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Despite a considerable body of knowledge that currently 
exists concerning the structure and function of biological 
membranes, remarkably little is known in terms of their two-
dimensional organization.1-4 Even in the simplest of model 
systems, the presence or absence of lateral heterogeneity (i.e., 
a nonrandom arrangement of membrane components) within 
the physiologically-relevant fluid phase has been difficult to 
establish. Current estimates, for example, of the miscibility of 
l,2-dimyristoyl-i«-glycero-3-phosphocholine (DMPC) and 1,2-
dipalmitoyl-.m-glycero-3-phosphocholine (DPPC) in the fluid 
phase range from complete miscibility to complete immiscibil-
ity.5'6 

We have recently introduced a chemical approach to the study 
of lipid mixing that is based on the exchange and equilibration 
of disulfide-linked phospholipid dimers.7,8 A unique feature of 
this technique is that it can, under certain circumstances, lead 
to definitive conclusions regarding the arrangement of the lipids 
in the fluid phase. In brief, vesicular membranes are first 
prepared from a 1/1 mixture of homodimers (AA and BB) and 
then allowed to undergo monomer exchange via thiolate— 
disulfide interchange. In order to ensure that equilibrium has 
been obtained, a similar exchange reaction is carried out using 
vesicles made from heterodimer (AB). When a given equilib­
rium mixture is found to be statistical (i.e., when the molar ratio 
of AA/AB/BB is 1/2/1), this finding, in and of itself, proves 
that the monomer and dimer components are randomly distrib­
uted throughout the bilayer.7 
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While the presence of a statistical mixture leads to definitive 
conclusions with respect to membrane suprastructure, the 
formation of a nonstatistical mixture does not. In particular, 
when homodimers are favored (i.e., when the observed het-
erodimer/homodimer ratio is less than 2.0), such a situation 
[which we term "nearest-neighbor recognition" (NNR)] may 

(1) Gennis, R. B. Biomembranes: Molecular Structure and Function; 
Springer-Verlag: New York, 1989. 

(2) (a) Thompson, T. E.; Sankaram, M. B.; Biltonen, R. L. Comments 
MoI. Cell. Biophys. 1992, S, 1. (b) Vaz, W. L. C. Ibid. 1992, 8, 17. (c) 
Glaser, M. Ibid. 1992, 8, 37. (d) Tocanne, J. F. Ibid. 1992, 8, 53. (e) Edidin, 
M. Ibid. 1992, 8, 73. (f) Wolf, D. E. Ibid. 1992, 8, 83. (g) Jesaitis, A. J. 
Ibid. 1992, 8, 97. 

(3) Welti, R.; Glaser, M. Chem. Phys. Lipids 1994, 73, 121. 
(4) Tocanne, J. F.; Cezanne, L.; Lopez, A.; Piknova, B.; Schram, V.; 

Tournier, J. F.; Welby, M. Chem. Phys. Lipids 1994, 73, 139. 
(5) Wu, S. H.; McConnell, H. M. Biochemistry 1975, 14, 847. 
(6) Melchoir, D. L. Science 1986, 234, 1577; 1987, 238, 550. 
(7) Krisovitch, S. M.; Regen, S. L. J. Am. Chem. Soc. 1992, 114, 9828. 
(8) Krisovitch, S. M.; Regen, S. L. J. Am. Chem. Soc. 1993, 115, 10104. 
(9) Mabrye-Gaud, S. Liposomes: From Physical Structure To Thera­

peutic Applications; Elsevier/North Holland: New York, 1981; Chapter 5. 
(10) Previously reported Tm values for I, DMPC, DPPC, and II are 22.7, 

24.0, 41.5, and 55.4 0C, respectively.8 

reflect lateral heterogeneity within the bilayer or it may reflect 
a membrane that is composed of a nonstatistical mixture of 
dimers that are randomly distributed throughout the bilayer. The 
relationship between NNR and lateral heterogeneity depends 
upon the relative strength of the intermolecular and intra­
molecular forces that are involved. When these two forces are 
similar in magnitude, NNR will reflect lateral heterogeneity as 
well as dimer stability; when the intramolecular forces are 
dominant, only the relative stability of the dimers is revealed. 
In this paper we describe a technique that, for the first time, 
links NNR in a model membrane to its supramolecular structure. 
This method involves the dilution of dimer-based bilayers with 
conventional phospholipids. 

Previous studies have shown that cholesterol induces NNR 
in vesicular membranes made from phospholipids I, II, and III 
(i.e., dimers that are composed of "DMPC-like" and "DSPC-
like" monomeric units) at temperatures that are in excess of 
the gel to liquid-crystalline phase transition temperature (Tm) 
of the highest melting dimer, II.8 Our past assumption has been 
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that such NNR reflects lateral heterogeneity (i.e., regions that 
are rich in I and regions that are rich in II) and that the 
intermolecular and intramolecular forces are of comparable 
strength. On the basis of the high miscibility that DPPC is 
known to have with both DMPC and 1,2-distearoyl-sn-glycero-
3-phosphocholine (DSPC) in the gel-fluid coexistence region 
and the fact that I and II have the same fatty acid composition 
and nearly identical melting behavior as compared with DMPC 
and DSPC, respectively, we recently hypothesized that dilution 
of these dimer-based bilayers with DPPC (a phospholipid of 
intermediate chain length) could verify our assumption. Specif­
ically, we reasoned that the inclusion of DPPC should eliminate 
regions of the membrane that are rich in I and those that are 
rich in II by creating a more homogeneously mixed bilayer. In 
addition, the low miscibility that DMPC is known to have with 
DSPC in the gel—fluid coexistence region led us to hypothesize 
that DMPC would be less effective than DPPC in promoting 
the mixing of I and II. 

In order to judge whether or not the difference in head groups 
between these phospholipid dimers and conventional phos­
phatidylcholines would prevent mixing, we first examined the 
influence of DPPC and DMPC on the melting behavior of 
bilayers made from I and II. Figure 1 shows high-sensitivity 
differential scanning calorimetry (hs-DSC) thermograms for a 
1/1 mixture of I/II in the absence and in the presence of 
equimolar quantities of DPPC and DMPC (based on phosphate 
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Table 1. Dilution of Nearest-Neighbor Recognition 

Temperature ('C) 

Figure 1. High-sensitivity excess heat capacity profiles of multilamellar 
vesicles formed from (A) a 1/1 mixture of I/II, (B) a 1/1/4 mixture of 
I/II/DPPC, and (C) a 1/1/4 mixture of I/II/DMPC; a 30 °C/h scan rate 
was used. Very similar profiles were obtained from vesicles that were 
formed via reverse-phase evaporation methods. 

content). The merging of the high- and low-temperature 
endofherms that is induced by the presence of DPPC implies 
the conversion to a more homogeneously mixed bilayer. 
Although DMPC also interacts with both types of domains, the 
fact that both endofherms move toward lower temperatures 
suggests that DMPC is less effective in promoting the mixing 
of these lipid dimers. 

Chemical exchange and equilibration within vesicular bilayers 
that were made from a 1/1/0.8 molar mixture of I/II/cholesterol 
and ones that were made from a 1/0.4 molar mixture of III/ 
cholesterol (20 mol % cholesterol in each case) at 60 0C afforded 
an equilibrium ratio of heterodimer (III)/homodimer (I or II) 
equaling 1.55 ± 0.08 (Table I)." In contrast, a similar 
equilibration reaction that was carried out in which 50% of the 
exchangeable monomer units were replaced by DPPC (i.e., 
molar compositions of 0.5/0.5/0.8/2 I/II/cholesterol/DPPC and 
1/0.8/2 III/cholesterol/DPPC) afforded a random distribution 
of dimers. While a 25 mol % replacement with DPPC proved 
to be moderately effective in reducing the observed NNR, no 
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50% DPPC 
50% DMPC 
25% DPPC 
25% DMPC 
15% DPPC 
10% DPPC 

50% DPPC 

dimer ratio* 

2.07 ± 0.08 
1.55 ±0.08 
1.97 ±0.06 
1.66 ±0.06 
1.83 ±0.04 
1.63 ±0.07 
1.54 ±0.02 
1.55 ±0.07 
1.53 ±0.06 
1.65 ±0.04 

0 The mole % of cholesterol is based on total lipid that is present, 
where each phospholipid dimer "counts" as two lipid molecules. 
4 Equilibrium ratio of heterodimer (III)/homodimer (I or II) ± 2 
standard deviations from the mean. All equilibration experiments were 
carried out at 60 °C. 

significant reduction could be detected when the concentration 
of DPPC was lowered to 10 and 15 mol %. Similar equilibra­
tion experiments that were carried out using 50 mol % DMPC 
did not significantly reduce the extent of NNR. In related 
experiments, DPPC was found to be less effective in reducing 
NNR in equilibrating bilayers of I, II, and III, which contained 
40 mol % cholesterol (Table 1). 

The ability of DPPC to effectively reduce NNR in bilayers 
that contain I, II, and III and cholesterol constitutes compelling 
evidence that dimers are nonrandomly distributed in the absence 
of this phosphatidylcholine. If such NNR were dominated by 
intramolecular forces, then DPPC as well as DMPC would be 
expected to have a negligible effect on the dimer ratio since 
both provide a liquid-crystalline microenvironment, similar to 
that of the dimers. The fact that DMPC is much less effective 
than DPPC in moving the equilibrium point toward a random 
value further implies that DMPC is heterogeneously distributed 
relative to DPPC in these diluted membranes. Thus, these 
dilution experiments provide insight into the mixing behavior 
of biologically-relevant phospholipids as well as the dimers. 
One final point that deserves special mention is the finding that 
cholesterol induces lateral heterogeneity among the phospho­
lipids at temperatures that are in excess of their gel to liquid-
crystalline phase transition temperatures. The fact that mam­
malian cells are rich in cholesterol suggests that such a feature 
could have important biological consequences in terms of the 
"proper" and "improper" functioning of cell membranes. 

In summary, we have shown that the dilution of a phospho­
lipid membrane that exhibits nearest-neighbor recognition with 
an appropriate phosphatidylcholine can effectively reduce the 
extent of recognition and provide compelling evidence for lateral 
heterogeneity in the absence of this phosphatidylcholine. We 
have also shown how such dilution experiments significantly 
expand the scope of the NNR technique by providing insight 
into the mixing behavior of phospholipids that are of greater 
biological relevance. Finally, a novel feature of cholesterol has 
been identified, i.e., its ability to induce lateral heterogeneity 
within a mixed phospholipid bilayer at temperatures that are in 
excess of their gel to liquid-crystalline phase transition tem­
peratures. Further studies that make use of this dilution method 
are currently in progress. 
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