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ABSTRACT: T o  examine the thermotropic phase behavior of various mixed-chain phosphatidylcholines in 
excess water and to compare it with the known behavior of identical-chain phosphatidylcholines, we have 
carried out high-resolution differential scanning calorimetric (DSC) studies on aqueous dispersions of 10 
different mixed-chain phosphatidylcholines. These lipids, C( 16):C( 18)PC, C( 18):C( 16)PC, C(  15):C( 19)PC, 
C(19):C(15)PC, C(14):C(2O)PC, C(2O):C(14)PC, C(13):C(21)PC, C(21):C(13)PC, C(12):C(22)PC, and 
C(22):C(12)PC, have a common molecular weight which is the same as that of C(17):C(17)PC, an iden- 
tical-chain phosphatidylcholine with a molecular weight of 762.2. When the values of any of the ther- 
modynamic parameters (T,, AH, and A S )  of the mixed-chain phosphatidylcholines and C( 17):C( 17)PC 
are  plotted against the normalized chain-length difference ( A C / C L ) ,  a linear function with negative slope 
is obtained provided that the value of A C / C L  is within the range of 0.09-0.4. The linear relationship suggests 
that these mixed-chain phospholipids are packed in the gel-state bilayer similar to the bilayer structure of 
C (  17):C( 17)PC a t  T < T,; however, the negative slope suggests that the conformational statistics of the 
hydrocarbon chain and the lateral lipid-lipid interactions of these phosphatidylcholines in the gel-state bilayer 
are perturbed proportionally by a progressive increase in the chain-length ihequivalence between the two 
acyl chains within each lipid molecule. When the value of AC/CL for mixed-chain phosphatidylcholines 
reaches the range of 0.44-0.55, the thermotropic phase behavior deviates markedly from that of less 
asymmetric phosphatidylcholines, suggesting that these highly asymmetric lipids are packed into mixed 
interdigitated bilayers a t  T < T,. The heating and cooling pathways of aqueous dispersions prepared from 
the 10 mixed-chain phospholipids are also discussed. 

In recent years, high-resolution differential scanning calo- 
rimetry (DSC)' has been widely used to characterize the 
thermotropic phase behavior of aqueous dispersions of mix- 
ed-chain phospholipids [for a recent review, see Huang and 
Mason (1986)l. In most of these DSC studies, however, the 
calorimetric experiments were carried out primarily in an 
ascending temperature mode. Although calorimetric cooling 
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scans of aqueous dispersions of mixed-chain phospholipids were 
known for quite a few lipid species (Boggs & Mason, 1986; 
Mattai et al., 1987), they were limited to runs performed at 
relatively high scanning rates. Now, high-resolution DSC 
instruments with cooling scan capability are commercially 
available. This new accessory enables us to scan the aqueous 
lipid sample in both the ascending and descending temperature 
modes at low scanning rates; consequently, the phase transition 

' Abbreviations: C(X):C( Y)PC, saturated L-a-phosphatidylcholine 
having X carbons in the sn-1 acyl chain and Y carbons in the sn-2 acyl 
chain; DSC, differential scanning calorimetry. 
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behavior of mixed-chain phospholipids in excess water can be 
examined sequentially by first heating and then cooling of the 
same sample in the high-resolution DSC instrument. 

I n  recent DSC studies from this laboratory, we have re- 
ported the thermal behavior of various mixed-chain phos- 
phatidylcholines in which one acyl chain in fully extended 
conformation is nearly twice as long as the other, and the phase 
diagrams for binary lipid mixtures containing these highly 
asymmetric phosphatidylcholines (Xu & Huang, 1987; Xu et 
al., 1987; Lin & Huang, 1988; Ali et al., 1988). In this paper, 
we have extended our previous DSC studies to include mix- 
ed-chain lipid species that are less asymmetrical. Specifically, 
a series of 1 1  phosphatidylcholines with a common molecular 
weight identical with that of C(17):C(17)PC has been chosen. 
These lipids C( l7):C( 17)PC, C( 18):C(16)PC, C( 16):C(18)- 
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PC, C(19):C(15)PC, C(15):C(19)PC, C(20):C(14)PC, c- 
(14):C(20)PC, C(21):C(13)PC, C(13):C(21)PC, C(22):C- 
(12)PC, and C( 12):C(22)PC, have various chain-length dif- 
ferences between their two saturated acyl chains, and each 
exhibits a characteristic main phase transition temperature 
(T,) and transition enthalpy ( A H ) .  When the T ,  or AH 
values are plotted against the normalized chain-length dif- 
ference (AC/CL)  for this series of mixed-chain phosphati- 
dylcholines, a linear function is obtained provided that the 
values of AC/CL are in the range of 0.09-0.4. Here, AC is 
the effective chain-length difference, in C-C bonds, between 
the sn- 1 and sn-2 acyl chains, and CL is the effective length 
of the longer chain of the two acyl chains, in C-C bonds, for 
phosphatidylcholine molecules in the gel-state bilayer. In 
calculating the values of AC and CL, an inherent shortening 
of 1.5 C-C bond lengths must be taken into account for the 
sn-2 acyl chain. This shortening is caused by a sharp bend 
on the sn-2 acyl chain at  the bond between C(2) and C(3) 
atoms for phosphatidylcholines in the gel-state bilayer (Zaccai 
et al., 1979). The definition of AC/CL and its calculation have 
been reviewed recently (Huang & Mason, 1986; Slater & 
Huang, 1988). The linear function in the T,  (or AH)  vs 
AC/CL plot suggests that mixed-chain phosphatidylcholines 
with AC/CL values in the range of 0.09-0.4 are packed sim- 
ilarly to C( 17):C( 17)PC in the gel-state bilayer, i.e., the longer 
chain of the phospholipid molecule on one side of the bilayer 
packs end-to-end with the shorter chain of another phospho- 
lipid molecule in the opposing bilayer leaflet at T < T,. When 
the value of AC/CL for mixed-chain phosphatidylcholines 
reaches the range of 0.44-0.55, the T,  or AH values of these 
highly asymmetric lipids deviate significantly from the linear 
function observed in the T ,  or AH vs AC/CL plot for less 
asymmetric phospholipids, suggesting that these highly asym- 
metric phospholipids pack in a mixed-interdigitated mode in 
excess water at T < T,. In addition to the polymorphic phase 
behavior, the melting as well as the cooling pathways of these 
mixed-chain phosphatidylcholines, in excess water, are elu- 
cidated in  the present work. 

MATERIALS AND METHODS 
Lysophosphatidylcholines were either obtained from Avanti 

Polar Lipids, Inc. (Birmingham, AL), or produced enzy- 
matically by hydrolyzing the diacylphosphatidylcholines ac- 
cording to the method of Mason et al. (1981). Fatty acids 
were provided by Sigma Inc. (St. Louis, MO). Fatty acid 
anhydrides were purchased from Nu Chek Prep, Inc. (Elysian, 
M N ) .  Other reagents and organic solvents were of reagent 
grade and spectroscopic grade, respectively. 

Preparations of Mixed-Chain Phosphatidylcholines. 
Isomerically pure mixed-chain phosphatidylcholines with 
different saturated chains at sn-1 and sn-2 carbons of the 
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glycerol backbone were prepared semisynthetically at  room 
temperature by acylation of an appropriate lyso- 
phosphatidylcholine with an anhydride of the desired fatty acid 
in the presence of catalyst, 4-pyrrolidinopyridine, according 
to the procedure developed in this laboratory (Mason et al., 
1981; Xu & Huang, 1987). 

We have also adopted the procedure of Mena and Djerassi 
(1 985) as an alternative method to semisynthesize mixed-chain 
phosphatidylcholines at room temperature. In this method, 
the cadmium chloride adduct of lysophosphatidylcholine was 
first prepared by dissolving lysophosphatidylcholine in absolute 
ethanol followed by the addition of cadmium chloride in 90% 
EtOH. After filtration, the dry white powder of the cadmium 
complex of lysophosphatidylcholine was subjected to acylation 
in dry chloroform with fatty acid anhydride in the presence 
of the catalyst 4-pyrrolidinopyridine. In fact, fatty acid an- 
hydride was prepared in situ from fatty acid and dicyclo- 
hexylcarbodiimide in the same reaction mixture. The reaction 
was complete after stirring gently at room temperature for 
about 20 h. The resulting mixed-chain phosphatidylcholine 
was purified by column chromatography on silica gel. The 
column was eluted stepwise with chloroform, chloroform/ 
MeOH (lO:l), chloroform/MeOH/H,O (150:30:2), and 
chloroform/MeOH/H,O (1 60:40:5). The purified mixed- 
chain lipid was eluted off the column with chloroform/ 
MeOH/H,O (160:40:5). Finally, the purified phosphati- 
dylcholine was filtered, lyophilized, and stored at -20 "C. The 
synthesized lipid proved to be at least 99% pure by thin-layer 
chromatography; the lipid concentrations were determined 
from the lipid phosphorus by the method of Gomori (1942). 

Sample Preparation. Aqueous dispersions of phospholipids 
used for DSC experiments were prepared from lyophilized 
phospholipids dispersed in 50 mM NaCl solution (0 "C) 
containing 5 mM phosphate buffer and 1 mM EDTA at pH 
7.4 to give a final lipid concentration in the range of 3.0-7.0 
mM. The sample was heated 10-15 "C above T,, and then 
cooled down to 0 OC. The heating/cooling cycle was repeated 
2 or more times with constant vortexing, and the sample was 
then stored at 0 OC for a minimum of 3 days before use. 

DSC Measurements. All DSC measurements were made 
with a high-resolution MC-2 differential scanning calorimeter 
with cooling scan capability (Microcal Inc., Northampton, 
MA); this instrument was interfaced to an IBM-PC computer 
(IBM Co., Boca Raton, FL) via the DA-2 digital system 
supplied by Microcal Inc. Prior to the initial DSC run, an 
incubation time of 90 min was allowed for the degassed sample 
in the sample cell. Each sample was scanned at least 4 times, 
two heating (scan rates 10-1 5 OC/h) and two cooling (scan 
rates 5-15 OC/h) runs. The transition temperatures and 
calorimetric enthalpies were evaluated by the software package 
provided by Microcal Inc. 

RESULTS 
Thermotropic Phase Behavior of C(I 7):C(I 7)PC and C- 

(18):C(16)PC Dispersions. Although each lipid dispersion 
prepared from the various phosphatidylcholines under study 
displays different but characteristic phase transition behavior, 
some fully hydrated phospholipids with similar structures do 
show calorimetrically a common transition pattern. In this 
study, dispersions of C( 17):C( 17)PC and C( 18):C( 16)PC are 
observed to exhibit a common transition pattern upon heating 
or subsequent cooling. For instance, after prolonged prein- 
cubation of these two lipid dispersions at  0 OC ( 1 8  weeks), 
they all show three endothermic transitions in the first DSC 
heating scans from 5 to 60 OC. The lowest temperature 
transitions are all absent when these dispersions are scanned 
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FIGURE 1: Initial DSC heating thermograms for C( l7):C( 17)PC 
dispersions. Prior to the DSC scan, the preincubation time at 0 OC 
for the three samples is (A) 2 months, (B) 2 5  days, and (C) 5 days. 

subsequently to cooling from 60 OC or to immediate reheating 
from 5 OC. 

Shown in Figure 1 A is the first DSC heating thermogram 
for a C( 17):C( 17)PC dispersion that has been preincubated 
at 0 OC for 2 months. Three discernible endothermic tran- 
sitions peaked at 25.9, 43.1, and 49.0 OC with transition en- 
thalpy (AH) values of 3.8, 1.0, and 9.7 kcal/mol, respectively, 
are observed. The low-temperature transition at 25.9 OC is 
abolished upon cooling; consequently, by this criterion, the 
irreversible low-temperature transition can be assigned as the 
L, - L, subtransition (Chen et al., 1980), where L, is the 
crystalline phase and L, is the tilted gel phase. If a C- 
(17):C(17)PC dispersion is subject to preincubation at 0 OC 
for 5 days, the first heating thermogram shows four discernible 
endothermic transitions; these endotherms are peaked at 16.4, 
19.9, 42.4, and 49.0 OC as illustrated in Figure 1C. The two 
low-temperature transitions at 16.4 and 19.9 OC are partially 
overlapped with a total transition enthalpy of about 2.3 
kcal/mol; furthermore, they are irreversible on cooling and 
immediate reheating. An additional DSC experiment carried 
out with a C( 17):C( 17)PC dispersion that has been stored at 
0 OC for 25 days indicates that the two overlapped low-tem- 
perature transitions are shifted upward, peaked at  17.5 and 
23.1 OC (Figure 1 B). These DSC heating thermograms clearly 
indicate that the transition temperatures of the two overlapped 
peaks observed for C( 17):C( 17)PC dispersions increase with 
increasing preincubation time at 0 OC, and the two low-tem- 
perature transitions merge into a single broad peak after in- 
cubating at 0 OC for extended periods (18  weeks). A similar 
thermotropic behavior has also been observed for the C- 
(16):C( 16)PC subtransition composed of two overlapped 
components (Wu et al., 1985). These two overlapped low- 
temperature peaks exhibited by C( 17):C( 17)PC dispersions 
can thus be assigned as subtransitions. In fact, this assignment 
was first given by Finefold and Singer (1984). 

The small transition at  about 43 OC for C(17):C(17)PC 
dispersions is detectable in both the first heating and first 
cooling DSC curves. This is the pretransition, corresponding 
to the Lr - P, transition, where L, is the tilted gel phase 
and P, is the periodic ripple phase. 

The high-temperature transition for C( 17):C( 17)PC dis- 
persions at 49.0 "C with AH = 9.7 f 0.2 kcal/mol is the main 
phase transition, corresponding to the P, - La phase tran- 
sition, where La is the liquid-crystalline or fluid phase. The 
transition characteristics of this main phase transition are 
independent of the thermal history of the sample. This main 
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FIGURE 2: Successive DSC thermograms for a C( 18):C( 16)PC dis- 
persion which has been preincubated at 0 "C for 7 days. (A) The 
initial heating thermogram; (B) the first cooling thermogram; (C) 
the second heating thermogram. Arrows show the direction of tem- 
perature change. 

transition behavior has been reported previously (Finegold & 
Singer, 1984; Lewis et al., 1987). 

The first heating, cooling, and the second heating DSC 
thermograms for C( 18):C( 16)PC dispersions in the temper- 
ature range of 15-60 OC are illustrated in Figure 2. Similar 
to C( 17):C( 17)PC dispersions, three discernible endotherms 
can be seen in the first DSC heating thermogram (Figure 2A). 
These transitions are peaked at 24.5 OC (AH = 3.3 kcal/mol), 
30.4 OC ( A H  = 0.3 kcal/mol), and 44.4 OC (AH = 9.0 
kcal/mol). The broad low-temperature transition at 24.5 OC 
is abolished in the cooling and reheating curves (Figure 2B,C), 
a behavior again similar to that of C( 17):C( 17)PC dispersions. 
The three endothermic transitions observed in the first heating 
curve, being of the same transition pattern as that exhibited 
by prolonged incubated ( 1 8  weeks at  0 "C) C(17):C(17)PC 
dispersions, can be attributed to the subtransition (L, - Lp), 
the pretransition (L, - PBt), and the main phase transition 
(P, - La),  respectively. 

Thermotropic Phase Behavior of C(Z6):C(Z8)PC, C(Z5): 
C(Z9)PC, C(Z9):C(Z5)PC, and C(Z4):C(2O)PC Dispersions. 
Aqueous dispersions of C( 16):C( 18)PC, C( 15):C( 19)PC, 
C(19):C(15)PC, and C(14):C(2O)PC that have been stored 
at 0 OC for more than 3 days all exhibit calorimetrically a 
common transition pattern on either heating or subsequent 
cooling. The first DSC heating scans of these dispersions are 
characterized by two prominent well-resolved endothermic 
transitions: a broad endotherm occurring at  a lower tem- 
perature and a sharp one at a higher temperature. Upon 
cooling from above the transition temperature of the high- 
temperature endotherm or immediate reheating after cooling, 
the broad low-temperature transition disappears in all the 
thermograms obtained from dispersions prepared from these 
four mixed-chain phosphatidylcholines. 

The first DSC heating thermogram for an aqueous dis- 
persion of C(16):C(18)PC that has been annealed at 0 OC for 
40 days is shown in Figure 3A. The low-temperature broad 
transition is peaked at 36.8 OC (AH = 4.8 kcal/mol), and the 
high-temperature sharp transition is peaked at 48.8 "C (9.8 
kcal/mol). The appearance of only two endotherms for the 
annealed sample is unexpected, since an observation of three 
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FIGURE 3: (A) Successive DSC thermograms for a C(16):C(18)PC 
dispersion that has been preincubated at 0 "C for 40 days. The bottom 
trace is the initial heating scan; the middle trace is the first cooling 
scan; the upper trace is the immediate second heating scan. (B) The 
initial heating thermograms for C( 15):C( 19)PC (bottom trace), 
C( 14):C(2O)PC (middle trace), and C( 19):C( 15)PC dispersions. 

endothermic transitions at 37.5, 40.6, and 49.3 "C has been 
reported for annealed samples of fully hydrated C( l6):C- 
(18)PC (Mattai et al., 1987). However, repeated DSC ex- 
periments with annealed samples of C( 16):C( 18)PC prepared 
in this laboratory fail to detect the 40.6 OC transition, and we 
do not know the origin of this discrepancy. 

The cooling and immediate reheating thermograms for 
aqueous dispersions of C( 16):C( 18)PC in the temperature 
range of 25-65 "C are also illustrated in Figure 3A. In both 
curves, a sharp, major transitions peaked at  48.8 OC is ob- 
served. This transition corresponds to the high-temperature 
transition observed in the initial DSC heating thermogram. 
The apparent absence of the low-temperature transition at 36.8 
OC on cooling indicates that this transition can be attributed 
to the subtransition. If the reheating scan is carried out after 
the sample has been incubated in the calorimetric cell for 1 
h at 15 OC, a broad transition at 35.2 OC with a small enthalpy 
(AH = 2.2 kcal/mol) can be detected, indicating that the 
subtransition seen in the first DSC heating scan reappears 
partially under the experimental conditions. 

For annealed samples of C(15):C( 19)PC, C(14):C(2O)PC, 
and C( l9):C( 15)PC dispersions, the general pattern of their 
first DSC heating curves is identical with that of C(16):C- 
(1 8)PC dispersions, which is characterized by two well-resolved 
endothermic transitions as illustrated in Figure 3B. The peak 
temperatures of the low-temperature broad transitions for 
C( I5):C( 19)PC, C( 14):C(2O)PC, and C( 19):C( 15)PC dis- 
persions occur at 31.3 OC (AH = 4.1 kcal/mol), 33.9 OC (AH 
= 7.6 kcal/mol), and 28.3 OC (AH = 6.8 kcal/mol), respec- 
tively. These low-temperature transitions all disappear on 
subsequent cooling and immediate reheating (data not shown). 
The high-temperature transition peaks for C( 15):C( 19)PC, 
C( 14):C(2O)PC, and C( 19):C(15)PC dispersions are consid- 
erably sharper with peak maxima occurring at 44.8 "C (AH 
= 9.1 kcal/mol), 40.0 OC (AH = 7.5 kcal/mol), and 39.0 OC 
(AH = 7.1 kcal/mol), respectively. These high-temperature 
transitions are clearly the main phase transitions which remain 
in their entireties upon subsequent cooling or immediate re- 
heating. X-ray diffraction data obtained with fully hydrated 
C( 16):C( 18)PC on heating show the appearance of three 
different phases, L,, P,, and L, (Stiimpel et al., 1983; Mattai 
et al., 1987). Consequently, the subtransition and the main 
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FIGURE 4: DSC thermograms for C( 13):C(21)PC dispersions. Traces 
A-C show the successive heating, cooling, and reheating curves of 
the same sample in the temperature range of 10-55 OC. Traces D 
and E illustrate the cooling and reheating curves recorded in the 
temperature range of 25-55 OC. 

phase transition observed for C( 16):C( 18)PC dispersions can 
be ascribed to the L, - Pr and the Pr - L, phase transitions, 
respectively, (Mattai et al., 1987). Since the phase transition 
behavior of C(l5):C( 19)PC, C( 14):C(2O)PC, and C(19):C- 
(15)PC dispersions is of the same pattern as that of the C- 
(1 6):C( 18)PC dispersion, the low-temperature and high-tem- 
perature transitions observed for dispersions of these lipids in 
the first DSC heating scan can be reasonably assigned as the 
L, - P ,  and the P, - L, phase transitions, respectively. 
Similarly, the single transition detected in the cooling mode 
may be attributed to the L, - Pb, transition. 

Thermotropic Phase Behavior of C( 13):C(21)PC Disper- 
sions. Figure 4A-C shows the successive heating, cooling, and 
reheating thermograms for an example of C( 13):C(21)PC 
dispersions that has been annealed at 0 OC for 7 days. A sharp 
endothermic transition peaked at 34.1 OC is observed on initial 
heating from 5 to 55 "C. Interestingly, this endothermic 
transition exhibits an unusually large value of AH of 17.7 f 
0.5 kcal/mol. In contrast, two well-resolved exotherms peaked 
at 33.8 "C (AH = 5.5 kcal/mol) and 16.4 OC (AH = 7.9 
kcal/mol) are seen on cooling from 55 to 5 "C. Immediate 
reheating of the same sample shows two endotherms: a small 
transition at 28.1 OC (AH = 1.1 kcal/mol) and a sharp sym- 
metric transition at 34.1 OC with considerably greater enthalpy 
( A H  = 14.9 kcal/mol). 

Figure 4D shows the DSC thermogram for a C(13):C- 
(2 l)PC sample scanned in the descending temperature mode 
from 5 5  to 25 OC; it exhibits a single transition at 34.0 OC (AH 
= 5.5 kcal/mol). Reheating of the same sample gives an 
endotherm at 33.8 OC with a AH of 6.2 kcal/mol (Figure 4E), 
demonstrating that the high-temperature exotherm observed 
in the initial cooling scan, shown in Figure 4B, is reversible. 
Consequently, the extraordinarily large endotherm (AH = 17.7 
kcal/mol) observed in the first DSC heating run of C( 13):C- 
(21)PC dispersions is most likely to be caused by a superpo- 
sition of two phase transitions which can be decoupled into 
two well-resolved exotherms upon cooling. This endothermic 
transition observed in the initial DSC scan can be assigned 
tentatively as the L, - L, phase transition. This assignment 
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FIGURE 5: Three successive heating and cooling thermograms for 
C(20):C( 14)PC dispersions recorded in the temperature range of 5-50 
OC. The preincubation times at 0 "C prior to the three heating runs 
of the same sample are (A) IO days, (B) 150 min, and (C) 50 min. 
The uppermost trace represents a typical cooling curve. In order to 
show the minor exothermic transition at 15 OC, the cooling trace is 
drawn to an expanded scale (X1.6). 

is not unreasonable, since a direct conversion from the L, phase 
to the L, phase has been previously observed for annealed 
samples of C( 13):C( 13)PC dispersions (Lewis et al., 1987). 
The two exotherms appeared in the cooling scan may be as- 
signed as the La - P, transition (high-termperature) and the 
P, - L, phase transition (low-temperature). The calorimetric 
detection of P, - L, is unusual, since the formation of the 
L, phase ordinarily requires a long annealing of the lipid 
sample such as C( 16):C( 16)PC at low temperatures. However, 
the P, phase is known to be very unstable for short-chain lipids 
such as C(13):C(13)PC (Lewis et al., 1987). It is quite 
possible that the P, phase in C( 13):C(21)PC is also extremely 
unstable; consequently, the formation of the L, phase proceeds 
much more quickly than that of longer identical-chain lipids. 
Further detailed studies utilizing other physical techniques are 
needed to confirm our assignments. 

Thermotropic Phase Behavior of C(2O):C( Z4)PC Disper- 
sions. The phase behavior of C(20):C( 14)PC dispersions 
exhibited in the DSC heating thermogram depends heavily on 
the thermal history of the lipid sample, although the cooling 
scan displays virtually identical results in all samples. Figure 
5 shows three successive heating thermograms and a typical 
example of a cooling thermogram obtained within the tem- 
perature interval of 5-50 "C. Curve A is the initial heating 
thermogram of a sample that has been preincubated at 0 OC 
for 10 days; it is characterized by two partially overlapped 
features peaked at 30.4 OC (AH N 9.5 kcal/mol) and 33.2 
OC (AH N 4.0 kcal/mol). Curve B is the second heating 
thermogram of the same sample, performed after cooling it 
in the calorimetric cell from 50 to 5 OC and incubating at  5 
OC for 150 min. This curve displays three partially overlapped 
endothermic transitions peaked at  27.0, 30.4, and 33.2 OC. 
The third heating thermogram, performed after incubating 
the same sample at 5 OC for 50 min, also shows three partially 
overlapped endotherms at 27.0, 30.4, and 33.2 OC (curve C 
in Figure 5); however, the peak areas under the low- and 
mid-temperature transitions are significantly different from 
those shown in the second heating curve. The DSC cooling 
curve, shown in Figure 5D, is characterized by three exotherms 
at  33.2 OC (AH = 4.7 kcal/mol), 22.8 OC (AH = 1.2 kcal/ 
mol), and 15 OC (AH N 0.3 kcal/mol). 

Since the high-temperature endotherm at 33.2 OC is re- 
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FIGURE 6: Cooling and immediate reheating DSC curves of a C- 
(20):C( 14)PC dispersion recorded in the temperature range of 20-50 
OC. 

versible on cooling, and since the enthalpy change associated 
with this transition is independent of the thermal history of 
the sample (Figure 5A-C), this phase transition can be as- 
signed as the P, - La phase transition. Comparing the 
heating thermograms obtained with increasing preincubation 
times, it is evident that the area under the low-temperature 
transition at 27 "C decreases concomitantly with an increase 
in the area under the mid-temperature transition at  30.4 OC. 
This calorimetric behavior immediately suggests that the 
low-temperature endotherm at 27 OC involves a phase tran- 
sition of lamellar C(2O):C(14)PC from a metastable state, and 
the metastable state is converted slowly at  5 OC to a more 
stable state which is responsible for the mid-temperature en- 
dothermic transition at 30.4 OC. Furthermore, both the low- 
and mid-temperature transitions are irreversible on cooling. 
We may, therefore, attribute this mid-temperature transition 
at 30.4 OC to the L, - P, phase transition. Similarly, the 
low-temperature transition at 27 "C can be ascribed to the 
metastable L:f - P, phase transition, where LE! is the 
mixed-interdigitated gel phase (vide post). It should be noted 
that the peak positions of the two partially overlapped tran- 
sitions at 27 and 30.4 OC, shown in Figure 5A-C, are not 
shifted as the preincubation time increases; hence, these 
transitions are different from those two subtransitions initially 
observed for C(17):C(17)PC as illustrated in Figure 1. 

The DSC cooling and reheating thermograms for C(20): 
C( 14)PC dispersions in the temperature interval of 20-50 OC 
are illustrated in Figure 6. These thermograms show that 
C(20):C( 14)PC dispersions undergo two reversible transitions 
at 23.0 OC (AH = 1.1 kcal/mol) and 33.1 OC (AH = 4.3 
kcal/mol). The high-temperature transition is the main phase 
transition which can be ascribed to the P, - L, phase tran- 
sition as discussed earlier, and the low-temperature transition 
may be assigned as the pretransition, or the L, - P ,  tran- 
sition, based on the small magnitude of AH associated with 
this transition. 

A comparison of the DSC thermograms obtained in the 
temperature range of 5-50 OC (Figure 5) with those obtained 
at 20-50 OC (Figure 6) indicates that the L, phase of lamellar 
C(20):C( 14)PC can be transformed irreversibly at low tem- 
peratures into the stable L, phase via the metastable gel phase 
LE!. Overall, the thermotropic phase behavior of C(20):C- 
(14)PC dispersions in the temperature interval of 5-50 "C can 
be summarized in Scheme I. 

Thermotropic Phase Behavior of C(Z2):C(22)PC, C(2Z): 
C( Z 3 )  PC, and C( 22) : C( Z2) PC Dispersions. The aqueous 
dispersions of C( 12):C(22)PC, C(21):C(13)PC, and C(22): 
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corresponds to the mixed-interdigitated gel - La phase 
transition. A similar transition behavior has been previously 
reported for annealed samples of fully hydrated C( 18):C- 
(12)PC (Boggs & Mason, 1986; Mattai et al., 1987). It is 
interesting to note that the value of AC/CL for C( 18):C( 12)PC 
is 0.44, which is precisely the same value of ACICL calculated 
for C(12):C(22)PC. 

As shown in Figure 7, the cooling scan of C(12):C(22)PC 
dispersions displays two partially overlapped exotherms peaked 
at 33.8 and 36.9 "C. The ratio of the peak areas of the two 
exotherms observed in the first cooling scan differs from that 
observed in the second cooling scan; the low-temperature 
transition increases in magnitude at the expense of the high- 
temperature transition. Moreover, the total enthalpy of the 
two overlapped exotherms appears to remain constant ( A H  
= 11.8 kcal/mol). This suggests that the formation of the 
mixed-interdigitated gel phase from the L, phase may involve 
an intermediate gel phase, and the newly formed interdigited 
gel phase can subsequently promote the rapid and direct 
formation of more mixed-interdigitated gel phase from the L, 
phase. 

Also shown in Figure 7 are the DSC thermograms for a 
C(21):C(13)PC dispersion that has been preincubated at 0 OC 
for 3 days. The first heating scan performed in the temper- 
ature range of 10-60 "C shows a small transition at 22.7 OC 
(AH = 1.1 kcal/mol) and a sharp main transition peaked at  
39.4 "C (AH = 12.0 kcal/mol). The same sample shows two 
partially overlapped transitions on first cooling, peaked at 34.9 
OC (AH N 8.3 kcal/mol) and 38.7 "C (AH N 1.5 kcal/mol). 
Subsequent reheatings of the same sample show only the 
high-temperature main transition at 39.4 "C with an identical 
transition enthalpy of 12.0 kcal/mol. Two partially overlapped 
exotherms at 34.8 and 38.7 "C are detected again in the second 
cooling scan; the relative ratio of the peak areas for the two 
exotherms depends on the thermal history of the sample, a 
behavior also exhibited by C( 12):C(22)PC dispersions as 
discussed earlier. Hence, the general transition pattern induced 
by the thermal changes for C(21):C( 13)PC and C( 12):C- 
(22)PC dispersions is identical, although the associated tran- 
sition temperatures and enthalpies are different. 

Finally, Figure 7 also displays the DSC thermograms for 
an annealed sample (24 days at  0 "C)  of C(22):C(12)PC 
dispersions. A sharp, single endothermic transition peaked 
at 43.4 OC ( A H  = 13.5 kcal/mol) is observed in the first 
heating run from 10 to 60 OC. Subsequent reheatings of the 
same sample give reproducible results. A similar heating 
behavior has also been observed for fully hydrated C( 18):C- 
(1O)PC (Xu & Huang, 1987). The single transition observed 
in the first and second heating thermograms can be attributed 
to the mixed-interdigitated gel - L, phase transition (Hui 
et al., 1984; McIntosh et al., 1984; Boggs & Mason, 1986; 
Mattai et al., 1987). It should be mentioned that a common 
transition pattern for C(22):C( 12)PC and C( 18):C( 1O)PC 
dispersions is expected, since the values of A C / C L  for C- 
(18):C(lO)PC and C(22):C(12)PC are 0.56 and 0.55, re- 
spectively, suggesting that they are packed similarly in the 
gel-state bilayer. On cooling, however, two exotherms at 38.6 
and 42.7 "C with a total transition enthalpy of 13.0 kcal/mol 
are detected for C(22):C(12)PC dispersions. The area under 
the low-temperature exotherm increases with repeated coolings 
at the expense of the high-temperature exotherm. A similar 
cooling behavior has also been observed for C( 18):C( 1O)PC 
dispersions. It appears that the high-temperature exotherm 
may correspond to the transition of C(22):C( 12)PC from a 
metastable La state to an intermediate gel state which, in turn, 

TEMPERATURE( 'C I  

FIGURE 7: Successive DSC thermograms for aqueous dispersions of 
C( I2):C(22)PC, C(2 I):C( 13)PC, and C(22):C( I2)PC recorded in 
the temperature interval of 10-60 "C.  Prior to the first heating scan, 
the samples have been incubated at 0 OC for 3, 3, and 24 days, 
respectively. 

Scheme I 
30.4 'C 33.2 "C 

L, - Pg' La 

C( 12)PC all exhibit a common transition pattern in their DSC 
cooling scans, although their heating thermograms show 
somewhat different patterns. Another reason we group these 
three lipids together is because their values of A C / C L  are in 
the range of 0.44-0.55. As discussed elsewhere (Mason et al., 
1981; Huang & Mason, 1986; Slater & Huang, 1988; Huang, 
1990), A C / C L  can be employed to quantitatively represent 
the normalized value of the chain length difference between 
the sn-l and sn-2 acyl chains in a mixed-chain lipid molecule 
in the gel-state bilayer. On the basis of geometric consider- 
ations and also on the basis of X-ray diffraction and other DSC 
data of a number of mixed-chain phospholipids, i t  has been 
postulated that mixed-chain phospholipids with values of 
A C / C L  in the range of 0.44-0.57 can self-assemble in excess 
water into mixed-interdigitated bilayers at T < T,,, [for a most 
recent review, see Huang (1  990)]. The values of A C / C L  for 
C(12):C(22)PC, C(21):C(13)PC, and C(22):C(12)PC are 
0.44, 0.48, and 0.55, respectively; hence, it is reasonable to 
assume that these lipids may form, at T < T,, mixed-inter- 
digitation bilayers. 

Calorimetric thermograms for a C( 12):C(22)PC dispersion 
which, prior to the DSC run, has been annealed at 0 "C for 
3 days are shown in Figure 7. The initial heating scan in the 
temperature range of 10-60 "C exhibits two nearly identical 
peaks at 29.4 "C (AH = 11.4 kcal/mol) and 37.5 "C (AH = 
11.8 kcal/mol). A cooling scan from 60 to 10 "C gives two 
overlapped transitions at 33.8 and 36.9 OC with a total tran- 
sition enthalpy of 11.8 kcal/mol. A second heating scan 
performed immediately after cooling exhibits two discernible 
transitions with a larger high-temperature endotherm (AH = 
13.2 kcal/mol) but a smaller low-temperature endotherm (AH 
= 5.9 kcal/mol). Furthermore, in a separate experiment, the 
first heating scan carried out in the temperature range of 
22-35 OC gives only a single endotherm at 29.4 "C which 
disappears in both the successive cooling and second heating 
runs performed within the same temperature interval of 22-35 
"C. These DSC results suggest that the low-temperature 
endotherm at 29.4 "C is a subtransition or the Lp' - L, phase 
transition, where Lpl is the mixed-intedigitated crystalline 
phase, and that the high-temperature endotherm at 37.5 "C 
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pholipids is plotted in Figure 8 as a function of the normalized 
chain-length difference or inequivalence ( A C / C L ) .  Within 
the range of AC/CL from 0.09 to 0.4, the effect of increasing 
progressively the chain-length inequivalence is to decrease 
linearly the main phase transition temperature (Figure 8A). 
This linear dependence of T,  upon AC/CL suggests that the 
hydrocarbon chains of lamellar phospholipids in the gel state 
are perturbed by the acyl chain inequivalence and that the 
gel-state disordering effects arising from the inequivalent chain 
structures are increased in proportion to the increase in the 
normalized chain-length difference between the sn- 1 and sn-2 
acyl chains. An analogous linear relationship between the 
chain-length inequivalence and the chain melting behavior has 
also been observed for lamellar identical-chain phosphati- 
dylcholines in excess water (Mason & Huang, 1981; Huang 
& Levin, 1983). This similarity further suggests that mix- 
ed-chain phosphatidylcholines with AC/C'L values in the range 
of 0.15-0.40 and C(17):C(17)PC (AC/C  = 0.09) are, in excess 
water, most likely to self-assemble into similar bilayer struc- 
tures at T C T,. It is thus reasonable to state that for these 
mixed-chain phospholipids 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 at  T C 

As the values of the normalized chain-length difference 
between the sn-1 and sn-2 acyl chains ( A C / C L )  reach the 
range of 0.44-0.55, Figure 8A shows that the values of T, for 
C(12):C(22)PC, C(21):C(13)PC, and C(22):C(12)PC dis- 
persions deviate significantly from the linear function of 
AC/CL vs T,  as exhibited by those less asymmetrical phos- 
pholipids. When the value of A C / C L  for a mixed-chain 
phosphatidylcholine is in the neighborhood of 0.5, it means 
that one hydrocarbon chain of this lipid molecule in the fully 
extended conformation is about twice as long as the other. 
Phosphatidylcholines with such a high degree of asymmetry 
such as C(18):C(lO)PC (ACICL = 0.56), C(18):C(12)PC 
(ACICL = 0.42), and C(8):C(18)PC ( A C / C L  = 0.53) are 
known from X-ray diffraction data to form mixed-interdigi- 
tated gel bilayers at T C T,  (Hui et al., 1984; McIntosh et 
al., 1984; Mattai et al., 1987; Shah et al., 1990). The observed 
deviation for C( 12):C(22)PC, C(21):C(13)PC, and C(22):C- 
(12)PC as shown in Figure 8A can be readily interpreted as 
arising from a different and more ordered molecular packing 
of phospholipids in the gel-state bilayer. Such a molecular 
packing is consistent with the mixed-interdigitated packing 
in which the methyl terminus of the shorter chain is packed 
end-to-end, at the bilayer center, with the methyl terminus of 
the shorter chain from another lipid molecule in the opposing 
bilayer leaflet, while the longer chains from the two leaflets 
span the entire hydrocarbon width of the bilayer (Hui et al., 
1984; McIntosh et al., 1984; Mattai, et al., 1987). In fact, 
C(22):C( 12)PC molecules have been inferred, based on 
thermodynamic data, to form mixed-interdigitated bilayers 
at T C T,  (Xu & Huang, 1987) as diagramatically presented 
in Figure 9. 

It should be noted that the T,  value for C(16):C(18)PC 
(ACICL = 0.032) also deviates from the linear function shown 
in Figure 8A. When the value of A C / C L  for a mixed-chain 
lipid is nearly equal to zero, it means that the two acyl chains 
of the lipid molecule have effectively equal length. Physically, 
the two acyl chains with equal chain length cannot pack with 
an all-trans conformation in the bilayer, because the two bulky 
methyl terminal groups would align next to each other in the 
bilayer center to form an unfavorable packing situation. We 
propose that the shorter sn-1 chain, in the case of C(16):C- 
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FIGURE 8: Thermodynamic parameters associated with the main phase 
transition for aqueous dispersions of various mixed-chain phospha- 
tidylcholines are plotted against the normalized chain-length difference 
(AC/CL) between two acyl chains in these phospholipids. (A) 
Transition temperature (T,) vs AC/CL. If a 2gl kink is introduced 
into the sn-l acyl chain in C( 16):C( 18)PC, the value of AC/CL will 
be increased from 0.032 to 0.096 as indicated by the arrow. (B) AH 
and A S  vs AC/CL. A A C/CL value of 0.096 is used for C( 16):C- 
( 1  8)PC in this figure. The values of AH are calculated from the 
exothermic peak area obtained from the DSC cooling curves as shown 
in Table I,  and the values of AS are taken from Table I. 
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converts to the mixed-interdigitated gel phase. The newly 
formed interdigitated gel phase then promotes the direct 
conversion of lipid molecules from the stable La phase to the 
mixed-interdigitated gel state. One may further speculate that 
the concentration of lamellar lipids in the metastable La state 
decreases as the lamellar lipids are subjected to repeated 
heating/cooling cycles, leading to a reduction in the area of 
the high-temperature exotherm. 

DISCUSSION 
In this study, the thermotropic phase behavior of a series 

of fully hydrated phosphatidylcholines is compared. This series 
of phosphatidylcholines is characterized by having a common 
molecular weight of 762.2. They are C(16):C(18)PC, C- 

(20)PC, C(19):C(15)PC, C(13):C(21)PC, C(2O):C(14)PC, 
C(12):C(22)PC, C(21):C(13)PC, and C(22):C(12)PC. 

The main phase transition temperature (T,)  of aqueous 
dispersions prepared from these various mixed-chain phos- 

(17):C( 17)PC, C( 15):C( 19)PC, C( 18):C(16)PC, C( 14):C- 
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FIGURE 9: Schematic drawing to illustrate the acyl chain packing 
of C(22):C( 12)PC in the mixed-interdigitated bilayer. The long acyl 
chain is shown to span the entire hydrocarbon width of the bilayer, 
while the two shorter chains, each from a lipid molecule in the opposing 
leaftlet, meet end-to-end in the bilayer mid-plane. The mixed-in- 
terdigitated packing mode for C(22):C( 12)PC was inferred to take 
place at  T < T,,,, based on thermodynamic data of Xu and Huang 
(1987). 

(1 8)PC molecules, will be further shortened by one C-C bond 
length by the formation of a 2gl kink so that the terminal 
methyl groups in the gel-state bilayer will be packed next to 
methylene groups rather than other methyl groups. This is 
a closer packing situtation; however, the AClCL value is in- 
creased from 0.032 to 0.096. Interestingly, when the value 
of AClCL = 0.096 is employed for C( 16):C( 18)PC, the T,,, 
value for C( 16):C( 18)PC falls nicely on the linear curve in 
Figure 8A, indicating that the proposed formation of a 2gl kink 
in  the sn-1 acyl chain is not unreasonable. 

The values of the transition enthalpy (AH)  associated with 
the gel -+ liquid-crystalline phase transition for aqueous 
dispersions prepared from various mixed-chain phosphoti- 
dylcholines with values of ACICL < 0.44 can be estimated 
directly from the main exotherms recorded in the cooling scans. 

Table I: Thermodynamic Parameters Associated with the Main 
Phase Transition of Mixed-Chain Phosphatidylcholine Dispersions 

phosphatidyl- (kcal/ mol-' 
choline AC/CL T, ("CY mol)" K-')" 

AH AS (cal 

~ ( 1 7 j : c ( i  7 ) p c  0.09 49.0 9.7 30. I 
C(16):C(18)PC 0.03 (O.l)* 48.8 9.3 28.9 
C(15):C(19)PC 0.15 44.8 8.7 27.4 
C(18):C(16)PC 0.21 44.4 8 .O 25.1 
C(14):C(2O)PC 0.26 40.0 7.1 22.7 
C( 19):C( 15)PC 0.31 39.0 6.4 20.5 
C(13):C(21)PC 0.35 34.1 5.5 17.9 
C(2O):C(14)PC 0.40 33.2 4.7 15.4 
" T,  value was taken to be the temperature of the maximal excess 

heat capacity recorded in the heating scan; the value of AH was calu- 
lated on the basis of the area of the main exotherm recorded in the 
cooling scans; the value of AS, the transition entropy, was calculated 
from the Clausius equality of AS = AH/T,,, assuming a first-order 
equilibrium transition. The experimental errors in T ,  and AH are 
within 1% and 25%, respectively. bCalculated on the basis of the pu- 
tative presence of a 2gl kink on the sn-1 acyl chain. 

Heating Pathways Cooling Pathways 

Scheme 1 Scheme 2 

Scheme 3 Scheme 4 

Scheme 5 Scheme 6 

FIGURE IO:  Proposed heating and cooling pathways for aqueous 
dispersions of various phospholipids under study. In schemes 1 and 
2, lipid class I refers to C(  l7):C( 17)PC and C (  18):C( 16)PC; class 
I1 refers to C(16):C(18)PC, C(15):C(19)PC, C(  14):C(2O)PC, and 
C(19):C(15)PC; class I11 refers to C(13):C(21)PC. In schemes 3 
and 4, lipid class IV refers to C(12):C(22)PC and C(21):C(13)PC, 
and class V refers to C(22):C(12)PC. In schemes 5 and 6, lipid class 
VI refers to C(2O):C(14)PC. L,, L,, P , ,  and L, denote the subgel 
crystalline, tilted gel, periodic ripple, and liquid-crystalline phases, 
respectively. 

These values of AH together with the values of AS are 
presented in Table I. When these thermodynamic parameters 
are plotted against the corresponding values of AC/CL, a linear 
function of AH or AS vs ACICL is obtained (Figure 8B). 
Beyond ACICL = 0.40, the cooling thermograms for C- 
(12):C(22)PC, C(21):C(13)PC, and C(22):C(12)PC are 
characterized by two overlapped peaks; hence, the values of 
AH and AS associated with the liquid-crystalline to the in- 
terdigitated gel phase cannot be determined unambiguously. 



Mixed-Chain Phospholipids 

However, the values of AH calculated from the heating curves 
are 1 1.4, 12.0, and 13.5 kcal/mol, respectively. Clearly, they 
deviate from the linear plot shown in Figure 8B. 

The proposed heating and cooling pathways for the various 
phosphatidylcholines under study are embodied in Figure 10. 
For phopsphatidylcholines with AC/CL < 0.4, the suggested 
heating and cooling pathways are illustrated in schemes 1 and 
2, respectively. Here, it is shown that the heating and cooling 
transitions proceed via simpler pathways as one of the two acyl 
chains in the mixed-chain lipid is progressively shortened. For 
instance, the L, phase is absent in the heating pathway for 
lipid species in which one acyl chain has 13 or 14 C-C bond 
lengths. C( 16):C( 18)PC is included in this class of phos- 
pholipids, since the sn-1 chain, as discussed earlier, is con- 
sidered to be shortened by one C-C bond length. As one of 
the two acyl chains is further shortened to have 12 C-C bond 
lengths such as C( 13):C(21)PC, both the L, and P, phases 
are apparently eliminated from the heating pathway; in ad- 
dition, the L, phase is also absent in the proposed cooling 
pathway. Long identical-chain phosphatidylcholines such as 
C( 16):C( 16)PC and C( 17):C( 17)PC with the headgroup area 
slightly larger than the averaged cross-sectional area of the 
two acyl chains tend to adopt a tilted chain orientation in 
lamellae as demonstrated by the L, and PF phases (McIntosh, 
1980). The absence of L, and P ,  phases in bilayers of short 
mixed-chain phosphatidylcholines at T < T, implies that the 
effective total cross-sectional area of the two acyl chains has 
increased so that it can match well with the polar headgroup 
area. This increase in the effective total cross-sectional area 
of the two acyl chains for short mixed-chain phosphatidyl- 
cholines is most likely caused by a more disordered dynamic 
structure of the lipid molecule in the gel-state bilayer. Con- 
sequently, the gradual disappearance of L, and P, phases 
shown in schemes 1 and 2 in Figure 10 is complementary to 
the observed linear decrease in AS with increasing ACICL for 
the same series of mixed-chain lipids during the transition as 
shown earlier in Figure 8B. 

Schemes 3 and 4 in Figure 10 show the proposed heating 
and cooling pathways for phospholipids with AC/CL = 
0.44-0.55. The heating pathway has been discussed previously 
for mixed-chain phospholipids with similar values of AC/CL 
(Boggs & Mason, 1986; Mattai et al., 1987). Here, we in- 
troduce an intermediate phase, LLiI, in the suggested cooling 
pathway. High-pressured infrared spectroscopic study of 
C( 18):C( 1O)PC (ACICL = 0.57) has shown that the lamellar 
C( 18):C( 10)PCs in the L, phase can undergo two isothermal 
phase transitions upon elevation of pressure at room tem- 
perature (Wong & Huang, 1989). The first pressure-induced 
isothermal transition occurs at the critical pressure of 1.4 kbar, 
corresponding to the L, - LiiI phase transition, where LLAl 
is the gel-state bilayer in which the asymmetric chains of 
C( 18):C( 1O)PC are partially interdigitated. The second 
pressure-induced transitions occur at 5.5 kbar, corresponding 
to the L$ - LE: transition, where LE[ is the mixed-inter- 
digitated gel bilayer. Since an increase in pressure acts in a 
manner similar to a decrease in temperature by exerting an 
ordering effect on the acyl chain packing in the bilayer, we 
therefore propose that the LiL, phase observed in the high- 
pressure study is presumably an intermediate phase in the DSC 
cooling pathway and that the LE! phase promotes or catalyzes 
the direct conversion of the L, phase of the LEf phase. 

Figure 10 also shows the proposed heating and cooling 
pathways for C(20):C( 14)PC. The heating pathway, scheme 
5 ,  is identical with that proposed for other mixed-chain 
phosphatidylcholines with a C(14) acyl chain (scheme 1). The 
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cooling pathway, however, includes an additional state, the 
metastable Lgf phase (scheme 6 ) .  Since the normalized 
chain-length difference between the two acyl chains in C- 
(20):C( 14)PC is 0.4, it is quite possible that C(20):C( 14)PC 
molecules in the L, phase tend to transform into a mixed- 
interdigitated bilayer (LE;) at low temperatures. However, 
the sum of the two shorter C( 14) chains is longer than the full 
length of the longer C(20) chain in an all-trans conformation 
by about four C-C bond lengths. Consequently, the effective 
thickness of two opposing C( 14) chains cannot match very well 
with the neighboring C(20) chain in the LE! state. The 
proposed mixed-interdigitated bilayer of C(20):C( 14)PC, 
therefore, cannot be stable, and it will convert spontaneously 
at low temperatures to the more stable L, phase in which the 
longer C(20) chain molecule from one leaflet pairs with the 
shorter C( 14) chain of another lipid molecule contributed by 
the opposing leaflet. 

In summary, we have demonstrated in this study that the 
transition entropy and other thermodynamic parameters as- 
sociated with the main phase transition for aqueous dispersions 
of a large number of identical molecular weight phosphati- 
dylcholines are inversely related to ACICL when the values 
of ACICL are in the range of 0.1-0.4. This linear function 
with negative slope suggests that the lipid-lipid interactions 
of phosphatidylcholines in the gel-state bilayer are perturbed 
progressively by an increased chain-length inequivalence. 
When the value of AC/CL reaches the range of 0.44-0.57, 
the perturbation is so overwhelming that the lipid molecules 
in the bilayer have to assume a new equilibrium position, 
resulting in a mixed-interdigited packing mode. Finally, it 
should perhaps be noted here that the proposed transition 
pathways for various mixed-chain phosphatidylcholines shown 
in Figure 10 are consistent with the observed thermotropic 
phase behavior for various aqueous dispersions prepared from 
these mixed-chain lipids. The identification of the suggested 
various phases, however, requires future detailed studies using 
other physical techniques. 
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ABSTRACT: The successive high-resolution differential scanning calorimetric (DSC) thermograms for aqueous 
dispersions of a homologous series of mixed-chain phosphatidylcholines, C(X):C(X+6)PC, have been recorded 
and analyzed. In this series of saturated mixed-chain phosphatidylcholines, the total number of carbon atoms 
in the sn-1 acyl chain increases from 11  to 20, and the sn-2 acyl chain is always 6 methylene units longer 
than the sn-1 acyl chain. In the initial heating DSC thermograms, two prominent endothermic transitions 
are detected for all the samples prepared from the various C(X):C(X+6)PCs except C( 12):C( 18)PC. In 
contrast, a single exothermic transition is observed on cooling for all the samples except C(  13):C(19)PC. 
The temperature difference between the two endothermic transitions increases linearly as the acyl chain 
length of C(X):C(X+6)PC becomes progressively longer. Interestingly, the main phase transition occurs 
before the subtransition for C(  1 l):C( 17)PC dispersions. Our DSC data further demonstrate that the 
thermodynamic parameters (T,, AH, and AS) associated with the main phase transition for fully hydrated 
C(  13):C( 19)PC and other identical M W  phosphatidylcholines are  inversely related to the corresponding 
values of the chain-length inequivalence (AC/CL) for these lipids. This linear relationship can be employed 
to map the T,  values for aqueous dispersions prepared from a large number of mixed-chain phosphati- 
dylcholines whose values of ACICL are within the range of 0.1-0.4. 

x e  systematic differential scanning calorimetric (DSC)l 
study of a homologous series of identical-chain phosphati- 
dylcholines, C(X):C(X)PC, in excess water yields important 
information concerning the relative effect of chain ends on the 
chain packing order (Mason & Huang, 1981), the relative 
metastability of various lipid phases (Finegold & Singer, 
1986), and the change in transition pathways as a function 
of chain length (Lewis et al., 1987). For instance, it has been 
demonstrated that fully hydrated short-chain phosphatidyl- 
cholines ( X  I 8) do not undergo the endothermic phase 
transition upon heating and that longer chain phosphatidyl- 
cholines ( X  1 22) do not self-assemble in excess water into 
the rippled gel phase (P,) at T C T,. These interesting results 
may be of great importance in  understanding the roles of 
various fatty acid compositions in biological membranes. 

In order to extend the previous studies on identical-chain 
phosphatidylcholines, we have carried out the DSC study of 
a homologous series of mixed-chain phosphatidylcholines, 
C(X):C(X+6)PC, in which the sn-2 acyl chain is chosen to 
be 6 methylene units longer than the sn-1 acyl chain, and the 
total number of carbon atoms in the sn-1 acyl chain, X ,  in- 
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creases systematically from 11 to 20. Although the sn-2 acyl 
chain in the fully extended conformation is always six meth- 
ylene units longer than the sn-1 acyl chain in this homologous 
series of mixed-chain phosphatidylcholines, the normalized 
chain-length difference or inequivalence (ACICL) between the 
sn-1 and sn-2 acyl chains for the mixed-chain phospholipid 
in the gel-state bilayer decreases progressively as the value of 
X in C(X):C(X+6)PC increases systematically. Here, AC is 
the effective chain-length difference between the sn-1 and sn-2 
acyl chains in terms of C-C bonds for phospholipid molecules 
in the gel-state bilayer, and it is a constant value of 4.5 for 
C(X):C(X+6)PC. The term CL is the effective chain length 
of the longer of the two acyl chains in C-C bonds, and it equals 
X + 3.5 for C(X):C(X+6)PC. In calculating the value of AC 
and CL, an inherent shortening of 1.5 C-C bond lengths for 
the sn-2 acyl chain has been taken into account; this shortening 
is caused by a sharp bend on the sn-2 acyl chain at the bond 
between C(2) and C(3) for phospholipids in the gel-state 

Abbreviations: C(X):C(X)PC, saturated identical-chain L-cu-phos- 
phatidylcholine having X carbons in the sn-l chain as well as the sn-2 
acyl chain; C(X):C(X+6)PC, saturated mixed-chain L-cu-phosphatidyl- 
choline having X carbons in the sn-l acyl chain and X + 6 carbons in 
the sn-2 acyl chain; DSC, differential scanning calorimetry; MW, mo- 
lecular weight. 

0 1990 American Chemical Society 


