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Dynamic Heterogeneities of the Lipid Matrix of 
Biological Membranes and Associated Protein 

Function

Rodney L. Biltonen

Abstract
This report will focus on the physical basis for lateral heterogeneity in the lipid matrix of the bilayer 
membrane and how the associated properties can play a role in the function of membrane-associated 
proteins. The propensity for lateral heterogeneity can provide sites of lateral density fluctuations, 
enhance both lipid and protein domain formation and lead to local and global structural changes in 
the bilayer. The activation of phospholipase A2 and protein kinase C will be used as two examples 
demonstrating the correlation between lateral heterogeneity and protein function.
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The lipid matrix of the biological membrane is a 
heterogenous mixture of lipids, existing in vary
ing degrees of individual disorder, the distribu
tion of which is continuously fluctuating with time. 
Both compositional fluctuations and thermal fluc
tuations can lead to local and global structural 
changes. In addition, the composition of the mem
brane can be altered by the action of enzymes such 
as the lipases producing fatty acids, lysophospho- 
lipids and diacylglycerols. These lipid metabolites 
can act as protein effectors and also produce alter

ations in lipid distribution and membrane struc
ture. It is these heterogenieties in composition and 
structure and alterations therein which could play 
major roles in the activation and modulation of 
membrane-associated protein function (Biltonen, 
1990; Kinnunen, 1991; Mouritsen and Biltonen, 
1993; Mouritsen and Jørgensen, 1994).

In single component systems, fluctuations in 
the degree of order or structure of any individual 
lipid are dictated by the energies and degenera
cies of the accessible structural states and, to the 
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first approximation, the various nearest-neighbor 
interactions. Long range correlations in structure 
may exist depending upon the differences in the 
nearest-neighbor interactions among the various 
accessible states. For example, the parameter de
termining the extent of long-range correlation in 
a system in which a lipid can exist in only one of 
two states is

W = Ea,b - l/2(Ea,a + E6i6) 
where Eij is the interaction energy between two 
neighboring lipids in states z, j. If W — 0 the dis
tribution of lipid in the two structural states over 
the membrane lattice will be random, whereas if 
W — oo the lattice of any single membrane will be 
found completely in either state a or b. Between 
these two extremes the membrane lattice will ex
ist in some nonrandom lipid organization produc
ing a distribution of clusters of varying size. The 
cluster distribution will depend upon the intrinsic 
probabilities of the lipid existing in a or b and the 
magnitude of the interaction term, W (Heimburg 
and Biltonen, 1996; Jerala et al., 1996).

The probability of the lipid existing in state a 
or 6 in a single component system is a function 
of the free energy change associated with a struc
tural transition. In a two component system this 
probability is also related to the composition of 
the system. Even if the matrix is in one phase 
(e.g. gel) compositional heterogeneities will exist. 
In this case W will be defined by the interactions 
between the chemically distinct species, defined by 
such aspects of the system as acyl-chain mismatch 
(Mouritsen and Jørgensen, 1994). In more com
plex systems, the situation becomes more difficult 
to define, but the basic features remain: The bi
layer will possess heterogeneities in structure and 
composition which could result in distinct cluster 
or domain formation which, in turn, could strongly 
influence membrane-associated protein function.

Domain formation within the lipid matrix of 
the biological membrane can influence function in 
several ways. For example, density fluctuations 
at the interface between distinct domains could 
ease the penetration of peptide sequences into the 
hydrophobic interior of the membrane or for the 
lipid hydrolases, these regions could be the loca
tion for optimal interaction between the enzyme 

and substrate. The existence of clusters could en
hance the probability of protein aggregation on the 
lipid surface by promoting regions of high local 
concentrations of protein (Sperotto and Mourit
sen, 1993; Tocanne et al., 1994; Heimburg and 
Biltonen, 1996). Here it should be noted that 
the clusters or domains do not need to preexist, 
but protein localization will occur if only there 
is a propensity for lipid domain existence. Pro
teins can induce domain formations via thermo
dynamic coupling between lipid-lipid interactions 
and protein-lipid interactions. Finally, lipid do
mains and protein/lipid domains can alter the ki
netics of processes requiring diffusion in the plane 
of the membrane (Thompson et al., 1995).

If domain formation, rather than the existence 
of a particular phase, is functionally important 
then it is expected that an extremum in certain 
functional behaviors (e.g. enzyme activation) will 
be observed in regions of compositional or temper
ature variation where domain coexistence is max
imal. This is indeed observed for the activation 
of phospholipase A2 as a function of temperature 
(Hønger et al., 1996) and the activation of pro
tein kinase C as a function of diacylglycerol mole 
fraction (Dibble et al., 1996). Although the two 
examples to be discussed are related to lipid sys
tems in the gel state or the gel-liquid coexistence 
region, regions of compositional heterogeneity in 
binary mixtures in the liquid state have been sug
gested by Pedersen et al. (1996) using fluorescence 
energy transfer and Lehtonen et al. (1996) using 
pyrene excimer fluorescence.

Phospholipase A2 exhibits a long lag period 
until maximal activity is observed when large 
unilamellar vesicles composed of saturated phos
phatidylcholine vesicles are used as the substrate. 
This lag period is a function of temperature, sub
strate and calcium concentration. This lag period 
exhibits a minimum very close to the gel-liquid 
phase transition temperature, a temperature at 
which phase coexistence occurs (Romero et al., 
1987) . Recently, Hønger et al. (1996) using a ten- 
state model in a Monte Carlo simulation, demon
strated that the inverse of the lag period was cor
related with the calculated amount of interfacial 
area between gel and liquid domains.
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It has previously been shown that the onset of 
rapid hydrolysis occurred when a precise amount 
of reaction product (fatty acid and lysophospho- 
lipid) were produced (Bell and Biltonen, 1992). 
Burack, et al. (1995) showed that this onset 
was not the result of enhanced binding because of 
the presence of the negatively charged fatty acid. 
Rather, they demonstrated with a pyrene-labelled 
fatty acid that lateral phase separation of the reac
tion products from the bulk lipid occurred at that 
point (Burack and Biltonen, 1994). This composi
tional demixing then leads to a change in mor
phology of the aggregated substrate (Hønger et 
al., 1995; Burack et al., 1997). While the details 
of this activation process have remained elusive, 
these studies clearly show that activation is inti
mately related to the structural and compositional 
heterogeneity of the lipid bilayer.

Protein kinase C is activated on membrane sur
faces and requires the presence of phosphatidylser
ine and diacylglycerol. The negatively-charged 
lipid enhances binding of the protein to the surface 
and the diacylglycerol (Nakamura and Nishizuka, 
1994; Newton and Keranen, 1994) is thought to 
be a specific activator, the mechanism of which 
is unclear. Working with the hypothesis that 
the structural aspects of the membrane (Sando et 
al., 1992; Sando and Chertihin, 1996), specifically 
lipid domain formation, could play a key role in 
the activation process, we undertook a study of a 
ternary system containing these components (Dib
ble et al., 1996; Hinderliter et al., 1997). The 
pseudo phase diagram of a 1:1 mixture of phos- 
phatidylcholine/phosphatidylserine as a function 
of the concentration of various diacylglycerols was 
determined with differential scanning calorimetry. 
The results of these experiments indicated that a 
1:1:1 compound formation occurred and that in 
the range of about 0.1 to 0.35 mole-fraction of the 
diacylglycerol twro phases, one rich in diacylglyc
érol and one poor in diacylglycerol, coexisted in 
the gel state. The formation of the compound was 
verified by FTIR experiments which demonstrated 
that all three components (including the diacyl
glycérol which melts at a low temperature) melt 
concurrently in the vicinity of 25° C when the mole
fraction of diacylglycerol was sufficiently high.

What was most significant was that the activ
ity of protein kinase C increased as the system in 
the gel state entered the putative compositional 
phase coexistence region, achieving a maximum 
near mole-fraction 0.2 and then falling as the dia
cylglycérol component was further increased. This 
observed increase in activity is consistent with do
main formation playing a role in activation and 
could be related to lipid-induced clustering of the 
protein or the existence of domain interfaces. It is 
interesting to note that Glaser and coworkers have 
recently shown by fluorescence microscopy (Yang 
and Glaser, 1995; Glaser et al., 1996) that lipid 
and substrate clustering appear to be related to 
protein kinase C activation (see also McLaughlin, 
this volume.)

One aspect of compositional heterogeneity or 
phase separation that deserves special mention is 
that strong coupling between lateial phase separa
tion or compositional differences in the two planes 
of the bilayer and membrane mechanical stress 
can exist. Such stress can lead to strong fluctu
ations in the plane normal to the membrane sur
face and could be important in many membrane 
processes as has been pointed out by Sackmann 
and Feder (1995). Lundbæk and Andersen (1994) 
have also suggested that changes in membrane de
formation energy caused by certain membrane
modifying compounds such as lysophospholipids 
can modulate membrane channel function. In ex
treme cases it could lead to major changes in mem
brane morphology (Burack and Biltonen, 1994; 
Hønger et al., 1995; Burack et al., 1997). Fi
nally, it should be emphasized that fluctuations in 
the structure of the lipid matrix of the biological 
membrane can occur over a very wide time scale. 
While some local fluctuations may be very rapid 
(nanoseconds to microseconds), relaxations in co
operative structure may occur on the time scale 
of milliseconds to hours (van Osdol et al., 1991; 
Biltonen and Ye, 1994; Jørgensen et al., 1996). 
The dynamic coupling of the bilayer fluctuations 
to protein processes is an area that is yet to be 
investigated in much detail. In any case, it seems 
clear that lipid domain formation is an important 
feature of membrane structure and that the exis
tence of distinct domains and their time-dependent 
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variation may play significant roles in cellular func
tion.
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