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The influence of acyl chain-length y on the ther i (T AH, and AS) associated
with the reversible main phase transition of aqueous dispersions prep: from d diacyl ph

cholines was studied by high-resolution differential scanning calorimetry. Two series of saturated diacyl phos-
phatidylcholines, grouped according to their molecular weights of 678 and 706, with a total number of 25 melecular
species were examined. The normalized acyl chain-length difference between the sn-1 and sn-2 acyl chains for a
given phospholipid molecule in the gel-state bilayer is expressed quantitatively by the structural parameter
AC/CL, and the values of AC /CL for the two series of lipids under study vary considerably from 0.04 to 0.67.
When the value of AC /CL is within the range of 0.09-0.40, it was shown that the thermodynamic parameters are,
to a first app a linear fi of AC/CL with a negative slope. In addition, the experimental T,,
values and the predicted 7, values put forward by Huang (Biochemistry (1991) 30, 26-30) are in very good
agreement. Beyond the point of AC /CL = 0.41, the influence of acyl chain-length y on the th

namic parameters deviates significantly from a linear function. In fact, within the range of AC/CL values of
0.42~0.67, the thermodynamic parameters in the T,, (or AH) vs. AC /CL plot were shown to be bell-shaped with
the maximal T,, (or AH) at AC / CL 057. These results are discussed in terms of changes in the acyl chain
packing modes of various phosph || within the gel-state bilayer in excess water.

Introduction

1 hatiduleholi PR
he lines, quant

the most impor-
tant lipids in animal cell membranes, are composed of

The hydrocarbon chains in phosphatidylcholine
molecules are derived biosynthetically from fatty acyl-
CoA [1). Most fatty acnds hydmlyzed from naturally
occurring  ph pically have even

b of carbon atoms, however, phosphatidyl-

a polar, zwitterionic headgroup and two hyd bon

chains linked covalently to the glycerol backbone. It is

the variety in the hydrocarbon chain length, the degree

of unsaturation of the chain, and the presence of

mono- or mulu-branched chains that makes the family
of phosph an ly complex mi

of different molecular species.

Abbreviations: C(X):C(YIPC, saturated 1-a-phosphatidylcholine
having X carbons in the sn-1 acyl chain and Y carbons in the sn 2
acyl chain; DSC, diffc mmnmg i M,

weight; T, main phase AH, ition en-
thalpy.
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cholines from some marine organisms contain odd
numbers of carbons. In fact, variations in the length
and structure of fatty acyl chains may amount to sev-
eral hundred molecular species of phospholipids in
membranes cf most cells. At present, it is not known
why membrane phospholipids have such a wide diver-
sity of acyl chain lengths. However, it seems most likely
that phospholipids with various chain lengths may con-
fer a wide range of effective hydrocarbon thickness
which, in turn, can match locally with the hydrophobic
segments of different integral membrane proteins, re-
sulting in stable, yet dynamical, lipid-protein com-
plexes. Such dynamic associations may be the most

ient way for lipids to modulate the
functi and molecul ics of various integral

b proteins in the two-dimensional plane of

Health Sciences Center, University of Virginia, CI
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the lipid bilayer.
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Besides influencing the protein-lipid interactions,
the heterogeneity of the acyl cham lengths also allows
the bly of phosphatic including the lipid
bilayer to exhibit a wide range of physical properties in
excess water. Of the many known physical parameters
associated with the phospholipid bilayer, the main
phase transition temperature, 7., can be most accu-
rately and reproducibly determined by high-resolution
differential scanning calorimetry (DSC). This physical
parameter is more important than just a mid-point
temperature of the transition curve reflecting the melt-
ing of the lipid acyl chains in the bilayer; in addition, it
also specifies a discrete temperature above which phos-
phatidylcholine molecules in excess water are fully
hydrated and these hydrated molecules undergo spon-
taneous self-assembly to form enclosed multilamellar
liposomes [2,3]. Hence, from an experimental point of
view, it is necessary to know the T value, at least
approximately, to prepare liposomes from phos-
phatidylcholines with various lengths of acyl chains.

The 7;, values of slightly over 45 saturated diacyl
phosphatidylcholines, determined by high resolution
DSC, have been identified (Ref. 4 and the references
cited therein). However, a total number of 324 satu-
rated diacyl phosphatidylcholines exists, if each of the
two acyl chains positioned at the sn-1 and sn-2 carbons
of the glycerof backbone is limited to have a range of 9
to 26 carbon atoms. Clearly, our current knowledge
about the T, values of saturated diacyl phosphatidyl-
cholines is far from complete. The present prospect of
acquiring all the unknown values of 7,, in the immedi-
ate future appcars daunting, given the numerous and
expensive organic syntheses and the painstaking and
time-consuming DSC experiments that are required to

ucs of fully hydrated bilayers for 163 molecular species
of saturated diacyl phosphatidylcholines.

In this communication, a relatively large number of
saturated diacyl phosphatidylcholines have been semi-
synthesized. One of our major aims of this work is to
determine calorimetrically the 7, values of aqueous
dispersions prepared from these synthesized phospho-
lipids. By comparison with the predicted 7;, values, we
are able to address the question of how valid is the
empirical equation of Huang as it applies to estimate
the T,, values of saturated diacyl phosphatidylcholines.
Furthermore, we can increase systematically the dis-
parity between the two acyl chain-lengths in our syn-
thesized lipids. The disparity or asymmetry of the lipid
molecules is quantitatively expressed by the structural
parameter AC/CL. The second objective here is-to
gain further understanding into how the ]Ipld bxlayers
compriscd of various ric phosph
respond to the systematic change in AC/CL as they
undergo the reversible main phase transitions. Finally,
it has been well established that many asymmetric
phosphatidylcholines can self- ble into the mixed
|merd|g1tated bitayer, in excess water, at T < T, (Ref.
5 and the references cited therein). Our final aim here
is to analyze the phase behavior exhibited by aqueous
dispersion prepared from our synthesized saturated
diacyl phosphatidylcholines and, based on the results,
to define a range of AC/CL values within which the
mixed interdigitated packing mode is most likely
adopted by the asymmetric phosphatidylcholines in the
bilayer at 7' < T,,. Consequently, the importance of the
structural parameter (AC/CL) in distinguishing the
two types of gel-state bilayers, i.e., the partially inter-

digitated and mixed i igitated bil can be bet-

perform. Hence, it seems that other avenue must be
explored to yield the T,, values of saturated diacyl
phosphatidylcholines.

Recently, Huang [4] made an attempt to predict
empirically the T,, values of saturated diacyl phos-
phatidylcholines using the equation:

=154.2+2,0(4C) ~ 142.8(4C/CL) - 1512.5(1/CL)

where AC is the effective chain-length difference, in
C-C bond lengths, between the two acyl chains for a
phosphatidylcholine molecule in the gel state, CL is
the effective length of the longer of the two acyl chains,
also in C-C bond lengths, and AC/CL is the normal-
ized chain-length difference between the sn-1 and sn-2
acyl chains. This equation was developed based on the
existing data for fully hydrated phosphatidylcholines
with AC/CL values in the range of 0.09-0.40 and it
was suggested that this equation should be employed
only to estimate the 7, values for those lipids with
AC/CL values in the same range of 0.09-0.40. Despite
this limitation, Huang was able to predict the T,, val-

ter understood.
Materials and Methods

Materials

Fatty acids and lysophosphatidylcholines with differ-
ent chain lengths were purchased from Sigma (St.
Louis, MO) and Avanti Polar Lipids, Inc. (Alabaster,
AL), respectively. Saturated diacyl mixed-chain phos-
phatidylcholines were synthesized from fatty acids and
lysophosphatidylcholines using catalyst 4-pyrrolid-
inopyridine and were purified by silica gel column
chromatography as previously reported [6].

Sample preparation

Aqueous lipid dispersions for DSC experiments were
prepared by incubating 3-5 mM lipid in 50 mM NaCl
aqueous solution containing 5 mM phosphate buffer
and 1 mM EDTA (pH 7.4) in a total volume of 2-3 mi.
The sample was subject to heating/ cooling cycles be-
tween 0°C and 10°C above the T,,, estimated from Ref.
4, three times. The sample was then cooled to 0°C and
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stored at 0°C under N, atmosphere for a mini of 5
days, if not specified otherwise, prior to DSC experi-
ments. After 0°C incubation, the sample was first de-
gassed and then placed into the sample cell of the
calorimeter which had been preequilibrated thermally
at the desired temperature (usually 4°C). Prior to the
DSC initial heating run, the sample was further incu-
bated in the calorimeter for 1 h at the desired temper-
ature.

Differential scanning calorimetry (DSC)

All DSC measurements were made wnth a high-reso-
lution MC-2 diff ial lorimeter
with cooling capability interfaced to an IBM microcom-
puter (Microcal Inc., Northampton, MA). The calori-
metric data were collected and stored automatically by
the microcomputer using the DA-2 digital acquisition
system provided by Microcal. Each sample was scanned
at least four times: two heating and two cooling runs at
a nominal scan rate of either 10 or 15 C° /h. Prior to
cooling and immediated reheating, the sample was
thermally equilibrated in the calorimeter cell for 30
and 60 min, respectively.

Assignments of the main phase transition and its temper-
ature (T,,)

It is now well known that the peak area and peak
position of the main endothermic transition or the gel
to liquid-crystalline phase transition exhibited by aque-
ous dispersions of lipids in the DSC repeated heating
and cooling curves obtained at a constant slow scan
rate of either 10 or 15 C°/h are virtually identical;
moreover, the transition peak of the main phase transi-
tions is also considerably sharper and farger than thosc
of the sub- and pretransitions [6-8]. Based on the
reversible feature of the relatively sharp and large
transition observed in the repeated DSC heating and
cooling scans, the main phase transitions for all lipid
dispersions under study were assigned. In the case that
the cooling capability of the DSC is not available, it is
important to point out that a direct transition of lipid
lamellae from the subgel or crystafline phase to the
liquid-crystalline or fluid phase (the L — L, transi-
tion) is known to take place for some short chain
phospholipids [6,8], and the calorimetric criteria just
given for the main phase transition in the repeated
DSC heating scans can be fulfilled by the L > L,
transition. In this type of transition, however, the for-
mation of L, phase occurs mainly at the supercooling
temperature, and the L, - L, endothermic transition
is accompanied by an unusually large transmon en-
thalpy [6-8]. Such ch istic
can be drastically reduced, if the sample is rescanned
calorimetrically from an initial preincubation tempera-
ture which is only a few degrees (5-10 C°) lower than
the onset temperature of the suspected L, — L, phase

transition. Hence, the main phase transition can be
distinguished from the L - L, phase transition by
scanning the sample at different temperature intervals,
even if the calorimeter can be used in the ascending
temperature mode only. The transition temperature,
T, of the d main phase ition was obtai
from the endothermic peak in the DSC curve at the

I excess heat ity and the ition en-
thalpy (AH) was calculated from the area under the
endothermic peak using the software subroutines pro-
vided by Microcal.

Results

The main phase ition behavior of d diacyl
phosphatidylcholines with a lecular weight of
678.0

Fig. | shows some representative thermograms for
aqueous dispersions of 12 different molecular species
of saturated diacyl phosphatidylcholines. The total
number of chain methylene units in these 12 lipids is
the same, i.e. 24, which is identical with that in
C(14): C(14)PC. However, the molecular shapes of
these lamellar lipids are quite different as the values of
AC/CL vary considerably from 0.04 to 0.64. It should
be reminded that an increase in AC/CL is an indica-
tion of i ing disparity or ry between the
two lipid acyl chains in the lipid molecule in the gel
state bilayer [4,5).

C(13): C(15)PC (AC / CL = 0.040)

The high lution DSC th btained
with C€(13):C(15)PC dispersions, as depicted in the
bottommost curves in Figs. 1A, B, and C, show clearly
the appearance of a sharp transition in all threce DSC
scans. Repeated DSC heating scans at various temper-
ature intervals reveal that the sharp transition observed
in the initial and successive DSC heating curves in the
temperature range of 2 to 40°C, shown in Figs. 1A and
C, is the L, — L phase transition with T, = 26.0°C
and AH = 12.8 kcal/mol. The sharp exothermic transi-
tion at 25.5°C with a considerable smaller peak area
(AH =6.0 kecal/mol) observed in the DSC coolmg
curve (Fig. 1B) is ible upon ret
that the sample has been thermally equlhbrated in the
calorimeter at a temperature above 10°C prior to re-
heating. Hence, this reversible transition at 7, = 25.5°C
and AH = 6.0 kcal/mol is assigned as the main phase
transition (the Py -> L, transition). A broad exother-
mic transition at 6.1°C with AH = 4.1 kcal/mol is also
discernible in Fig. 1B; this may be the P, — L phase
transition.

C(14): C(14)PC (AC /CL =0.115)
The thermotropic phase behavior of C(14): C(14)PC
after prolonged low-temperature incubation has been
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Fig. 1. DSC profiles of aqueous lipid dispe s prepared from

various d diacyl wi common M, of
678. The values of AC/CL for these phospholipids are given, and
the DSC thermograms are arranged in the order of increasing value
of AC/CL. ie. in the order of increasing asymmetyry of lipid acyl
chains. (A) The initial heating scans. (B) The first cooling scans. (C)
Immediate reheating scans. The scan rate was either 10 or 15 C° /h.
Although all thermograms are placed on a common scale of temper-
ature, the vertical scale is not the same for all thermograms.

well documented [8,9]. As shown in Fig. 1A, the aque-
ous dispersion of C(14): C(14)PC exhibits a main phase
transition at 24.1°C (AH = 6.0 kcal/mol) and a small
pretransition (L, — Py.) at 14.2°C (AH = 1.1 keal /mol)
upon initial DSC heating of the sample which has been
preincubated at —20° C for 6 h followed by 0°C-prein-
cubation for 24 h. The main phase transition is re-
versible upon cooling and immediate reheating (Figs.
1B and C). However, the pretransition is first shifted
downward in temperature by 3.3 C° upon cooling (Fig.
1B), and then shifted upward in temperature to 13.8°C
upon immediate reheating (Fig. 1C), indicating that the
transition temperature of the pretransition is prone to
marked temperature hysteresis.

C(12): C(16)PC (AC /CL = 0.185)

The initial DSC heating thermogram of an aqueous
dispersion of C(12): C(16)PC shown in Fig. 1A exhibits
a symmetric endothermic transition at 21.7°C with 4H
= 5.7 keal/mol and a very small endothermic transi-
tion at 17.0°C (AH = 1.25 kcal / mol). The larger tran-
sition at 21.7°C is the main phase transition, since it is
reversible on subsequent cooling and reheating (Figs.
1B and C). The small transition is assigned as the
L. — P, transition, since it is abolished upon cooling
and immediate reheating. It is perhaps pertinent to
mention here that the lipid bilayer which undergoes
the crystalline L. phase to the rippled gel P, phase
transition without involving the intermediate step of
L, phase has been observed for a large number of

ixed-chain phosphatidylcholines [10,11].

C(15): C(13)PC (AC /CL = 0.250)

Aqueous dispersions of C(15): C(13)PC show only a
single endothermic transition in the temperature range
of 2 to 35°C, even after prolonged incubation at 0°C for
34 days. This single transition at 18.8°C (*!/=53
kecal/mol) is also observed in the subsequent cooling
and reheating thermograms (Fig. 1B and C). However,
the transition enthalpy detected in the DSC cooling
curve is reduced slightly by about C.S kcal /mol.

C(11):C(I7)PC (AC /CL = 0.310}

The initial DSC heating thermogram for a sample of
C(11): C(17)PC which has been preincubated at 0°C for
10 days is ilustrated in Fig. 1A. In this figure, two
partially overlapped endotherms peaked at 13.8 and
17.4°C with a total AH of 9.3 kcal/mol are observed.
With longer preincubation periods, the high-tempera-
ture endothermic transition is observed to grow in both
the peak height and peak area at the expenses of the
low-temperature endothermic transition. Interestingly,
the high-temperature transition at 17.4°C disappears
upon cooling and immediate reheating (Figs. 1B and
), indicating that it is a subtransition as previously
assigned [12]. In contrast, the low-temperature transi-
tion at 13.8°C reappears in the cooling and immediate
reheating DSC curves (Figs. 1B and C). Moreover, the
transition enthalpy of this low-temperature transition is
virtually constant (AH =4.9 kcal/mol) in all subse-
quent repeated heating and cooling scans. Conse-

tly, this lo p transition is assigned as
the main phase transition.

C(16) : C(12)PC (AC / CL = 0.367)

On initial DSC heating, C(16): C(12)PC dispersions
exhibit a single transition at 11.3°C with AH =45
kcal/mol in the temperature range of 2 to 30°C (Fig.
1A). This transiti is ible on cool-
ing or immediate reheating; however, the value of AH




is decreased by about 0.9 kcal/mo! in the cooling
thermogram.

C(10): C(18)PC (AC / CL = 0.419) and C(18): C(10)PC
(AC /CL = 0.559)

These two asymmetric phospholipids are known from
X-ray diffraction studies to self-assemble in excess
water into the mixed interdigitated gel bilayers at T<
T, [13-16]. In addition, the thermotropic phase behav-
ior of aqueous dispersions prepared from these two
lipids has also been well characterized [15-19]. The
calorimetric results of C(10):C(18)PC and
C(18): C(10)PC shown in this work as illustrated in Fig.
1 are similar to those reported previously.

Basically, the aqueous dispersion of C(10): C(18)PC
after prolonged bation at 0°C exhibits calori-
metrically a single ric end itis
peaked at 11.1°C with AH = 6.2 kcal/mol upon initial
heating (Fig. 1A); this thermal transition has been
previously assigned as the mixed interdigitated gel to
the liquid-crystalline phase transition [16). On immedi-

ate cooling, the same sample di an Tic

mic tr
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catalytic amounts for the C(10): C(18)PC system during
the time course of the liquid-crystalline —» mixed inter-
digitated gel phase transition; consequently, it cannot
be detected calorimetrically. In any case, one can be
certain that the phase transition that a C(18): C(10)PC
bilayer takes upon heating from the mixed interdigi-
tated gel state to the liquid-crystalline state involves a
more direct and rapid pathway. Accordingly, this phase
behavior is taken as an important characteristic in
assigning the mixed interdigitated gel — liquid-
crystailine phase transition for other lipids with large
values of AC/CL.

C(17): C(11)PC (AC / CL = 0.469), C(9) : C(19)PC (AC
/CL =0.515), and C(8): CQ20}PC (AC /CL = 0.600)
As shown in Figs. 1A and C, agueous dispersions of
C(17):CADPC, C(9):C(19)PC and C(8): C(20)PC all
display a sharp, smgle, endothermlc transition on ini-
tial heating and i di h 5 WO
partially overlapped exothermic transitions are ob-
served on cooling (Fig. 1B). The thermotropic phase

exothermic transition peaked at 10.1°C with AH =5.6
keal /mol (Fig. 1B). The down-shift in T,, as well as a
slight decrease in AH observed in the cooling scan
prabably reflects the slow kinetics of the phase transi-
tion from the liquid-crystalline state to the mixed inter-
digitated gel state. The endothermic transition exhib-
ited in the second heating scan, however, is identical to
that observed in the initial heating scan as shown in
Figs. 1A and C.
Fully hydrated C(18): C(10)PC shows a sharp, single,
ic. hermic transition at 18.8°C with AH
of 9.0 kcal/mol upon initial heating (Fig. 1A); this
corresponds to the mixed interdigitated gel to the
liquid-crystalline phase transition [15,17]. However, two
partially overlapped exothermic transitions peaked at
17.6 and 14.9°C with a total AH of 8.7 kcal /mol are
seen in the cooling scan (Fig. 1B). Immediate reheating
shows a highly symmetric endothermic transition with
T, and AH values identical to those of the single
endothermic transition observed in the initial DSC
heating scan. The down-shift in T, and the appearance
of two exothermic transitions in the DSC cooling curve
may be viewed as due to the slow kinetics of the
liquid-crystalline —» mixed interdigitated gel phase
transition and the possible presence of an obligatory
intermediate during the phase transition of lipid dis-
persions from the liquid-crystalline state to the mixed
interdigitated state. However, we have just shown that
the C(10): C(18)PC dispersion exhibits a single
exothermic transition upon cooling, and this exother-
mic transition also cor ds to the | of the
mixed interdigitated gel — liquid-crystalline phase
transition. The proposed obligatory intermediate for
the C(18): C(10)PC system may be present in only

b ior of aqueous di ion:
three lipids is thus phenomenclogically very similar to
that of fully hydrated C(18): C(10)PC just described. In
addition, the AC/CL values of C(17):C(11)PC,
C(9): C(19)PC and C(8): C(20)PC are very close to the
value of AC/CL for C(10):C(18)PC. Consequently,
the observed single endothermic transitions for aque-
ous dispersions of C(17): C(11)PC, C(9): C(19)PC, and
C(8): C(20)PC can be attributed to the same general
pattern of endothermic transition observed for
C(18): C(10)PC, corresponding to the mixed interdigi-
tated gel — liquid-crystalline phase transition. It per-
haps should be mentioned that mixed-chain phos-
phatidylcholines with AC/CL values in the range of
0.50 to 057 that are known to undergo the mixed
interdigitated gel — liquid-crystalline phase transition
are characterized calorimetrically by a single endother-
mic transition upon repeated heatings [19]. The T;, and
AH values for aqueous dispersions of C(17): C(11)PC,
C(9): C(19)PC and C(8):C(20)PC are 12.8°C, 19.6°C,
21.3°C and 6.9, 11.3, and 12.2 kcal /mol, respectively.

betl di prepared from these

C(19) : C(9)PC (AC /CL = 0.639)

An aqueous dispersion of C(19): C(9)PC which has
been preincubated at 0°C for 80 days displays multiple
phase transitions in the interval of 2-25°C
upon mmal DSC heating (Fig. 1A). On cooling and

ic transition peaks with
discernible shoulders are clearly seen (Figs. 1B and C).
One transition peaked at 133 +0.1°C (4H =85
keal/mol) is, however, observed in all three thermo-
grams shown in Figs. 1A, B and C and in all subse-
quent repeated DSC heating and cooling curves. In
addition, one small shoulder at 15.3°C is observed in
the repeated heating curves and one at 10,5°C is seen
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in the cooling curve. As mentioned earlier, the mixed
interdigitated gel -» liquid-crystalline phase transition
is reversible upon repeated heating; however, it shifts
appreciably upon cooling. The small peaks at 15.3°C
and 10.5°C observed in the heating and cooling curves,
ly, may correspond to the mixed interdigi-
Lated gel — liquid-crystalline phase transition. The re-
versible peak at 13.3°C observed in all heating and
cooling DSC curves is assigned as the P;, —» L, or the
main phase transition based on the reversible feature
observed in the heating as well as the cooling scans.

behatior of

with a

d dia-
weight

The main phase
PP,

of 706.0

7

Fig. 2 illustrates the initial heating, cooling, and
immediate reheating thermograms for aqueous disper-
sions of 13 different phosphatidylcholines. These satu-
rated diacyl phosphatidylcholines have a common M,
of 706.0, but their molecular shapes, as exp d by
the structural parameter of AC/CL, are quite differ-
ent. The total number of methylene units in these
lipids is the same, i.e. 26, which is two methylene units
more than those shown in Fig. 1.

C(14): C(16)PC (AC /CL = 0.037)

The initial DSC heating curve of a C(14): C(16)PC
dispersion which has been preincubated at 0°C for 9
months displays two endothermic transitions in the
temperature range of 20-45°C (Fig. 2A). The high-
temperature transition peaked at 34.9°C (AH =8.1
kcal/mol) is reversible upon cooling and immediate
reheating; hence, it can be readily assigned as the main
phase transition or the Pg. — L, phase transition. The
low-temperature transition at 30.1°C (AH = 7.7
kcal /mol) is abolished completely on cooling and re-
heating (Figs. 2B and C). However, if the
C(14): C(16)PC dispersion is allowed to incubate at 5°C
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Fig. 2. DSC profiles of nqneons lipid dispersions prepared from
various diacyl i with a common M, of
706. (A) The initial heating scans. (B) The first cooling scans. (C)
Immediate reheating scans. See Fig. 1 legend for further explanation.

corresponds to the main phase transition. The low-
temperature transition at 20.9°C is, however, shifted
upward to 24 2°C upon reheating. This temperature

for 1 h after cooling, the sample will display the low-
temperature transition again with a smaller AH value
in the DSC reheating curve. Hence, this low-tempera-
ture transition appears to involve the L, phase. In fact,
this low-temperature transition has been previously
assigned based on X-ray diffraction data as the L. — P,
transition [10,11].

C(15):C(15)PC (AC /CL = 0.107)

The initial DSC heating thermogram shows a sharp,
symmetric, endothermic transition at 34.1°C (AH =7.1
kcal/mol) and three small partially overlapped en-
dothermic transitions in the temperature interval of
17.0-26.0°C with a total AH of 4.3 kcal/mol. On
cooling, two exothermic transitions at 20.9 and 34.0°C

observed for the low-tempera-
ture transition is phenomenologically similar to the
pretransition observed for C(14): C(14)PC; conse-
quently, this low-temperature transition is assigned as
the pretransition for the C(15): C(15)PC bilayer.

C(13):C(I7)PC (AC/CL = 0.172)

Twe endothermic transitions of comparable transi-
tion enthalpies peaked at 23.6 and 30.5°C are observed
in the initial DSC heating curve scanned from 5 to
50°C for C(13): C(17)PC. The high-temperature transi-
tion with AH of 6.9 kcal/mol is readily reversible on
cooling and immediate reheating; consequently, it cor-
responds to the main or the P;. — L, phase tranistion.
The lo dothermic t at 23.6°C
(4H =16 kcal/mol) dlsappears on coolmg and re-

are observed (Fig. 2B). The high-! ature transi-
tion at 34.0°C is reversible on reheating; hence, it

heating; it can be d as the L. — Py
phase transition.



C(16): C(14)PC (AC /CL = 0.233)

The initial DSC heating thermogram for
C(16): C(14)PC dipersions is characterized by two en-
dothermic transitions peaked at 16.9°C (AH =59
kcal /mol) and 28.4°C (A H = 6.8 kcal / mo}). The broad
low-temperature transition is ir ible upon cooling
or immediate reheating. In contrast, the sharp high-
temperature transition is independent of the thermal
history, i.e., both the T, and AH values of this high-
temperature transition can be reproduced in the suc-
cessive DSC cooling and reheating scans. It shouid be
mentioned that the two endothermic transitions ob-
served in the initial DSC heating scan have been re-
ported previously; moreover, the low- and high-tem-
perature transitions have been shown by X-ray diffrac-
tion studies to correspond to the L. — Py, and the
Py — L, phase transition, respectively [10,11}. The T,
value of 28.4°C determined here is slightly larger than
the average value of 27.2°C reported in the literature
[20}.

C(12): C(I8)PC (AC /CL = 0.290)

After 6 months of 0°C-preincubation, the
C(12): C(18)PC dispersion exhibits a sharp and sym-
metrical endothermic transition peaked at 23.9°C with
an unusually large enthalpy (4H = 13.0 kcal/mol) in
the temperature range of 13-38°C. On cooling or re-
heating, a single symmetric transition is again ob-
served; however, the T, is slightly down-shifted at
23.5°C and the value of AH is reduced appreciably
(AH=5.7+05 kcal/mol). The large endothermic
transition observed in the initial DSC heating scan and
the smaller reversible transition observed after the first
heating scan have been assigned previously as the
L.—L, and the Py —> L, phase transitions, respec-
tively [12].

C(17):C(13)PC (AC /CL = 0.344)

The initial DSC heating curve of aqueous disper-
sions of C(17): C(13)PC scanned from 2 to 40°C ex-
hibits two well resolved endothermic transitions peaked
at 8.6 and 21.2°C with AH values of 1.2 and 5.2
keal /mol, respectively (Fig. 2A). On cooling or reheat-
ing, the DSC thermogram for C(17): C(13)PC disper-
sions shows a high-temperature transition with 7, and
AH values virtually identical to those of the corre-
sponding high-temperature transition observed in the
initial DSC heating scan; this demonstrates that the
larger transition peaked at 21.2°C is the main phase
transition. On cooling, the low-temperature transition
at 8.6°C originally observed in the initial heating scan
disappears; instead, a smaller transition at 5.1°C (AH
=0.4 kcal/mol) is seen. It is quite possible that the
low-temperature transition at 8.6°C is‘the L.~ Py
phase transition, and that the formation of the more
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stable L phase could be sufficiently slow and incom-
plete during the time course of the DSC cooling scan.

C(11):C(19)PC (AC /CL = 0.394)

Fig. 2A illustrates the initial DSC heating curve of
an aqueous dispersion of C(11):C(19)PC which has
been preincubated at 0°C for 5 months. This DSC
curve from 5 to 45°C displays a single sharp endother-
mic transition peaked at 22.2°C with a small high-tem-
perature shoulder at 22.7°C. The area under the en-
dothermic peak is Iy lfarge, cor ding to
AH of 14.8 kcal /mol. On cooling, the large endother-
mic transition is replaced by a smaller asymmetric
exothermic transition (AH = 4.4 kcal /mol) with an ap-
parent T,, at 17.3°C (Fig. 2B). On immediate reheat-
ing, two endothermic transitions peaked at 17.3 and
22.2°C are seen in the temperature interval of 5-45°C
(Fig. 2C). If the sample is subject to further DSC
heating scans starting from a higher temperature (=
10°C), the low-temperature transition at 17.3°C (AH =
4.4 kcal/mol) reappears, whereas the high-tempera-
ture transition at 22.2°C di in these rep d
heating scans. Hence, the large endothermic transition
at 22.2°C is most likely the L, — L, transition, and the
smaller reversible transition at 17.3°C is the main phase
transition.

C(18): C(12)PC (AC /CL = 0.441)

The molecular packings of C(18): C(12)PC in bilay-
ers have been elucidated by X-ray diffraction tech-
nique [14,15]; in addition, the thermotropic phase be-
havior of aqueous dispersions of C(18): C(12)PC has
also been well characterized [15,17,18]. A sample of
C(18): C(12)PC which had been incubated at 0°C for
9.5 months was subject to DSC studies. The results are
shown in Fig. 2. In the temperature interval of 5-32°C,
an asymmetric endothermic transition peaked at 18.3°C
with a low-temperature shoulder at 17.6°C is observed
in the initial DSC heating curve. The overall AH for
this overlapped peak is 13.7 kcal /mol. On cooling, two
overlapped exothermic transitions peaked at 16.6 and
16.9°C with a total AH of 7.7 kcal/mol are discernible
(Fig. 2B). On immediate reheating, a sharp, single
endothermic transition at 17.5°C (AH = 8.4 kcal/mol)
is observed (Fig. 2C). This transition at 17.5°C is
reproducible on sub: repeated | hence,
it corresponds to the mixed interdigitated gel — liquid-
crystalline phase transition. The high-temperature
transition at 18.3°C observed only in the initial DSC
heating curve corresponds to the L. — L, phase tran-
sition [15,18]. The general transition pattern revealed
in the cooling curve is very similar to that observed for
C(18): C(10)PC, perhaps reflecting again the slow ki-
netics of the reversal of the mixed interdigitated gel —
liguid-crystalline phase transition.
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C(10): C(20)PC (AC / CL = 0.486) and C(19): C(11)PC
(AC /CL =0.528)

Similar to C(10): C(18)PC and C(18): C(10)PC, the
thermotropic phase behavior of aqueous dispersions of
C(10): C(20)PC and C(19): C(11)PC is also very simple
(Fig. 2). On heating, C(10): C(20)PC and
C(19): C(11)PC dispersions display single endothermic
transitions at 26.8°C (AH = 9.2 kcal/mol) and 28.7°C
(4 H = 10.1 kcal / mol), respectively. On cooling, a sin-
gle exothermic tramsition at 23.0°C (4H = 9.2
kcal/mol) and two partially overlapped exothermic
transitions at 24.6 and 27.3°C (total AH = 8.9 kcal /mol)
are reproducibly observed for C(10):C(20)PC and
C(19): CU1)PC, respectively. The simple endothermic
transitions observed in the repeated DSC heating scans
can be inferred as the mixed interdigitated gel —»
liquid-crystalline phase transition [19].

C(9):C(21)PC (AC /CL = 0.568)

The DSC heating thermograms for C(9): C(21)PC
dispersions, shown in Figs. 2A and C, are characterized
by a sharp, single, symmetric, endothermic transition
with 7, =29.3°C and AH =11.0 kcal/mol. On cool-
ing, the DSC thermogram, shown in Fig. 2B, displays
two partially overlapped exothermic transitions peaked
at 23.9 and 26.6°C with an overall 4H of about 11.0
kcal /mol. The general transition pattern exhibited by
C(9): C(21)PC upon repeated heating or cooling is thus
identical to that exhibited by fully hydrated
C(18): C(10)PC shown in Fig. 1. In addition, the values
of AC/CL for C(9):C(21)PC and ((18): C(10)PC are
0.568 and 0.559, respectively, indicating that these two
lipid molecules have a mearly identical chain-length
asymmetry and that the respective lipid molecules
would thereby be capable of interacting among them-
selves to attain similar packing structures in the gel-
state bilayer at T < T,. It is well established that the
single phase transition observed in the heating thermo-
gram for C(18):C(10)PC corresponds to the mixed
interdigitated — liquid-crystalline phase transition
[15,17]. The single phase transition at 29.3°C exhibited
by C(9):C(21)PC can, therefore, be assigned as the
mixed interdigitated — liquid-crystalline phase transi-
tion.

C(20): C(10)PC (AC /CL = 0.605)

The initial DSC heating thermogram for a
C(20): C(10)PC dispersion in the temperature range of
5-50°C displays a small endothermic transition at
12.1°C (AH = 0.4 kcal/mol) and a large endothermic
transition at 24.8°C (AH = 10.7 kcal /mol) with a small
low-temperature shoulder at 22.1°C (Fig. 2A). On cool-
ing, the small transition at 12.1°C disappears; instead,
two partially overlapped exothermic transitions at
23.6°C (AH =0.8 kcal/mol) and 20.4°C (4AH=9.1
keal /mol) are observed. Subsequent reheatings show a

single endothermic transition at 24.9°C (4H =10.8
keal /mol). This single endothermic transition at 24.9°C
is assigned to the mixed interdigitated gel — liquid-
crystalline phase transition. This assignment is based
on the fact that the repeated heating scans show only a
single and reproducible transition and the repeated
cooling scans show two partially overlapped exothermic
transitions. In addition, the T, of the high-tempera-
ture exothermic transition is less than the T, of the
endothermic transition. These observed calorimetric
features are the tr iti T istics exhibited by
many hosphatidyicholi such as
C(18): C(lO)PC and CQ22): C(IZ)PC which are known
to undergo the mixed interdigitated gel — liquid-
crystalline phase transition [6,19].

C(21): C9)PC (AC /CL = 0.675)

The initial DSC heating, cooling, and immediate
reheating thermograms for an aqueous dispersion of
C(21): C(9)PC which has been preincubated at 0°C for
285 days are illustrated in Figs. 2A, B and C. These
thermograms clearly demonstrate that C(21): C(9)PC
dispersions exhibit multiple phase transitions. A com-
plete assi; of all these transitions is not possibl
based on DSC data alone. Nevertheless, one can assign
the phase tramsition at 20.1°C (4H = 8.1 kcal/mol)
seen in all three thermograms illustrated in Figs. 2A, B
and C as the main phase transition or the P, > L,
phase transition. This transition is in fact observed in
all subsequent DSC heating and cooling curves and is
independent of the thermal history of the lipid disper-
sion.

Discussion

In this communication, w: reported the ther-
motropic phase behavior of ags+ous dispersions pre-
pared from two series of saturaied diacyl phosphatidyl-

holi One series ists of 12 bers of phos-
phatidylcholines, and they all have a common M, of
678.0 which is identical with that of C(14):C(14)PC.
The second series consists of 13 molecular species, and
each member has a M, (706) identical with that of
C(15): C(lS)PC However, the values of AC/CL are
varied prc ly and ically for these two
series of phosphatidylcholines. There is an important
reason why these two series of saturated diacyl phos-
phatidylcholines are chosen. Some of the lipids such as
C(14): C(14)PC, C(10): C(18)PC and C(18): C(10)PC in
the first series and C(14):C(16)PC, C(16): C(14)PC
and C(18): C(12)PC in the second series have been well
char: ized by previ ions {8-20]. The
available information about the bilayer structures and
calorimetric properties of these well studied lipids al-
lows one to compare and hence to assist in assigning,
at least in part, the structures and the corresponding
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TABLE

Phase transition of various phospholipid di;

Phospholipid AC/CL The main phase transition The mixed interdigitated gel to L, phase transition
T AH T AH as
o (keal/mol) (cal mol per k) °0) {kcal /mal} {cal mo! per K)

C(13):C(15)PC 0.040 255 6.0 20.1

C(14):C(14)PC 0.115 241 6.0 20.5

C(12):C(16)PC 0.185 217 57 193

C(15):C(13)PC 0.250 188 53 182

C(11):CaMPC 0310 138 49 163

C(16):C(12)PC 0.367 113 45 158

€(10): C(18)PC 0419 1.1 6.2 218

CN:CUNPC 0.469 128 69 24.1

C(9): C(19)PC 0515 19.6 113 386

€(18): C(10)PC 0559 18.7 90 308

C(8): C(20)PC 0.600 213 122 414

C(19):C(9PC 0.639 133 83 290 153

C(14):C(16)PC 0.037 349 8.1 263

C(15):C(15)PC 0.107 340 71 23.1

C(13):C(17PC 0172 305 69 227

C(16):C(14)PC 0233 284 6.8 26

C(12): C(18)PC 0.290 235 5.7 192

C(17):0U3)PC 0.344 212 52 17.7

C(1D):C19PC 0.394 173 44 152

C(18): C(12)PC 0441 175 84 289

C(10):C20)PC 0486 268 9.2 307

C(19):C(11)PC 0.528 287 10.1 335

C9):Cc2npC 0.568 293 11.0 364

C(20): C(10)PC 0.605 249 108 36.2

C21): C(9PC 0675 20.1 8.1 276

calorimetric properties of the closely related molecular
species in these two series of saturated diacyl phos-
phatidylcholines.

The DSC thermograms shown in Fig. 1 and Fig. 2
clearly demonstrate the variation and complexity of the
transition patterns exhibited by the various saturated
diacyl phosphatidylcholines in excess water. We will
not attempt to discuss all these multiple peaks in this

TABLE I

paper but will restrict our attention to the main phase
transition and the mixed interdigitated gel to the lig-
uid-crystalline phase transition observed for the two
series of lipids. The tramsition temperature, T,,, and
the tr i halpy, AH, iated with these
transitions are summarized in Table I. It should be
noted that the main phase transitions are assigned for
all lipids with AC/CL values in the range of 0.03-0.40.

Comparison between experimental and predicted T, values for saturated diacyl phosphatidylcholines with AC / CL values in the range of 0.10 to 0.40

Phospholipid Mol. wt. AC/CL Observed Predicted Difference between
T, (°0)2 T, CO" the observed and

predicted T,, (C°)

C(14): C(14)PC 678 0.115 241 244 -03

«(12): X16)PC 678 0.185 217 207 +1.0

C(15): C(13)PC 678 0.250 188 175 +13

a11):CANPC 678 0310 13.8 146 -08

C(16): X12)PC 678 0.367 113 120 -0.7

C(15): C(15)PC 706 0.107 340 339 +0.1

C(13):C17PC 706 0.172 30.5 303 +02

C(16): C(14)PC 706 0.233 284 271 +13

Q(12):C(18)PC 706 0.290 25 242 -07

C17):C13)pC 706 0.344 212 216 -04

C(1D:Cc(19)PC 706 0.394 173 193 -20

 Data obtained from Figs. 1 and 2.
b Values obtained from Ref. 4.
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In contrast, the mixed interdigitated gel to liquid-crys-
talline phase transitions are assigned for the asymmet-
ric phosphatidylcholines with 4C/CL values in the
range of 0.42-0.64.

One of the objectives of this work, as pointed out in
the Introduction, is to establish the general validity of
Huang's relationship in predicting the T,, values for
saturated diacyl phosphatidylcholines with AC/CL val-
ues in the range of 0.09-0.40. The present studies
provided additional experimental T,, values which can
be pared with the predicted T, values presented
by Huang [4]. Table 11 demonstrates that the observed
and the predicted T,, values are in very good agree-
ment. It should be noted that among the eleven phos-
pholipids tested, only three molecular species show
deviations greater than 1°C between the experimental
and the predicted T, values; moreover, the largest
discrepancy between the experimental and thc pre-
dicted T, values is only 2C° as shown for
C(11):C(19)PC in Table H. In fact, discrepancies
greater than 2 C° are often found in experimental 7,
values for a given mixed-chain phosphatidylcholine ob-
tained from different laboratories [20]. Thus, the good
agreement between the experimental and the predicted
data shown in Table 11 indicates that the basic assump-
tions and hes used for predicting the T, values
of d diacyl phospt idylcholine: as adopted by
Huang are basically valid.

The T;,, values of the main phase transitions and the
mixed interdigitated gel to the liquid-crystalline phase
transitions for aqueous dispersions of phosphatidyl-
cholines with various AC/CL values, shown in Tabie I,
are plotted in Fig. 3 against their corresponding
AC/CL values. Below the AC/CL value of 0.41, the
T, value is observed to decrease with increasing values
of AC/CL values. In fact, within the range of AC/CL
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Fig. 3. Main phase transition temperalure. Tin» as function of AC/CL
for various d diacyl lines with a common M,
of either 678 (solid circles) or 706 (open circles).

values of 0.1-0.4, the experimental 7, values are, to a
first approximation, a simple linear function of the
normalized chain-length asymmetry for each of the two
series of phospholipids. In the case of the
C(15): C(15)PC series, for instance, the averaged de-
crease in T, is about 58 C° when the value of
AC/CL is increased by 0.1. After the singular point of
AC/CL =041, the shift in T,, reverses its direction,
i.e., the T, value now increases with increasing values
of AC/CL. However, a point of maximal 7, is reached
at the AC/CL value of 0.56; thereafter, the T, value
drops again until the AC/CL value is about 2/3. A
profile with the shape similar to those shown in Fig. 3
can be obtained, if the AH or AS values presented in
Table I are plotted against AC/CL.

The values of transition temperature and transition
enthalpy determined calorimetrically have been sug-
gested to depend on the extent of intermolecular at-
tractive interactions between lipid headgroups, the
number of gauche conformations in the acyl chains,
and the distance between the hydrocarbon chains in
the gel-state lipid bilayer [21]. Since phosphatidyl-
cholines with the same headgroup but different values
of AC/CL are under current investigation, the ob-
served change in the calorimetric parameters can be
attributed to reflect primarily the variation in the con-
formational statistics of the hydrocarbon chain and the
lateral chain—chain interactions in the gel-state bilayer.
In the plot of T,, (or AH)vs. AC/CL, the T,, (or AH)
values are observed initially to decrease nearly linearly
with increasing values of AC/CL (Fig. 3), implying that
the conformational statistics of the hydrocarbon chain
and the chain-chain lateral interactions of the lipid
molecules in the gel-state bilayer are perturbed pro-
portionally by a progressive increase in AC/CL. This
perturbation may be attributed to the bulky methyl
ends of the lipid acyl chains [22). As the value of
AC/CL increases progressively, the two methyl ends
within the same lipid molecule are gradually displaced
further away from each other, resulting in progressively
farger overlapping regions of the terminal methyl ends
with the adjacent methylene groups of the lipid acyl
chains in the closed packed gel-state bilayer. In these
overlapping regions, the bulky methyl ends are ex-
pected to distort the all-trans conformation of the

hyl units. C ly, the L
order of the gel-state bilayer and the lateral chain-
chain interactions are perturbed progressively by in-
creasing the value of AC/CL. When the value of
AC/CL is increased to about 0.41, the magnitude of
the penurbatlon becomes so overwhelming that the

hatidylcholi lecules in the bi-
layer at T < T, have to adopt a new equilibrium posi-
tion, leading to a mixed interdigitated packing mode.
In this new packing mode, the perturbing effects of the
methyl ends of the longer acyl chains are effectively

ic phosy



removed. This is because the long acyl chains in the
mixed interdigitated bilayer now span the whole width
of ithe bilayer’s hydrocarbon core; hence, the methyl
ends at the long acyl chains are relocated near the
interface between the hydrocarbon core of the bilayer
and the two sides of aqueous media [5). This relocating
feature reverses the trend of the observed function in
the plot of T, (or AH) vs. AC/CL, thereby resulting
in a biphasic V-shaped segment of the experimental
curve shown in Fig. 3.

The fact that beyond the singular point of AC/CL
=041, C(9):C21PC (AC/CL=057) and a point
between C(18): C(10)PC (AC/CL = 0.56) and
C(8): C(20)PC (AC/CL = 0.60) show maximal T, val-
ues, respectively, in the two bell-shaped curves shown
in Fig. 3 may be interpreted as due to their stronger
lateral chain-chain interactions in the mixed interdigi-
tated bilayers. The mixed interdigitated bilayer is char-
acterized by the long acyl chain extending completely
across the bilayer span, whereas the two shorter chains,
each from a lipid in the opposing leaflet, meet end-to-
end in the bilayer midplare [S). One can readily calcu-
late that in the case of AC/CL = 0.57-0.58, the sum of
the effective chain lengths for the two opposing shorter
acyl chains in their all-trans, zig-zag chain conforma-
tions plus the close van der Waals contact distance
between two opposing terminal methy! groups (approx.
2A) matches nearly perfectly with the effective overall
chain length of the longer acyl chain in its all-trans,
zig-zag chain conformation [19], thus permitting the
maximal lateral chain-chain van der Waals contact
interactions in the mixed interdigitated gel bilayer. On
either side of the maximal value of T, (or 4H),
asymmetric phospholipids with smaller or larger values
of AC/CL such as C(18): (12)PC cannot pack into
the mixed interdigitated bilayers with their effective
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ness, between the long acyl chain and the sum of two
short acyl chains according to the packing mode of the
mixed interdigitation, the long acyl chain cannot have
an all-trans conformation; its length has to reduce by
about 26.5%. This large decrease in the hydrophobic
thickness corresponds approximately to the observed
decrease in the bilayer hydrophobic thickness accom-
panied the gel to the liquid-crystalline phase transition
for C(14):C(14)PC [23). Hence, if the C(21): C(9)PC
were self-assembled into the mixed interdigitated pack-
ing mode, the bilayer would have already transformed
into the liquid-crystalline state with melted acyl chains.
Clearly, the mixed interdigitated gel phase cannot be
adopted by C(21): C(9)PC based on geometric consid-
erations. As shown in Fig. 2, our repeated DSC scans
of C(21): C(9)PC dispersions result in a reversible tran-
sition at 20.1°C, corresponding to the gel - liquid-
crystalline phase transition. Accordingly, our DSC data
can be inferred that the long acyl chain of
CQ2D:COPC molecule on one side of the bilayer
packs end-to-end with the shorter chain of another
C(21): C(9)PC molecule in the opposing bilayer leaflet
at T<T,.

In di ion d
diacyl phosphatldylcholmes have been studied by
high-resolution DSC in the present work. These vari-
ous phospholipds are grouped into two series accord-
ing to their M, of 678 and 706, respectively. Moreover,
the various phospholipids with a common molecular
weight within each of the two series can be arranged
systematically according to their values of AC/CL, a
calculated structural parameter specifying the normal-
ized chain-length difference between the two acyl
chains of the phospholipid molecule in the gel state
bilayer. To a first approximation, the T, (or AH) value
associated with the chain melting of the lipid bilayer

acyl chains in an all-trans, zig-zag confi ions; kinks
must be introduced into the aryl chains of these asym-
metric phosphofipids [14]. Consequently, the acyl chain
packing order and the lateral chain-chain contact inter-
actions are perturbed by the kinks, leading to smaller
values of T, (or 4H).
The most asymmetric lipid in the two series of
d diacyl phosphatidylcholi under study is
C(21): C(9PC (AC/CL = 0.675). Our calorimetric data
suggest that fully hydrated C(21): C(9)PC lamellae un-
dergo the gel — liquid-crystalline phase transition, not
the mixed interdigitated gel - liquid crystalline phase
transition. It can be shown that the effective chain
length of the longer C{21)-acyl chain of C(21): C(9)PC
molecules in an all-frans conformation is 5.3 C-C bond
lengths longer than the sum of the effective thickness
of the two opposing shorter acyl chains, also in all-trans
conformation, plus the van der Waals contact di

to d linearly with increasing value of
AC/CL up to 4C/CL = 0.41. Beyond AC/CL =041,
the value of 7, (or AH) increases with increasing
AC/CL. However, within the range of AC/CL values
of 0.42-0.67, the T,, (or AH) vs. AC/CL plot exhibits
a bell-shaped profile with the maximal 7, (or AH)
value at 4C/CL = 0.57. It is also inferred based on the
phase transition behavior that the various asymmetric
phosphatidylcholines in this range of AC/CL are self-
assembled, in excess water, into the mixed interdigi-
tated bilayers at T < T,,.. At the point of AC/CL = 0.67,
the highly asymmetric phospolipids can no longer self-
assemble into the mixed interdigitated gel bilayer due
to the rather stringent geometry requirements for the
lateral chain—chain interactions imposed by the pack-
ing mode of the mixed interdigitated gel bilayer. Al-
though the T,, (or AH) values for saturated diacyl

between two opposing methyl ends. In order to match
laterally, in terms of the equivalent hydrophobic thick-

idylcholi with 4C/CL values greater than
0.67 are not yet known, we advance the suggestion that
the T, (or AH) values will increase steeply with in-
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creasing values of AC/CL for these highly asymmetric
phospholipids. This suggestion is based on the high
value of T, known for the aqueous dispersions of
C(18)-lysophosphatidylcholine (M = 523.7 and
AC/CL = 1.15). The aqueous dlspersmn of C(18)-lyso-

hatidylcholine after p incubation at 0°C
has been weli cha;actenzed to undergo the fully inter-
digitated bilayer — micellar transition at 26.0°C with
AH = 7.0 kcal /mol [24).
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