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ABSTRACT: Phospholipids are  a major component of biological membranes. In excess water, phospholipids 
may self-assemble into fully hydrated lamellae which, upon heating, may undergo the gel to liquid-crystalline 
phase transition at  the characteristic temperature, T,. Our present knowledge about the T,  values for various 
phospholipids is far from complete, although it is necessary to know the T,  value for preparing liposomes. 
In this study, we have derived empirically a general expression of T,  = 154.2 + 2.0(AC) - 142.8(AC/CL) 
- 15 12.q  1 /CL) in which two apparent structural parameters, AC and CL, of a phosphatidylcholine molecule 
and their ratio, AC/CL, are  applied to estimate the T,  value of the phosphatidylcholine bilayer in excess 
water. The  parameter AC is the effective chain-length difference, in C-C bond lengths, between the two 
acyl chains for the phosphatidylcholine molecule in the gel-state bilayer, and CL is the effective length of 
the longer of the two acyl chains, also in C-C bond lengths. A figure containing 163 calculated T, values 
is presented, and this information will be useful as a guide for designing experiments. 

w h e n  fully hydrated diacylphospholipids are subjected to 
heating, these lipids may undergo multiple thermotropic phase 
transitions at well-defined discrete temperatures (Chapman 
et al., 1967; Mabrey & Sturtevant, 1976; Chen et al., 1980; 
Wong, 1986). Of the several transitions, the main phase 
transition or the gel - liquid-crystalline phase transition is 
perhaps most interesting; this phase transition involves not only 
a marked positive change in entropy, enthalpy, and partial 
molar volume of the lipid bilayer in excess water (Nagle & 
Wilkinson, 1978) but also the onset of a number of highly 
cooperative intra- and intermolecular motions of phospholipids 
in the two-dimensional plane of the bilayer (Seelig & Seelig, 
1980; Thompson & Huang, 1986; Pfeiffer et al., 1989). 
Moreover, the headgroup hydration is also increased at  the 
main phase transition temperature or T,  (Ruocco & Shipley, 
1982). I n  fact, enclosed multilamellar liposomes are well- 
known to form only after the phospholipids in excess water 
are heated above the T ,  (Bangham et al., 1965; Singer et al., 
1990). It is now a common practice that aqueous samples of 
phospholipids are prepared by dispersing first the lyophilized 
lipid in a buffered solution, followed by several cycles of 
heating/cooling of the dispersion at temperatures above and 
below the T,. Using this procedure, one can be sure that the 
phospholipid under study is fully hydrated and that enclosed 
multilamellar liposomes are generated. It should be pointed 
out that it is this fully hydrated phospholipid bilayer with 
highly dynamic nature that has been widely employed as a 
model membrane system in  studying the fundamental roles 
of membrane lipids in biological processes (Yeagle, 1987). 
Consequently, if  one attempts to prepare model membranes 
from phospholipids, it is necessary to know, at least approx- 
imately, the T,  value of the phospholipid dispersion as a guide 
for designing experiments. 

There are a huge variety of molecular species of phospho- 
lipids. Even if we consider only the saturated diacyl- 
phosphatidylcholines with the chain length in each acyl chain 
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limited to a range of 9-26 carbons, there are still totally 324 
possible species. The values of T, of about 10 identical-chain 
phosphatidylcholines have been determined by high-resolution 
differential scanning calorimetry or DSC (Silvius, 1982; Small, 
1986; Lewis et al., 1987). The thermotropic properties of less 
than 35 mixed-chain phosphatidylcholines have been elucidated 
by high-resolution DSC (Huang & Mason, 1986; Mattai et 
al., 1987; Xu & Huang, 1987; Shah et al., 1990; Lin et al., 
1990; Wang et al., 1990). Compared to the total number of 
molecular species of saturated diacylphosphatidylcholines, it 
is obvious that our present knowledge about the T,  values of 
various saturated diacylphosphatidylcholines is far from com- 
plete. Recently, the T,  values of a number of identical mo- 
lecular weight (MW) phosphatidylcholines and of two ho- 
mologous series of phosphatidylcholines with fixed chain-length 
differences between their acyl chains have been fit successfully 
to the linear function of normalized chain-length difference 
(ACICL) ,  when the values of A C / C L  are within the range of 
0.09-0.40 (Huang, 1990; Lin et al., 1990; Wang et al., 1990). 
It appears likely that an empirical estimation of a large number 
of unknown values of T, may be possible by using these linear 
relationships and the limited T,  values of known phosphati- 
dylcholines. In this paper, empirical linear relationships be- 
tween the T ,  and A C / C L  and between the T,  and l ICL are 
further analyzed, and these linear relationships are found to 
be the special cases of a more general expression whereby the 
values of T ,  of a wide variety of fully hydrated diacyl- 
phosphatidylcholines may be estimated, provided that the 
values of the normalized chain-length difference ( A C / C L )  
between the sn-1 and sn-2 acyl chains of these phosphati- 
dylcholines are within the range of 0.09-0.40. Here, the term 
AC is the effective chain-length difference, in C-C bonds, 
between the two acyl chains, and the term CL is the effective 
length of the longer of the two acyl chains, also in C-C  bonds 
(Mason et al., 1981; Huang, 1990). 

STRUCTURAL PARAMETERS AND DATA ANALYSES 
The two acyl chains of phosphatidylcholine molecules in 

various aggregated states are well-known to exhibit different 
conformations (Yeagle, 1987). Specifically, the initial segment 
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of the sn-2 acyl chain runs parallel to the bilayer surface and 
then bends over a t  the C-2 position. Because of the bend in 
the sn-2 acyl chain, the two acyl chains run nearly parallel 
in the bilayer. I n  addition, the two acyl chains are different 
in their apparent chain lengths, being separated along the long 
molecular axis by 1.5 carbon-carbon bond lengths for iden- 
tical-chain phosphatidylcholine in the gel-state bilayer (Zaccai 
et al., 1979). The normalized chain-length difference between 
the sn- l  and sn-2 acyl chains for a phosphatidylcholine 
molecule in the gel-state bilayer may be quantitatively ex- 
pressed as A C / C L  (Mason et ai., 1981; Huang, 1990). In  
calculating the values of AC and CL, an inherent shortening 
of 1.5 C-C bond lengths for the sn-2 acyl chain must be taken 
into account. In the case of C(  16):C( 16)PC, for instance, the 
value of AC is 1.5 C-C bond lengths, and the value of CL is 
15, corresponding to the length of the longer sn-l acyl chain 
in C-C bonds. The normaiized chain-length difference, 
AC/CL, is thus 0.100. By taking C(13):C(19)PC as a second 
example, the values of AC, CL, and AC/CL are 4.5, 16.5, and 
0.273, respectively. 

Recently, the T ,  values of aqueous dispersions prepared 
from C( 17):C( 17)PC, C(  15):C( 19)PC, C(  18):C( 16)PC, C- 
(14):C(2O)PC, C( 19):C(15)PC, C(  13):C(21)PC, and C- 
(20):C( 14)PC have been shown to be linearly related to the 
corresponding values of AC/CL for these identical MW 
phospholipids, and the values of AC/CL for these various lipids 
are in the range of 0.09-0.40 (Huang, 1990; Lin et al., 1990). 
In addition, the T, values reported by Lewis et al. (1987) and 
by Wang et al. (1990) for a homologous series of identical- 
chain phosphatidylcholines, C(X):C(X)PC, and for a similar 
series of mixed-chain phosphatidylcholines, C(X):C(X+6)PC, 
have also been shown to be linearly related to the function of 
AC/CL. These linear relationships are shown graphically in 
Figure I .  

By fitting the respective experimental data of Lewis et al. 
( 1  987) and of Wang et al. ( 1  990) as a function of AC/CL, 
two least-squares expressions of T ,  = 156.9 - 1148.3(AC/CL) 
and T,,, = 163.3 - 481.l(AC/CL) are obtained, respectively, 
and each best-fit straight line has a correlation coefficient of 
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FIGURE 2: (A) T,  values for saturated diacylphosphatidylcholines 
with fixed values of AC versus the inverse of CL. Lines a and d are 
the least-squares lines fitting the T,,, values for C(X):C(X)PC (AC 
= 1.5) and C(X):C(X+6)PC (AC = 4 . 9 ,  respectively. The point of 
intersection of these two least-squares lines defines a unique pair of 
T,  and 1/CL values, and this point is then used as a fixed point to 
generate a family of lines by connecting it to the various pairs of T, 
and 1/CL values for five other phosphatidylcholines with a common 
MW identical with C(17):C(17)PC as shown in Table I. The tem- 
perature-axis intercepts and the slopes of these lines are replotted 
against AC (the insert B). 

0.999. The standard deviations of the slope and the intercept 
for the first linear least-squares line fitting the data of Lewis 
et al. (1987) are 12.2 and 1.2, respectively, and those for the 
second linear least-squares line are 4.7 and 1.2, respectively. 
The AC values for C(X):C(X)PC and C(X):C(X+6)PC are 
constant; they are 1.5 and 4.5, respectively. The best-fit linear 
expressions can thus be reduced to the forms: 

C(X):C(X+6)PC: T ,  = 
(163.4 f 0.8) - (2165.7 f 14.0)(1/CL) 

C(X):C(X)PC: T,  = 
(157.2 f 0.9) - (1725.9 f 14.7)(1/CL) 

These two least-squares lines yield a unique pair of best-fit 
values of T,,, and CL at the common point of intersection, and 
the coordinates of the intersection of the two lines ( T ,  = 133.0 
"C and CL = 71.2 C-C bonds) are illustrated in Figure 2. 
Interestingly, this common temperature of 133.0 f 1.3 "C is 
very close to the melting temperature of polyethylene at 138 
"C (Nagle & Wilkinson, 1978). According to this figure, fully 
hydrated lamellae of C(72):C(72)PC and C(68):C(74)PC will 
exhibit calorimetrically the gel - liquid-crystalline phase 
transition at the virtually identical T, of 133 "C. On the basis 
of two sets of DSC data of Lewis et al. (1987) and Wang et 
al. (1990), one can conclude that although the gel - liquid- 
crystalline phase behavior of phosphatidylcholines in the bi- 
layer may be perturbed by the mismatch of the two acyl 
chains, the perturbation decreases progressively as the lipid 
acyl chain increases successively in chain length. Specifically, 
as the longer acyl chain reaches the effective chain length of 
71.2 C-C bond lengths, the shorter acyl chain exerts no ap- 
parent effect on the phase transition temperature, provided 
that the apparent chain-length difference (AC) between the 
sn-l and sn-2 acyl chains is somewhere in the neighborhood 
of 1.5-4.5 C-C bond lengths. 

If we assume that the point of intersection of the two 
least-squares lines for C(X):C(X)PC and C(X):C(X+6)PC, 
shown in Figure 2A, defines the fixed coordinates of the ap- 
parent common point of intersection of lines drawn for other 
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Table I :  Slopes and Vertical Intercepts of Various Straight Lines Connecting Coordinates of the Point of Intersection between the Two 
Least-Squares Line" for C(X):C(X)PC and C(X):C(X+6)PC ( T ,  = 133.0 OC and 1/CL = 0.014) and the T,  and IICL Values for Each of the 
indicated Identical MW Phosphatidylcholines 

phospholipids AC CL ACICL T, OCb slope temperature-axis intercept 
C( 17):c( 17)PC 1.5 16.0 0.094 49.0 -1733.565 157.348 
C( 15):c( 19)PC 2.5 16.5 0.152 44.8 -1894.285 159.605 
C( l8):C( 16)PC 3.5 17.0 0.206 44.4 -1 978.624 160.790 
C( I 4):C( 20) PC 4.5 17.5 0.257 40.0 -2157.877 163.307 
C( 19):c( l5)PC 5.5 18.0 0.306 39.0 -2264.481 164.805 
C( 13):C(21)PC 6.5 18.5 0.351 34.1 -2471.937 167.718 
C(2O):C( 14)PC 7.5 19.0 0.395 33.2 -2586.388 169.326 

"Thc two least-squares lines are T, = 157.23 - 1725.94 ( IICL)  for the C(X):C(X)PC series and T,  = 163.41 - 2165.67 ( I / C L )  for the C(X): 
C(X+6)PC series (Wann et al.. 1990). bData taken from Lin et al. (1990). 
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FIGURE 3: Calculated T,  values for 163 molecular species of saturated diacylphosphatidylcholines. The X and Y values in C(X):C(Y)PC are 
illustrated on the vertical and horizontal axes, respectively. The values of AC/CL and T,  are shown in a square box which represents a defined 
molecular species of phosphatidylcholine. The AC/CL and T,  values are printed in italic and boldface, respectively. Note that T,  values 
are calculated only for phosphatidylcholines with AC/CL values in the range of 0.09-0.40 based on eq 1. 

homologous series of mixed-chain phosphatidylcholines with 
constant values of AC in the neighborhood of 4.5, then this 
fixed point provides a pair of apparent values of T,  and 1/CL 
which can be connected to other limited experimental data to 
yield a family of lines. As shown earlier in Figure 1, the T, 
values of C(17):C(17)PC, C(15):C(19)PC, C(18):C(16)PC, 
C( 14):C(2O)PC, C( l9):C( 15)PC, C(13):C(21)PC, and C- 
(20):C( 14)PC are linearly related to AC/CL, and the values 
of AC for this series of common MW phosphatidylcholines are 
in the range of 1.5-7.5 (Table I ) .  Each of the data sets (T,, 
1 / C L )  can now be connected to the assumed common point 
of intersection, and the resulting family of lines are graphically 
illustrated in Figure 2A. The slopes and vertical (temperature 
axis) intercepts of these lines are summarized in Table I. In 
addition, the slopes and the vertical intercepts are replotted 
aginst the value of A C  (Figure 2B). The secondary plot of 
the slope value versus AC yields a straight line with a new 
slope, S,  (slope of slopes), of -142.844 f 5.281 (SD) and a 
vertical intercept, I ,  (intercept of slopes), of -1512.511 f 
26.003 (SD); similarly, the secondary plot of the original 
vertical intercept versus ACyields a straight line with a slope 

SI (slopes of intercepts) of 2.006 f 0.074 (SD) and a new 
vertical intercept II (intercept of intercepts) of 154.243 f 0.365 
(SD). The values of these final slopes and vertical intercepts 
are related to the coefficients of the empirical linear equation 
of T ,  as: 
T,  = S(l/CL) + I = [S,(AC) + Is](l/CL) + [S,(AC) + 
111 = 154.2 + 2.0(AC) - 142.8(AC/CL) - 1512.5(1/CL) 

(1) 
This general expression enables the values of T,  to be cal- 
culated for fully hydrated saturated diacylphosphatidylcholines. 
Since eq 1 is derived empirically based on the existing data 
for fully hydrated phosphatidylcholines with values of AC/CL 
in the range of 0.09-0.40, this equation should be employed 
only to estimate the T ,  values for those lipids with AC/CL 
values in the same range of 0.09-0.40. 

RESULTS AND DISCUSSION 
As shown in Figure 3, the T,  values of fully hydrated bi- 

layers for 163 molecular species of saturated diacyl- 
phosphatidylcholines are presented. These values were cal- 
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Table 11: Comparison between Calculated and Experimental T,,, 
Values for Saturated Phosphatidylcholines with AC/CL Values in the 
Ranee of 0.09-0.40 
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saturated diacylphosphatidylcholines with AC/CL values in 
the range of 0.09-0.40. 

Although eq 1 of T,  = 154.2 + 2.0(AC) - 142.8(AC/CL) 
- 1512.5(1/CL) has four terms with three variables (AC, 
AC/CL, and l/CL), this empirical equation can be reduced 
to simpler forms under certain boundary conditions. First, 
when the apparent chain-length difference (AC) is held con- 
stant, the second term becomes the product of two constants 
which can be combined with the first term to yield a new 
constant, a,,. Similarly, the third term is converted to a 
function of l /CL as AC is held constant. The resulting term 
can be combined with the fourth term to yield bo (l /CL),  
where bo is a new constant. Consequently, eq 1 is reduced to 
the form T ,  = a. + bo( 1 /CL). In this special case (AC = 
constant), the T,  value is a simple linear function of 1/CL. 
The two nearly vertical lines illustrated in Figure 1 can be 
regarded as examples of this special case. Second, for a series 
of phosphatidylcholines with identical MW, the difference 
between the value of 2CL and the value of AC is a constant, 
which corresponds to the thickness of the hydrocarbon region 
of the gel-state bilayer. In the series of phosphatidylcholines 
with a common M W  identical with C(17):C(17)PC, the dif- 
ference between 2CL and AC for various lipids is 30.5 C-C 
bond lengths (Table I). Consequently, eq 1 can be reduced 
to the form T,  = 55.0 + 2.0(AC) - 93.2(AC/CL). Table I 
also gives the values of AC and AC/CL for this series of lipids; 
it can be shown by the least-squares analysis that AC = 
19.919(AC/CL) - 0.5096. Substituting this linear relationship 
between AC and AC/CL into the above reduced function of 
T ,  yields T,  = 54.0 - 53.4(AC/CL). Clearly, for this series 
of phospholipids with a common M W  identical with C- 
(17):C( 17)PC, eq 1 can be reduced to a simple expression in 
which the T,  value is a linear function of AC/CL only. The 
nearly horizontal line illustrated in Figure 1 is an example of 
this special case. Finally, we should discuss one more special 
case in which the second and third terms of eq 1 are assigned 
to cancel out or 2.0(AC) = 142.8(AC/CL). To  fulfill this 
boundary condition, CL must be 142.8/2 or 71.4, and the 
corresponding value of T,  is then a fixed temperature of 133.0 
O C .  These values of CL and T,  are in fact the coordinates 
of the common point of intersection of the lines drawn in 
Figure 2. At this point, the perturbational effects of AC and 
AC/CL on the chain melting are zero, because the two terms 
in eq 1 involving AC and AC/CL are canceled out in this 
special case. 

In summary, we have derived empirically a general ex- 
pression of T ,  = 154.2 + 2.0(AC) - 142.8(AC/CL) - 
1512.5(1/CL) in which two apparent structural parameters, 
AC and CL, of a given phosphatidylcholine molecule and their 
ratio, AC/CL, are used to specify the main phase transition 
temperature, T,, of the given phosphatidylcholine bilayer in 
excess water. This empirical equation is employed in calcu- 
lations of the T,  values of bilayers for 163 molecular species 
of saturated diacylphosphatidylcholines. The agreements 
between the calculated and observed T,  values are good with 
5.3% as the largest percent difference for the lipids tested. It 
should be emphasized, however, that the calculated T,  value 
presented in this study should be used primarily as an estimate 
of the gel - liquid-crystalline phase transition temperature 
for designing experiments. When more experimental T, values 
of mixed-chain phosphatidylcholines become available in the 
future, this empirical equation should be tested, refined, and 
improved continually. It is hoped that our empirical approach 
will eventually lead to the precise prediction of T ,  values for 
a wide variety of fully hydrated phospholipids. 

~~ ~~~ ~ 

calculated observed 
phospholipid T,,, ("C) T,  ("C) % difference ref 

C( I2):C( 18)PC 24.2 23.4 -3.3 a 
C(I4):C( 14)PC 24.4 23.9 -2.1 b 
C(I4):C( 14)PC 24.4 24.2 -0.8 c 
C( 16):C( 14)PC 27. I 27.2 +0.4 d 
C( l8):C( 14)PC 30.0 29.9 -0.3 a 
C( l8):C( l4)PC 30.0 31.6 +5.3 d 
C( l8):C( 14)PC 30.0 29.8 -0.7 e 
C( 18):C( 15)PC 36.4 38.1 +4.7 g 
C( 14):C(18)PC 38.6 38.2 -1 .o a 
C( l4):C( 18)PC 38.6 40.3 +4.4 d 
C( l6):C( 16)PC 42. I 41.4 -1.7 b 
C( I6):C( I6)PC 42. I 41.6 -1 ..2 C 
C( I8):C( 16)PC 42.8 44.4 +3.7 f 
C( l8):C( 16)PC 42.8 44.9 +4.9 a 
C( I8):C( I6)PC 42.8 45.0 +5.1 d 
C( 18):C(24)PC 63.0 62.8 -0.3 g 
C( 18):C(26)PC 63.3 63.9 +0.9 g 

Mattai ct al. (1987). bMabrey & Sturtevant (1976). eSinger et al. 
(1990). dKeough (1986). CHuang & Mason (1986). fLin et al. 
(1990). XUnpublished work form this laboratory. 

culated based on eq 1 for phosphatidylcholines whose sn-1 and 
sn-2 acyl chains are chosen to vary from 9 to 26 carbons and 
whose values of normalized chain-length difference (ACICL) 
are restricted within the range of 0.09-0.40. Several interesting 
features indicated by Figure 3 are worth notice: (1) For 
C(X):C( Y)PC with a constant value of X ,  the calculated T ,  
value is observed to increase markedly and linearly with in- 
creasing Y up to Y = X - 1 or X, thereafter, the increase in 
the T,  value is either small (X < 16) or negligible ( X I  16). 
(2) For C(X):C( Y)PC with a constant value of Y, the calcu- 
lated T ,  value also increases linearly and markedly with in- 
creasing X up to X = Y - 4 or Y - 3; thereafter, the T ,  value 
remains relatively constant ( Y  2 17) or increases only slightly 
( Y  C 17). (3) The calculated T,  value increases continually 
as both X and Y in C(X):C( Y)PC increase simultaneously; 
however, the increase in the T ,  value follows a function of 
rectangular hyperbola. This is observed in those diagonal 
terms in Figure 3 as shown, for example, by the continuous 
increase in the T,  value from -48.5 O C  for C(  lO):C(9)PC to 
+84.4 "C for C(26):C(25)PC. 

The calculated T ,  values for some phospholipids are com- 
pared with the experimental data in Table 11. Although the 
available experimental data for the lipids tested are rather 
limited, the agreements between the calculated and observed 
T,  values for various phosphatidylcholines are very good for 
the highest percent difference between them is only 5.3% 
(Table 11). In fact, the percent difference between the ex- 
perimental values for a given lipid determined from two dif- 
ferent laboratories can often be greater than 5.3%. For in- 
stance, the observed T ,  values for C(  18):C( 14)PC and for 
C(14):C(18)PC shown in Table I1 lead to the percent dif- 
ference of 5.7 and 5.596, respectively, based on the experi- 
mental data for these lipids. In addition, a reasonable cor- 
relation can be further detected between the calculated and 
experimental data as one examines the change in the T,,, value 
for the homologous series of C(  18):C( Y)PC. According to 
Figure 3, the calculated T,  value of C( 18):C( Y)PC increases 
linearly and markedly as Y increases stepwise from 13 to 17; 
however, it remains relatively constant as Y increases beyond 
2 1 .  The observed T ,  values for the limited members of C- 
(18):C( Y)PC shown in Table I1 indeed display this charac- 
teristic trend. This gives additional credence to our empirical 
approach in applying eq 1 to estimate the T,  values for various 
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