containing various
molar ratios of the component lipids as indicated.
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Fig. 5. The hand-drawn phase diagram for
C(16):C(18:1A%)PE /C(10):C(24:1A"*)PE  mixtures. The experimental
data points are the corrected onset and completion temperatures of the
phase transition curves shown in Fig. 4.

gressively up to 80 mol% and then narrows steadily as the
content reaches 100 mol% C(10):C(24:1A)PE.

T he phase diagram for
C(16):C(18:1A°)PE /C(10):C(24:1A®)PE mixtures are
presented in Fig. 5. The lines connecting the corrected
onset and completion temperatures are hand-drawn, since
the shape of the phase diagram cannot be simulated satis-
factorily by Brumbaugh’s simulation program with any
pair of p% and p" values. The difficulty lies in the solidus.
Specifically, the simulated line attempted to match the
corrected onset temperatures cannot fit the experimental
data points lying in between 10 and 25 mol% of
C(10):C(24:1A"%)PE. Despite the lack of simulated p val-
ues, the shape of the hand-drawn phase diagram resembles
that of a eutectic phase diagram.

4. Discussion

The miscibility /immiscibility of two phospholipid
species A and B in the bilayer as revealed by the phase
diagram depends on the relative strength of the lateral
lipid-lipid interactions (A-B, A-A, and B-B pairs) in the
two-dimensional plane of the bilayer which, in turn, can be
expected to depend on the structural characteristics of the
molecular species A and B. It is thus important to consider
the structural characteristics of the component phospho-
lipid species prior to the analysis of the phase diagram.

The two acyl chains of C(16):C(18:1A°)PE are nearly
identical in length; hence, this cis-monoenoic lipid species
is characterized by a rather small AC/CL value of 0.03.
Symmetric and moderately asymmetric phospholipids with
AC/CL values less than 0.4 are usually assembled, at
T <T,, into the normal gel-state bilayer with a partially
interdigitated packing motif [24]. For the
C(16):C(18:1A°)PE gel-state bilayer, the thickness of the
hydrocarbon core ( N), which is the distance separating the
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Fig. 6. Schematic diagrams showing the packing motif, at T <7, of a
trans-bilayer dimer for (A) C(16):C(18:1A°)PE, (B) C(22):C(12)PE, and
(C) C(10):C(24:1AP)PE. N, the thickness of the hydrocarbon core; AC,
the effective acyl chain length difference between the sn-1 and sn-2 acyl
chains; CL, the effective chain length of the longer acyl chain. In these
figures, only the diglyceride moiety of the PE molecule is illustrated
diagrammatically.

two carbonyl oxygens of the two opposing sn-1 acyl
chains in the trans-bilayer dimer (Fig. 6A), can be esti-
mated to be about 32.7 C-C bond lengths, when the
monoenoic sn-2 acyl chain is assumed to adopt a
crankshaft-like kink conformation in the normal gel-state
bilayer [3]. In contrast, highly asymmetric C(22):C(12)PE
and C(10):C(24:1A)PE with a nearly identical AC/CL
value of 0.55-0.56 can be reasonably assumed to self-as-
semble, in excess water, into the mixed interdigitated
bilayer at T < T,, (Fig. 6B,C). The thickness of the hydro-
carbon core (N) for the mixed interdigitated gel-state
bilayers are 22 and 21 C-C bond lengths for C(22):C(12)PE
and C(10):C(24:1A")PE, respectively [21].

The large difference in the N-value between the
C(16):C(18:1A°)PE bilayer and the C(22):C(12)PE or
C(10):C(24:1A")PE bilayer, at T < T, can be taken as a
major reason for the eutectic phase diagrams observed in
Figs. 2 and 5. For instance, the Van der Waals’ contact
surface between the two neighboring trans-bilayer dimers
of C(16):C(18:1A%)PE in the two dimensional plane of the
gel-state bilayer is significantly larger than that between
the two neighboring trans-bilayer dimers of C(22):C(12)PE

due to the larger N-value for the C(16):C(18:1A°)PE bi-
layer. Consequently, a stronger lateral lipid-lipid interac-
tion is expected between the two trans-bilayer dimers of
C(16):C(18:1A°)PE in the gel-state bilayer. This stronger
lateral lipid-lipid interaction will promote the aggregation
of C(16):C(18:1A°)PEs, leading to the domain formation
of separated gel phases. The separation of the gel-state
C(16):C(18:1A°)PE enriched domain from the
C(22):C(12)PE enriched gel-domain as seen in the phase
diagram (Fig. 2) under the eutectic horizontal can thus be
rationalized. Similarly, the disparity in the bilayer thick-
ness between the C(10):C(24:1A"°)PE and the
C(16):C(18:1A°)PE bilayers at T < T, can explain, in part,
the eutectic phase diagram shown in Fig. 5 for
C(10):C(24:1A)PE /C(16):C(18:1A°)PE mixtures.

In the liquid-crystalline state, highly asymmetric phos-
pholipid molecules can undergo rapid dynamic motions in
each of the two monolayers within the bilayer. For in-
stance, highly asymmetric C(18):C(10)PCs (AC/CL =
0.56) at T<T, adopt the mixed interdigitated packing
motif in the gel-state bilayer; interestingly, at T > T, these
highly asymmetric lipid molecules undergo rapid lateral
diffusions in the plane of the liquid-crystalline bilayer. In
fact, the averaged rate of lateral diffusion observed for
C(18):C(10)PC molecules in the liquid-crystalline bilayer
is identical to that observed for identical-chain
C(14):C(14)PC molecules in the liquid-crystalline bilayer
[25]. It should be pointed out that C(18):C(10)PC and
C(14):C(14)PC have the same total number of carbon
atoms in their two acyl chains, and they form liquid-crys-
talline bilayers with the same thickness [24]. Similarly,
C(16):C(18:1A%)PE, C(22):C(12)PE, and
C(10):C(24:1A")PE share a common total number of car-
bon atoms in their acyl chains. Based on what we know
about C(18):C(10)PC and C(14):C(14)PC [24,25], it can be
reasonably inferred that the three molecular species of
phosphatidylethanolamines under study probably can also
undergo rapid lateral diffusions with a nearly common
diffusion rate in the bilayer plane at 7> T,,. As a conse-
quence, a nearly ideal mixing between any pair of the three
lipid species can be expected to occur in the liquid-crystal-
line bilayer. This expectation is indeed borne out by the
simulated p" values for the phase diagrams shown in Figs.
2 and 3B. The eutectic phase diagram shown in Fig. 5 also
indicates a nearly ideal mixing between the two compo-
nent lipids in the liquid-crystalline bilayer.

Recently, experimental results obtained with binary
mixtures of C(18):C(18)PC /C(20):C(20)PC by infrared
studies indicated that only 4 mol% of C(20):C(20)PC
aggregated into gel domains at —19°C [7,8]. The differ-
ence in the bilayer thickness between the gel-state
C(18):C(18)PC and C(20).C(20)PC bilayers is 4 C-C bond
lengths. In a separate DSC study of fully hydrated
C(16):C(16)PE /C(18):C(18)PE mixtures, a lens-shaped
phase diagram with a p% value of 0.54 kcal/mol was
observed [9], indicating nearly ideal mixing of the two
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component lipids in the gel-state bilayer. The difference in
the bilayer thickness between the gel-state C(16):C(16)PE
and C(18):C(18)PE bilayers is also 4 C-C bond lengths. In
view of these recent observations, the extensive gel-gel
phase immiscibility and the p® value of 1.08 kcal /mol for
C(10):C(24:1A®)PE /C(22):C(12)PE mixtures shown in
Fig. 3B appear to be unusual, since the C(10):C(24:1A")PE
and C(22):C(12)PE bilayers, at T < T, share a common
packing motif of mixed interdigitation and the difference
in the effective bilayer thickness between them is only one
C-C bond length (Fig. 6). However, it must be emphasized
that C(10):C(24:1A”)PE is a cis-monoenoic phos-
phatidylethanolamine molecule in which a cis-double bond
is present in the sn-2 acyl chain, whereas the various lipids
employed in the recent infrared and DSC studies cited
above are all saturated identical-chain phospholipids. For
cis-monoenoic phospholipids packed in the gel-state bi-
layer, the single cis double bond in the sn-2 acyl chain can
kink the sn-2 acyl chain of the lipid molecule into two
linear segments [5,6]. Moreover, the shorter segment in the
kinked chain is considered to be disordered at temperatures
below the 7 ; hence, it acts structurally at 7<T7, as a
perturbing element in the lateral lipid-lipid interactions [3].
The disordered segments of the sn-2 acyl chains in
C(10):C(24:1AP)PEs can, therefore, hinder the close en-
counters of C(22):C(12)PEs in the gel-state bilayer, thus
promoting the domain formation of C(22):C(12)PE
molecules and the gel-gel phase separation. Consequently,
the gel-gel phase immiscibility shown in Fig. 3B can be
attributed to the disordering effect of the shorter segment
of the sn-2 acyl chain in C(10):C(24:1A'%)PE. It should be
mentioned at this point that the phase diagram for
C(16):C(18:1A4°)PC /C(16):C(16)PC mixtures has been de-
termined calorimetrically [26]. Although the difference in
the bilayer thickness between the gel-state
C(16):C(18:1A°)PC and C(16):C(16)PC bilayers is about 2
C-C bond lengths, the shape of this phase diagram is that
of a peritectic system, indicating an extensive region of
immiscibility between the two lipids components in the
gel-state bilayer. This gel-gel phase immiscibility can be
explained similarly by the presence of the perturbing ele-
ment in the kinked sn-2 acyl chain of C(16):C(18:1A°)PC
in the gel-state bilayer. Finally, based on the shapes of the
phase diagrams of C(10):C(24:1A")PE /C(22):C(12)PE
and C(16):C(18:1A”)PC /C(16):C(16)PC mixtures, we can
conclude that in the two-dimensional plane of the gel-state
bilayer, cis-monounsaturated and saturated phospholipid
molecules are demixed significantly.
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