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Thermodynamics of the Interaction
of Proteins with Lipid Membranes

THOMAS HEIMBURG AND DEREK MARSH

Introduction

Peripheral proteins associated at the lipid surface are one of the major compo-
nents of biological membranes. They may function in situ as electron carriers
fe.g., cytochrome ¢), as enzymes (e.g.. protein kinase C). as signal transduc-
tion proteins (e.g.. G-proteins), or primarily as structural elements (e.g.. spectrin
and myelin basic protein). The protein density at the membrane surface can be
relatively high, and the peripheral proteins may also interact with the exposed
portions of integral proteins embedded within the membrane (e.g., with redox
enzymes of the respiratory chain, or with receptors such as those to which G-
proteins are coupled). The association with the membrane is most frequently
of electrostatic origin but may also include surface adsorption and hydrophobic
components. The interactions of the isolated peripheral proteins with lipid bi-
layer membranes, therefore. are of direct relevance to the structure and function
of biological membranes, and the determination of binding isotherms has proved
to be particularly useful in the study of such interactions. Analysis of the latter
constitutes the first and an important part of this chapter that is directly relevant
to the thermodynamics of binding.

From a biophysical point of view. the binding of peripheral proteins to
lipid membranes has a profound influence on parameters such as the electro-
static surface potential or the enthalpy and the heat capacity of the lipid-protein
system. These parameters determine the phase transition behavior of lipid mem-
branes as well as the energetics of the binding reaction itself. At temperatures
close to a phase transition, the thermodynamic properties of protein binding
cannot be considered separately from. for example. the chain-melting reactions.
It is evident from calorimetric heat capacity profiles that the chain-melting of
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406 HEIMBURG AND MARSH

lipids is influenced by the binding of proteins. As a direct consequence, the
binding of proteins must be influenced by changes in the lipid state. There-
fore, the change in lipid state shows up in the behavior of binding isotherms of
proteins to membranes. Correspondingly, the binding reaction results in shifts,
broadening, or enthalpy changes of the calorimetric heat capacity profiles of
lipid chain-melting. Also, structural changes in the lipid matrix might occur
as a consequence of protein binding due to the change in the overall physi-
cal properties of the lipid-protein complex. Consideration of the lipid chain-
melting transition, and its coupling to the lipid binding and lipid-protein in-
teractions, from a thermodynamic point of view constitutes the second part
of this chapter.

Although most principles described below are generally applicable, in the
following we shall restrict the thermodynamic treatment of protein binding at
the membrane to extended planar lipid surfaces. A goal of this chapter is to
link the thermodynamics of binding with that of chain-melting and to discuss
the consequences for protein function. For this, we first outline a general de-
scription of the electrostatics of binding as a function of ionic strength and
lipid composition with emphasis particularly on binding isotherms for contin-
uous membrane surfaces. We then apply some of the results to the description
of the chain-melting reaction in the presence of proteins. It will be shown that
changes of the state of the membrane can result in a change of the protein dis-
tribution on the surface, as well as in changes in the forces acting on the bound
proteins. These changes correlate with functional changes observed in some
proteins. We shall discuss several examples for integral and peripheral proteins
in which lipid chain-melting and function of the protein are in a clear relation
to each other.

Binding of Peripheral Proteins to Lipid Surfaces

The binding of peripheral proteins to membranes is controlled by a variety of
different interactions. Most important are the electrostatic interactions between
charges on the bound protein and the individual charges on the lipids. Also
of relevance are nonelectrostatic or hydrophobic contributions to the binding
introduced by interactions of the protein with the hydrocarbon chains of the
membrane lipids. A third important factor is the interaction between proteins
bound to the surface which can lead to dimerization or aggregation of individual
protein molecules. Furthermore, the degree of binding is affected by the finite
size of the proteins, and. in lipid mixtures, the lateral distribution of lipids
is very likely to be affected by the specificity of interaction of the various
lipids with the proteins. These interactions are. in general, dependent on the
degree of binding, particularly because of the special nature of ligand binding
to continuous surfaces.
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Binding Isotherms

The simplest and most frequently used approach to describe ligand binding to
surfaces is the Langmuir isotherm. It describes how much of a ligand (protein) is
bound to a surface of given size as a function of the free ligand concentration. In
this model, the concentrations (or activities) of free ligand [L], occupied binding
sites [S,], and free binding sites [Sr] are related to the binding constant, K, by
the mass action law:

S
K = _[b]_ (1
[Sel-[L]
which gives rise to the following binding isotherm:
(L] = 1 ’ )
K (1-6)

where 0 = [S,]/([Sp] + [S¢]) is the fraction of occupied sites. A model that is
compatible with the law of mass action implies the existence of localized, inde-
pendent binding sites on the membrane surface (see Figure 1, top). In general,
this assumption is not appropriate for a lipid membrane because a lipid bilayer
represents a continuous surface. Proteins are free to arrange in such a way that
the free surface area between two adjacent bound proteins is greater than zero
but smaller than a protein cross section. This means that, in the continuous case,
the surface accessible for binding is smaller than the total free surface (see Fig-
ure 1, bottom). A further aspect is that there might also exist specific attractive
or repulsive interactions between ligands bound to the surface which could lead
to aggregation, as indicated schematically by the arrows in Figure 1 (bottom).

These features that are specific to the association with continuous surfaces
become most important at higher degrees of binding and are often neglected
n considering the binding of peripheral proteins to membranes. Because the
surface concentration of proteins in natural membranes can be quite high, it is
worthwhile to consider these particular aspects specifically here before going on
10 a more complete and general treatment. It has been found, for instance, that
such effects are important in interpreting the displacement of peripheral proteins
from the membrane surface at high ionic strength (Heimburg and Marsh, 1995).

The lateral interactions between proteins that control their distribution on
the membrane surface give rise to a two-dimensional pressure, T1(i), where |
ts the number of proteins bound. It is therefore convenient, for illustrative pur-
poses, to analyse these in terms of the Gibbs absorption isotherm (Aveyard and
Haydon, 1973):

diiG) kT
dln[L]  nAA

3

where n is the maximum number of proteins that ideally can be accommodated
on the surface, AA is the excluded area per protein, and [L] is the free pro-
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LANGMUIR-TYPE ISOTHERM :

LOCALIZED
BINDING SITES
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n-Plane Interactions:
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Figure 1. Schematic indication of different models for the association of peripheral proteins with
membranes. Top: Binding to a surface lattice with fixed independent binding sites. as assumed
for the Langmuir isotherm. Bottom: Binding to a continuous surtace allowing for in-plane protein

rearrangement and protein-protein interaction, indicated by the arrows.

tein concentration (or activity). The simplest expression for the lateral pressure
between proteins bound to a continuous surface (i.e., for nonlocalized binding
sites) is the Volmer equation of state:

ikT

TG Thar

4
This equation takes explicit account of the finite size of the protein ligands. but
does not include specific interactions between the bound proteins. It is straight-
forward to show by differentiating Equation 4 with respect to i, substituting
from Equation 3, and then integrating, that the corresponding isotherm is given
by (Haydon and Taylor, 1960):

[L]_L L L (5)
=%k 1-0P\1 0 :

where 6 = i/n is the degree of surface coverage and K, which is derived from
the integration constant, is the effective binding constant. This equation differs by
the exponential factor from the standard Langmuir isotherm (Equation 2), which
is appropriate for binding to fixed localized sites. The difference arises from the
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Figure 2. Comparison of the binding isotherm for a continuous surface calculated according to
Equation 5 (full line) with the Langmuir isotherm (Equation 2) for binding 1o fixed sites (dashed
me). The degree of ligand binding, 6, is plotted as a function of the free ligand concentration, [L],
multiplied by the binding constant, K .

modification of the distributional entropy for nonlocalized binding to continuous
surfaces compared with that to fixed binding sites (Figure 1). The result of this
15 that, at high concentrations of free ligand, less protein is bound to continuous
surfaces (Figure 2). This difference also becomes particularly pronounced for
high binding constants. Only at very low degrees of binding (6 « 1), for which
steric interactions are unimportant, is the binding to continuous surfaces similar
to that described by the Langmuir isotherm.

In mixed lipid membranes, the protein additionally can display a preferential
affinity for different lipids, e.g., the protein may prefer charged lipids over
uncharged lipids. A consequence of this may be a local rearrangement of the
lipids to a degree that depends also on the mixing properties of the lipids.
Figure 3 shows the three different arrangements that arise if the lipids do not mix
at all (bottom), if they distribute according to the relative affinities for the protein
center), or if they mix in a fashion that results in a homogeneous distribution
‘top). The first case occurs either if unlike lipid species have energetically very
unfavorable interactions with unlike nearest neighbor lipids or if the affinity
of the protein for one lipid type is extremely high relative to the other lipid
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homogeneous mixture

peripheral
protein

demixing according to
mass action law

peripheral
protein

Figure 3. Schematic representation of the lipid rearrangement in a mixed lipid membrane upon the
binding of peripheral proteins. Top: homogeneous lipid mixture in which no lipid rearrangements
take place. Middle: lipids with no preferential interaction which redistribute according to the different
affinities for the protein. Bottom: totally unmixed lipids forming in-plane membrane domains.

type. The lipids then either form preexisting domains of different composition
to which the protein binds with different affinity or form domains that are
induced by the protein binding (Figure 3, bottom). In the case of homogeneous
mixtures, the interactions between unlike lipids are favored so strongly that the
formation of domains is inhibited even in the presence of proteins (Figure 3, top).
In this case, the binding is generally weaker than when domains are formed.
In the intermediate case, there are no preferential interactions between lipids
and the lipids alone mix statistically. However, for binding of a protein that
associates preferentially with one of the lipid species. a local rearrangement of
the lipids occurs, which increases the local binding strength (Figure 3. center).
In general, different lipid mixing behavior reflects itself in the form of the
binding isotherms.

General Statistical Mechanical Model

A general way to express the binding is given by the following statistical me-
chanical expression for the mean number, (i), of ligands bound to the membrane
(Cantor and Schimmel, 1980):
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T AT TR ,
() = — (6)

jilmura _are
il PAUTTr

i=0 "

where AF(i) is the overall free energy change upon binding i ligands. It is
possible to show that this equation can be expressed in the following condensed
form (Heimburg and Marsh, 1995):

, d [AF()
{i) :KIL]eXp<—~.[ D (7

di kT

where d A(F(i)/di is the free energy of binding a single ligand when ligands
are already bound. If the dependence of the free energy change, AF (i), on the
number of bound ligands is known, one can then derive the binding isotherms
for any specific situation. The free energy change, AF(;), in the case of the
Langmuir isotherm is given by the distributional entropy contribution, which is
Boltzmann's constant times the logarithm of the number of ways of arranging i
ligands on a surface with n sites. This results in AF (i) = —kTInn!/(n — )]
for a model with fixed sites. By using Stirling’s formula and Equation 7, one
can readily verify that this yields the Langmuir isotherm (i.e., Equation 2).

In a protein-membrane complex. the expression for the free energy is more
complicated. As well as distributional terms, it also contains contributions from
ligand-ligand interactions, from electrostatics, and from redistribution of the
different lipids in the membrane plane upon ligand binding. These contributions
are designated by A Fy (i), AFy . (i). AF. (i), and A Fypli), respectively. The
total free energy change with i ligands bound is then:

AF() = AFgia(D) + AFLLG) + AFq(0) + AFp(i). (8)

The different terms in this equation are treated separately in the sections fol-
lowing.

Distributional Free Energy

The distributional free energy term, A Fji, has already been considered above.
[t may be generalized to include the lateral interactions between bound proteins,
AFLL, by using an equation of state for the two-dimensional surface pressure,
[1(7), that explicitly accounts for the ligand-ligand interactions. This combined
tree energy change is then given by the work done against the surface pressure
on bringing the proteins to their equilibrium surface density:

AFga(i) + AFL() = —/ IT)dA (9
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where the integration extends from a reference area that corresponds to infinite
ligand separation to the area of the membrane. As a first approximation for
the lateral interactions, one can take the Van der Waals equation of state for a
two-dimensional gas, which includes also the excluded area term:

, ikT KT\ [i\°
n(z>:7,—a<—> (-) . (10)
(n—1)AA AA n

Here a is an empirical parameter characterizing the attractive (@ > 0) or repul-
sive interactions (¢ < 0) between bound proteins. In the absence of membrane
surface electrostatics, this results (from Equations 7 and 8) in the following
binding isotherm for a lipid surface (Heimburg and Marsh. 1995):

=~ * (9 206 m
SK1—eTP\TZe )

where the integration reference state from Equation 9 is absorbed into the binding
constant, K. This isotherm is identical to the isotherm obtained previously by
Hill (1946) by using other means. and differs from that derived from the Volmer
equation of state (Equation 5) by inclusion of the interaction term.

Electrostatic Free Energy

Now we consider the binding of a charged ligand to a lipid membrane in the
presence of surface electrostatics. The electrostatic interaction of ligands with
surfaces depends on the number of charges involved in the binding reaction. It
is assumed that each surface binding region for a protein corresponds to « lipid
molecules of which a fraction f are charged. and that each protein ligand bears
Z net charges of opposite sign. The change in electrostatic free energy. A Fy(i).
is given by the difference between the electrostatic free energy of the system
before and after binding:

AFati)y = F3(i) = F0) —i - F} (12)

e el

where the first two terms on the right-hand side represent the surface electrostatic
free energy and the last term that of the free ligand in the bulk medium. By
using Gouy-Chapman double-layer theory to obtain the electrostatic free energy
of the surface (Jdhnig. 1976) and Debye-Hiickel theory for the electrostatic self
energy of the free ligand (Tanford. 1955). one then can obtain an analytical
expression for the change in total electrostatic free energy on binding of the
charged ligand.

In the high potential limit. the electrostatic free energy of a surface. Fj.
derived from standard electrostatic double-layer theory. is given by (Jihnig,

1976):
. kT Aoo
FS=-2g- —).1 (— ) (13
s (ML) (-2 )
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where Ag = (1000 /2e N4kT)/? is a constant, o is the surface charge den-
sity, g is the total surface charge, and c¢ is the ionic strength of the (assumed)
monovalent salt, e is the elementary charge, and N, is Avogadro’s number. For
a surface of total area equal to n protein cross sections, with i proteins bound,
the total charge, ¢, and the mean charge density, o, are given by:

g=—(nuf —iZ)-e (14)

__<1_£) if (15)
= nof ag’

where ay is the area per lipid molecule. It is assumed here that the charged lipids
bear a single negative charge, that the proteins are positively charged, and also
that charged and uncharged lipids are mixed homogeneously. The implications
and the limitations of the latter assumption are discussed later.

A detailed calculation results finally in the following form for the absorption
isotherms of charged lipid membranes (Heimburg and Marsh, 1995):

)= —— (1—9 ‘ )22 0 (9 — 246 (16)
= K©. ) 7 11— P\Ty a)

where K(0, f) is the binding constant for initial ligand binding, i.e., with no
appreciable electrostatic neutralization. This initial binding constant has the fol-
lowing dependence on the ionic strength, ¢, provided that the lipid distribution
is homogeneous (Heimburg and Marsh, 1995):

K©, f)=K' - AT 7 (17)

where A = e?/16erokT arises from the electrostatic self energy of the protein
{(rp 1s the protein radius) and is relatively small. Equation 17 results in a linear
dependence of the initial binding on ionic strength in a double logarithmic plot,
from which the effective charge, Z, on the protein and, K', which contains
the intrinsic binding constant, K, may be determined. Having obtained these
constant parameters, the entire binding curves, at different ionic strengths, may
then be analyzed by combining Equations 16 and 17.

Free Energy of Lipid Redistribution in Mixed Lipid Systems

As discussed earlier, the strength of protein binding to mixed lipid membranes
depends on the mixing properties of the component lipids and, in general, on the
redistribution of the lipids in response to the protein binding. If the charged and
uncharged lipids are mixed homogeneously and remain so on protein binding
(Figure 3, top), then the binding isotherm can be described by Equations 16 and
17 above, in which f is the fraction of charged lipid. If, at the other extreme,
the charged and uncharged lipids separate completely forming macroscopic do-
mains (Figure 3, bottom), then the protein binds only to the domains consisting
of charged lipids. The effective membrane area for binding is correspondingly
reduced, but the strength of binding is that characteristic of a bilayer consisting
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wholly of charged lipids. In this case. the binding isotherm can be described
again by Equations 16 and 17. but with the replacements f — 1 and § — 0/f
at all occurrences of these quantities.

Protein binding to most real mixed lipid membranes generally shows a
behavior intermediate between these two limiting cases described above. If there
are no preferential interactions between any of the lipids. then the binding of
charged proteins tends to recruit the lipids of opposite charge into the vicinity
of the protein binding site (Figure 3. middle). The energetic effects of this
lipid redistribution are represented by the contribution. AF p(i). to the total
free energy in Equation 8. To determine this term. the binding can be split
into two consecutive steps: an absorption to a homogeneously charged surface
as described above and an additional lipid redistribution step. arising from the
local binding properties. As an approximation. the latter can be described by an
in-plane multiple binding reaction according to the mass action law (Cutsforth
et al. 1989). Adopting this approach. the resultant protein binding constant is
K.rr = K(O. f)(1 + K, fi)*. and the free energy of binding the charged lipids
in the redistribution process is given by (Cutsforth et al. 1989):

AFpli) = —akT In(l + K, f;) (18)

where K, is the in-plane surface binding constant and f; is the surface con-
centration of charged lipid that is unbound when / proteins are associated with
the lipid surface. This contribution to the binding isotherm is then given from
Equation 7 by the dependence on i of the fraction. f;. of free lipids that are
charged.

Experimental Binding Isotherms

As shown in the previous paragraphs. the study of binding isotherms can give
information on the energetics of binding. the aggregation of ligands due to
ligand-ligand interactions. and the mixing of lipids in systems containing more
than one lipid species. These aspects are illustrated in the following subsections
by experimental results on the binding of the peripheral protein cytochrome ¢
to anionic lipids and their mixtures with zwitterionic lipids.

CYTOCHROME ¢ BINDING TO NEGATIVELY CHARGED LIPID MEMBRANES

Binding of cytochrome ¢ to charged lipid surfaces leads to a reduction in the
protein denaturation temperature. Therefore. one can study the surface binding
of both native and denatured forms with the protein still native in solution. This
is done by choosing temperatures below and above that for surface denaturation,
respectively, with both below that for denaturation of the free protein. Denatured
cytochrome ¢ tends to aggregate on surfaces. By comparing the native and dena-
tured forms, one can determine the effects of surface ligand-ligand interactions
on the binding isotherms.
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Figure 4. Binding isotherms for cytochrome ¢ with dioleoyl phosphatidylglycerol membranes at
neutral pH and different ionic strengths. Left: Native cytochrome ¢ (T = 20°C) at jonic strengths
of 41.9, 54.4,79.4, and 104.4 mM (from top to bottom) . Solid lines represent a global fit of the
isotherms at different ionic strengths to Equation 16 without protein-protein interactions. Right:
Surface-denatured cytochrome ¢ (7 = 65°C) at ionic strengths of 104.4, 125. 154 .4. 175, and
204.4 mM (from top to bottom). Solid lines represent a global fit of the isotherms at the different
ionic strengths to Equation 16 using attractive protein-protein interactions, Data from Heimburg and
Marsh (1995).

Examples of experimental isotherms for binding of cytochrome ¢ to anionic
dioleoyl phosphatidylglycerol membranes are given in Figure 4. The intrinsic
binding constant K = 1.9 x 107> I/mole lipid and the effective charge Z = +3.8
for native cytochrome ¢ are determined from Equation 17 by measuring the bind-
ing at very low degrees of surface coverage. Using these parameters, consistent
fits of the isotherms in Figure 4 (left panel) at different ionic strengths to Equa-
tion 16 yield a lipid stoichiometry of & = 11.9 per protein with the parameter,
a, for the protein-protein interactions being close to zero. This means that the
cross-section of the protein is equivalent to that of 12 lipids in a fluid bilayer
which correlates reasonably well with crystallographic data for cytochrome ¢
(Dickerson et al, 1971). Also, the binding isotherms indicate that there are few
energetically significant interactions between the bound native proteins on the
surface, other than steric exclusion (i.e., @ = 0). The effective charge on the
protein is considerably lower than the physical net charge of the protein of +7,
including the heme charge, as deduced from the amino acid sequence (Cheddar
and Tollin, 1994). Possible reasons for this low effective charge, which is found
relatively frequently in the binding of extended multiply charged ligands, have
been discussed previously (Heimburg and Marsh, 1995).
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An interesting feature of the isotherms in Figure 4 (left panel) is the ten-
dency to flatten off at values well below that corresponding to maximum sur-
face coverage. This tendency becomes more pronounced with increasing ionic
strength and is the basis for the removal of peripheral proteins from membranes
by washing in high salt. The origin of this effect lies in the nature of binding
to continuous surfaces. As the electrostatic component of the binding becomes
weaker at high ionic strength, the effective lateral surface pressure between the
surface-associated proteins still remains equally effective in preventing further
binding (Equations 2 and 5 and Figure 2).

The situation is somewhat different for the binding of surface-denatured cy-
tochrome ¢ (Figure 4, right panel). The effective charge on the protein Z = +3.3,
obtained from the initial parts of the binding isotherms, is similar to that for
the native protein, but the intrinsic binding constant K = 1.6 x 10~* I/mole
lipid is considerably larger, corresponding to an increase in binding free en-
ergy by approximately —2.5 kcal/mol. For surface-denatured cytochrome c,
the entire binding isotherms at different ionic strengths only can be fit with
a nonzero value for the protein-protein interaction parameter. Global fits to
the isotherms yield a reduced stoichiometry of « = 7.5 lipids per protein,
and a positive interaction parameter of ¢ = +2.3. This indicates both that
the protein decreases its cross-section on surface denaturation and that at the
same time attractive interactions occur between the bound proteins, reflect-
ing a tendency for the denatured proteins to aggregate on the lipid surface.
There is independent evidence suggesting aggregation of surface-denatured cy-
tochrome ¢ from infrared spectroscopic studies (Heimburg and Marsh, 1993;
Muga et al, 1991).

Qualitatively, the effects of the surface aggregation of the denatured cy-
tochrome c are seen from comparison of the binding isotherms with those of the
native protein in Figure 4. The isotherms for the surface-denatured protein are
mostly at higher ionic strength than those given for the native protein. However,
for comparable initial binding strengths, the isotherms for the denatured protein
display less tendency to flatten off than do those for the native protein. This
is because the attractive interactions between the surface-denatured proteins de-
crease the effective lateral pressure exerted between them, hence allowing more
protein to bind.

CYTOCHROME ¢ BINDING TO MIXTURES OF CHARGED
AND ZWITTERIONIC LIPIDS

For electrostatic reasons, the admixture with zwitterionic lipids decreases the
strength of binding of peripheral proteins to negatively charged lipids. As dis-
cussed above, the extent of this effect can differ depending on the mixing
properties of the lipids. This is illustrated in Figure 5, which gives the bind-
ing isotherm for native cytochrome ¢ to a mixed membrane composed of di-
oleoyl phosphatidylglycerol (60 mol %) and dioleoyl phosphatidylcholine (40
mol %). The experimental binding isotherm is compared with theoretical pre-
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Figure S. Binding isotherm of native cytochrome ¢ with mixed lipid membranes composed of
dioleoyl phosphatidylglycerol (60 mol %) and dioleoyl phosphatidylcholinc (40 mol %) at an ionic
strength of 45 mM. The dashed lines correspond to isotherms predicted from Equation 16 for a
homogencous lipid mixture (lower) and for complete scparation of the two lipids (upper), using
parameters obtained from fitting the data in Figure 4 (left panel). The full line represents a fit to
the experimental data that takes into account the redistribution of the lipids on protein binding.

dictions (dashed lines) of the isotherms expected for binding to a homogeneous
distribution of the two lipids (Figure 3, top) and to completely separated do-
mains of the negatively charged component (Figure 3, bottom). The predicted
isotherms are calculated from Equation 16, using the methods described above.
The parameters for binding to dioleoy! phosphatidylglycerol are taken from Fig-
ure 4 for native cytochrome c, and it is assumed that the binding to zwitterionic
phosphatidylcholine is negligible (for which there is experimental evidence).
The experimental isotherm lies between those predicted for the two extreme
cases, indicating that an in-plane redistribution of the negatively charged lipids
in response to protein binding (Figure 3, middle) does in fact take place. The
binding is weaker than to separated domains of phosphatidylglycerol but is
considerably stronger than to a homogeneous lipid mixture. The experimental
binding isotherm can be described adequately by taking into account the free
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energy of lipid redistribution with a simple mass action formalism as discussed
above (Equation 18). This is indicated by the full line in Figure 5, in which
the effective surface lipid binding constant, K, is related directly to the bind-
ing constant, K (0, 1), of native cytochrome ¢ to phosphatidylglycerol obtained
above (Figure 4), as expected on energetic grounds.

This example illustrates the way in which analysis of the binding isotherms
may be used to determine the rearrangements of the lipid distribution on protein
binding, to study the selectivity of interaction of lipids with peripheral proteins
(Sankaram and Marsh, 1993), and to obtain information on the mixing properties
of lipids in bilayers (Figure 3). The latter aspect bears certain similarities to the
determination of the activity of negatively charged phosphatidylserine in lipid
mixtures by means of the Ca’*-binding properties (Huang et al. 1993).

Difference in Protein Binding to Gel and Fluid Membrane States

In general, it is to be expected that the strength of binding of peripheral proteins
will be dependent not only on the lipid species but also on the state of the lipid,
particularly on whether it is in a gel or a fluid phase. Because the area per lipid
molecule, aq, increases appreciably at the gel-to-fluid chain-melting transition
of lipid bilayers (Cevc and Marsh, 1987), the surface electrostatic free energy
will be lower for fluid bilayers than for gel-phase bilayers. and the strength
of binding will decrease correspondingly. According to Equations 13-15, in
the high potential limit, the electrostatic free energy of the lipid surface in the
presence of protein changes on chain-melting by:

] . kT : gel
SIAFCSI(I-)]melung S (_) In (Uﬂud> = +2(naf —iZ)kT In ( at?uid)
Ay

€ Ogel
(19)

.. el
where Ogel. Onyia are the surface charge densities, and af’ . aj*'® are the areas

per lipid molecule in gel and fluid phase bilayers. respectively. The difference
in electrostatic free energy of binding a protein. dAF; (i)/di. to the fluid and
gel lipid states is then given by (Heimburg and Marsh, 1995):

fluid

gel
S[dAF;(i)/di)™"¢ = —2kT Z In (aL) : (20)
4y

In the high-potential regime of electrostatic double-layer theory that is used
here, this free energy is almost totally entropic (Jahnig, 1976). Assuming an
increase in surface area on lipid chain-melting of approximately 30% (Marsh,
1990), the change in electrostatic binding energy amounts to =~ +1.2 kcal/mol
protein. This would correspond to a decrease in binding constant of the protein
by a factor of approximately eight on chain-melting. Expressing the electrostatic
surface free energy difference in terms of the number of lipids yields a value of
~ 4100 cal/mol per lipid. assuming a lipid/protein stoichiometry of o = 12 that
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is appropriate to native cytochrome ¢. Energetically speaking, this is a relatively
small change, but because of the highly cooperative nature of lipid chain-melting
it is capable of changing the gel-fluid equilibrium. The partial neutralization of
the membrane electrostatic charge by binding the protein results in a shift in
the lipid transition to higher temperatures by an amount that, from perturbation
theory for first-order transitions, is given by (Cevc and Marsh, 1987):

$ dAFS Y/ di melting
a7, = SWAFT0)/di) o
aAS;

where AS, is the chain-melting entropy. Taking a value for the latter of ~ 23
cal/mol/K appropriate to dimyristoyl phosphatidylgylcerol (Marsh, 1990) results
in an upward shift in transition temperature of =~ +4—5°C. This illustrates the
coupling of the lipid chain-melting equilibrium with the protein binding equi-
librium via the reciprocal influence of protein binding and membrane surface
electrostatics on one another.

Irrespective of mechanism, the different strength of binding of peripheral
proteins to different states of the lipid results quite generally in a direct coupling
between the lipid-protein interaction and the lipid phase transition. The overall
combined association and phase equilibria at fixed temperature can be depicted
by the following scheme (Heimburg and Biltonen, 1996):

KI_
P+G~—=P+F

K¢ 1 1 Kr
P.Ge==P.F
KI.P

where K and Kr are the association constants of the protein (P) with fluid
(F) and gel (G) phase lipids. The apparent equilibrium constants for the gel-
fluid equilibria of the free and protein-bound lipid are K; = 6% /(1 ~ #) and
K" = 0LF /(1 — 9LF), respectively. From the cyclic nature of the equilibria
(ie., K¢ - KM = KL . Kr), the degree of conversion to the fluid phase for the
protein-bound lipid (#") is related to that for the free lipid (6) by:

6L =rol /11 + (r — 1B (22)

where r = Ky /K is the ratio of the association constants with the fluid- and
gel-state lipids. This general relation demonstrates that both the mid-point of the
transition will be shifted and the shape of the transition curve will be skewed, in
the presence of bound protein. In particular, the transition mid-point (9°F = 0.5)
occurs at a temperature for which the degree of transition of the free lipid is:
oL = 1/(r + 1), which results in downward shifts for » < 1 and upward shifts
for r > 1.

To illustrate simply the effects of protein binding on the gel-fluid lipid
coexistence, the cooperativity of the phase transition can be depicted by a one-
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dimensional two-state Ising model (Marsh et al, 1976). The degree of transition
of the free lipid is then approximated by (Zimm and Bragg, 1959):

L 1 s—1
6 = -1+
2 Vs —1D2+4do;s

where s is a scaled temperature parameter, and the cooperativity parameter, oy,
is determined by the boundary free energy between gel and fluid lipid domains.
The transition curves for the protein-bound lipid deduced from Equations (22)
and (23) are given for various values of the ratio of fluid and gel association
constants in Figure 6. The transition curve for r = 1 is identical with that for
the free lipid. An increasing preference of the protein for binding to one of the
states of the lipid results in a progressive broadening and shift of the transition
towards the side of transition that favors the other phase. Under these conditions,
the range of phase coexistence is broadened, and the domains of the lipid phase

(23)

1.0
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Figure 6. Chain-melting transition curves for lipids with bound peripheral protein and vari-
ous ratios of the protein association constants with gel and fluid lipid. The degree of transi-
tion, ALF_ is obtained from Equations 20 and 21 with o, = 2.107* and from left to right:
r=0.1.0.2.05.1.0.2.0.5.0.10.0. The x-axis is the dimensionless temperaturc parameter, s ~
1+ (AH,/RT,Z)(T — T;), where T, is the transition temperature of the free lipid (i.e.. s = 1) and
A H, the corresponding transition enthalpy (Marsh. 1995b).
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tavoring protein binding are preferentially stabilized. This inevitably gives rise to
4 nonhomogeneous distribution of protein molecules on the membrane surface.
as will be seen in detail later.

Lipid Chain-Melting and Lipid-Protein Interaction

In the following sections, the lipid chain-melting phase transition and its recip-
rocal coupling with protein binding and lipid-protein interactions are considered
m some detail. The emphasis here is on the formation of spatially separated
domains of lipids in the gel and fluid states, and on the ensuing spatial hetero-
geneity of the in-plane distribution of the membrane-bound proteins. For this
purpose, a two-state model (i.e., gel and fluid) is adopted for the lipid phase
transition in which only interactions between nearest-neighbor lipids are consid-
ered, L.e., a two-dimensional Ising model. In such a model, cooperativity arises
i the phase transition because of energetically unfavorable interactions between
lipids in different states, which are located principally at the boundaries of the
domains composed of lipids in a single state. Monte Carlo calculations based on
4 fixed two-dimensional lipid lattice are used in order to allow for the entropy
of the domain boundaries in a proper manner and at the same time to give di-
rect information on the spatial extent of the domains and their fluctuations. The
Jdistribution of proteins bound to the membrane surface is also obtained by the
~ame method.

Lipid Transitions and Lipid Domain Formation

First we consider the chain-melting transition of lipid membranes in the absence
of proteins. This is a highly cooperative process with a transition half-width that
can be as small as 0.07 degrees (Albon and Sturtevant, 1978). Cooperativity
implies that the lipid chains do not melt independently; instead the state of a
lipid is dependent on that of the surrounding lipids. In the following it is assumed
that interactions take place only between nearest-neighbor lipids that are in one
of two states (gel or fluid), i.e., a two-dimensional Ising model.

The nearest-neighbor lipid-lipid interaction free energies are designated by
e €11, and &g, corresponding to the interaction between two gel lipids, two
fluid lipids, and a gel and a fluid lipid, respectively. At temperature 7', the chain-
melting free energy of the bilayer in a particular configuration, for which the
number of lipids in the fluid state is #; and the number of unlike lipid contacts
is ng, is then given by:

1
AG(T) = n(MH, = TAS) + Sngwy (24)

where AH, and AS; are the total transition enthalpy and entropy, respectively,
and wy = g4 — (€g¢ + €11)/2 is the excess interaction free energy of a pair of
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unlike lipids. The mid-point of the transition (strictly speaking, the isoenergetic
point) is given by AG(T) = 0, and occurs at a temperature 7, = AH,;/AS;,
ignoring the small term of order (ng /n/)wy;.

The mean value for any observable, (X), can be obtained by averaging
over all bilayer configurations at a particular temperature, using the statistical
thermodynamic expression:

(X(T) =)D Xung) - P(Tning)

ng o ng

n - (AH, — TAS) + ingwy
ZZX(nl.ng[)-Q(npng/)exp <— ! RT[ R it 1
np Ry

(AH, — TAS;) + 1 (25)
Q ny e S
2 E (nz.ngl)exp<— ! ! ! el g/)

ng ngy

where P(T.n;.ng) is the probability at temperature 7 of finding a bilayer
configuration with a given fraction of lipids in the fluid state and of gel-fluid
contacts, and §2(n;. ng) is the number of independent ways of generating such
a configuration (i.e., the degeneracy). Possible observables are, for example, the
enthalpy, (H) or (H?), or the mean surface area of the bilayer, (A). Of particular
interest is the mean fraction of fluid lipids. (f}. where f = n,;/n for a bilayer
composed of n lipids.

The main problem in calculating the configurational partition function and
the mean value of an observable lies in the determination of the distribution
function €2 (n;. ngy). Because an anatytical method is not available, Monte Carlo
simulations are used. The simulations are performed numerically by defining a
lipid matrix and switching the state of each individual lipid according to the
statistical mechanical probability for such a change. If this probability is greater
than a randomly generated probability, it is accepted. and if below this value, it
is rejected. The relevant probability for an individual lipid to change from the
gel state to the fluid state is given by:

K(T
— _(2_._ (26)
1+ K(T)
where the statistical weight is given by:
AH, —TAS, + Ang -
K(T) = exp (- ! R’T“L Rl w*”) . 27)

Here Ang is the increase in the number of unlike nearest neighbors upon the
change from the gel to the fluid state, where for lipids on a triangular lattice:
—6 < Ang < 6 (see Figure 7). For further details see Mouritsen and Bilto-
nen (1992), Sugar et al (1994) and Heimburg and Biltonen (1996). The Monte
Carlo steps are repeated many times so that the distribution function £2(n;, ny)
can be determined by counting the relative numbers of the respective configu-
rations generated. The Metropolis procedure used for obtaining §2(n;, ng) can
be described as a representative random walk through the phase space and is
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Figure 7. Hustration of the change in state of a lipid during a Monte Carlo step. The lipids are
arranged on a triangular (i.c., centered hexagonal) lattice, and gel-state and tluid-state lipids are
depicted by open and shaded circles, respectively. Two cases are given in which the number of
unlike ncarcst-neighbors of the central test lipid changes by Any = 0 and An, = 4. In general:
Ang =2~ 211}1,. where 2 is the total number of nearest-neighbors (i.e., the coordination number)
and n, is the original number of unlike nearest-neighbors before the change of state (Heimburg
and Biltonen, 1996).

required to be performed only once. When the distribution $2(n1;. 1) is known,
the mean value of an observable (X) can be derived for any given set of values
for the parameters w,, AH, and AS,. and at a particular temperature 7, by
using Equation 25 (Ferrenberg and Swendson, 1988).

By differentiating Equation 25 for (H) with respect to temperature, the mo-
lar heat capacity at constant pressure, C,, can be determined, yielding the well-
known fluctuation-dissipation theorem from statistical mechanics (Hill, 1960):

C. 8<H>> _(HY) —(H)? 28)
" \er ), Rz

The required averages, (H”) and (H). are obtained from Equation 25. In the
two-state model. each is related to the corresponding mean values for the fraction
of fluid lipids, f, i.e.:

(AH,)
RT?
because the molar chain-melting enthalpy at fluid fraction f is given simply
by: AH(f) = fAH,. This latter holds as long as the enthalpic contribution

N

Cp=1f) ~ (f) (29)
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Figure 8. Fluctuations in the percentage of fluid lipids about a mean value of 50% obtained over
a range of 9000 Monte Carlo cycles with a 41 x 41 liptd matrix. The initial 1000 simulation
steps were discarded in order to ensure that a representative configuration had been achieved. The
parameters used for the simulation were AH, = 8.7 kcal/mol. AS, = 28 cal/mol/K. and an enthalpic
interaction energy of w,; = 300 cal/mol (upper) or 330 cal/mol (lower) with a triangular lattice and
a temperature corresponding to the mid-point of the gel-to-fluid transition of 7,, = 310.3 K.

from the interfacial free energy, w,;, which is relatively small. can be neglected.
From the properties of mean values, it can readily be shown that { f*) — (f)’ =
((f —(fNH.ie. that the quantities of interest are the mean-square fluctuations
about the mean value.

The fluctuations in the fraction of fluid lipids obtained from a Monte Carlo
simulation for lipids on a triangular lattice are illustrated in Figure 8. The temper-
ature chosen for the simulation corresponds to the mid-point of the gel-to-fluid
bilayer transition, and, therefore. the fluctuations about the mean value of 50%
are especially large. Simulations are given for two values of w,;: for the moment
we concentrate on the upper one corresponding to the lower degree of coop-
erativity. This simulation allows the calculation of the heat capacity maximum
¢ for the transition. by using Equation 29. Having established the relevant
parts of the distribution function, €2(n;. 1), in this way by a single simula-
tion, it is then possible to calculate the heat capacity profile as a function of
temperature from Equation 25. The results for various values of the interfacial
free energy parameter, w,;, are given in Figure 9. It can be seen that increasing
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Figure 9. Heal capacity profiles for the chain-melting of a lipid bilayer with AH, = 8.7 kcal/mol,
T = 310.3 K, calculated with a two-dimensional Ising model and uniike nearest-neighbor interac-
uon {ree energies of wgr = 300, 310, 320, 330 cal/mol, which are assumed (o be purely enthalpic.
Calculations were performed for a triangular lipid matrix with 31 x 31 sites by using a single Monte
Carlo simulation (for wy; = 320 cal/mol and T = T,,) and the Ferrenberg-Swendsen (1988) method
~ith Equation 25.

the interfacial free energy parameter increases the cooperativity of the transi-
tion, resulting in both a decreasing transition half-width and an increasing heat
capacity maximum.

Figure 10 shows representative lipid configurations obtained from Monte
Carlo simulations for temperatures below, at, and above the heat capacity max-
imum of the chain-melting transition. As can be seen, the lipids form spa-
ually separated domains of various sizes which are composed essentially of
lipids in a single state (either gel or fluid). As the temperature changes to-
wards the mid-point of the transition, the domains composed of lipids in the
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melting of single lipid membrane

Figure 10. Snapshots of the lipid configuration at temperatures: (a) below (7 = 308.3 K). (b) at
(T = 310.3 K), and (¢) above (T = 312.3 K) the heat capacity maximum for a lipid matrix with
61 x 61 sites, AH, = 8.7 kcal/mol. wg = 310.3 cal/mol and AS, = 28 cal/mol/K. For all these
Monte Carlo simulations a triangular lattice with periodic boundary conditions was used. Gel-state
lipids are black and tluid-state lipids are grey (Heimburg and Biltonen. 1996).
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minority state grow in size at the expense of the majority state, achieving
their maximum size at the transition mid-point. The tendency to domain for-
mation results from the unfavorable interfacial energy between the gel and
fluid lipid states and becomes increasingly more pronounced as the interfa-
cial energy increases and the transition becomes more cooperative. On the
other hand, as can be seen from Figure 10, the domain surface is complex
and approximately fractal. This is a result of the energetically favorable in-
creased entropy of a more extended interface. The unfavorable interfacial free
energy (assumed here to be totally enthalpic) and the favorable entropy of an
extended interface balance each other in a temperature-dependent manner. How-
ever, the higher the value of the enthalpic parameter wyg, the larger the average
domain size and the shorter the overall domain interface become. This is of
importance in considering the distribution of bound proteins as described in
the next section.

With increasing cooperativity one expects eventually to get into a regime
where a continuous change in the lipid state, such as considered above, converts
to first-order behavior. First-order transitions show a coexistence of two macro-
scopic states in the same canonical ensemble at the transition point which means
that at the chain-melting point two membrane configurations with different frac-
tions of fluid lipids are present with equal probability. This is demonstrated in
Figure 11, in which the probability P(f.7,) of finding a membrane with a
fluid lipid fraction f and a mean number of unlike contacts per lipid, 7. at the
transition point is plotted as a function of these two variables. The probabilities
are obtained from the individual terms in the summation in Equation 25 with
X =1 f=mn/n and iy, = ng/n, where n is the total number of lipids.
As the cooperativity parameter increases, the distribution of states progressively
develops two maxima (Figure 11d), which indicates first-order behavior (Lee
and Kosterlitz, 1991). The fluctuations in such a highly cooperative system are
shown in the lower panel of Figure 8. Rapid fluctuations take place about one of
the maxima of Figure 11d, and then, less frequently, large-scale fluctuations take
place between the two maxima. As the size of the system increases, the distribu-
tions in Figure 11d become sharper, and the large-amplitude fluctuations become
more abrupt but less frequent. In the case of a low cooperativity (Figure 11a),
only one maximum exists in the probability distribution. This corresponds to a
second- or higher-order transition, because the system does not switch from one
state to the other at the transition but undergoes a continuously varying change
of state. The fluctuations in this type of low-cooperativity system correspond to
those given in the upper panel of Figure 8.

Finally, it will be noted that the lateral compressibility of the lipid matrix
also can be obtained from the Monte Carlo simulations for the two-state model.
This is done in a manner similar to that described for the heat capacity (Hill,
1960), because the fluctuations in lipid surface area also are proportional to those
in the fraction of fluid lipids. These elastic properties of the lipid membrane are
considered in detail in a later part of the chapter.
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Figure 11. Distribution P(f. 7ig) of lipid configurations at the heat capacity maximum for a trian-
gular lipid matrix with 31 x 31 sites with increasing values (a to d) of the interaction energy. wg;.
between unlike lipids. Parameters used in the Monte Carlo simulations are those given in the legend
to Figure 9. The probabilities P(f.7iy) are obtained from the individual terms in the summation of
Equation 25, with X = 1, f =n;/n and g = ng/n. where n (= 31 x 31) is the total number of
lipids in the matrix. At higher values of @, the distribution curve displays two maxima (panel d).
indicative of a first-order transition. whereas a single maximum (panel a) is typical for second- or
higher-order transitions.
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Binding of Peripheral Proteins

This section deals with the effects of binding peripheral proteins on the phase
transition behavior of lipid bilayers and the coupling of protein binding and lipid
phase state. The results can be analyzed using the two-state Ising model that
was given for the lipid chain-melting transition in the previous section, together
with the thermodynamics of protein binding discussed earlier. In addition, the
Monte Carlo methods of the previous section may also be applied to investigate
the protein distribution on the lipid surface.

CALORIMETRIC DATA

First we begin with some experimental results. In Figure 12, the heat capacity
curves in the temperature range of the lipid chain-melting transition are given
for bilayers of two different anionic lipids in the presence and absence of basic
peripheral proteins. These thermograms have been measured by using differential
scanning calorimetry. Concentrating on the left side of Figure 12 for dimyristoyl
phosphatidylglycerol bilayers in the presence of cytochrome c. it can be seen that
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Figure 12. Heat capacity profiles obtained by differential scanning calorimetry for anionic lipid
bilayers and lipid/protein complexes with peripheral proteins. Left: Dimyristovl phosphatidylglycerol
bilayers with cytochrome ¢ bound at different degrees of surface saturation (from upper to lower:
0. 25, 50, 75, and 100%. assuming a lipid/protein stoichiometry of 10 mol/mol for saturation). The
change in total integrated heat of transition upon saturation binding is —4.3 kcal/mol. (Adapted
from Heimburg and Biltonen. 1996). Right: Dimyristoyl phosphatidylserine bilayers in the absence
(upper) and in the presence (lower) of myelin basic protein (lipid/protein = 25 mol/mol). The change
in total integrated heat of transition upon protein binding is —1.6 kcal/mol. (Adapted from Ramsay
et al, 1986 with permission).
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binding of increasing amounts of protein results in an asymmetric broadening of
the transition and a shift in the heat capacity maximum to higher temperatures
by approximately AT, ~ +5°C. These results are in qualitative agreement
with the general considerations of the coupled protein binding and lipid phase
equilibria given earlier (Figure 6). In addition, it has been found that the protein
binding has a large effect on the transition enthalpy, which decreases from
AH, = 6.0 kcal/mol for the lipid bilayers alone to AH, = 1.7 kcal/mol lipid
in the presence of a saturating amount of protein bound. This represents a very
significant energetic effect of protein binding.

The enthalpies of protein binding at saturation obtained in the cytochrome
¢/dimyristoyl phosphatidylglycerol system by titration calorimetry are given for
different temperatures in Figure 13. It can be seen that the binding reaction
is strongly endothermic, indicating that it must be entropy driven, at least in
part by surface electrostatics. The binding enthalpy decreases strongly from
AH, = +6.8 kcal/mol lipid in the gel phase to AH, = +2.8 kcal/mol lipid in
the fluid phase, correlating with the large decrease in chain-melting enthalpy on
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Figure 13. Total heat of binding a saturating amount of cytochrome ¢ to dimyristoyl phosphatidyl-
glycerol bilayers as a function of temperature, determined in a titration calorimeter. Note the strong
change in enthalpy of the endothermic binding reaction in a region close to the lipid phase transition.
(Adapted trom Heimburg and Biltonen, 1994).
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protein binding in Figure 12. This change is unrelated to the surface free energy
of the electrostatic double layer, which in the high potential limit is entropic
in origin and most probably arises from structural and hydrational changes in
the lipid bilayer on protein binding. In addition, the temperature dependence
of the enthalpy of protein binding (Figure 13) does not correspond in a one-
to-one fashion with the degree of transition in the lipid state as deduced from
Figure 12. This suggests a strong contribution from the heat capacity of bind-
ing to one or both of the lipid states (probably to the gel state because the
large changes occur at lower temperature than the lipid transition mid-point
and the binding enthalpy is essentially independent of temperature in the fluid
state). The changes in heat of transition on protein binding and the changes
in heat of binding on lipid transition may be related by the following thermo-
dynamic scheme:

ARHK
LOOC)+P —'— LAIC)+ P
AHS | | AHE
LP(9°C) —— LP(41°C)
AH,['P

where AH" and AH" are the lipid transition enthalpies for the lipid bilayers
alone (L) and for the lipid-protein complex (L P), respectively, and AHS and
AHJ are the enthalpies of binding the protein (P) to gel-phase lipid (9°C) and
to fluid-phase lipid (41°C). Because enthalpy is a thermodynamic state function,
independent of pathway: AH" + AH} = AHS + AH!'?, ie.. the decrease in
protein binding enthalpy (AH) — AHS = —4.0 kcal/mol) should compensate
that of the lipid transition (AH;* — AH! = —4.3 kcal/mol). This consistency
suggests that the strongly endothermic enthalpy of protein binding is associated
with structural and other changes in the lipid which are reflected in the strongly
reduced chain-melting enthalpy (Heimburg and Biltonen, 1994).

Finally, we consider the shift in temperature of the lipid transition. For the
lipid bilayers alone, the mid-point of the transition occurs at a temperature given
by (Cevc and Marsh, 1987):

s 30

mo AS[ ( )
where AH, = 6.0 kcal/mol and AS, = 20 cal/mol/K for dimyristoyl phos-
phatidylglycerol. In the presence of a saturating amount of proteins, almost all
lipids are in contact with a bound protein. It can be seen from the left-hand
panel of Figure 12 that. for saturation binding of cytochrome ¢ to dimyris-
toyl phosphatidylglycerol, the heat capacity profile of the lipid transition is not
symmetric. Nevertheless, the mid-point of the transition in the presence of a
saturating amount of protein might be expected to occur at a temperature given
approximately by:

pip_ AH +AH, an
" AS +8AS, )
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where AH, and §AS, are the differences in enthalpy and entropy per lipid,
respectively, for protein binding to the fluid and gel states (Heimburg and Bil-
tonen, 1996). For cytochrome ¢ binding to dimyristoyl phosphatidylglycerol:
AT, ~ 45 (Figure 12) and SAH, ~ —4.3 cal/mol (Figure 13), and, therefore,
from Equation 31 one obtains a change in the entropy of protein binding on
lipid chain-melting of §AS, ~ —14.6 cal/mol/K. The difference in free energy
of protein binding to the fluid and gel lipid states, SAG, = SAH, —T-5AS,,
therefore exhibits a strong degree of entropy-enthalpy compensation. It has a net
entropic value of §AG, = 4100 cal/mol at 302 K (the approximate mid-point
for the transition of the lipid-protein complex) and decreases to give complete
compensation (8AG, = 0) at 295 K, i.e., 2 degrees below the transition of the
lipid in the absence of protein. This sensitive temperature dependence of the free
energy leads to a considerably asymmetric broadening of the lipid chain-melting
transition (see Figure 12, left side). Indeed, experimentally observed transitions
often are broadened to such an extent that it is difficult to resolve the transition
maximum, suggesting that the binding of proteins involves considerable entropic
contributions.

Applying the same principles of analysis to the data for the binding of
myelin basic protein to dimyristoyl phosphatidylserine that are given in the
right-hand panel of Figure 12, it can be inferred that the difference in enthalpy
of protein binding is §AH, ~ —1.6 kcal/mol lipid, and, from the transition
shift, that the difference in entropy of binding is §A S, &~ —4.8 cal/mol/K. Here
also, there is a considerable degree of entropy-enthalpy compensation but the
difference in net free energy of protein binding is enthalpic, SAG, ~ —135
cal/mol lipid, at the transition temperature of the lipid-protein complex. In this
case, the free energy difference is negative, corresponding to the downward shift
in temperature of the transition on protein binding.

These two experimental examples demonstrate that considerable insight can
be gained into the nature of the lipid-protein interaction by a detailed study of
the thermodynamic behavior. It is clear that there can be very sizeable enthalpic
contributions to the binding free energy that do not arise from changes in the
clectrostatic double layer free energy, which in the high potential limit is almost
totally entropic. Also, there must be considerable entropic contributions that do
not have their origin in the electrostatic double layer because the difference
in entropy of binding is found to be much greater than that predicted by the
entropic contribution in Equation 20 from double-layer theory. It is noted that
these differences are unlikely to arise from the short-comings of Gouy-Chapman
electrostatic double-layer theory because, if anything, this theory tends to over-
estimate the energetics of lipid-chain melting (Cevc et al, 1981; 1980).

Generally, the nonelectrostatic contributions to the binding energy express
themselves in the intrinsic binding constant, K, that was considered earlier, Pos-
sible sources for these contributions are structural and conformational changes
in both protein and lipid, changes in hydration and hydrogen bonding, and
possibly even hydrophobic interactions. Tertiary structural and conformational
changes in cytochrome ¢ have been found on binding to anionic lipids, and there
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can be morphological changes in the bilayer as well (Heimburg and Marsh,
1993; Heimburg et al, 1991; Muga et al, 1991). Considerable changes occur
in the secondary structure of myelin basic protein on binding to negatively
charged lipids (Surewicz et al, 1987). Evidence for dehydration of the lipid
surface on binding peripheral proteins has come from other spectral studies
(Jain and Vaz, 1987; Sankaram et al, 1990). Binding of cytochrome ¢ (Gorrisen
et al, 1986), myelin basic protein (Sankaram et al, 1989a), as well as other
proteins (Sankaram et al, 1989b), has a marked effect on lipid mobility and
hence potentially on the energetics of chain packing and possibly also of the
chain configuration. Additionally, there is evidence for penetration of myelin
basic protein into the hydrophobic region of the lipid bilayer (Boggs et al,
1988: London et al, 1973; Sankaram et al, 1989a). Thermodynamic studies,
as described above, can give some indication of the relative energetic signif-
icance of these different structural and hydrational changes. However, con-
siderable entropy-enthalpy compensation may also take place in the individ-
ual binding reactions, as is found for the differences in binding to the gel
and fluid states.

SIMULATIONS

Now we return to the two-state Ising model by considering the effects of protein
binding on the lipid state. A strictly local model is taken for the lipid-protein
interaction (see Figure 14, upper); the peripheral proteins are assumed to affect
only those lipids situated directly under them. (For ionic strengths of 10 mM
and above, at which the Debye length of the electrolyte is of the order or less
than a typical protein diameter, such an assumption is not strongly at variance
with the nonlocalized double-layer approach used for the surface electrostatic
interactions earlier.) For a lipid in contact with a peripheral protein, the statistical
weight K (T') that determines the probability to switch from the gel to the fluid
state in a Monte Carlo step becomes:

AH, = TAS, + Angy - 0y + AEP) (32)

K(T) =exp ( RT
whereas it is given by Equation 27 in the absence of proteins. Here, the dif-
ferential free energy of protein binding, §AGp, is approximated by a simple
enthalpic term, AEp. In addition to the switching of the lipid states, the pro-
teins are also allowed to rearrange laterally on the lipid surface. Translational
steps for a protein are favored in a direction for which the strength of binding
increases. This, in turn, depends on the distribution of gel and fluid lipids. For a
given lipid arrangement the probability for translation in one of the six possible
directions on a triangular lattice is given by:
K (i)

P,(i) = m (33)
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<> unlike lipid
interactions: gy

<> differential protein-
lipid binding : AG,

Figure 14. Schematic illustration of the local interactions between proteins and lipids. and the cou-
pling with the interactions between unlike lipids. Upper: peripheral protein: fower: integral protein.
Energetically less favorable interactions, characterized by the excess free energies wy and SAG p,
are indicated by arrows (Heimburg and Biltonen. 1996).

where the index i represents the six different directions. The statistical weights
are given by:

34

Kun(i) = exp (fM)

RT

where An,(i) is the increase in the number of fluid lipids with which the protein
is associated. Using a random number generator the proteins are moved from
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Figure 15. Heat capacity profiles calculated from Monte Carlo simulations for the two-state chain-
melting of a lipid membrane with varying amounts of peripheral protein bound. Calculations were
performed for a lipid matrix of 61 x 61 sites with AH; = 8.7 kcal/mol. T, = 310.3 K. wy = 310.3
cal/mol. Each protein covers 19 lipid sites and has a differential binding energy with the two lipid
states of AEp = 200 cal/mol. The five different profiles correspond to degrees of surface saturation
(from upper to lower) of 0, 16. 32, 48. and 64%. or protein/lipid ratios of 0. 1/125. 1/62. 1/41. and
1/31 mol/mol. respectively. (Adapted from Heimburg and Biltonen, 1996).

an initial statistical distribution in one of the six possible directions with the
probability P, (i) (Heimburg and Biltonen, 1996).

Simulations are performed by alternating readjustment of single lipid states
and recalculation of the protein positions. Figure 15 shows the heat capac-
ity profiles calculated from Monte Carlo simulations for a peripheral protein
with a cross section equal to that of 19 lipid molecules (approximately equiv-
alent to phospholipase A,) and a differential gel-fluid protein binding energy
of AEp = 4200 cal/mol (enthalpic). The parameters for the lipid matrix are:
AH, = 8.7 kcal/mol, T,, = 310.3 K and wy = 310.3 cal/mol, which are
similar to those found for dipalmitoyl phosphatidylcholine small unilamellar
vesicles (Mouritsen and Biltonen, 1992: Sugar et al, 1994). It can be seen that
the heat capacity maxima are shifted progressively to higher temperatures, and
the profiles are broadened asymmetrically as increasing numbers of proteins are
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bound. Although the simulation parameters are rather different from those found
for the binding of cytochrome ¢ to dimyristoyl phosphatidylgylcerol, there is a
remarkable qualitative similarity between the calculated heat capacity profiles
in Figure 15 and the experimental data in Figure 12 (left panel). The differential
binding energy was chosen in the simulations to give a shift of the transition
mid-point at saturation binding of +7° and therefore produces a shift in the
transition comparable to that in Figure 12, at less than saturation binding. To
produce a downward shift in the transition on protein binding, such as that
observed in the right-hand panel of Figure 12, would require AEp to have a
negative sign. Inclusion of entropic contributions to the differential free energy
of binding, such as is suggested by the experimental data, would produce a more
pronounced asymmetric broadening of the heat capacity profiles.

The distribution of the proteins on the lipid surface is shown in Figure 16,
which gives representative configurations of the protein and lipid at temperatures
below, within, and above the chain-melting transition. It can be seen that the
proteins preferentially accumulate and cluster on the lipid gel domains that are
present in the transition region. This is because the free energy of binding to
the gel domains is lower than that to the fluid domains, for a positive value
of AEp. Correspondingly, gel domains form preferentially at the locations of
the protein molecules. The degree of protein clustering can be characterized by
the deviation of the mean separation between adjacent proteins obtained in a
simulation from that expected for a random distribution:

dran om T d T
C(T) = dh() (35)

drandom - dminimum

where drndom. dminimum and d(T') are the mean distances between neighboring
proteins for a random distribution, for closest packing, and from the simulation
results at temperature 7', respectively. As shown in Figure 17. the protein cluster
parameters C'(T'), derived from distributions such as those in Figure 16, show
a distinct maximum at temperatures close to, or on the gel-phase side of, those
of the heat capacity maxima. This aggregation is a necessary accompaniment to
the shift in the heat capacity curve.

Integral Proteins

In this section, we briefly consider lipid interactions with integral membrane pro-
teins. The intention is not to give a comprehensive discussion (Marsh. 1995a.
1985) but rather to concentrate on the different interaction of the integral pro-
tein with lipids in the different phases, within the context of the two-state model
(see Figure 14, lower panel). In general. it is to be expected that integral pro-
teins will interact and mix differently with lipids in the fluid and gel states.
There is considerable evidence from freeze-fracture electron microscopy that
integral proteins frequently tend to aggregate in gel-phase lipid membranes,
whereas they are more randomly distributed within the fluid lipid phase. Clear
examples are. for instance, the Ca>"-ATPase (Kleeman and McConnell, 1976),
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melting in the presence of peripheral proteins

Figure 16, Snapshots of the configuration of a 61 x 61 lipid matrix with 60 surface-bound peripheral
proteins (each covering 19 lipid cross sections) at temperatures (a) below (T = 306.3 K). (b) at
(T = 312.3 K), and (c) above (T = 318.3 K) the heat capacity maximum. Monte Carlo simulations
were performed as for Figure 15 with AH, = 8.7 kecal/mol. wy = 310.3 cal/mol, T = 310.3
K. and AEp = 200 cal/mol. Gel-state lipids are black. fluid-state lipids arc grey. and proteins are
represented by white circles (Heimburg and Biltonen. 1996).
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Figure 17. Aggregation profiles for peripheral proteins, corresponding to the calculated heat capacity
profiles of Figure 15. The protein cluster parameters calculated from Monte Carlo simulations
(Figure 16) are for protein/lipid ratios of (from upper to lower): 1/125, 1/62, 1/41, and 1/31 mol/mol.
(Adapted from Heimburg and Biltonen, 1996).

cytochrome oxidase (Fajer et al, 1989), myelin proteolipid protein (Boggs et al,
1980), and glycophorin (Grant and McConneli, 1974), as well as membranes
from fatty acid-supplemented Escherichia coli auxotrophs (Kleeman and Mc-
Connell, 1974). Matching of the hydrophobic span of the integral protein with
that of the lipid chains in the different states is likely to play an important role
(Marsh, 1995a,b). Hydrophobic matching may also play a role in the mixing
properties with lipids of different chainlength in a single lipid phase, as is found
for rhodopsin (Chen and Hubbell, 1973: Ryba and Marsh, 1992). In addition,
any preferential interaction between proteins, relative to the lipid-protein inter-
actions, will tend to induce protein aggregation, which may again be dependent
on the lipid state. An example of this is the well-known propensity of the band
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3 anion transport protein to aggregate in fluid-phase lipids (Miihlebach and
Cherry, 1985).

If, in the model of the previous section, the differential interaction energy.
AEp between the peripheral protein and the gel and fluid states of the lipid
membrane is allowed to become extremely large, all lipids beneath the pro-
tein remain in the gel state, even at high temperatures. Conversely, with a very
strongly negative value for the differential binding energy, domains consisting
entirely of fluid lipid form beneath the peripheral protein. This can be used to
mimic the thermodynamic behavior of integral proteins, if it is assumed that
these all-gel or all-fluid domains beneath the protein represent the membrane-
spanning core of the protein. In determining the thermodynamic observables
(heat capacity, compressibility, etc.) the lipids in these cores must be excluded
because they are considered to be part of the integral protein. This integral
core interacts with the surrounding lipid in the same manner as do gel-phase
lipids (in the case of a strongly positive value of AEp), or as do fluid-phase
lipids (in the case of a strongly negative AEp). Clearly this is a considerable
oversimplification of the actual situation because it assumes that the interaction
of integral proteins with the two lipid states is identical with that of lipids in
the complementary state, i.e., gel with fluid or fluid with gel. as described by
the excess free energy wg. Nevertheless, the model contains all the qualita-
tive features of a different protein interaction with the two lipid states (Heim-
burg and Biltonen, 1996). In the case of peripheral proteins with moderate values
of the differential interaction energy AEp, the aggregation of such proteins at
the phase transition (see Figure 16) is caused by different interactions with the
lipid domains, which are created primarily by the different lipid chain interac-
tions. This type of interaction disappears outside the transition range, and the
distribution of such proteins then becomes random, in the absence of specific
protein-protein interactions. In contrast to this, the lipid interface with integral
proteins (or with the lipids beneath a peripheral protein to which they bind ex-
tremely strongly) exists at all temperatures. As will be seen in the following,
this affects the aggregation profile of the protein, which in turn shows up in the
heat capacity profiles for lipid chain-melting.

We consider here the simulated heat capacity profiles for a hypothetical
integral proiein corresponding to a highly positive value of AEp, ie., with a
preference for the gel phase. The cross section of the protein is assumed to
correspond to 19 lipid cross sections and, for a compact structure, will have a
comparable number of nearest-neighbor true lipids in its boundary shell. The
calculation is performed by using the same approach as that used for peripheral
proteins, as outlined in the previous section. The integral cores of the hypotheti-
cal protein consist of gel-phase lipids that do not undergo a change of state and
are not counted in calculating the heat capacity. As can be seen from Figure 18,
the heat capacity profiles calculated from the Monte Carlo simulations for this
model shift to higher temperatures with increasing effective protein/lipid ratio.
This aspect of the behavior is similar to that for peripheral proteins with smaller
positive values of AEp (see Figure 15). However, the shape of the heat capac-
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Figure 18. Heat capacity profiles calculated for a lipid matrix containing different amounts of a
hypothetical integral protein that is modeled as a cluster of 19 permanently gel-state lipids. Monte
Carlo calculations were performed for a lipid matrix of 61 x 61 sites with AH, = 8.7 kcal/mol.
T = 3103 K, and wg = 310.3 cal/mol (cqual also to the excess interaction energy of the protein
with a fluid-state lipid). The four different profiles correspond to protein/lipid ratios of (from upper
to lower) 0. 1/105, 1/43, and 1/22 mol/mol. (Adapted from Heimburg and Biltonen. 1996).

ity profiles is different from the latter case. In the case of Figure 15, the heat
capacity profiles display a maximum at the lower end of the transition for low
degrees of surface coverage by the protein, whereas the maximum shifts to the
upper end of the transition profile for high degrees of protein occupancy. This
change arises from the change in number of lipids in contact with the protein for
increasing numbers of proteins bound. The heat capacity profiles in Figure 18,
however, always display a maximum at the low temperature end of the transition
(in the case of a highly positive value of AEp). In the case of a preference of
the protein for the fluid-phase lipids (highly negative values of AEp). the heat
capacity profiles would shift downwards and display the heat capacity maximum
at the upper end of the transition profile.
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Figure 19. Experimental heat capacity profiles of lipid complexes with integral proteins. Left: Band
3 anion transport protein from erythrocytes reconstituted with dimyristoyl phosphatidylcholine at
protein/lipid ratios of (from lower to upper): 0. 1/9200. 1/1630. and 1/960 mol/mol. (Adapted from
Morrow et al, 1986). Right: Cytochrome bs reconstituted with dipalmitoyl phosphatidylcholine at
protein/lipid ratios of (from lower to upper): 0. 1/100. 1/67. and 1/40 mol/mol. (Adapted from Freire
et al, 1983 with permission).

The results of the model calculations that are given in Figure 18 can be
compared with experimental heat capacity profiles for the chain-melting of
lipid membranes reconstituted with purified integral membrane proteins. The
left panel of Figure 19 shows heat capacity profiles for bilayers of dimyris-
toyl phosphatidylcholine that contain varying amounts of the band 3 protein of
erythrocytes. These display a peak at a temperature close to that for the lipid
alone and a high-temperature shoulder. which becomes progressively more pro-
nounced as the protein concentration in the membrane increases. The right panel
of Figure 19 gives heat capacity profiles for bilayers of dipalmitoy! phosphatidyl-
choline containing increasing amounts of cytochrome bs which display a similar
but inverse behavior to that in the left panel. The heat capacity maximum here
again does not shift with increasing protein content. but a shoulder develops now
to the low-temperature side of the transition curve. These results resemble qual-
itatively the behavior of the model calculations in Figure 18 (and corresponding
ones for highly negative AEp). As can be seen in the experimental examples,
however, the shift of the heat capacity maximum can be small. Whereas the
upward shift in heat capacity maximum in Figure 18 is consistent with the pref-
erential affinity of the hypothetical integral protein for the gel-phase lipid. the
near constancy of the lower boundary of the experimental heat capacity curves
in the left panel of Figure 19 could be consistent with immiscibility of the band
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melting in the presence of integral proteins

Figure 20. Snapshots of the configuration of a 61 x 61 lipid matrix containing 60 hypothetical
integral proteins (modeled as a cluster of 19 gel-state lipids) at temperatures (a) below (T = 306.3
Ky (b) ar (T = 311.3 K), and (c) above (T = 318.3 K) the heat capacity maximum. Monte
Carlo simulations were performed as for Figure 18 with AH, = 8.7 kcal/mol, T, = 310.3 K. and
wg = 310.3 cal/mol (cqual also to the protein cxcess interaction energy with a fluid-state lipid).
Gel-state lipids are black (stippled), fluid-state lipids are grey. and integral proteins arc represented
by black circles (Heimburg and Biltonen. 1996).
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3 protein in the gel phase. Clearly, effects such as the latter would require the
additional specification of lipid-protein and protein-protein interaction energies
that are distinct from those which are represented in the current model solely in
terms of lipid-lipid interactions.

In Figure 20, representative views of the lipid configuration and the protein
distribution obtained from the model of Figure 18 are given for temperatures
below. within, and above the chain-melting transition region. The protein has a
near-random distribution at lower temperatures for which the lipid is predomi-
nantly in the gel state. As the temperature is increased, the proteins then cluster
progressively in the domains of gel-state lipid that remain above the chain-
melting point. This is reflected in the temperature dependence of the protein
cluster parameter (Equation 35) that is given in Figure 21 for results calcu-

cluster parameter C (T)

305 310 315 320
temperature [K]

Figure 21. Calculated aggregation profiles for hypothetical intcgral proteins modeled as a clusier of
19 permanently gel-state lipids, using the simulation parameters trom Figurc 18. The protein cluster
parameters are calculated from Monte Carlo simulations (Figure 20) with effective protein/lipid
ratios of (from upper 1o lower): 1/105. 1/43, and 1/21 mol/mol. (Adapted from Heimburg and
Biltonen. 1996).
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lated with the model of Figure 18 at different protein contents. As can be seen,
the proteins rapidly become progressively more aggregated (or clustered) as the
temperature increases and the bulk of the lipid converts to the fluid state. The
clustering profiles are shifted to higher temperatures as the protein concentra-
tion is increased. This can be rationalized as follows: when the chains of lipids
in the presence of proteins that prefer gel-state lipids progressively melt as the
temperature is increased, the proteins become more and more restricted to the
few remaining gel domains. Simultaneously, protein-protein contacts become
more tfavorable in order to avoid contacts of the protein with fluid lipids. This is
a consequence of the hydrophobic core of the integral proteins being modeled
as gel-state lipids and having a permanent interface with the free lipids. Quite
generally, irrespective of model or mechanism, one will expect the aggregation
profiles for integral proteins to reflect the preference for partitioning between
the different lipid phases, and this will show up in the behavior of the heat
capacity profiles.

Within the context of the model proposed in this section, the lipid inter-
actions with integral membrane proteins are represented as an extreme case of
the interactions with peripheral proteins. Nevertheless, comparison of Figure 18
with Figure 15, together with the energetic considerations discussed earlier, does
indicate that there can be qualitative differences in the heat capacity profiles for
lipid chain-melting between membranes containing integral proteins and those
with surface-bound peripheral proteins that interact purely by their effects on the
electrostatic double layer. As already discussed (Figures 17 and 21), this reflects
a very different profile of protein clustering for peripheral proteins that do not
interact extremely strongly with the lipid surface. In the case of complex lipid
mixtures, of interactions with peripheral proteins that have a strong degree of
enthalpy-entropy compensation, or particularly of peripheral proteins that bind
extremely strongly, these distinctions might not be quite so clear.

Discussion

A major goal of this chapter has been to demonstrate the thermodynamic linkage
between protein binding, lipid mixing, lipid chain-melting, and domain forma-
tion, as well as protein aggregation, in membranes. In this final main section,
we first review some of the consequences that lipid chain-melting and different
interactions of proteins with the different lipid states may have on the function of
membrane-associated proteins. This is done by taking examples of membrane
proteins reconstituted with defined phospholipids. We then go on to consider
the elastic properties of membranes, particularly in situations in which there
is a coexistence of gel and fluid lipid states and the lateral membrane com-
pressibility differs radically from that for membranes in a single lipid state. The
lateral membrane compressibility most likely controls the readiness with which
conformational changes may take place in integral proteins, those for which
a conformational change is accompanied by a change in cross-sectional arca.
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Additionally, compressional waves within the membrane constitute a possible
channel of communication between both surface-bound and integrally incorpo-
rated proteins.

Coupling of Protein Function to Lipid State

The study of proteins in association with membranes of a single lipid species
provides insight into the nature of the thermodynamic interactions that may
control protein function. Examples are given here of various studies with such
well-defined systems that contain a single type of peripheral or integral pro-
tein. The highly cooperative nature of the lipid chain-melting transition, and the
clearly characterized structural and thermodynamic changes that accompany it,
afford an unambiguous illustration of the dependence of protein function on the
state of the lipid.

FUNCTIONAL ASPECTS: PERIPHERAL PROTEINS

As examples of the conformational response of peripheral proteins to the state of
lipid membranes, mitochondrial cytochrome ¢, and pancreatic or snake venom
phospholipase A, will be discussed.

Cytochrome ¢ is a peripheral membrane protein that functions as an elec-
tron carrier in the mitochondrial respiratory chain. This protein is associated
at the outer face of the inner membrane, which contains a relatively high con-
centration of charged lipids. most notably of the unique mitochondrial lipid
cardiolipin (Daum, 1985). The affinity of cytochrome ¢ for electrons is deter-
mined by its redox potential. It has been found that the protein can assume at
least two different conformational states, which have very different redox po-
tentials (Hildebrandt and Stockburger, 1989a,b). The equilibrium between these
two states is influenced by the potential applied to metal electrodes to which
the protein is absorbed. Furthermore it has been found that a similar change in
conformational state can be induced by the binding of cytochrome ¢ to charged
lipid membranes (Hildebrandt et al, 1990). Figure 22a shows the temperature
dependence of the ratio of the two conformational states of cytochrome ¢ bound
to membranes of dimyristoyl phosphatidylglycerol, as recorded by the resonance
Raman spectra of the haem group. As can be seen from the figure, the relative
population of the conformational state II, which is characterized by a more neg-
ative redox potential, increases considerably in the temperature interval around
25°C, as a result of the chain-melting in the lipid/protein complex (Figure 12,
left). Cytochrome ¢ bound to dioleoyl phosphatidylglycerol, which is entirely
in the fluid state throughout this range. displays no temperature dependence of
this conformational equilibrium (Heimburg et al, 1991). In addition, it has been
found that the states of cytochrome ¢ bound to dimyristoyl phosphatidylglycerol
above and below the chain-melting transition differ in their tertiary structure
because they are characterized by significantly different hydrogen exchange ki-
netics of the amide backbone (Heimburg and Marsh, 1993). In Figure 22b, the
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Figure 22. (a) Temperature dependence of the conformational equilibrium of the states cyt ¢y and
¢yt ¢p of cytochrome ¢ bound to bilayers of dimyristoyl (1) and dioleoyl (A) phosphatidylglyc-
crol, as determined by resonance Raman spectroscopy. (Adapted from Heimburg et al, 1991). (b)
Temperature dependence of derivative curves for the degree of transition 87 between the ter-
tiary structural states of cytochrome ¢ bound to dimyristoyl phosphatidylglycerol that have different
amide proton exchange kinetics (solid line), and for the chain-melting transition of the lipid (dashed
line). Exchange kinetics were measured by monitoring the protein amide I band and chain-melting
by monitoring the lipid carbonyl band in the Fourier-transform infrared spectrum. (Adapted from
Heimburg and Marsh, 1993). (c) Temperature dependence of the lag time, t. for achieving the
maximum hydrolysis ratc of 1.2 mM (@) or 0.12 mM (2) dipalmitoy! phosphatidylcholine large
unilamellar vesicles by porcine pancreatic phospholipase A> (25 pg/ml). The downward shift in
the minimum lag time with increasing enzyme/lipid ratio parallels that of the lipid phase transition
temperature. (Adapted from Lichtenberg et al, 1986 with permission).
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profile of lipid chain-melting is superimposed on that for the transition between
the states with different amide proton exchange kinetics, both determined by
Fourier transform infrared spectroscopy. The two transitions are essentially co-
incident. The transition in tertiary structural state is found to depend on the
lipid to which cytochrome ¢ is bound; for other lipids it takes place wholly in
the fluid state (Heimburg and Marsh, 1993). In the case of dimyristoyl phos-
phatidylglycerol, the transition occurs immediately on conversion to the fluid
state and is controlled by the chain-melting of this lipid (Figure 22b). Because
the two conformational states in Figure 22a possess different redox potentials,
the shift in conformational equilibrium with change in state of the lipid, and also
with change in the lipid species (Heimburg et al, 1991), will affect the electron
transfer efficiency of the lipid-bound protein. As discussed earlier, the shift in
the heat capacity profile suggests a stronger binding of cytochrome ¢ to the gel
state of dimyristoyl phosphatidylglycerol than to the fluid phase. The difference
of the binding atfinity. AG p. may contribute to the free energy required for the
conformational change. and correspondingly AG » may contain contributions
from the structural change in the protein.

Phospholipase A is a peripherally bound lipolytic enzyme that catalyzes
the hydrolysis of phospholipids by cleavage of the ester bond of the sn-2 acyl
chain, producing as hydrolysis products, fatty acids and lysolipids. The enzy-
matic activity is controlled by a number of factors, including the presence of
calcium and hydrolysis products, and, depending on the lipid system, also can
depend rather strongly on temperature. With membranes composed of zwitteri-
onic phospholipids such as phosphatidylcholine. the protein is hardly active until
a certain lag time has passed. After this time, a burst in activity is observed.
A possible explanation for the lag time is that the aggregation kinetics of the
membrane-associated enzyme are slow and only the protein aggregates are ac-
tive (Biltonen, 1990). It has been found that this lag time is highly temperature
dependent. In the case of pancreatic phospholipase A, binding to dipalmitoyl
phosphatidylcholine bilayers, a minimum in the lag time (and a maximum in the
activity) is reached close to the chain-melting phase transition temperature (see
Figure 22¢). At higher enzyme/lipid ratios, the minimum in lag time is shifted
to lower temperatures. This parallels the aggregation behavior predicted for a
peripheral protein that prefers the fluid phase over the gel phase (Figure 17 for
the reverse situation). However, epifluorescence measurements on dipalmitoyl
phosphatidylcholine monolayers have localized the site of action of snake venom
phospholipase A, to the gel-tluid interfaces, rather than to a particular domain
(Grainger et al, 1990). In this case, principles of preferential affinity similar to
those for domains of lipids in a particular state could apply, but for interfacial
sites considerations of enhanced lateral compressibility also may be important
(see below). Unlike that of the snake venom enzyme, the binding of pancreatic
phospholipase A; to zwitterionic lipids is, however, rather weak at all temper-
atures (Apitz-Castro et al, 1982; Jain et al, 1982). Alternative explanations for
the lag time, therefore, include the generation of negatively charged fatty acids
and other hydrolysis products, which increase the binding of the enzyme to the



13. THERMODYNAMICS OF INTERACTION OF PROTEINS WITH LIPID MEMBRANES 449

membrane (Jain et al, 1982), and specifically the lateral phase separations in-
duced by the hydrolysis products (Burrack et al, 1993; Jain et al, 1989). In these
cases, the minimum in the lag time could be related to the ease of insertion of
the protein, or conversely to the increased accessibility of the lipid substrate
which arises from the enhanced lateral compressibility of the membrane in the
transition region, particularly at the gel-fluid interface, as is discussed later.

A different illustration of the way in which the state of the lipids may affect
the activity of peripheral proteins is afforded by the dependence of the activation
of lipid-requiring enzymes on the physical form in which the activating lipid is
presented. The activation of the mitochondrial enzyme D-g-hydroxybutyrate de-
hydrogenase by phosphatidylcholine is noncooperative with soluble monomeric
lipid, but is cooperative with lipid vesicles (Cortese et al, 1987). The specific
activation of the cellular regulatory enzyme protein kinase C by phosphatidylser-
ine in the presence of diacylglycerol is cooperative for both micellar and bilayer
lipid systems, but is more highly cooperative when the phosphatidylserine is
presented in micelles (Newton, 1993). In general, the preferential interaction
with a particular lipid species can be rather similar to that with a particular
state of a single lipid, and can be analyzed in a similar manner. The specificity
of protein kinase C for phosphatidylserine is an interesting case. This enzyme
binds in an electrostatic manner to negatively charged lipids in general but, on
binding the second messenger lipid diacylglycerol, the affinity specifically for
phosphatidylserine increases greatly and to an extent that is no longer dependent
on ionic strength (Orr and Newton, 1992a.b).

FUNCTIONAL ASPECTS: INTEGRAL PROTEINS

There are many well-known examples in which the activity of integral membrane
enzymes or transport systems are dependent on the state of the lipid. Among
these are the Ca?t-ATPase (Hesketh et al, 1976 Hidalgo et al, 1978; Starling
et al, 1995), Na,K-ATPase (Kimelberg and Papahadjopoulos, 1974), cytochrome
oxidase (Fajer et al. 1989), the erythrocyte hexose transporter (Carruthers and
Melchior, 1984), and sugar transport systems in E. coli (Overath and Thilo,
1978). Most often, it has been found that the activity is lower in gel-phase lipids
than in the corresponding fluid-phase lipids, and nonlinear Arrhenius kinetics
are obtained for the temperature dependence of the activity. The form of the tem-
perature dependence is determined by several factors, including the difference
in activation enthalpies and heat capacities in the two lipid phases, and most
importantly on the preferential partitioning of the protein between the coexist-
ing lipid states (Silvius and McElhaney, 1981). In the case of sugar transport in
fatty-acid supplemented auxotrophs of E. coli, the temperature dependence of
the transport rates has been interpreted specifically in terms of different prefer-
ential phase-partitioning of the g-glucoside and -galactoside transport systems
in membranes of various lipid compositions, by comparison with the degree of
lipid phase separation determined by independent means (Thilo et al, 1977). The
estimated protein distribution coefficients are in the range 2-20 in favor of the
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Figure 23. (a) Schematic structure of the alamethicin pore consisting of a complex of several single
peptides. (Adapted from Fox Jr. and Richards, 1982 with permission). (b) Temperature dependence
of the transmembrane current density in bilayers of 1-stearoyl-3-myristoy! phosphatidylcholine (1.3-
SMPC) containing alamethicin. The vertical line indicates the gel-to-fluid phase transition temper-
ature of 1,3-SMPC bilayers. (Adapted from Boheim et al, 1980).
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fluid lipid phase. It also has been found that activity can depend on the lipid
species (Bennett et al, 1978; Teft et al. 1986), which in the case of spatially
separated domains of different lipid composition would again be controlled by
the protein distribution.

A striking example of the effect of the lipid chain-melting transition on the
activity of an ion channel is afforded by the pore-forming peptide alamethicin
in planar bilayer membranes of 1-stearoyl-3-myristoyl phosphatidylcholine (see
Figure 23). This unusual isomer of an asymmetric-chain phospholipid is capable
of forming stable unsupported bilayers in the gel phase. The formation of ion-
conducting pores by oligomerization of alamethicin monomers (Figure 23a) is
very strongly concentration dependent: the conductance depends on the 9th to
10th power of the alamethicin concentration (Boheim et al, 1980). Therefore,
it is to be expected that the membrane conductance would change strongly in
the region of the bilayer chain-melting transition, if the degree of aggregation
and hence the local concentration of alamethicin was dependent on the state of
the lipid. This is exactly what is observed in Figure 23b. The current density
increases from a level corresponding to only 1 pore/cm” in the fluid phase at
34°C to that corresponding to approximately 10° pores/cm? in the gel phase
at 24"C. Qualitatively, this parallels the aggregation behavior expected for an
integral protein that exhibits a preference for the fluid phase and therefore would
have a cluster profile that is the inverse of those shown in Figure 21.
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Compressibility, Protein Insertion, and Membrane Permeabiliry

The lateral compressibility of membranes is an important feature that may con-
trol conformational changes of embedded proteins, the insertion of proteins,
peptides, presequences and other amphiphiles, as well as determining the elas-
tic properties of the membrane (Marsh, 1996). The functional implications and
possible advantages arising from the enhanced lateral compressibility of mem-
branes in a state of lateral phase separation have long been recognized (Linden
et al, 1973). Specifically in this regard, as already mentioned, the methods intro-
duced earlier may be used also to obtain the isothermal area compressibility of
membranes with the two-state model. By introducing a term dependent on the
lateral pressure (or membrane tension) into the free energy, an expression for
the isothermal compressibility, k7, can be obtained in terms of the fluctuations
in the membrane area, in much the same way as was done for the heat capacity
earlier (Hill, 1966):
I <3<A>> I (A%) —(A)
Kr = ——— =
7

- = — (36)
(A) \ om (A) RT

where 7 is the lateral pressure (or strictly speaking surface tension) in the
membrane.

Within the framework of the two-state model, the membrane area is related
directly to the fraction of fluid lipids, f, by: A = Ay + fAA,, where A,
and A, are the molar lipid areas in the gel and fluid phases, respectively, and
AA; = (A} — Ay). The isothermal compressibility then becomes:

(2 =7 (aa)
RT A, + (f)AA,~

Kr = 37
This latter equation has strong similarities to that for the heat capacity in the two-
state model that was given in Equation 29. It is, therefore, also possible to relate
experimentally measured heat capacity profiles to those for the compressibility
because, from Equations 29 and 37:

_ yCp-T
CAg+y (AH(T))

KT (38)
where ¥ = AA,;/AH, is the proportionality constant between the transition
enthalpy and the change in molar lipid area at the transition, and it will be
remembered that AH(T) = fAH,. For AA, = N4 x 18A2/mol (=37% area
change), and AH, = 8.7 kcal/mol, the value of the proportionality constant is
y = 12.5 m*/cal. The compressibility also has units of m?/cal (or m/N, the units
of an inverse lateral pressure).

The heat capacity profile and the corresponding temperature profile of the
lateral compressibility, derived from a single series of Monte Carlo simulations
for the two-state model by using Equations 29 and 37, are given in Figure 24.
The parameters used are those appropriate to small unilamellar vesicles of di-
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Figure 24. Temperature dependence of the isothermal lateral compressibility. k7 (dotted line) and
of the heat capacity. Cp (solid line) calculated from Monte Carlo simulations by using Equations
39 and 27. respectively. A 61 x 61 lipid lattice was used with AH, = 8.7 kcal/mol. 7,, = 3103 K
and wy = 310 cal/mol. Surface areas were assumed to be 60 A’/lipid and 78 A’ Nlipid in the gel
and fluid states, respectively.

palmitoy] phosphatidylcholine. The temperature dependence of the compress-
ibility is nearly superimposable on that of the heat capacity. differing from the
latter only in the temperature dependence of the mean area (divided by T') in the
denominator of Equation 36. (The latter is introduced conventionally in defin-
ing a compressibility modulus rather than a susceptibility or response function.)
The calculated heat capacity maximum in Figure 24 is C7** ~ 7400 cal/mol/K.
and the corresponding maximum value of the compressibility 1s approximately
kP = 880 m?/cal, or 210 m/N (Equation 38). The temperature dependence
of the compressibility modulus of a dimyristoyl phosphatidylcholine bilayer has
been measured in the chain-melting region by pipette aspiration of giant unil-
amellar vesicles (Evans and Kwok, 1982). A pronounced maximum is found in
the compressibility modulus at the gel-to-fluid phase transition temperature of
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24°C and the compressibility decreases steeply away from the transition region
on going to either the gel or fluid phase, as is predicted by the two-state model
in Figure 24. The compressibility modulus has a value of k7 = 30-50 m/N
at the phase transition temperature, and values of x; =~ | m/N at 8°C and ~ 7
m/N at 30°C in the gel and fluid states, respectively. The higher value at 36°C
than at 8-C corresponds to the intrinsic lateral compressibility of the fluid state
that is not included in the two-state model.

The enhanced lateral compressibility, and accompanying fluctuations in the
lipid area (Equation 36) that occur in the gel-fluid coexistence region promote the
formation of defects and transient pores in the lipid matrix. The nucleation site
for such defects is the interfacial region between the gel and fluid domains. This
is the site of locally higher free energy and the point at which the conversion
between gel and fluid states, which is the origin of the high compressibility,
primarily takes place (Figure 10). One of the consequences of this can be,
depending on solute size (Van Hoogevest et al, 1984), an increased permeability
of the membrane to polar solutes, which otherwise have an intrinsically low
permeability in the isolated lipid states. The permeability to alkali ions and
the ionic conductivity of lipid bilayers, for instance, have been found to have
a maximum in the region of the gel-fluid phase transition (Blok et al, 1975;
Papahadjopoulos et al, 1973; Wu and McConnell, 1973).

The temperature dependence of the permeability of monodisperse, small
unilamellar vesicles of dimyristoyl phosphatidylcholine to a small spin-labeled
cation (Tempocholine) is given in Figure 25. Data are presented for both up-
take and release, in which the latter corresponds to the somewhat lower of the
biphasic transport rates that is obtained at longer times (Marsh et al. 1976). The
rates of both permeability processes display a maximum at the phase transi-
tion region, which in this case is rather broad because of the low cooperativity
of the phase transition in small unilamellar lipid vesicles (Marsh et al. 1977).
The permeability profiles are compared with calculations of the lateral com-
pressibility and the fraction of interfacial lipids, using for analytical simplicity
a one-dimensional two-state Ising model rather than the rigorous Monte Carlo
simulations for a two-dimensional system that were given above. The compress-
ibility is calculated from Equations 23 and 37. The degree of cooperativity of
the transition (o, = 4.10™%) is determined from independent measurements of
the degree of transition. As expected, both the compressibility and the fraction
of interfacial lipids display a maximum at the center of the phase transition,
but the temperature profile for the compressibility is narrower than that for the
fraction of interfacial lipids. The permeabilities on the low temperature side of
the transition correspond more closely to the compressibility and those on the
high temperature side to the fraction of interfacial lipids. This asymmetry pos-
sibly corresponds in part to a higher intrinsic permeability for the defects at the
interfacial regions in a predominantly fluid environment. The compressibility
calculated at the center of the transition is x7** =~ 20 m/N, which is comparable
to that measured experimentally for dimyristoyl phosphatidylcholine bilayers,
although the cooperativity is lower for small vesicles.
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Figure 25. Temperature dependence of the permeability, P. of small unilamellar vesicles of dimyris-
toyl phosphatidylcholine to the cation, Tempocholine™. Permeabilities were determined from the
initial rate of uptake (@) and from release over a longer timescale (A). For the latter. the ordinate is
to be multiplied by a factor of 0.23. (Initial rates of release gave similar permeabilities to those from
uptake.) The lateral compressibility (solid line) and fraction of interfacial lipids (dashed line) were
calculated for a one-dimensional Ising model as described in the text. The maximum compressibility
is 19 m/N and the maximum fraction of interfacial lipids is 3%. (Adapted from Marsh et al. 1976
with permission).

A range of other experiments have also indicated different aspects of lipid
membrane function for which a maximum in activity is exhibited at the chain-
melting transition or in regions of gel-fluid lateral phase separation. A maximum
in the partitioning of amphiphiles, such as the fluorescence probe anilinonaptha-
lene sulphonic acid (Jacobsen and Papahadjopoulos, 1976; Tsong, 1975) and
lysolipids (Harlos et al, 1977), into lipid vesicles has been demonstrated at the
gel-to-fluid phase transition. The incorporation of the bacteriophage M13 coat
protein into synthetic lipid membranes is maximal (and complete) at the chain-
melting transition, and only in the transition region is the incorporated coat
protein able to adopt the correct transmembrane orientation (Wickner, 1976).
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A discontinuous increase in sugar transport activity with decreasing temper-
ature has been observed in fatty-acid supplemented auxotrophs of E. coli on
entering the lateral phase separation region of the membrane lipids from the
tluid phase (Linden et al, 1973). As mentioned previously, the lipolytic activ-
ity of pancreatic phospholipase A, is maximum at the bilayer phase transition
of the lipid substrate, and this extends also to the gel-fluid coexistence region
of lipid mixtures (Op den Kamp et al, 1975). Experiments with monolayers
have located the site of action of snake venom phospholipase A, at the inter-
facial regions between coexisting gel and fluid domains, i.e., exactly in those
regions where the enhanced lateral compressibility is expressed (Grainger et al,
1990). Measurements of trapped volume have shown that the extent of fusion
of freshly sonicated dipalmitoyl phosphatidylcholine vesicles, essentially an an-
nealing process, is maximal at the phase transition (Marsh and Watts, 1981). All
these results suggest that the high lateral compressibility of lipid bilayers in their
regions of gel-fluid coexistence, and the accompanying fluctuations and creation
of transient membrane defects, facilitates the insertion of membrane molecules
and other amphiphiles and enhances the function of surface-active enzymes.

Propagation of Compressional Waves

A further feature of the elastic properties of surfaces is the possibility for prop-
agation of mechanical distortions through the planar membrane which could
be considered as a two-dimensional compression wave. This might serve as
a possible means of communication between membrane proteins. the confor-
mational changes of which are sensitive to, and could generate, propagating
changes in the membrane lateral pressure. A local change in lipid surface den-
sity will lead to a local increase in temperature because the work of compres-
sion will convert to an equivalent thermal energy. If the distortion is so short
that this thermal energy cannot dissipate by diffusion, the local compression
is described by the adiabatic compressibility, i, rather than by the isothermal
compressibility, k7. The adiabatic compressibility depends on the heat capacity
and the isothermal compressibility, and for simplicity we assume that the adia-
batic and the isothermal compressibility have approximately the same temper-
ature dependence and comparable quantitative values. The bulk compressibility
of dipalmitoyl phosphatidylcholine bilayers deduced from ultrasonic velocity
measurements (Mitaku et al, 1978) is found to be a factor of approximately
2.5 times smaller than that obtained from static isothermal measurements (Liu
and Kay, 1977; Marsh, 1990). The velocity, co, of the compression wave, at
frequencies well below the rates of processes contributing to the velocity dis-
persion, is related to the adiabatic area compressibility by an inverse square

root dependence:
! 904 pa [0A )
o — =—"=) =4 ke 39
C(Z) ( or )S A \om / P Ks (39)



456 HEIMBURG AND MARSH

where p4 is the surface density. From the results of the previous section, it
is therefore expected that the speed of sound in a membrane is slowest at the
transition mid-point and increases strongly outside the transition region. Such
slowing-down effects have been found experimentally for ultrasonic velocity
measurements in bulk membrane dispersions. An abrupt decrease in ultrasonic
velocity in the bilayers by approximately 270 m/s has been found at the phase
transition of dipalmitoyl phosphatidylcholine (Mitaku et al, 1978). In this lat-
ter situation, however, it is the three-dimensional propagation and the volume
compressibility that are involved.

The density p4 used in Equation 39 is the mass per unit area, which is
approximately 4.4 - 107% g/m? (assuming an area of 60 A? per lipid and a molar
mass of 800 g/mol). Using the isothermal compressibility, instead of the adi-
abatic compressibility, yields a velocity for the compression wave at the lipid
transition point of approximately 33 m/s. (Correction to the adiabatic com-
pressibility, by scaling according to the ratio of the bulk values given above,
yields approximately 52 m/s.) The velocity is slower for more cooperative tran-
sitions and faster for less cooperative transitions, and increases steeply outside
the transition range. In large membranes, this propagation could, in principle,
play a role in signal transduction within the membrane plane. In charged mem-
branes, these signals might propagate not only changes in temperature and
density, but also changes in electrostatic surface potential. As discussed ear-
lier, changes of surface potential play a role in binding affinities and in struc-
tural equilibria of the bound proteins. In general, therefore, it is possible that
structural changes in the proteins could reciprocally trigger the propagation of
electrostatic and density waves, resulting in a communication between mem-
brane proteins.

Conclusions

This chapter has been concerned with the thermodynamics of interactions of
lipid membranes with, principally, peripheral proteins. First, the binding has
been analyzed, which gives information on the free energy of interaction, in
which electrostatics plays a very major role. Additionally, it has been shown
that binding isotherms can give information on the interactions between the
surface-bound proteins, on the interactions between the lipids to which they are
bound. and on their redistribution in response to the binding of proteins. The
second aspect considered has been the preferential interaction of membrane pro-
teins with lipids in different physical states at the chain-melting transition, and
by implication more generally, in regions of lateral lipid phase separation. The
thermodynamics of lipid chain-melting has been shown to reflect also that of
protein binding and constitutes a viable alternative method for studying the dif-
ference in energetics of protein binding to lipid membranes in different states. By
combining experimental thermodynamic measurements with theoretical Monte
Carlo simulations, information has been obtained on the distribution of proteins
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at the surface of the membrane, or within the membrane (in the case of integral
proteins). These protein distributions are important not only in cases in which
function specifically requires aggregation or clustering of proteins, but also quite
generally in determining possible structural interactions, the likelihood of en-
counters, and the spatial relations between the different membrane components,
Finally, the coupling between thermodynamic fluctuations and structural fluc-
tuations linked to changes in membrane area has been addressed, leading to
consideration of the possible functional consequences of enhanced membrane
compressibility.

It should be noted that, although a considerable part of this chapter has
concentrated on gel-to-fluid lipid phase transitions, the principal results are gen-
erally applicable to membranes with any form of coexistence of lipid states, in
particular those arising from a heterogeneity in lipid composition or from spe-
cific binding of divalent ions. Relevant thermodynamic parameters in all cases
are the heat capacities, enthalpies, interfacial energies between lipids of different
type, and the differential binding free energies. These general results, therefore,
may form some physical rationale for the complex chemical composition of the
lipids in biological membranes.
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