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Mixing behavior of identical molecular weight phosphatidylcholines
with various chain-length differences in
two-component lamellae
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ABSTRACT It has recently been suggested that mixed-chain phosphatidylcholines with normalized chain length differences
(AC/CL) in the range of 0.10-0.40 undergo spontaneous self-assembly in excess water at T < Tm into the partially
interdigitated bilayer and those with AC/CL values in the range of 0.44-0.57 form, in excess water, mixed interdigitated
bilayers at T< Tm. The mixing behavior of binary mixtures of C(22):C(12)PC/C(17):C(17)PC, C(22):C(12)/C(15):C(19)PC,
and C(15):C(19)PC/C(13):C(21)PC reported in this work is used to support this view. The values of AC/CL for
C(17):C(17)PC, C(15):C(19)PC, C(13):C(21)PC, and C(22):C(12)PC are 0.10, 0.15, 0.35, and 0.55, respectively. The
binary mixture of C(15):C(19)PC/C(13):C(21)PC exhibits a lens-shaped phase diagram, indicating that these two identical
molecular weight (MW) lipids with AC/CL values <0.4 are completely miscible over the entire compositional range in both gel
and liquid-crystalline phases. In contrast, the phase diagrams of C(22):C(12)PC/C(17):C(17)PC and C(22):C(12)PC/C(15):
C(19)PC are eutectic, indicating immiscibility of the component lipids over a wide compositional range in the gel phase. This
immiscibility of identical MW lipids in the bilayer plane can be attributed to the different packing properties of the component
lipids in the bilayer at T < Tm.

INTRODUCTION

The static and dynamic conformation of the two acyl
chains in a phosphatidylcholine molecule are known to be
inequivalent in bilayers and biological membranes (Yea-
gle, 1987). Specifically, the initial segment of the sn-2
acyl chain runs parallel to the bilayer surface and then
bends over at the bond between carbon 2 and 3 so that the
rest of the sn-2 acyl chain runs parallel to the sn-I acyl
chain. Because of the sharp bend on the sn-2 acyl chain,
the two acyl chains are different in their chain lengths,
being separated along the long molecular axis by 1.5
carbon-carbon bond lengths for identical-chain phosphati-
dylcholine in the gel-state bilayer (Zaccai et al., 1979).
The normalized chain-length difference between the sn-I
and sn-2 acyl chains for a phosphatidylcholine molecule
in the gel-state bilayer can be quantitatively expressed as
AC/CL, where AC is the effective chain-length differ-
ence, in C-C bonds, between the two acyl chains, and CL
is the effective length of the longer of the two acyl chains,
in C-C bonds. In calculating the value of AC and CL, an
inherent shortening of 1.5 C-C bond lengths for the sn-2
acyl chain must be taken into account; for instance, the
value of AC can be calculated from the relationship:
AC = In, - n2 + 1.5 1, where n, and n2are the number of
carbon atoms in the sn-I and sn-2 acyl chains, respec-
tively (Mason et al., 1981).
The effect of chain-length difference between the sn-I
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and sn-2 acyl chains in lipid molecules on the thermo-
tropic phase behavior of the lipid bilayer has been studied
recently by high-resolution differential scanning calorim-
etry (DSC)1 using a series of mixed-chain phosphatidyl-
cholines with a common molecular weight (MW) which is
identical to that of C(17):C(17)PC (Huang, 1990; Lin et
al., 1990). Results from these DSC studies demonstrate
that the thermodynamic parameters (Tm, AH, and AS)
associated with the main phase transition for dispersions
of C(17):C(17)PC, C(15):C(19)PC, C(18):C(16)PC,
C(14):C(20)PC, C(19):C(15)PC, C(13):C(21)PC, and
C(20):C(14)PC are inversely related to the corresponding
values of the normalized chain-length difference (AC/
CL) for these lipids. The values ofAC/CL for these seven
species of phosphatidylcholines are within the range of 0.1
to 0.4. This linear relationship suggests that these fully
hydrated mixed-chain phosphatidylcholines and C(17):
C(17)PC are packed similarly in the bilayer at T < Tm; in
addition, the negative slope suggests that the conforma-
tional statistics of the hydrocarbon chain and hence the
lateral chain-chain interactions of these mixed-chain
phosphatidylcholines in the gel-state bilayer are per-
turbed proportionally by a progressive increase in the

'Abbreviations used in this paper: C(X):C(Y)PC, saturated L-a-
phosphatidylcholine having X carbons in the sn-I acyl chain and Y
carbons in the sn-2 acyl chain; DSC, differential scanning calorimetry;
MW, molecular weight; Tm, main phase transition temperature.
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normalized chain-length difference. The physical basis
for the perturbation may be attributed to the bulky
methyl termini of the lipid acyl chains. Because the
effective volume of the chain terminal methyl group is
about twice that of a methylene group in the hydrocarbon
chain (Reiss-Husson and Luzzati, 1964; Nagle and
Wiener, 1988), it can be expected that the bulky methyl
ends will distort the all-trans conformation of the nearby
methylene groups in a closely packed gel-state bilayer. In
addition, this terminal distortion tends to propagate itself
along the rest of the acyl chain in the gel-state bilayer as

the two terminal methyl groups within the same lipid
molecule are progressively displaced further away from
each other. Consequently, the conformational statistics of
the acyl chain and the lateral chain-chain van der Waals
contact interactions in the gel-state bilayer are perturbed
progressively by increasing the values of AC/CL.
When the value of AC/CL for the various identical

MW phosphatidylcholines reaches the range of 0.42-
0.57, the DSC results show that the thermodynamic
parameters associated with the main phase transition
deviate markedly from the linear function observed in the
Tm (AH or AS) vs. AC/CL plot for those less asymmetric
lipids with AC/CL = 0.1-0.4. Presumably, this deviation
is caused by a different mode of chain packing for these
highly asymmetric phosphatidylcholines in the gel-state
bilayer. Specifically, we suggest that phosphatidylcho-
lines with AC/CL = 0.1-0.4 undergo spontaneous self
assembly in excess water into a partially interdigitated
bilayer at T < Tm, in which the longer chain of the lipid on
one side of the bilayer packs end-to-end with the shorter
chain of another lipid molecule in the opposing bilayer
leaflet. When the value of AC/CL is greater than 0.40,
the chain-end perturbation becomes so overwhelming that
these highly asymmetric lipid molecules can no longer
self-assemble into the partially interdigitated bilayer at
T < Tm; they have to assume a new equilibrium packing in
the gel-state bilayer, leading to a mixed interdigitated
packing mode. In this new packing mode, the long acyl
chain spans the whole width of the bilayer's hydrocarbon
core and the short chains, each from a lipid molecule in
the opposing leaflet, meet end-to-end in the bilayer
midplane. This packing mode, called the mixed interdigi-
tated bilayer, has been detected by x-ray diffraction
techniques for fully hydrated C(18):C(IO)PC at T < Tm
(McIntosh et al., 1984; Hui et al., 1984; Mattai et al.,
1987), and the value of AC/CL for C(18):C(IO)PC is
0.56. In fact, based on thermodynamic data, it has been
inferred that the mixed interdigitated packing mode
observed for C(18):C(IO)PC bilayers at T < Tm can be
applied to all fully hydrated mixed-chain phosphatidylcho-
lines with values of AC/CL in the range of 0.44-0.57 (Xu
and Huang, 1987; Huang, 1990). In this packing mode,
the terminal methyl group of the long acyl chain is

intercalated into the bilayer interface and it is positioned
in the vicinity of the carbonyl carbon in the opposing
leaflet. The lateral chain-chain packing constraint im-
posed by the chain terminal perturbation is thus greatly
released in the mixed interdigitated bilayer, resulting in a

more ordered lamellar structure for the gel-state bilayer
of mixed-chain phosphatidylcholines. However, the bi-
layer thickness of the mixed interdigitated bilayer is
considerably smaller than that of the partially interdigi-
tated bilayer. The lipid species which have the same MW
as that of C(17):C(17)PC with AC/CL values in the
range of 0.44-0.57 are C(12):C(22)PC (AC/CL = 0.44),
C(21):C(13)PC (AC/CL = 0.48), and C(22):C(12)PC
(AC/CL = 0.55).

If mixed-chain phosphatidylcholines with values of
AC/CL in the range of 0.44-0.57 do self-assemble into
the mixed interdigitated bilayer in excess water at T <

Tm, one would expect a priori that these lipids would not
mix ideally in the gel-state bilayer with those identical
MW mixed-chain phosphatidylcholines having values of
AC/CL in the range of 0.1-0.40 due to the large
difference (-33%) in the bilayer thickness between the
mixed interdigitated and partially interdigitated bilayers
at T < Tm. In fact, one is most likely to detect extensive
phase separation in the gel state for the binary mixture
and to observe a eutectic phase diagram similar to the
binary phase diagram of C(18):C(IO)PC/C(1 4):C(14)PC
(Lin and Huang, 1988).

In light of the above considerations, we have examined
calorimetrically the mixing behavior of the following
binary mixtures of identical MW phosphatidylcholines:
C(17):C(17)PC(AC/CL = 0.094)/C(22):C(12)PC (AC/
CL = 0.548), C(15):C(l9)PC (AC/CL = 0.152)/C(22):
C(12)PC, and C(15):C(19)PC/C(13):C(21)PC (AC/
CL = 0.350). The phase diagrams obtained with these
binary mixtures indeed show that the miscibility and
immiscibility between these pairs of identical MW phos-
phatidylcholines in the bilayer are consistent with the
partially interdigitated and mixed interdigitated packing
models proposed for the various lipid species with their
characteristic values of AC/CL. These mixed-chain phos-
phatidylcholines were prepared by acylation of appropri-
ate lysophosphatidylcholines with desired fatty acid anhy-
drides at room temperature by using 4-pyrrolidinopyridine
as catalyst as described elsewhere (Xu and Huang, 1987).
The identical-chain phosphatidylcholine, C(17):C(17)PC,
was purchased from Avanti Polar Lipids, Inc. (Birming-
ham, AL). Sample preparations and the thermal scan of
the sample with a Microcal MC-2 microcalorimeter at a

constant heating or cooling rate of 15°C/h were described
in detail elsewhere (Lin and Huang, 1988; Lin et al.,
1990). Before the initial DSC heating scan, all samples
have been preincubated at 0°C for an extended period
(>2 wk).
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RESULTS AND DISCUSSION

Fig. 1 shows a series of DSC heating thermograms for
binary mixtures of C(22):C(12)PC/C(15):C(l9)PC dis-
persed in aqueous NaCl solution (50 mM) containing 5
mM phosphate buffer and 1 mM EDTA at pH 7.4.
Within the compositional range of 0-45 mol% C(15):
C(19)PC, the main phase transition temperature (Tm) of
the transition curve decreases steadily from 43.1 to
36.0°C, and the decrease in Tm is accompanied first by a
broadening of the transition curve up to 15 mol% C(15):
C(19)PC and then by a narrowing of the curve upon
further incorporating C(15):C(19)PC up to -45 mol%.
Between 50 and 100 mol% C(15):C(19)PC, a reverse
trend is observed for the change in Tm which increases
progressively from 360C at 50 mol% to 45.0°C at 100
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mol% C(15):C(19)PC. The up-shift in Tm values is
accompanied first by a broadening and then by a narrow-

ing of the transition curves. It should be noted that a

prominent subtransition at 36.OOC is observed for the pure
C(15):C(19)PC sample (Fig. 1). This subtransition has
been reported previously (Lin et al., 1990), and it disap-
pears on subsequent cooling. In fact, the subtransitions
are discernible in binary mixtures of C(22):C(12)PC/
C(15):C(19)PC containing 20 mol% or more of C(15):
C(19)PC; however, they are irreversible on cooling and
immediate reheating (data not shown).
The temperature-composition phase diagram for binary

mixtures of C(22):C( 1 2)PC/C( 1 5):C( 1 9)PC derived from
the various main transition curves shown in Fig. 1 is
illustrated in Fig. 2 A. The values of the onset and
completion temperatures of the main transitions as indi-
cated by the triangles in Fig. 1 have been corrected by
assuming a zero linewidth of the phase transition of the
single pure component lipids (Mabrey and Sturtevant,
1976); these corrected onset and completion temperatures
define the solidus and liquidus boundaries of the phase
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TEMPERATURE (C) FIGURE 2 Temperature-composition phase diagrams for C(22):
C(12)PC/C(1 5):C(19)PC (A) and C(22):C(12)PC/C(17):C(17)PC
(B) mixtures. The lower and upper solid lines of the phase boundaries in
each phase diagram are drawn by hand to fit the onset and completion
temperatures, respectively, of the transition curves for the various
mixtures after correction for the finite width of the transition curves of
the pure components. The dotted vertical lines represent the solvus lines,
corresponding approximately to the two ends of the eutectic horizontal.
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FIGURE 1 DSC heating thermograms for aqueous dispersions of C(22):
C(12)PC containing various contents of C(15):C(19)PC. The mole
percent of C(15):C(19)PC in each of the binary mixtures is indicated
adjacent to respective thermograms. The onset and completion tempera-
tures of the various main transitions are indicated by the triangles.
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diagram, respectively. The phase diagram shown in
Fig. 2 A exhibits the characteristic shape indicative of a
eutectic system for aqueous dispersions of C(22):
C(12)PC/C(1 5):C(l 9)PC mixtures. Clearly, the eutectic
point is at 35.50C and 44 mol% of C(15):C(19)PC. It is
important to note that the eutectic horizontal at 35.50C
covers a wide compositional range of 15-80 mol% C(1 5):
C( 1 9)PC, indicating an extensive phase separation of gel
phases (G, and G2) for the binary mixture at tempera-
tures below the eutectic horizontal. Above the liquidus
boundary, the two component lipids are totally miscible in
the fluid bilayer, leading to a single liquid-crystalline (La)
phase. Between the phase boundaries and separated by
the eutectic point are two distinct two-phase regions in
which the gel phase (G, or G2) and the liquid-crystalline
La phase are in thermodynamic equilibrium; however, the
lipid molecules in the gel as well as the La phase are most
likely aggregated into separate domains within the two-
dimensional plane of the bilayer structure. The general
conclusion from this eutectic phase diagram is that
C(22):C(12)PC and C(15):C(19)PC tend to exhibit gel-
gel phase immiscibility at temperatures below 35.50C
over a wide compositional range, whereas the binary
mixtures are completely miscible when the component
lipids are both in the liquid-crystalline phase.
To eliminate any possible shift in the position of the

main phase transition as induced by the subtransition, the
second and third DSC heating scans of C(22):C(12)PC/
C(15):C(19)PC mixtures have also been recorded and
analyzed. In these thermograms, no subtransitions are

observed. The onset and completion temperatures of the
various main phase transitions, after appropriate correc-

tions, were used to construct the phase diagrams. Within
the experimental error, the phase diagrams derived from
the second and third DSC heating scans are virtually
indistinguishable from the one shown in Fig. 2 A.

Fig. 3 shows the third DSC heating curves for a series
of samples containing various amounts of C( 1 7):C( 1 7)PC
in the C(22):C(12)PC/C(17):C(17)PC mixtures. As the
mole percent of C(17):C(17)PC incorporated into C(22):
C(12)PC is increased from 0 to 40, the single phase
transition curve of C(22):C(12)PC at 43.10C shifts pro-
gressively toward lower temperatures; in addition, the
transition curve is first broadened gradually and then
narrowed successively. At 40 mol% C(17):C(17)PC, the
DSC heating thermogram displays a single symmetric
transition curve peaked at 37.60C. Above 40 mol% of
C(17):C(17)PC, the peak position of the transition curve

shifts continually towards higher temperatures until it
reaches the maximal value of 49.OOC at 100 mol%
C(17):C(17)PC. The transition curve broadens gradually
and symmetrically from 40 to 50 mol% C(17):C(17)PC;
at higher C(17):C(17)PC content up to -80 mol%, the
phase transition curve of the binary lipid mixture is
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FIGURE 3 DSC heating thermograms for aqueous dispersions of C(22):
C(12)PC containing various contents of C(17):C(17)PC. The curves are
plotted stepwise in an increasing concentration of C(17):C(17)PC, in
mole percent, as indicated adjacent to respective thermograms. The
onset and completion temperatures of the various transitions are
indicated by the triangles. Arrows indicate the direction of temperature
change in the DSC scans.

characterized by asymmetric broadening and complex
shape. However, above 80 mol% C(17):C(17)PC, the
transition curve begins to narrow until the composition
reaches 100 mol% C(17):C(17)PC. For the pure C(17):
C(17)PC sample, a pretransition peaked at 42.70C is
discernible.
The temperature-composition phase diagram of C(22):

C(12)PC/C(17):C(17)PC mixtures, constructed based
on the onset and completion temperatures of the various
transition curves as indicated by the triangles in Fig. 3, is
shown in Fig. 2 B. The eutectic phase diagram, shown in
Fig. 2 B, is similar to the one shown in Fig. 2 A. The
eutectic point is observed at 37.50C and 40 mol% C(17):
C(17)PC and the eutectic horizontal at 37.50C extends
from 10 to 85 mol% of C(17):C(17)PC. Again, this phase
diagram is, within the experimental error, virtually identi-
cal to the one derived from the first and second DSC
heating scans of the same samples.
The observation of eutectic phase diagrams for both

C(22):C( 1 2)PC/C( 1 7):C( 1 7)PC and C(22):C( 1 2)PC/
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C( 1 5):C( 1 9)PC mixtures indicates the formation of sepa-
rate gel domains of wide compositional ranges of C(22):
C(12)PC and C(17):C(17)PC and of C(22):C(12)PC
and C( 1 5):C( 1 9)PC. Furthermore, these phase diagrams
also indicate that mixtures of these binary component
lipids are miscible in the liquid-crystalline phase. The
observed mixing behavior of these lipids in the plane of
the bilayer in both the gel and liquid-crystalline phases is
indeed consistent with the different packing models pro-
posed for the component lipids. As discussed earlier,
saturated phosphatidylcholines with AC/CL values in the
range of 0.1-0.4 are proposed to form, at T < Tm, the
partially interdigitated bilayer, whereas those with AC/CL
values in the range of 0.44-0.57 are suggested to self-
assemble in excess water into the mixed interdigitated
bilayer at T < Tm. The values of AC/CL for C(17):
C(17)PC, C(15):C(19)PC, and C(22):C(12)PC are 0.1,
0.15, and 0.55, respectively. Hence, C(17):C(17)PC and
C( 1 5):C( 1 9)PC tend to form partially interdigitated
bilayers at T < Tm, and C(22):C(12)PC having one acyl
chain almost twice the length of the other undergoes
spontaneous self-assembly, at T < Tm, into the mixed
interdigitated bilayer in excess water. The wide range of
immiscibility of C(22):C( 1 2)PC/C( 1 7):C(1 7)PC and
C(22):C(12)PC/C(1 5):C(19)PC mixtures in the gel phase
as shown in the eutectics can thus be attributed to the
mismatch of the bilayer thickness between the partially
interdigitated bilayer enriched with either C( 1 7):C( 1 7)PC
or C(15):C(19)PC and the mixed interdigitate bilayer
enriched with C(22):C(12)PC. At T > Tm, the mixed
interdigitated bilayer converts into the partially interdigi-
tated bilayer (McIntosh et al., 1984; Hui et al., 1984;
Mattai et al., 1987). Consequently, each identical pair
(A-A or B-B) of the component lipids in C(22):C( 1 2)PC/
C(17):C(17)PC or C(22):C(I12)PC/C(15):C(19)PC mix-
tures at T > Tm forms a packing unit across the lipid
bilayer (Xu et al., 1987), and these packing units (A-A or
B-B) are miscible laterally in the bilayer plane of the fluid
bilayer due to their nearly identical packing characteris-
tics at T > Tm.

Having demonstrated that binary mixtures of C(22):
C( 1 2)PC/C( 1 7):C( 1 7)PC and C(22):C(1 2)PC/C(15):
C(19)PC form eutectics in the two-dimensional plane of
the lipid bilayer, the mixing behavior of C(15):C(I 9)PC/
C( 1 3):C(2 1 )PC mixtures was then investigated calorimet-
rically as a function of temperature. Because the values of
AC/CL for C(15):C(19)PC and C(1 3):C(21)PC are 0.15
and 0.35, respectively, these lipids are expected to self-
assemble in excess water into a similar packing model of
partially interdigitated bilayers at T < Tm (Huang, 1990;
Lin et al., 1990). At temperatures above the Tm, the
partially interdigitated bilayer converts to the liquid-
crystalline La phase. Because the total number of methy-
lene units in the two acyl chains of C(l5):C(l9)PC is the

same as that of C(13):C(21)PC and because these two
lipid species are presumably packed into a common mode
of bilayer structures at temperatures both above and
below the main phase transition temperature, the bilayer
thickness of C(15):C(19)PC can thus be expected to be
virtually identical to that of C(13):C(21)PC at all temper-
atures. Consequently, these two lipid species are expected
to mix nearly ideally in all proportions in the two-
dimensional bilayer plane in both gel and liquid-
crystalline phases.
The initial heating thermogram for C(13):C(21)PC

dispersions, illustrated in the bottommost DSC trace of
Fig. 4A, exhibits a single symmetric transition with
Tm = 34.0°C and AH = 18.7 kcal/mol. This endother-
mic transition with an unusually high value of AH is
assumed to correspond to the Lc La phase transition
(Lin et al., 1990), where Lc is the crystalline phase and La
is the fluid or liquid-crystalline phase. The cooling curve
obtained immediately after the initial heating exhibits
two distinct exotherms peaked at 33.7 and 16.10C as
shown in the bottommost DSC trace of Fig. 4B. The
high- and low-temperature exotherms appear to corre-

spond to the La a- P. and P16, , Lc phase transitions,
respectively, where P,B is the rippled gel phase (Lin et al.,
1990). The clear separation of the two exotherms allows
the onset and completion temperatures of the main
transition (or the P. * La transition) to be determined

unambiguously. Fig. 4 A also demonstrates that the pro-
gressive incorporation of C(15):C(19)PC into C(13):
C(21)PC up to -50 mol% results in a gradual splitting of
the large endothermic transition of C(13):C(21)PC into
two endothermic transitions, a low- and a high-tempera-
ture transitions. The distance between the two endother-
mic peaks increases with increasing mole fraction of
C(15):C(19)PC. It is interesting to note that all the
low-temperature transitions are abolished on subsequent
cooling (Fig. 4 B); hence, they are subtransitions. In con-
trast, all the high-temperature transitions are reversible
(Fig. 4 B), corresponding to the main phase transitions. It
should perhaps be mentioned here that the prominent
low-temperature transition exhibited by a prolonged pre-
incubated sample of pure C(15):C(19)PC at 0°C, illus-
trated in the uppermost DSC trace of Fig. 4 A, has
already been observed in Fig. 1 as displayed by a similarly
preincubated sample of 100 mol% C(15):C(19)PC. This
low-temperature transition peaked at .310C as detected
in the first DSC heating scan is assigned as the subtransi-
tion of C(15):C(19)PC, because it disappears on subse-
quent cooling as demonstrated in the uppermost DSC
trace of Fig. 4 B. In fact, this subtransition begins to
appear in binary mixtures of C(15):C(19)PC/C(13):
C(21)PC when the C(15):C(19)PC content reaches 80
mol% (Fig. 4 A).
The main phase transition temperature, Tm, of pure
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FIGURE 4 Thermal behavior of C(1 3):C(21)PC/C(15):C(19)PC mixtures. (A) Initial DSC heating scans of aqueous dispersions of C(1 3):C(21)PC/
C(l 5):C(19)PC mixtures containing various C(l 5):C(19)PC contents as indicated in mole percent adjacent to respective scans. (B) The DSC cooling
scans obtained immediately after A. Arrows in A and B show the direction of temperature change. (C) Dependence of Tm (solid circles) and AH (open
squares) of the main phase transitions on the mole percent of C(15):C(19)PC in binary mixtures of C(13):C(21)PC/C(l5):C(19)PC. (D)
Temperature-composition phase diagram for the C(13):C(21)PC/C(15):C(19)PC system. The experimental data for the phase boundaries were
determined, after correction for the finite width of the main phase transitions of the pure components, from the onset and completion temperatures of
the main transitions derived from the heating (solid circles) and cooling (open circles) DSC curves shown in A and B, respectively. The solid lines are
drawn by hand to fit the data of the onset and completion temperatures. G and L denote the gel and liquid-crystalline phases, respectively.

C(13):C(21)PC at 34.OOC is seen to increase linearly as

the C(I 5):C(I 9)PC content is increased progressively
(Fig. 4, A and B). In fact, the value of Tm for any of the
binary mixtures is, within the experimental error, a mole
fraction-weighted average of the corresponding Tm values
for the pure components as shown in Fig. 4 C. Further-
more, addition of C(15):C(19)PC into the C(13):
C(21)PC lamella results in increased AH with the in-
crease being an essentially linear function of C( 15):

C(19)PC content (Fig. 4 C). Taken together, the data
shown in Fig. 4 C indicate that C(13):C(21)PC and
C(I 5):C(l 9)PC mix nearly ideally over the entire compo-
sitional range; hence, the expectation discussed earlier is
indeed borne out by the experimental results. Moreover,
the equilibrium phase diagram, derived from the main
transitions shown in Fig. 4, A and B, after correction for
the finite widths of the transitions of pure components,
exhibits a lens shape (Fig. 4 D), reflecting the complete
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miscibility of the two-component lipids with nearly ideal
mixing in both gel and liquid-crystalline phases over the
entire compositional range (Brumbaugh et al., 1990).
This result is an excellent confirmation of our expectation
that binary C(13):C(21)PC/C(15):C(19)PC mixtures
should mix nearly ideally in the two-dimensional plane of
the lipid bilayer based on the proposal that mixed-chain
phosphatidylcholines with identical MW and with values
of AC/CL = 0.1-0.4 are packed into a partially interdig-
itated bilayer, at T < Tm, with nearly identical bilayer
thickness.

In summary, the equilibria between two-component
lipid mixtures of C(22):C(12)PC/C(1 7):C(1 7)PC, C(22):
C( 1 2)PC/C( 1 5):C( 1 9)PC, and C( 1 5):C(1 9)PC/C( 13):
C(21)PC in the two-dimensional bilayer plane at various
temperatures have been examined by high-resolution
DSC, and the results are presented in this communication
in terms of the phase diagram. The binary mixtures of
C(22):C(1 2)PC/C( 1 7):C(1 7)PC and C(22):C(1 2)PC/
C(I 5):C(I 9)PC display eutectic phase diagrams (Fig. 2)
indicative of gel phase immiscibility of the component
lipids over a wide compositional range. In contrast, the
phase diagram of C(15):C(19)PC/C(13):C(21)PC mix-
tures displays the characteristic lens shape (Fig. 4 D)
indicative of nearly ideal mixing of the component lipids
in both gel and liquid-crystalline phases. The observed
phase diagrams are thus consistent with the proposal that
phosphatidylcholines with values of AC/CL = 0.1-0.4
are packed into the partially interdigitated gel-state
bilayer at T < Tm, while those with values of AC/CL =
0.44-0.57 are packed into the mixed interdigitated bi-
layer at T < Tm. The values of AC/CL for C(22):
C( 1 2)PC, C(1 3):C(21 )PC, C(1 5):C(19)PC, and C(17):
C(17)PC are 0.55, 0.35, 0.15, and 0.10, respectively.
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