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We have semi-synthesized 52 molecular species of saturated diacyl mixed-chain phosphatidylcholines. All 52 phosphatidylcholine 
molecules are highly asymmetrical with AC/CL values in the range of 0.43-0.63. The aqueous dispersions of these phosphatidyl- 
cholines have been studied by the high-resolution differential scanning calorimetric (DSC) technique. Upon heating, the lipid 
dispersions prepared individually from these 52 phosphatidylcholines all exhibit a sharp, single, endothermic peak at a 
characteristic temperature or T m, implying that the self-assembled lipid molecules in excess water undergo the mixed 
interdigitated gel to the liquid-crystalline phase transition. The T m values obtained from aqueous lipid dispersions prepared from 
these mixed-chain phospholipids have been analyzed based on the molecular packing model of the mixed interdigitated bilayer, 
and a linear relationship between the T m and (AC) 1 for various phospholipids at a constant value of 6 is observed. Based on 
these linear relationships, empirical equations are derived to predict the T m values for highly asymmetrical mixed-chain 
phosphatidylcholines with AC/CL values in the range of 0.43-0.63. The predictive power of these empirical equations is shown 
to be very good, since a comparison between the predicted and the experimental data indicates that the largest relative error in 
Kelvin is only 0.4%. A table containing 81 predicted T m values for highly asymmetrical mixed-chain phosphatidylcholines is 
presented. The definitions of the various structural parameters such as AC, CL, AC/CL and 6 are given in the text. 

Introduction 

In the last three years, our laboratory has carried 
out systematically the high-resolution DSC studies of 
aqueous lipid dispersions prepared individually from 
some fifty molecular species of saturated diacylphos- 
phatidylcholines with identical or mixed acyl chains. 
These phospholipids have been grouped into four ho- 
mologous series, and members  of each series share a 
common molecular weight [1-4]. Interestingly, the main 
phase transition characteristics of these four series of 
phospholipids are remarkably similar. Specifically, a 
common biphasic profile has been detected in all four 
series of phospholipids, when any one of the thermody- 
namic parameters  (Tin, AH, and AS) associated with 
the main phase transitions is plotted against the ratio 
of two structural parameters,  AC / C L .  Here,  the term 
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AC is the effective chain-length difference, in C-C 
bonds, between the sn-1 and sn-2 acyl chains in the 
diacylphospholipid molecule in the gel-state bilayer 
and a positive value is assigned for AC, CL is the 
effective length of the longer one of the two acyl 
chains, also in C-C bonds, and the ratio of A C / C L  
refers to the normalized acyl chain-length difference 
between the sn-1 and sn-2 acyl chains for a phospho- 
lipid molecule in the gel-state bilayer [1,5]. 

In the T m ( A H  or AS) vs. A C / C L  plot, the value of 
1 m ( A H  or AS) is observed to decrease with increasing 
value of A C / C L  up to A C / C L  = 0.42; beyond which 
the change in T m ( A H  or AS) reverses its direction, 
thereby resulting in a biphasic V-shaped profile [3,4]. 
This feature has been postulated to arise from the 
bulky methyl termini of the lipid acyl chains by per- 
turbing the close van der Waals interactions between 
acyl chains in the bilayer at T < T m. Our recent DSC 
studies thus have not only characterized the melting 
behavior for each of the mixed-chain lipids in the four 
series of phosphatidylcholines in excess water, but also 
have provided insights and posed questions regarding 
the perturbing effects of chain terminal methyl groups 
in the gel-state bilayer. 

The linear relationship between the T m and A C / C L  
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for fully hydrated phosphatidylcholines with AC/CL 
values in the range of 0.09-0.40 has been used by 
Huang [6] to derive a general expression for predicting 
empirically the T m values for identical and mixed-chain 
phosphatidylcholines. Although this general expression 
is very successful in predicting the T m values for 163 
molecular species, it is still rather limited since many 
mixed-chain phosphatidylcholines have AC/CL values 
greater than 0.40. 

There is much experimental evidence implicating 
that saturated mixed-chain phosphatidylcholines w~th 
AC/CL values in the range of 0.42-0.63 self-assemble, 
in excess water, into the mixed interdigitated bilayer at 
T < T m (Ref. 1 and the references cited therein). This 
mixed interdigitated bilayer is characterized by the 
long acyl chain extending fully across the bilayer span, 
whereas the two shorter chains, each from a lipid in 
the opposing leaflet, meet end-to-end in the bilayer 
midplane. Calorimetric results obtained with the four 
series of asymmetric phosphatidylcholines indicate that 
the thermodynamic parameters associated with the 
mixed interdigitated gel---> liquid-crystalline phase 
transitions deviate significantly in the T m (AH or AS) 
vs. AC/CL plot from the linear function observed for 
phospholipids with AC/CL values less than 0.42 [1-4], 
suggesting that the chain melting behavior of mixed 
interdigitated bilayers may be governed by structrual 
parameters that contribute differently from those for 
less asymmetrical lipids. In this communication, we 
have synthesized some additional phosphatidylcholines 
with AC/CL values in the range of 0.43-0.63. The T m 
values of aqueous dispersions prepared from these 
lipids are analyzed phenomenologically based on the 
packing model of the mixed interdigitated bilayer. Sim- 
ple and linear functions of T m, in the plot of T m vs. 
(AC) -1, can be obtained, provided that these mixed- 
chain phosphatidylcholines are grouped properly. 
Based on these linear functions, the T m values for 
highly asymmetric mixed-chain phosphatidylcholines 
with AC/CL values in the range of 0.43 to 0.63 can be 
estimated empirically. Consequently, predictions of T m 
values for fully hydrated diacylphosphatidylcholines 
presented here extend previous work of Huang [6]. It 
should be mentioned that various linear relationships 
between the T m and the different functions of the 
inverse of the acyl chain length have been reported 
previously for saturated diacylphosphatidylcholines [7- 
10]; in addition, these relationships have been applied 
successfully to estimate accurately the T m values for a 
large number of phospholipids which undergo the gel 

liquid-crystalline phase transitions [10]. The work 
present here, however, represents the first attempt of 
predicting T m values for highly asymmetric mixed-chain 
phosphatidylcholines which, in excess water, undergo 
the mixed interdigitated gel ~ liquid-crystalline phase 
transition. 

Experimental procedures 

Materials and routine procedures. Fatty acids and 
lysophosphatidylcholines with various acyl chain lengths 
were purchased from Sigma (St. Louis, MO) and Avanti 
Polar Lipids, (Birmingham, AL), respectively. Lyso- 
phospholipids were stored desiccated at -20°C. Silica 
gel 60 (mesh number: 230-400) was provided by EM 
Science (Gibbstown, N J). All common reagents and 
organic solvents were of reagent and spectroscopic 
grades, respectively. 

Various mixed-chain phosphatidylcholines were pre- 
pared at room temperature by acylation of CdC12 
adducts of appropriate lysophosphatidylcholines, in dry 
chloroform, with the anhydrides of desired fatty acids, 
using 4-pyrrolidinopyridine as the catalyst, and were 
purified to about 99% purity by repeated column chro- 
matography on Silica gel 60, eluting with chloro- 
form/methanol mixtures. The detailed procedures used 
for the semisynthesis and purification were the same as 
those previously employed in this laboratory [2]. Also, 
the concentrations of all phospholipids were routinely 
measured as reported previously [2]. 

Sample preparation. Purified lipid was lyophilized 
from bezene before weighting. The lyophilized lipid 
from bezene was dispersed in a NaC1 (50 mM) aqueous 
solution containing 5 mM phosphate buffer and 1 mM 
EDTA at pH 7.4 to give a final lipid concentration in 
the range of 3.0-6.0 mM. Prior to the DSC experi- 
ments, the sample was stored at 0°C for a minimum of 
48 h. All samples were scanned at least three times in 
the heating direction in the calorimeter. The second 
and third runs were scanned, if possible, over the 
temperature range of T m + 15 C ° to ensure identical 
thermal history of all lipid samples. 

DSC measurements. Differential scanning calori- 
metric (DSC) experiments were performed using a 
high-resolution model MC-2 microcalorimeter 
equipped with the DA-2 digital interface and data 
acquisition utility for automatic collection (Microcal, 
Northampton, MA). In all measurements, a constant 
heating scan rate of 15 C°/h was used. Transition 
temperature (T m) and transition enthalpy (AH) were 
determined from the DSC curve taken from the third 
heating scan using the software provided by Microcal. 
In fact, all the thermograms given in various figures in 
this paper represent the third DSC heating scans for 
each sample. 

Results and Discussion 

The structural parameters 
A packing model for the structure of mixed interdig- 

itated gel-state bilayer has been presented consistently 
by several laboratories [11-13]. This model, schemati- 
cally shown in Fig. 1, takes into consideration the 
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following experimental observations obtained with fully 
hydrated C(18):C(10)PC using the X-ray diffraction 
technique: (1) The observed bilayer hydrophobic thick- 
ness is consistent with the chain length of an all-trans 

C(18) acyl chain; (2) the average headgroup area of 
C(18): C(10)PC in the gel-state bilayer is about three 
times the cross-sectional area of an all-trans acyl chain; 
(3) the acyl chains are not tilted in the gel state, since a 
sharp and symmetric X-ray reflection centered at 4.2 
is observed in the wide-angle region for fully hydrated 
C(18):C(10)PC at T < T m. The proposed mixed inter- 
digitated bilayer is thus characterized by having the 
lipid headgroup encompass three hydrocarbon chains, 
in contrast to the two chains per lipid headgroup for 
fully hydrated identical-chain phosphatidylcholines in 
the partially interdigitated gel state (Fig. 1). 

Based on the well-known conformation of identical- 
chain phospholipids in single crystals and in various 
aggregated states [14], an inherent conformational dis- 
parity between the sn-1 and the sn-2 acyl chains is 

assumed for mixed-chain phosphatidylcholines in the 
mixed interdigitated bilayer. Specifically, the initial 
segment of the sn-2 acyl chain extends parallel to the 
bilayer surface and then bends over at the bond be- 
tween C-2 and C-3; thereafter  the two acyl chains run 
parallel along the direction of the bilayer normal. Be- 
cause of the bend in the sn-2 acyl chain, the two 
terminal methyl ends of an identical-chain phospha- 
tidylcholine molecule in the gel-state bilayer are ex- 
pected to be mismatched. Indeed, it has been detected 
by neutron diffraction that the two methyl ends are 
separated from each other along the long molecular 
axis by a distance of about 1.5 C-C bonds [15]. In 
calculating the values of AC and CL for mixed-chain 
phosphatidylcholines, a similar inherent shortening of 
1.5 C-C bond lengths has been applied to the apparent  
chain-length of the sn-2 acyl chain [1,6]. This approxi- 
mation is quite reasonable for mixed-chain phos- 
phatidylcholines with A C / C L  values less than 0.42, 
since these lipids self-assemble into the gel-state bi- 
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Fig. 1, A schematic representation of the C(18):C(10)PC in the mixed interdigitated gel-state bilayer. (A) The two structural parameters, CL and 
AC, describing the lipid asymmetry are given. It should be noted that the sn-2 acyl chains is shorted by ~ 1.35 C-C bond lengths due to an abrupt 
bend at the C-2 atom near the glycerol backbone region. (B) The molecular packing model of the mixed interdigitated bilayer for C(18):C(10)PC 
bilayers. It is assumed that the all-trans sn-1 acyl chain matches perfectly with the effective thickness of two opposing sn-2 acyl chains plus the 

van der Waals distance between the two methyl termini at the bilayer midplane. 



layer in a manner which is characteristically similar to 
the gel-state bilayer comprised of identical-chain phos- 
phatidylcholines. For highly asymmetric phosphatidyl- 
cholines with A C / C L  values in the range of 0.43-0.63, 
the lateral chain-chain interactions in packed lipids in 
the gel-state bilayer are stronger [16]. In addition, 
these highly asymmetric phosphatidylcholines are 
packed in the mixed interdigitated mode at T < T m 
[11-13,17]. Consequently, the assumption that the ef- 
fective chain length of the sn-2 acyl chain is inherently 
1.5 C-C bond lengths shorter may not be strictly cor- 
rect. 

A quantitative estimation of the sn-2 acyl chain 
shortening can be obtained indirectly by assuming hy- 
drophobic matching of the lipid acyl chains based on 
the packing model illustrated in Fig. 1. For a series of 
mixed-chain phosphatidylcholines in which the sn-1 
acyl chains are fixed in chain lengths with a total of 18 
carbon atoms while the sn-2 acyl chains are varied 
stepwise from 9 to 12 carbon atoms, the normalized 
transition entropies are known to be very similar [18]; 
however, the C(18):C(10)PC bilayer has the highest 
normalized transition entropy [18]. The thermodynamic 
data thus suggest that within this series of mixed-chain 
lipid bilayers, the sum of two shorter acyl chain lengths 
of C(18) : C(10)PC plus the close van der Waals contact 
distance between two opposing chain terminal methyl 
groups matches most perfectly with the 17 C-C bond 
lengths of the sn-1 C(18)-acyl chain. If we assume that 
the lateral chain-chain matching is indeed perfect in 
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C(18):C(10)PC at T <  T m and if we further assume 
that the distance between the two opposing terminal 
methyl groups in the bilayer center is 1.7 C-C bond 
lengths along the bilayer normal [19], one can readily 
calculate that the sn-2 acyl chain in the mixed interdig- 
itated bilayer is inherently shortened by 1.35 C-C bond 
lengths in comparison with the sn-1 acyl chain. It 
should be emphasized that this estimated value is cal- 
culated based on the molecular packing model of 
mixed-chain phosphatidylcholines shown in Fig. lB. In 
this model, the long axes of lipids' acyl chains in the 
mixed interdigitated bilayer are normal to the bilayer 
surface. Based on the estimated shortening of 1.35 C-C 
bond lengths for the sn-2 acyl chain, the AC and 
A C / C L  values are subsequently calculated for all other 
mixed chain phosphatidylcholines which tend to self- 
assemble into the mixed interdigitated mode at T < T m. 
These new sets of A C / C L  and CL values are used 
throughout this communication. 

Another structural parameter, 6, is the difference 
between the value of the apparent chain length of the 
longer acyl chain (CL) and the sum of two shorter acyl 
chains plus the van der Waals contact distance be- 
tween the two opposing methyl ends [ 2 ( C L -  AC)+  
1.7]. The value of 6 is zero for the mixed interdigitated 
bilayer of C(18):C(10)PC, since it has been assumed 
that the longer fully extended acyl chain and the sum 
of two shorter acyl chains plus the van der Waals 
contact distance between the two opposing methyl ends 
are perfectly matched. For various mixed-chain phos- 
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Fig.  2. T h e  t h i r d  D S C  h e a t i n g  c u r v e s  o b t a i n e d  w i t h  a q u e o u s  d i s p e r s i o n s  p r e p a r e d  f r o m  f ive s e r i e s  o f  h igh ly  a s y m m t r i c a l  m i x e d - c h a i n  

p h o s p h a t i d y l c h o l i n e s .  T h e  sn-1 acyl  c h a i n  l e n g t h s  o f  all  t h e s e  l ip ids  a r e  l o n g e r  t h a n  t h o s e  o f  t h e  sn-2 acyl  cha ins .  W i t h i n  e a c h  se r ies ,  t h e  sn-1 

acyl  c h a i n  i n c r e a s e s  succes s ive ly  by  o n e  m e t h y l e n e  un i t ,  w h i l e  t h e  sn-2 acyl  c h a i n  h a s  a f ixed  c h a i n  l eng th .  S c a n  r a t e :  15 C ° / h .  L i p i d  

c o n c e n t r a t i o n s :  3 - 6  m M .  



302 

TABLE I 

The thermodynamic data associated with the phase transitions of aqueous lipid dispersions prepared from t~'arious mixed.chain phosphatidylcholines 

T~ , ( C )  AT1/2,(C °)  ZlH, (kcal/mol) AS, (cal/mol per K) Lipid J C / C L  obs o 

3.0 C(19) : C(9)PC 0.6306 13.2 1.75 8.3 -+ 0.2 29.0 4- 0.7 
C(21) : C(10)PC 0.6175 27.0 0.48 11.5 _+0.4 38.3 _+ 1.3 
C(23) : C(11)PC 0.6068 . . . .  
C(25): C(12)PC 0.5979 - - - 

2.0 C(18) : C(9)PC 0.6088 11.0 0.46 8.2 4- 0.5 28.9 _+ 1.7 
C(20) : C(10)PC 0.5974 26.1 0.23 10.7 ± 0.5 35.7 _+ 1.7 
C(22) : C(11)PC 0.5881 37.5 0.78 12.2 _+ 0.4 39.3 4- 1.3 
C(24): C(12)PC 0.5804 - - - 
C(26): C(13)PC 0.5740 - - - 

1.0 C ( 1 7  : C(9)PC 0.5844 7.4 0.29 4.4 + 0.5 15.7 _+ 1.7 
C(19) : C(10)PC 0.5750 22.7 0.60 8.3 _+ 0.5 28.1 ± 1.6 
C(21): C(11)PC 0.5675 35.4 0.80 12.2 + 0.4 39.5 + 1.3 
C(23): C(12)PC 0.5614 . . . .  
C(25) : C( 13)PC 0.5563 . . . .  

0.0 C(16): C(9)PC 0.5567 . . . .  
C(18): C(IO)PC 0.5500 18.9 0,28 8.9 _+ 0.3 30.5 + 1.0 
C(20): C(11)PC 0.5447 32.4 0,28 11.1 -+ 0.6 36.3 _+ 2.0 
C(22): C(12)PC 0.5405 43.1 0,35 13.2 ± 0.8 41.7 _+ 2.6 
C(24): C(13)PC 0.5370 - - 
C(26): C(14)PC 0.5340 - - 

- 1.0 C(15): C(9)PC 0.5250 . . . .  
C(17): C(IO)PC 0.5219 13.6 0.28 8.4 4- 0.5 29.3 4- 1.7 
C(19):C(11)PC 0.5194 28.7 0.35 11.0 _+ 0.6 36.4 _+ 2.0 
C(21): C(12)PC 0.5175 39.6 0.60 11.8 _+ 0.3 37.7 _+ 1.0 
C(23): C(13)PC 0.5159 - - 
C(25): C(14)PC 0.5146 . . . .  

- 2.0 C(14): C(9)PC 0.4885 . . . .  
C(16): C(IO)PC 0.4900 . . . .  
C(18): C(ll)PC 0.4912 21.35 0.48 9.1 _+ 0.5 30.9 _+ 1.7 
C(20): C(12)PC 0.4921 34.2 0.80 11.5 ± 0.6 37.4 _+ 2.0 
C(22): C(13)PC 0.4929 44.6 0.53 14.1 ± 0.7 44.4 4- 2.2 
C(24): C(14)PC 0.4935 . . . .  
C(26): C(15)PC 0.4940 . . . .  

- 3.0 C(13): C(9)PC 0.4458 . . . .  
C(15): C(IO)PC 0.4536 - - - 
C(17): C(l l )PC 0.4594 12.8 0.80 6.9_+0.5 24.1 ± 1.8 
C(19): C(12)PC 0.4639 27.7 0.33 9.6 _+ 0.4 31.9 -+ 1.3 
C(21): C(13)PC 0.4675 39.4 0.72 12.0 ± 0.5 38.4 -+ 1.6 

C(23): C(14)PC 0.4705 - - - 
C(25): C(15)PC 0.4729 - - - 

- 4.0 C(18): C(12)PC 0.4320 17.3 0.68 8.4 -+ 0.8 28.9 ± 2.8 
C(20): C(13)PC 0.4395 30.2 1.11 11.6 -+ 0.5 38.2 _+ 1.7 
C(22): C(14)PC 0.4452 41.3 1.15 13.7 _+ 0.7 43.6 _+ 2.2 
C(24): C(15)PC 0.4500 . . . .  
C(26): C(16)PC 0.4540 . . . .  

2.95 C(8): C(21)PC 0.6247 24.3 0.71 10.7 _+ 0.4 36.5 _+ 0.9 
C(9): C(23)PC 0.6126 33.7 0.38 11.4 _+ 0.3 37.2 _+ 0.9 
C(IO): C(25)PC 0.6026 43.1 0.53 13.1 _+ 0.6 41.4 _+ 1.9 

1.95 C(8): C(20)PC 0.6034 21,3 0.25 12.2 _+ 0.9 41,4 _+ 3.1 
C(9): C(22)PC 0.5929 32,0 0.90 11.5 _+ 0.4 37.7 4- 1.3 
C(10): C(24)PC 0.5843 42.2 0.72 13.3 + 0.2 42.2 _+ 0.6 
C(11): C(26)PC 0.5772 . . . .  

0.95 C(8): C(19)PC 0.5796 17.1 0.33 10.2 _+ 0.2 35.1 _+ 0.7 
C(9): C(21)PC 0.5710 29.3 0.47 11.2 _+ 0.3 36.4 _+ 1.0 
C(10): C(23)PC 0.5642 40.0 0.70 13.2 _+ 0.5 42.2 _+ 1.6 
C(11): C(25)PC 0.5585 49.5 0.29 13.7 _+ 0.5 42.5 4- 1.5 

- 0.05 C(8): C(18)PC 0.5527 10.2 0.50 7.1 _+ 0.6 25.0 _+ 2.2 
C(9): C(20)PC 0.5467 24.9 0.28 10.9 _+ 0.7 36.9 _+ 2.0 
C(10) : C(22)PC 0.5420 37.4 0.28 11.9 _+ 0.7 38.3 _+ 2.3 
C(11) : C(24)PC 0.5381 47.7 0.50 13.4 _+ 0.7 41.8 _+ 2.1 
C(12): C(26)PC 0.5349 55.2 0.85 14.7 5:0.3 44.8 _+ 0.9 
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6 Lipid zIC/CL TmObS,( o C) AT1/2,(C ° ) AH, (kcal/mol) AS, (cal/mol per K) 

- 1.05 C(8) : C(17)PC 0 . 5 2 2 2  . . . .  
C(9): C(19)PC 0.5195 19.6 0.88 11.3 _+ 0.9 38.6 _+ 3.1 
C(10) : C(21)PC 0.5174 32.7 0.27 11.3 _+ 0.3 36.9 _+ 1.0 
C(11) : C(23)PC 0.5157 43.5 0.55 12.4 _+ 0.3 39.2 +_ 0.9 
C(12): C(25)PC 0 . 5 1 4 3  . . . .  

- 2.05 C(9) : C(18)PC 0.4888 10.9 0.66 8.3 _+ 0.6 29.2 _+ 2.0 
C(10) : C(20)PC 0.4901 26.8 0.28 9.2 _+ 0.7 30.7 _+ 2.3 
C(11) : C(22)PC 0.4911 38.6 0.45 12.6 _+ 0.2 40.4 _+ 0.7 
C(12): C(24)PC 0.4919 48.7 0.43 13.8 + 0.5 42.9 _+ 1.5 
C(13) : C(26)PC 0 . 4 9 2 6  . . . .  

- 3.05 C(9) : C(17)PC 0 . 4 5 3 9  . . . .  
C(10) : C(19)PC 0.4595 19.9 0.53 7.1 _+ 0.5 24.2 +_ 1.7 
C(11) : C(21)PC 0.4638 32.6 0.58 9.4 _+ 0.4 30.7 +_ 1.4 
C(12) : C(23)PC 0.4673 44.0 0.82 13.4 +_ 0.4 42.3 _+ 1.2 
C(13) : C(25)PC 0.4702 53.3 0.45 14.7 _+ 0.4 45.0 _+ 1.3 

- 4.05 C(10) : C(18)PC 0 . 4 2 4 9  . . . .  
C(11) : C(20)PC 0.4334 25.7 0.50 8.4 _+ 0.2 28.1 _+ 0.7 
C(12) : C(22)PC 0.4402 37.6 0.68 13.2 _+ 0.3 42.5 _+ 0.9 
C(13): C(24)PC 0.4457 - - - 
C(14): C(26)PC 0.4503 55.5 0.91 15.1 +_ 0.5 45.9 _+ 1.6 

pha t idy lcho l ines  which can form mixed in t e rd ig i t a t ed  
bi layers ,  ~ value  can be e i the r  posi t ive or  negat ive,  
d e p e n d i n g  on the values  of  C L  and  [2(CL - AC) + 1.7]. 

Thermotropic phase behavior of homologous series of 
mixed-chain phosphatidylcholines with longer sn-1 acyl 
chains and with AC / CL values in the range of 0.43-0.63 

To s tudy sys temat ica l ly  the  mel t ing  behav io r  of  vari-  
ous mixed-cha in  phospha t idy lcho l ines  p a c k e d  in the  
mixed in t e rd ig i t a t ed  gel -s ta te ,  we have first p e r f o r m e d  
the  h igh- reso lu t ion  D S C  s tudies  on five ser ies  of  phos-  
pha t idy lcho l ines  with A C / C L  values  in the  range  of  
0.43-0.63.  The  sn-1 acyl chain  lengths  of  all these  
l ipids a re  longer  than  those  of  the  sn-2 acyl chains.  In  
fact, the  sn-2 acyl chain  length  increases  sys temat ica l ly  
f rom 9 to 13 in these  5 ser ies  of  l ipids.  Wi th in  each  
series,  however ,  the  sn-1 acyl chain  increases  succes- 
sively by one  me thy lene  unit.  

Fig. 2 shows some typical  D S C  curves ob t a ined  with 
l ipid samples  a f te r  the  th i rd  D S C  hea t ing  scans. The  
c o r r e s pond ing  values  of  A C / C L  and t5 a re  also indi-  
ca ted .  Wi th  the  except ion  of  C(19) :C(9)PC,  all l ipid 
samples  exhibit  a single,  sharp ,  e n d o t h e r m i c  p e a k  upon  
hea t ing .  In fact, these  e n d o t h e r m i c  t rans i t ion  curves 
are,  within expe r imen t a l  errors ,  i n d e p e d e n t  of  the  
t he rma l  his tory of  the  l ipid samples .  Moreover ,  these  
samples  do not  exhibi t  the  sub t rans i t ion  or  the  p re t r an -  
si t ion upon  init ial  heat ing.  Hence ,  the  obse rved  single 
e n d o t h e r m i c  t rans i t ion  for each  of  the  mixed-cha in  
phospha t idy lcho l ines  shown in Fig. 2 can be  asc r ibed  to 
the  mixed  in t e rd ig i t a t ed  gel to the  l iquid-crysta l l ine  
phase  t rans i t ion  [3,19]. 

The  phase  t rans i t ion  charac ter i s t ics  of  these  five 
homologous  series  of  mixed-cha in  phospha t idy lcho l ines  
are  very similar .  The  value  of  T m in each  ser ies  in- 
c reases  s teadi ly  with increas ing  sn-1 acyl cha in  length;  
however ,  the  increase  becomes  progress ively  smal ler  as 
the  8 value  increases  successively (Fig.  2). The  t ransi-  
t ion peak  width  at  ha l f -he ight  (AT1~ 2) also varies  within 
each  series,  but  the  obse rved  sharpes t  t rans i t ion  curve 
is invar iably the  one  with a 6 value of  zero.  The  
expe r imen ta l  values  of  Tm, AH, AS and  ATe~ z associ- 
a ted  with the  phase  t rans i t ions  of  the  aqueous  disper-  
sions p r e p a r e d  f rom 23 mixed-cha in  phospha t idy l -  
chol ines  with longer  acyl chains  at the  sn-1 posi t ion  of  
the  glycerol  backbone  are  summar i zed  in Tab le  I. 

In  Fig. 3, the  T m values  of  var ious  l ipid d ispers ions  
l is ted in Tab le  I a re  p lo t t ed  agains t  1/AC. Clearly,  the  
values  of  T m from each homologous  series  of  l ipids 
give rise to a smooth  curvi l inear  curve. However ,  a 
c loser  examina t ion  of  the  da ta  given in Fig. 3 reveals  
an in te res t ing  fea ture .  W h e n  the var ious  T m values  
co r r e spond ing  to mixed-cha in  phospha t idy lcho l ines  
wi th  a c o m m o n  6 va lue  are  connec ted ,  a grid of  l inear  
curves is ob ta ined .  Cons ider ing ,  for example ,  C ( 1 8 ) : C  
( l l ) P C ,  C(20) :C(12)PC,  and C(22) :C(13)PC,  these  
l ipids have a c o m m o n  6 value  of  - 2 ,  and  the  least-  
squares  line bes t  f i t t ing the i r  T m values  in the  T m vs. 
1 / A C  plot  has  the  form: T m = - 1 0 0 2 . 2 2 ( 1 / A C ) +  
141.42 with a cor re la t ion  coeff ic ient  of  1.0. The  T m 
value  of  C(16) : C(10)PC ( 1 / A C  = 0.1361, t5 = - 2) can 
be  ca lcu la ted  f rom the l eas t - squares  express ion  to be 
5.0°C. This  ca lcu la ted  va lue  is in excel lent  a g r e e m e n t  
with the  expe r imen ta l  value  of  4.9°C [19], indica t ing  
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T A B L E  II 

Predicted and calculated T m values for various mixed-chain phosphatidylcholines based on experimental T,, values determined calorimetrically 

6 Lip id  A C / C L  (AC)  ' TObS ( o C) TmCat ( o C)  T~P,-d ( o C) A T  m (C ° ) " 

3.0 C(19) : C ( 9 ) P C  0.6306 0.0881 13.2 13.2 12.6 - 0.6 

C(21)  : C (10 )PC  0.6175 0 .0810 27.0 27.0 26.3 - 0.7 

C(23) :  C(11 )PC 0.6068 0 .0749 - 38.9 38.1 - 

C125) : C( 12)PC 0 .5979 0 .0697 49.0 48.1 

2.0 C(18) : C ( 9 ) P C  0.6088 0 .0966 11.0 11.2 11.8 11.8 

C(20):  C (10 )PC  0 .5974 0.0881 26.1 25.7 26.4 11.3 

C(22)  : C (11 )PC  0.5881 0 .0810 37.5 37.7 38.5 1.0 

C(24)  : C (12 )PC  0.5804 0 .0749 - 48.1 49.11 - 

C126) : C(13)PC 0.5740 0 .0697 - 57./) 57.9 - 

1.0 C(17) : C (9 )PC  0 .5844 0 .1070 7.4 7.4 8.1 11.7 

C(19) : C (10 )PC  0 .5750 0 .0966 22.7 22.8 23.6 0.9 

C(21):  C(11)PC 0.5675 0.0881 35.4 35.4 36.2 (I.8 

C(231: C (12 )PC  0.5614 0 .0810 - 45.9 46.8 - 

C(25) : C (13 )PC  0.5563 0 .0749 - 54.9 55.9 - 

0.0 C(16) : C (9 )PC  0.5567 0 .1198 - 2.6 1.9 - 

C ( 1 8 ) : C ( 1 0 ) P C  11.5500 0 .1070 18.9 19.0 18.2 - 0 . 7  

C(20) : C (11 )PC  0 .5447 0 .0966 32.4 32.3 31.4 - 1.0 

C(22) : C(12)PC 0.5405 0.0881 43.1 43.2 42.2 - 0.9 

C124) : C( 13)PC 0.5370 0 .0810 - 52.3 51.2 

C(26) :  C (14 )PC  0.5340 0 .0749 60.1 59.0 - 

1.0 C(15)  : C ( 9 ) P C  0.5250 0.1361 4.5 - 4.4 - 

C(17) : C(I  0 )PC  0 .5219 0 .1198 13.6 13.8 13.9 11.3 

C ( 1 9 ) : C ( 1 1 ) P C  0.5194 0 .1070 28.7 28.2 28.2 - 0 . 5  

C(21) : C(I  2 )PC 0.5175 0 .0966 39.6 39.9 39.8 11.2 

C(23)  : C(I  3 )PC 0.5159 0.0881 49.4 49.3 - 

C(25)  : C (14 )PC  0.5146 0 .0810 57.4 57.3 - 

- 2.0 C(14)  : C ( 9 ) P C  0.4885 0.1575 - - 16.4 - 16.5 - 

C(16)  : C (10 )PC  0.4900 0.1361 5.0 5.3 

C(18) : C (11 )PC  0.4912 0 .1198 21.35 21.4 21.9 1).5 

C(20 ) : C( 12)PC 0.4921 0 .1070 34.2 34.2 34.9 0.7 

C(221 : C (13 )PC  0 .4929 0 .0966 44.6 44.6 45.5 0.9 

C(24) : C (14 )PC  0.4935 0.0881 - 53.1 54.2 

C1261 : C (15 )PC  0 .4940 0 .0810 60.2 61.4 - 

- 3.0 C(13) : C ( 9 ) P C  0.4458 0. 1869 - - 33.6 32.9 

C ( 1 5 ) : C ( 1 0 ) P C  0.4536 0.1575 - - 6.8 5.9 

C(17) : C (11 )PC  0.4594 0.1361 12.8 12.8 13.8 1.0 

C(19) : C (12 )PC  0.4639 0 .1198 27.7 27.7 28.7 1.0 

C(211 : C (13 )PC  0.4675 0 .1070 39.4 39.4 40.5 1.1 

C(23) : C( 14)PC 0.4705 0 .0966 - 48.9 50./) 

C(25) : C(15)PC 0.4729 0.0881 - 56.7 57.8 

- 4.0 C(18) : C (12 )PC  0 .4320 0.1361 17.3 17.1 17.0 - 0.3 

C(20) : C (13 )PC  0.4395 0 .1198 30.2 30.6 30.4 0.2 

C(22)  : C( 14)PC 0.4452 0 .1070 41.3 41.1 40.8 - 11.5 

C124) : C (15 )PC  0.4500 0 .0966 - 49.7 49.4 - 

C(26)  : C (16 )PC  0.4540 0.0881 - 56.7 56.3 - 

2.95 C18) : C121)PC 0.6247 0 .0858 24.3 24.1 24.5 0.2 

C19) : C (23 )PC  0 .6126 0.0791 33.7 34.2 34.7 1.0 

C110) : C (25 )PC  0 .6026 0.0733 43.1 42.9 43.4 0.3 

1.95 C(81: C (20 )PC  0 .6034 0 .0939 21.3 21.1 21. l - 0.2 

C(9) : C (22 )PC  0.5929 0 .0858 32.0 32.5 32.5 0.5 

C(10)  : C (24 )PC  0.5843 0.0791 42.2 41.9 42.0 - 0.2 
C(11)  : C (26 )PC  0.5772 0.0733 - 50.1 50.2 - 

0.95 C(8) : C (19 )PC  0.5796 0 .1036 17.1 16.8 16.4 - 0.7 

C19): C (21 )PC  0.5710 0 .0939 29.3 29.6 29.2 - 0.1 

C(10) :  C (23 )PC  0.5642 0 .0858 40.0 40.3 39.8 - 0.2 

C(11) : C (25 )PC  0.5585 0.0791 49.5 49.2 48.6 - 11.9 

- 0.05 C(8):  C (18 )PC  0 .5527 0.1156 10.2 10.2 10.3 0.1 

C(9) : C (20 )PC  0 .5467 0 .1036 24.9 25.1 24.9 0.0 
C(10)  : C (22 )PC  0 .5420 0 .0939 37.4 37.2 36.6 - 0.8 

C(11 ): C (24 )PC  0.5381 0 .0858 47.7 47.3 46.5 1.2 

C(12) :  C (26 )PC  0.5349 0.0791 55.2 55.6 54.6 - 0.6 



T A B L E  II ( con t inued)  

6 Lipid A C / C L  ( A C ) -  1 TmObS ( o C )  ZmCal ( o C )  rgrd ( ° C) A T  m ( C  o ) a 
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- 1.05 C(8) : C ( 1 7 ) P C  0 .5222 0 .1307 - 2.9 

C(9):  C ( 1 9 ) P C  0.5195 0 .1156 19.6 19.6 

C(10)  : C (21 )PC  0 .5174 0 .1036 32.7 32.8 

C(11) :  C (23 )PC  0.5157 0 .0939 43.5 43.5 

C(12)  : C ( 2 5 ) P C  0.5143 0 .0858 - 52.4 

- 2.05 C(9) : C (18 )PC  0 .4888 0 .1307 10.9 11.0 

C(10)  : C ( 2 0 ) P C  0.4901 0 .1156 26.8 26.5 

C(11)  : C ( 2 2 ) P C  0.4911 0 .1036 38.6 38.8 

C(12)  : C (24 )PC  0 .4919 0 .0939 48.7 48.7 

C(13)  : C (26 )PC  0 .4926 0 .0858 - 57.0 

- 3.05 C(9) : C ( 1 7 ) P C  0.4539 0 .1504 - 1.6 

C(10)  : C (19 )PC  0.4595 0 .1307 19.9 19.5 

C(11)  : C (21 )PC  0 .4638 0 .1156 32.6 33.2 

C(12)  : C ( 2 3 ) P C  0.4673 0 .1036 44.0 44.1 

C(13)  : C ( 2 5 ) P C  0 .4702 0 .0939 53.3 52.9 

- 4.05 C(10)  : C (18 )PC  0 .4249 0 .1504 - 9.6 

C(11)  : C (20 )PC  0 .4334 0 .1307 25.7 25.6 

C(12)  : C ( 2 2 ) P C  0.4402 0 .1156 37.6 37.8 

C(13) :  C (24 )PC  0 .4457 0 .1036 - 47.5 

C(14) : C (26 )PC  0.4503 0 .0939 55.5 55.4 

2.1 

18.9 

32.3 

43.1 

52.1 

11.2 

26.6 

38.7 

48.5 

56.8 

1.1 

19.1 

32.9 

43.8 

52.7 

9.4 

25.4 

37.7 

47.4 

55.3 

- 0 . 7  

- 0 . 4  

- 0 . 4  

0.3 

- 0 . 2  

0.1 

- 0 . 2  

- 0 . 8  

0.3 

- 0 . 2  

- 0 . 6  

- 0 . 3  

0.1 

- 0 . 2  

a T h e  d i f ference  in T m b e t w e e n  the  predic ted  (Tm °rJ) and the exper imenta l ly  o b s e r v e d  (Tin °bs) values .  

that the least-squares lines in Fig. 3 may be used 
feasibly as a means to calculate the T m values for a 
number of mixed-chain phosphatidylcholines. Conse- 
quently, the calculated T m values for many mixed-chain 
phosphatidylcholines are evaluated by the same least- 
squares procedure, and the results are given in the 
column labeled T cal in Table II. The slopes and Y-in- 
tercepts of  these least-squares lines are summarized in 
Table III.  

Thermodynamic phase behavior of mixed-chain phos- 
phatidylcholines with longer sn-2 acyl chains and with 
AC / CL values in the range of 0.43-0.65 

The next set of  DSC experiments was aimed at 
finding out whether a switch in the relative chain 
lengths in the sn-1 and the sn-2 positions would have 
an effect on the phase transition behavior for mixed- 
chain phosphatidylcholines with A C / C L  values in the 
range of 0.43-0.63. In these experiments, the mixed- 
chain phospholipids have longer acyl chains at the sn-2 
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Fig. 3. The  phase  transi t ion t e m p e r a t u r e  ( T  m) versus  (AC)  - I  fo r  

various  highly asymmetr ica l  mixed-cha in  phosphat idy lcho l ines  with  
l o n g e r  sn-1 a w l  chains .  T h e  X ~  Y pa ir -number  u n d e r  e a c h  experi-  
menta l  point  deno te s  the  individual  mixed-cha in  phosphat idy lcho l ine  
with X and Y carbons  in the  sn-1 and the  sn-2 acyl chains ,  respec-  

tively. 

T A B L E  III 

The slopes (m) and ratios of the Y-axis intercept~slope ( b / m )  of the 
various least-squares lines best-fitting the T m values at given values of 
(5 as shown in Figs. 3 and 5 

6 m b / m  

3.0 - 1943.662 - 0 . 0 9 5  

2.0 - 1701.246 - 0 .103 

1.0 - 1481.102 - 0 . 1 1 2  

0.0 - 1281.072 - 0 .122 

- 1.0 - 1122.927 - 0 . 1 3 2  

- 2.0 - 1002.222 - 0 . 1 4 1  

- 3.0 - 914.090 - 0 . 1 5 0  

- 4 . 0  - 823.252 - 0 . 1 5 7  

2.95 - 1501.406 - 0 . 1 0 2  
1.95 - 1409.025 - 0 .109 

0.95 - 1319.470 - 0 . 1 1 6  

- 0.05 - 1243.612 - 0 . 1 2 4  

- 1.05 - 1101.004 - 0 . 1 3 3  

- 2.05 - 1023.453 - 0 . 1 4 2  

- 3.05 - 908.965 - 0 .152 

- 4 . 0 5  - 8 1 0 . 8 3 6  - 0 . 1 6 2  
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Fig. 4. The third DSC heating curves obtained with aqueous dispersions prepared from five series of highly asymmetrical mixed-chain 
phosphatidylcholines with longer sn-2 acyl chains. See Fig. 2 legend for experimental conditions. 

position of the glycerol backbone. In addition, both the 
acyl chain lengths at the sn-1 and the sn-2 positions of 
the glycerol backbone are systematically modified. 

Some typical DSC heating thermograms obtained 
with aqueous dispersions prepared from five homolo- 
gous series of mixed-chain phosphatidylcholines with 
longer sn-2 acyl chains and with A C / C L  values in the 
range of 0.43-0.63 are illustrated in Fig. 4. All samples 
exhibit a sharp, single, endothermic transition upon 
heating. It is evident that within each series the upward 
shift in T m decreases progressively as the sn-2 acyl 
chain length increases successively. In addition, the 
sharpest transition peak is displayed by the lipid species 
with the samllest absolute value of ~. These phase 
transition characteristics are thus remarkably similar to 
those exhibited by mixed-chain phosphatidylcholines 
which have longer sn-1 acyl chains as shown in Fig. 2. 
The thermodynamic parameters associated with the 
main phase transitions for 29 mixed-chain phos- 
phatidylcholines including all those shown in Fig. 4 are 
summarized in Table I. 

Analysis of the T m values for all the mixed-chain 
phosphatidylcholines with shorter sn-1 acyl chains re- 
veals a linear relationship between T m and 1/AC at a 
common value of ~ (Fig. 5). For instance, C(9):C 
(18)PC, C(10) : C(20)PC, C ( l l )  : C(22)PC and C(12): C 
(24)PC have a common 3 value of -2 .05 .  The least- 
squares line best fitting their T m values has the expres- 
sion: T m = - 1 0 2 3 . 4 5 ( 1 / A C )  + 144.80, with a correla- 
tion coefficient of 0.9999. This expression can then be 
used to calculate the T m values for C(8):C(16)PC and 
C(13):C(26)PC, and the results, -9 .1°C and 57.0°C, 
respectively, are listed in Table II under the label T~ al. 

The slopes and Y-intercepts of all the least-squares 
lines best fitting the experimental T m values for various 
lipids at given values of 6 are listed in Table III. 

Empirical equations for predicting the T m values 
A key feature of the results shown in Figs. 3 and 5 is 

that the values of T m for various phosphatidylcholines 
at constant values of 8 are linear functions of 1/AC. 
As discussed in the preceding sections, these linear 
curves can be used individually to calculate the T m 
values for mixed-chain phosphatidylcholines at a con- 
stant value of (5. If, however, a common relationship 
can be sought between all these lines and their corre- 
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Fig. 5. The phase transition temperature (T~) versus (AC)- 1 for 
various highly asymmetrical mixed-chain phosphatidylcholines with 

longer sn-2 acyl chains. See Fig. 3 legend for other notations. 
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sponding 3 values, then a general equation relating 
Tm, 3, and 1 /AC perhaps can be derived. If so, the 
prediction of T m value for mixed-chain phosphatidyl- 
cholines with A C / C L  values in the range of 0.43-0.63 
can be greatly simplified. Here, we first derive the 
general equations, and, then, compare the calculated 
T m values with the observed ones. 

The slopes, m, and the ratios of the Y- 
intercept/slope, b/m, of the various linear curves at 
constant values of 3 observed in Figs. 3 and 5 are 
plotted against ~ in Figs. 6A and B, respectively. In 
Fig. 6A, all the data points of m are seen to fall on two 
straight lines. The point corresponding to a 3 value of 
- 0 . 0 5 ,  however, can fit into either line. We place this 
point into the larger group of data points to form the 
lower straight line in Fig. 6A. These 12 data points can 
be best fit by the least-squares to an equation of the 
form: m = - 9 9 . 9 5 3 8 ( 3 ) -  1218.2997 with a correlation 
coefficient of 0.9985. The other four values of m ob- 
tained with mixed-chain phosphatidylcholines with in- 
tegral values of 3 ranging from 0 to 3 fall on a different 
straight line; the least-squares expression takes the 
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form: m = - 2 2 0 . 7 9 1 4 ( 3 ) - 1 2 7 0 . 5 8 3 4  with a correla- 
tion coefficient of 0.9991. The ratios of the Y-inter- 
cept/s lope,  b/m, of the various linear curves observed 
in Figs. 3 and 5 are plotted in Fig. 6B versus 3. Again, 
these data can be fit into two curves. The values of 
b/m obtained with five series of mixed-chain phos- 
phatidylcholines which have ~ values of - 4 ,  0, 1, 2, 
and 3, respectively, can be fit into a linear function of 

as follows: b/m = 8 .9 .10-3(3)  - 0. 1213 with a cor- 
relation coefficient of 0.9999. All the other data points, 
however, fall on a nonlinear curve (Fig. 6B) and a 
least-squares expression of b/m = -0.1237 + 8.2320. 
1 0 - 3 ( 5 ) - 2 . 9 8 7  • 10-4(6) 2 with a correlation coeffi- 
cient of 0.9997 can be yielded to fit these eleven data 
points. The least-squares functions of the four curves 
shown in Figs. 6A and B can be summarized as follows: 

For 3 = 0, 1, 2, and 3: 

m= - 2 2 0 . 7 9 1 4 ( ~ ) - 1 2 7 0 . 5 8 3 4  

b/m = 8 . 9 . 1 0 - 3 ( ~ ) -  0.1213 

For 3 = - 4.05, - 3.05, - 3.00, - 2.05, - 2.00, - 1.05, 
-1 .00,  -0 .05,  0.95, 1.95 and 2.95: 

m = - 99.9538(8 ) - 1218.2993 

b/rn = - 0 . 1 2 3 7 +  8 . 2 3 2 0 . 1 0 - 3 ( 8 )  - 2 . 9 8 7 . 1 0 - 4 ( 8 )  2 

For ~ = - 4: 

m = - 99 .9538(8 )  - 1218.2993 

b /m  = 8.9" 10-3(~5) - 0 . 1 2 1 3  

Substituting these least-squares functions into the 
equation T m = m ( a l C )  - 1  + b = m [ ( A C )  - 1  + b/m], the 
general equations for the phase transition temperature 
for mixed-chain phosphatidylcholines with different 3 
values are obtained: 

For 3 = 0, 1, 2, and 3: 

T m = [ - 2 2 0 . 7 9 1 4 ( 8 )  - 1270.5834] [ ( A C )  1+8.9"  1 0 - 3 ( a ) - 0 . 1 2 1 3 ]  

For 3 = - 4.05, - 3.05, - 3.00, - 2.05, - 2.00, - 1.05, 
- 1.00, -0 .05,  0.95, 1.95 and 2.95: 

T m = [ - 9 9 . 9 5 3 8 ( 8 ) - 1 2 1 8 . 2 9 9 3  ] 

× [ (ZlC)  ' - 0 . 1 2 3 7 +  8.2320" 1 0 - 3 ( 8 )  - 2 . 9 8 7 - 1 0 - 4 ( 8 )  2] 

For 3 = - 4: 

T m = [ - 99 .9538(8 )  - 1218.2993] [ ( A C ) - 1 + 8 . 9  • 10 3 (8 )  - 0 . 1 2 1 3 ]  

Based on these general empirical equations, the pre- 
dicted T m values for all mixed-chain phosphatidyl- 
cholines with 3 values in the range of -4 .05  to 3.00 
can be evaluated; the resulting values are presented as 
Tm prd in Table II. It is evident from these empirical 



308 

A B 

9 

100 

80 

60 

u -3 "-/z o. 
-4 

) 

u 

l 
[-, 

4C 

2( 

( 

--21 

--4 

-6 

-8 

-10 

- 4  

Fig. 7. Three-dimensional pictures showing the TmOrd-surfaces as a function of the two structural parameters (6 and 1/AC). (A) The T~rd-surface 
for highly asymmetrical mixed-chain phosphatidylcholines with longer sn-1 acyl chains. (B) The Tm°ra-surface for highly asymmetrical mixed-chain 
phosphatidylcholines with longer sn-2 acyl chains. Both three-dimensional surfaces are generated based on the prediction equations derived in 

the text. The circles and squares are experimentally observed T m values. 

equations that the TPm ~a value of a given highly asym- 
metrical mixed-chain phosphatidylcholine depends on 
the structural parameters of 6 and (AC) -1. These 
expressions are different from the general equation of 
Huang [6] used previously in predicting the T m values 
for less asymmertical mixed-chain phosphatidylcholines 
with A C / C L  values in the range of 0.09 to 0.40; the 
latter depends on the structural parameters of AC, 
(CL) -1 and A C / C L  [6]. For highly asymmetrical 
mixed-chain phosphatidylcholines with A C / C L  values 
in the range of 0.43-0.63, the concomitant dependence 
of TOm ra on both 6 and (AC)- l  is demonstrated graphi- 
cally in two three-dimensional figures as illustrated in 
Fig. 7. The two-dimensional surfaces of Tm prd for highly 
asymmetrical mixed-chain phospholipids with longer 
sn-1 acyl chains and for those with longer sn-2 acyl 
chains are presented in Figs. 7A and 7B, respectively. 

The experimental T m values for all the mixed-chain 
phosphatidylcholines under current DSC study are 
plotted in Fig. 8 versus the predicted values. Clearly, 
the comparison indicates that the agreement is excel- 
lent in all cases. Of the 52 pairs of data compared, the 
largest deviation between the predicted and observed 
T m values is observed for C( l l ) :C(24)PC (Fig. 8 and 
Table II); this largest deviation, 1.2 C °, corresponds to 
a relative error of 2.5% in °C or a relative error of 

0.4% in absolute temperature. Thus the predicted T m 
values listed in Table II for mixed-chain phosphatidyl- 
cholines with 6 values in the range of -4 .05  to 3.00 
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Fig. 8. Comparison of the predicted Tm prd values and the experimen- 
tally observed Tm °bs values. Of the 52 pairs of data compared, only 
C(ll):C(24)PC shows the greatest deviation of 1.2°C as indicated. 
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are most likely to be the representative of those known 
accurately by high-resolution DSC experiments. These 
predicated T m values can be readily calculated from 
the general equations derived earlier. 

Conclusions 

Phosphatidylcholines, a major lipid component of 
biological membranes, consist of a large number of 
molecular species characterized by different acyl chains. 
If we consider only the saturated diacylphosphatidyl- 
cholines with each of the two chains limited to a range 
of 9-26 carbons, there are still totally 324 possible 
species. Any one of these 324 molecular species may 
constitute a lipid component in the highly complex 
structure of biological membranes. Clearly, our current 
knowledge about the physical properties of saturated 
diacylphosphatidylcholines is far from complete. 
Among the various physical properties associated with 
fully hydrated phosphatidylcholines, the phase transi- 
tion temperature, T m, is the one that can be most 
accurately determined by high-resolution DSC. The 
prospect of trying to identify all of the unknown values 
of T m seems daunting, based on the numerous organic 
syntheses and the time-consuming DSC experiments 
that are required. Consequently, it seems that other 
avenue must be explored to yield the T m values of 
saturated diacylphosphatidylcholines. Indeed, there 
have been numerous recent studies on the prediction 
of the phase transition temperatures for these molecu- 
lar species [6,10,20,21]. Although these predictions are 
highly successful, all of them are restricted to identical 
or mixed-chain phosphatidylcholines which, in excess 
water, undergo the partially interdigitated gel ---, liquid- 
crystalline phase transition. In this study, extensive 
DSC experiments have been carried out to measure 
the T m values for 52 molecular species of phosphatidyl- 
cholines which are highly asymmetrical with AC/CL 
values in the range of 0.43 to 0.63. Based on these DSC 
results, empirical equations are derived to predict the 
T m values for 81 molecular species of highly asymmet- 
ric phosphatidylcholines with AC/CL values in the 
range of 0.43 to 0.63, which, in excess water, presum- 
ably would undergo the mixed interdigitated gel 
liquid-crystalline phase transition upon heating. Hence, 
the prediction of T m values is now extended for the 
first time to include these highly asymmetrical species. 
Although the analysis of the DSC data described herein 
is not straight forward as that for less asymmetric 
molecular species as presented earlier [6], the following 
conclusions can be drawn from the present investiga- 
tion. 

(1) Based on the molecular packing model for the 
mixed interdigitated bilayer, it is suggested that the 
apparent chain length of the sn-2 acyl chain of mixed- 
chain phosphatidylcholines in the gel state in short- 

ened by ~ 1.35 C-C bond lengths due to the chain 
bend near the glycerol backbone region. 

(2) For highly asymmetrical mixed-chain phos- 
phatidylcholines which undergo the mixed interdigi- 
tared gel ~ liquid-crystalline phase transition, the tran- 
sition temperature, Tm, is a linear function of (AC)-1 
at a constant value of ~. 

(3) Based on the linear relationship between T m and 
(AC)- 1 at the constant values of ~, empirical equations 
can be derived to predict the T m values for all highly 
asymmetrical mixed-chain phosphatidylcholines which, 
in excess water, would undergo the mixed interdigi- 
tated gel---> liquid-crystalline phase transition upon 
heating, and the predicted values are tabulated in 
Table II. 

(4) The predicted T m values can be regarded as 
reliable, since the comparison between the experimen- 
tal and predicted values is excellent in all cases. 

(5) Finally, it should be mentioned that the ap- 
proach adapted here to predict the T m value is empiri- 
cal; however, it may form a basis for future theoretical 
studies. Moreover, this empirical approach is based on 
the molecular packing model of mixed interdigitation 
for fully hydrated asymmetric phosphatidylcholines 
(Fig. 1). 
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