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Abstract. A two-component solution theory is studied 
which incorporates hydrophobic matching as a major 
contribution to the lipid-protein interactions in bio- 
logical membranes. A special geometrical constraint 
has been discovered which has important implications 
for the quantitative interpretation of physical effects to 
lipid-protein interactions. The theory has an advantage 
over conventional Landau-type phenomenological 
descriptions in that it accounts for phase separation. A 
certain class of experimental systems, photosynthetic 
reaction centre and antenna proteins reconstituted 
into synthetic lipid membranes of different hydropho- 
bic thicknesses, are considered with a view to deter- 
mining the parameters of the theory. The theoretical 
predictions are found to be in good agreement with 
experimental measurements of shifts in the phase tran- 
sition temperature. 

Key words: Lipid membrane, lipid-protein interac- 
tions, phase diagram, hydrophobic thickness, solution 
theory, membrane elasticity 

Introduction 

The quantitative interpretation of experimental studies 
of the physical effects due to lipid-protein interactions 
in lipid membranes is made difficult by the lack of 
information on the three-dimensional structure of 
integral membrane proteins. So far, only a few struc- 
tures have been worked out, notably that of bacterio- 
rhodopsin from Halobacterium halobium (Henderson 
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and Unwin 1975) and the photosynthetic reaction cen- 
tre of Rhodopseudomonas viridis (Deisenhofer et al. 
1985), of which only the latter is a high-resolution 
structure (3 ~). The limited information on protein 
structure has precluded detailed theoretical modelling 
of lipid-protein interactions. On the other hand, even 
if the structure was known, its anticipated complexity 
would make any attempt to model membranes with 
integral proteins in any detailed fashion a formidable 
task which is outside the range of current computa- 
tional capabilities. 

That theoretical modelling of lipid-protein inter- 
actions in membranes, despite these difficulties, is 
nevertheless feasible is related to three fundamental 
experimental observations: (i) Integral membrane 
proteins are amphiphilic molecules with a hydropho- 
bic core and two hydrophilic ends anchored in the 
polar regions of the lipid bilayer membrane. (ii) All 
integral membrane proteins, for which some structural 
information is available, consist predominantly of 
separately identifiable subunits, e-helices or/?-sheets, 
which each traverse the bilayer (Henderson 1981; 
Eisenberg 1984). (iii) The physical perturbation of 
fluid lipid membranes due to integral proteins and 
~-helical polypeptides exhibits some universal trends 
with only little protein specificity (Bloom and Smith 
1985). These observations suggest that the physical 
effects due to lipid-protein interactions may be caused 
by the very physical constraints which the lipid bilayer 
membrane puts on its imbedded proteins. This points 
to modelling based on some simple physical principles. 

In this paper we investigate the thermodynamic 
consequences of the above suggestion by studying a 
simple model of integral membrane proteins in lipid 
bilayers. The model incorporates matching between 
protein and lipid hydrophobic thicknesses as an 
important element of lipid-protein interactions. The 
model, which is obtained as the diluted limit of the 
so-called mattress model advanced by Mouritsen and 
Bloom (1984), is treated within a two-component solu- 



tion theory which allows for phase separation. The 
idea underlying a study of the thermodynamic phase 
behaviour of lipid-protein mixtures is that the modifi- 
cations by proteins of the sharp first-order chain- 
melting phase transition in lipid bilayers (for a recent 
review, see Mouritsen 1987) are related in a very 
intimate way to the interactions between lipids and 
proteins. That the hydrophobic thickness of the pro- 
tein must therefore be a key parameter for these inter- 
actions is underscored by the experimental observa- 
tion that the lipid bilayer hydrophobic thickness may 
change by as much as 30% during the phase transition 
(Evans and Kwok 1982; Inoko and Mitsui 1978). 

Most theoretical modelling of lipid-protein inter- 
actions (for a recent review see Abney and Owicki 
1985), has been based on the assumption that the pro- 
tein can be treated as some kind of rigid object of little 
specificity which presents itself as a boundary condition 
with which the lipid bilayer has to comply (Mar~elja 
1976; Schr6der 1977; Owicki et al. 1978; Scott and 
Cherng 1978; Owicki and McConnel 1979; J/ihnig 
1981; Scott and Coe 1983). All these studies, being 
guided by the experimental preoccupation with lipid 
order-parameter profiles (Seelig and Seelig 1980; 
Devaux 1983), have considered the effects of a single 
protein or a quenched homogeneous dispersion of 
proteins in the lipid bilayer. These restrictions lead to 
a simple phase diagram without phase separation. 
Similarly, the recent studies of lipid-polypeptide inter- 
actions (Scott 1986; Edholm and Johansson 1987) us- 
ing computer-simulation methods on models with 
highly realistic potentials were carried out for single 
proteins thus leading to very detailed information 
about the statics and dynamics of the order-parameter 
profile but no information about cooperative behav- 
iour and the thermodynamic manifestations of lipid- 
protein interactions. The approach taken by Pink and 
collaborators (for a review, see Pink 1984) is built on 
microscopic interaction models allowing for phase 
separation and it gives the most detailed description so 
far of the phase behaviour of lipid-protein mixtures. 
The models used include a number of specific lipid- 
protein interaction parameters which have to be deter- 
mined for each system separately. 

The strategy adopted in the present paper is to 
determine, in the simplest possible setting, the parame- 
ters in a phenomenological model of protein solubility 
in lipid membranes by using experimental data of 
transition temperature shifts for specific integral mem- 
brane proteins. These parameters are assumed to have 
some general validity and may be used to make predic- 
tions for other systems which can be tested against 
appropriate experiments. In the spirit of the mattress 
model (Mouritsen and Bloom 1984), the model takes 
as its input the known thermodynamic properties, and 
hence the phase transition, of pure lipid bilayers of 

different hydrophobic thicknesses. The main purpose 
of the model is to identify the perturbations caused by 
the mismatch between lipid and protein hydrophobic 
thicknesses. 

Our work has been stimulated by recent systematic 
experimental studies of the phase behaviour of photo- 
synthetic RC proteins and antenna proteins (LHCP) 
reconstituted into lipid bilayers of saturated 1,2-diacyl- 
sn-glycero-3-PCs with different acyl chain lengths 
(Riegler and M6hwald 1986; Peschke et al. 1987). We 
find that the results of these experiments can be ratio- 
nalized within the framework of the proposed model. 
Moreover they yield a set of model-parameter values 
which lead to predictions for other lipid-protein sys- 
tems. As a by-product, our study reveals some general 
properties of linear solution theories applied to lipid- 
protein mixtures. 

The organization of the paper is as follows: First- 
ly, we introduce the model and discuss its various 
parameters and how some of these may be obtained 
from experiments. Secondly, we apply the model to the 
data for RC and LHCP proteins in lecithin bilayers 
(Riegler and M6hwald 1986) and arrive at a set of 
parameters which can then be applied to predict the 
phase behaviour of other proteins in lecithin mem- 
branes (Peschke et al. 1987). Our results are compared 
to those obtained from Landau-type theories based on 
the elastic properties of membranes (J/ihnig 1981). It is 
concluded that it is possible to describe the experimen- 
tal data within a simple solution theory and that it is 
unnecessary to include effects of membrane elasticity 
at low protein concentrations. 

Thermodynamic model 

The mattress model of Mouritsen and Bloom (1984) 
pictures the membrane as planar elastic lipid sheet in 
which the protein molecules are imbedded normal 
to the membrane plane. Considering different hydro- 
phobic thicknesses of the two components, dr and dp, 
situations of hydrophobic mismatch, I dL -- dp ] > O, 
can arise. It should be noted that the model does not 
account in any detailed way for the wetting of the 
lipid-protein interface which in the real system will 
induce a curvature of the membrane surface near the 
interface. We shall here assume that the protein con- 
centration is so low that macroscopic effects of the 
wetting can be neglected and that the "average" mis- 
match can therefore be related to the protein solubili- 
ty. Along the same lines, we shall neglect the energy of 
the elastic distortion of the lipid sheet as well as pos- 
sible distortions of the much less compressible pro- 
teins (Mouritsen and Bloom 1984; J/ihnig 1981). This 
implies that dL and dp remain at their unperturbed 
values, independent of the protein concentration. The 



effects of including membrane elasticity will be con- 
sidered separately. 

Under these assumptions of high dilution, the 
equilibrium free energy of the two-component system 
can be written 

G = XL# ° + R T [ x L  In X L -}- Xp In Xp] (1) 

+ X L Xp [BLp ]dL --  dpI q- CLp min {dL, dp}],  

where XL and xe  are the composition variables, 
XL + Xp = 1, #O is the standard chemical potential of 
the lipids, and BEp and CLe are interaction parameters. 
BEe is related to the hydrophobic effect of the mis- 
match, and CLp is the direct lipid-protein hydropho- 
bic van der Waals-like interaction which is associated 
with the interracial contact of the two species. 

The standard chemical potential of the lipids,/t ° , 
refers to the pure lipid system and its difference in the 
two lipid phases, the low-temperature gel phase (g) and 
the high-temperature fluid phase (t), can therefore be 
related to the transition enthalpy A H  L 

A H r  
A #o = #O,g _ #o,f ~_ (W - Tin) , (2) 

r,. 

where Tm is the phase transition temperature of the 
pure system. By choosing the standard state of the 
proteins as the infinite-dilution limit (Mouritsen and 
Bloom 1984), it is possible to express the standard 
chemical potential of the proteins in terms of the model 
parameters as 

t o  = BL P [dp - d[ + CLp min {de, dL} . (3) 

By now imposing the phase structure of the pure lipid 
system, with phases ~ = g or f, on Eqs.(1)-(3), the 
equations for the phase boundaries in the dilute 
region, Xp < 1, of the phase diagram (T, xp) can be 
determined 

Tg(xp) =Tm + Xp(1 - Kd) RTm2 
AHL ' (4) 

T f ( x p )  '~ T,n + x p ( K 2 1  _ 1) RT"2 (5) 

The distribution constant Ka is approximately given by 

[.#Ol 
Ka ~ exp 3' (6) 

where A# ° = #o, g _ #o, f is a measure of the solubility 
difference of the proteins in the two different lipid 
phases. A# ° is the primary quantity of our solution 
theory. 

We shall now assume that the hydrophobic part of 
the transmembrane proteins has the form of a column 
with a smooth surface and a cross-section which is uni- 

form along the long axis of the protein. This assump- 
tion is commonly used in protein modelling (J/ihnig 
1981; Sadler and Worcester 1982; Sadler et al. 1984) 
and appears to be justified in those cases where the 
structure is known. It follows from this, that BLe and 
CLp and thus A# ° are proportional to the perimeter Oe 
of the protein cross-section 

A # °  = --  ~p F , BLp = Qp T , CLp = Qp V . (7) 

y and v are the basic reduced energy parameters of the 
model. The parameter v, being related to the direct 
interaction between the hydrophobic parts of the 
lipids and the proteins, will depend explicitly on the 
lipid phase, i.e. v = v ~. The parameter ? measures the 
interaction between the hydrophobic part of the 
longer species and the hydrophobic material to which 
this species is exposed owing to the mismatch. Hence, 
7 only depends on the lipid phase in an indirect way 
and its value will depend on the relation between d[, 
dfL, and dp, where d [ > d f is invariably the case. If we 
assign the value of ? to be 2 e in the case of lipid acyl 
chains in contact with hydrophilic material and note 
with Tanford (1973) that the hydrophobicity of typical 
protein side chains is about half of that of hydrocar- 
bons, we arrive at the following three cases 

(a) d p > d  [>deL: yg=7 f = e ,  (8) 

(b) d ~ > d e > d f :  7 g = 2 ? f = 2 e ,  (9) 

(c) dg >d~  >dp • ~2g = ~f = 2/~. (10)  

The parameter F of Eq. (7) is a function of 7 and v as 
well as of the geometrical parameters d L and de. In the 
three cases (a)-(b) referred to in Eqs. (8)-(10) F takes 
the form 

(a) d p > d  g > d f :  

F = (dfr d~)e f f g g -- +dLV  - - d L v  (11) 

(b) d g > d P > d e :  

F = ( 3 d p - 2 a [ - d ~ ) e + d ~ v f - d ~ , v  ~ (12) 

(c) > > de: 

F = (2d f - 2d[) e + dp l )f - -  dp V g (13) 

Depending on the sign of F, two types of low-xp phase 
behaviour arise as shown in Fig. 1. With the definition 
of the midpoint transition temperature 

T(xp) = ½ [Tg(xp) + Tf(xp)], (14) 

we introduce the so-called shift in midpoint transition 
temperature, A T(xp), which can be given an analytical 
expression 

RT d sinh ( 0P F ) .  
AT(xp)  = T ( x p ) -  Tm~--AH L Xp (1 5) 

\ R T , , J  

As it will turn out, A T(xe)  is a convenient quantity to 
compare with experimental measurements. 



T,,xp l ..... 
Tlx )t / !  

'ml ' 

Xp (a) 

T '  

rm' 
f 

(b) xp 

Fig. 1 a and b. Schematic phase diagrams in temperature T vs. 
protein concentration xe of lipid-protein bilayers in the dilute 
regime, x e ~ 1, Eqs. (4) and (5). g and f denote gel and fluid lipid 
phases, and f + g is the two-phase region. (a) corresponds to a 
situation of A/~°e < 0 and (b) to A/~e ° > 0, cf. Eqs. (4)-(6). T(xe) is 
the midpoint phase transition temperature, Eq. (14) 

Geometric and thermodynamic model parameters 

In this section we discuss the geometrical parameters 
d g, d f ,  dp, and ~p, the thermodynamic parameters 
AHL and T,,, and how these parameters may be esti- 
mated from experiments. We shall focus on lecithin 
bilayers of diacyl-glycero-PCs, Dn~PC, with two 
saturated chains of each n~ carbon atom, n~ => 12. This 
class of lipid bilayers has the best-known physical and 
thermodynamic properties. 

The hydrophobic thicknesses d[ and d~ are most 
accurately obtained from continuous x-ray scattering 
(Lewis and Engelmann 1983b) which measures the 
distance between the phosphate groups across the 
bilayer. The hydrophobic thickness may then be ob- 
tained by subtracting the thickness of the polar head- 
group region known from neutron-diffraction studies 
of specifically deuterated samples (Bfildt et al. 1979; 
Zaccai et al. 1979). This approach avoids uncertainties 
which may be introduced via the corrections for inter- 
lamellar water thickness and specific lipid volumes. 
Such corrections have to be made in order to derive 
the lipid hydrophobic thickness from lamellar repeat 
distances (Janiak et al. 1976, 1979; Cornell and Sepa- 
rovic 1983) and from measurements of the cross- 
sectional area per molecule (Lis et al. 1982; Evans 
and Kwok 1982; Cornell and Separovic 1983). Un- 
fortunately, the method of Lewis and Engelman 
(1983 b) has so far only been applied to fluid bilayers. 
Another direct estimate of d~ may be derived from the 
average acyl chain orientational order parameter ob- 
tained from the first moment of the distribution of 
quadrupolar splittings in a deuterium-NMR spectrum 
(Schindler and Seelig 1975; Mouritsen and Bloom 
1984; Covello et al. 1983). It appears that all these 
measures of d[ are in reasonably good agreement with 
each other (e.g. see Bloom and Mouritsen 1988). 

It turns out from the bulk of the experimental data 
referred to above that d~ is, to a very good approxima- 
tion, a linear function of the acyl chain length (Lewis 
and Engelman 1983 b) 

d~ ~ 1.75(nc - -  1) [~], (16) 

and that the bilayer hydrophobic thickness is about 
30% larger in the gel phase (Janiak et al. 1976; Inoko 
and Mitsui 1978). Since the jump in thickness at the 
transition is large compared with the variations in d[ 
and d~ with temperature on both sides of the transi- 
tion, we can safely neglect the latter temperature effect 
and assume d[ and d~ separately to be independent of 
temperature. Since pure DncPC bilayers have a tilted 
rippled gel phase (P¢,) below T,, and since it is known 
that minor amounts of impurities remove the tilt as 
well as the ripples (Chapman et al. 1977; Silvius 1982), 
the experimentally determined values of the gel-phase 
hydrophobic thickness have to be corrected by a factor 
of cos 0, 0 being the tilt angle, in order to arrive at a 
value of d g which applies to lipid bilayers with integral 
proteins. The tilt angle has been measured to be 
around 30 ° immediately below Tin, approximately in- 
dependent of the chain length (Janiak et al. 1976). 
Hence, we have the relation 

d g ~ 1.3 dr/cos 30 ° =~ 1.50d~. (17) 

Equations (15) and (16) suggest that the mean lipid 
hydrophobic thickness 

d- 1 g ~(d L + d~) ~- 2.19 (n c - 1) [~] (18) 

is a useful quantity to characterize the individual 
DncPC lipid bilayers. Equations (17) and (18) together 
with Eq. (15) now show that at fixed xe, the shift 
in transition temperature A T(d) is a hyperbolic func- 
tion of d. 

Much less information is available on hydrophobic 
thicknesses of integral membrane proteins. In fact in 
many cases dp is obtained indirectly from measure- 
merits of the lipid membrane thickness assuming 
hydrophobic matching (e.g. see Sadler et al. 1984; 
Johannsson et al. 1981). As we shall point out later, 
such indirect estimates may be in error if matching is 
deduced from a criterion of zero transition tempera- 
ture shift. For proteins where the three-dimensional 
structure is known, d~ and 9e may be determined 
rather accurately provided that the shape is reason- 
ably regular and the region between the hydrophobic 
and hydrophilic regions is not too fuzzy. If the primary 
structure is known, de may in some cases be gauged 
from hydrophobicity plots (Kyte and Doolittle 1982; 
Eisenberg 1984; Klein et al. 1985) and the value of Qp 
may be estimated from measurements of rotational 
diffusion of proteins (Cherry 1979). 

The thermodynamic properties of the lipid bilayer 
phase transition are known from a great variety of 



experimental techniques (Silvius 1982; Seelig 1981; 
Nagle and Wilkinson 1978). The striking result ob- 
tained from an analysis of the data for the DncPC 
bilayers is that AHL as well as Tm to a very good 
approximation are simple functions of nc and thus, by 
Eq. (I 8), in d: 

AHL [kcal/mole]-- 0.59 d [A]-  9.52, (19) 

- 1262 - 1262 
Tm [K] = n _ - - ~ -  + 412 = (d[A]/2.19 - 2) + 412. (20) 

The linear relations, Eqs. (17) and (18) lead to a remark- 
able statement about the feasibility of obtaining the 
protein solubility parameters, v ~ and e, from experi- 
mental measurements of transition temperature shifts 
in lipid membranes with different values of dincorpo- 
rated with proteins of different hydrophobic thickness- 
es: If the series of systems studied is confined solely to 
one of the cases (a)-(c) in Eqs.(11)-(13), measure- 
ments of A T(d) do not give access to the solubility 
parameters, no matter how many combinations of d 
and dp are being considered. This statement holds 
exactly in the limit of xp ~ 1 if the linearity conditions 
are rigorously fulfilled. If this is not the case, the solu- 
bility parameters may be determined from measure- 
ments of A T but with an accuracy which reflects the 
deviation from linearity. Similarly and paradoxically, 
imprecise data give access to e and v ~. This remarkable 
geometrical constraint, which is explained in detail in 
the Appendix, suggests that protein solubility param- 
eters are best determined by choosing lipids and pro- 
teins with values of d and dp which fall in more than 
one of the brackets (a)-(b) in Eqs. (11)-(13). 

Solubility parameters from experiment 

At present, only limited experimental data are avail- 
able from quantitative systematic studies of the phys- 
ical effects due to mismatch of protein and lipid hydro- 
phobic thicknesses. Most physical studies of lipid- 
protein interactions are concerned with measurements 
of AH(xp) for a single type of protein in one or two 
different types of lipid bilayers with only small varia- 
tions in d(Alonso et al, 1982; Gomez-Fernandez et al. 
1980; Boggs and Moscarello 1978; Heyn et al. 1981; 
Morrow et al. 1986; van Zoelen et al. 1978; Chapman 
et al. 1977). Other studies concentrate on structural, 
dynamic, and functional effects due to lipid-protein 
interactions (for lists of references, see e.g. Bloom and 
Smith 1985; Mouritsen 1987). None of these studies 
have produced data which allow the solubility param- 
eters of the present model to be determined. The sys- 
tematic search for segregation of bacteriorhodopsin in 
fluid bilayers (Lewis and Engelman 1983a) demon- 
strates that this protein remains dispersed over a wide 
range of fluid lipid bilayer thicknesses, but no quanti- 

5 

tative information is obtained on the phase behaviour 
as such. Conversely, the extensive studies by Davis et al. 
(Morrow et al. 1985; Huchilt et al. 1985) on amphiphilic 
polypeptide-phospholipid model membranes with large 
variations in hydrophobic mismatch give very precise 
information on the phase diagram and thus A T(xp). 
However, these model membranes have an extra degree 
of freedom which cannot easily be accounted for by our 
model. This degree of freedom is the tilting of the long 
axis of the thin polypeptide rod. Tilting might be ex- 
pected to occur when dp > d[. It was recently demon- 
strated by a molecular dynamics calculation on the 
hydrophobic segment of the transmenbrane protein 
glycophorin in a membrane environment (O. Edholm 
and F. J/ihnig unpublished) that tilting only required 
an energy of the order of the thermal fluctuations. 
Thus the solubility parameters have to be derived from 
model membranes incorporated with a bulky protein 
(with several transmembrane polypeptide segments) 
whose long axis will stay appoximately normal to the 
membrane plane. Only in this case will the effective 
values of OP and dp be constant, phase-independent 
quantities. 

The recent systematic experimental studies of the 
phase behaviour of bacterial photosynthetic RC pro- 
teins and antenna proteins reconstituted into DncPC 
bilayer vesicles with nc = 12, 13, 14, 15, and 16 (Riegler 
and M6hwald 1986; Peschke et al. 1987) provide a set 
of data for A T(xp) and AT(d) which makes possible 
an attempt towards determination of the solubility 
parameters, 5, v g, v f. By detecting transmission changes 
due to light scattering, M6hwald and collaborators 
monitored the phase transition as a function of d and 
xp. The experimental data are reproduced in Fig. 2 
and 3. It is obvious that hydrophobic mismatch has a 
dramatic influence on the phase behaviour. Firstly, we 
note from Fig. 3 that the AT(xp) data are consistent 
with the assumption of high dilution since it is found 
that, for both proteins, A Texp oc xi~, cf. Eq. (15). Second- 
ly, it is observed that the case (b): d g > dp > d fL, Eq. (12), 
applies since dp_-__28A for the RC protein and 
dp~ 31~ for LHCP (Riegler and M6hwald 1986; 
Williams et al. 1983, 1984). Hence, according to the 
analysis in the Appendix, any determination of the 
solubility parameters will rely on deviations from per- 
fect linearity or imprecise data. 

For determining the solubility parameters using 
the experimental data of Figs. 2 and 3 we have adopted 
the following strategy: Since AT(d) has the most 
marked variation, we use the data of Fig. 2 as the main 
basis of a fit to Eq. (15). However, the data in Fig. 3 
are considered to be the quantitatively most reliable 
(Peschke et al. 1987) with only insignificant protein- 
degradation during reconstitution and consequently 
with the most accurate values of xp. Therefore, we 
have included these data in the fit and therefore given 
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Fig. 2. Shift in midpoint transition temperature, A T(d), vs. mean 
lipid hydrophobic thickness dfor a series of DncPC lipid bilayers 
incorporated with RC protein in a molar concentration of 
xp= 10 -4. Experimental data (Riegler and MShwald 1986; 
Peschke et al. 1987) are indicated by open circles and appropriate 
errorbars. The solid line is the theoretical fit of Eq. (15) to the 
data using the solubility parameters, Eq. (21). The dashed line is 
the prediction from the Landau-de Gennes theory of elastic 
distortions, Eq.(25). Note that, in the work by Riegler and 
M6hwald (1986), no correction for tilt angle, Eq. (17), was made 
in the gel lipid bilayer hydrophobic thickness. Thus the horizon- 
tal axis of their Fig. 3 has been rescaled in the presentation of the 
present figure. A similar comment applies when comparing the 
dashed curve with Riegler and MShwald's scale for d 
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Fig. 3. Midpoint transition temperature shift, A T(xp), vs. molar 
concentration, xp, of RC proteins and LHCP protein, respec- 
tively, reconstituted into DI3PC lipid bilayers. The experimental 
data of Peschke et al. (1987) are indicated by open circles, and the 
linear theoretical predictions from Eq. (15) are shown by solid 
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extra weight to the point for D13P C in Fig. 2. Finally, 
we have excluded from the fit the data for D12PC since 
the phase transition properties in this system may be 
obscured by the proximity of the water freezing point 
to Tm(nc = 12)~ 0°C. For  the protein perimeters we 
have assumed 0P g 189 • for the RC protein (Williams 
et al. 1983, 1984) and QP ~ 7 5 ~  for L H C P  (Zuber 
1985; Peschke et al. 1987). The best fit is obtained with 
the solubility parameters 

8 =~ 1.6 cal/mol ~ 2  

v f ~ 1.4 cal/mol ~2, v g ~ 0.3 cal/mol ~2. (21) 

The fit describes the entire set of data (even for RC 
proteins in D12PC) of Figs. 2 and 3 in a satisfactory 
way considering the experimental uncertainties in- 
volved in locating the midpoint transition temperature 
and in determining the precise protein content in the 
reconstituted membranes. The latter determination is 
based on photo absorption spectroscopy (Peschke et 
al. 1987) on the active proteins only and the actual 
total protein content for the data in Fig. 2 may be as 
much as two times larger than measured by photo 
absorption. 

Predic t ions  for other prote ins  

Assuming that the parameters, Eq. (21), are generally 
applicable to describe the solubility of amphiphilic 
transmembrane proteins in lipid bilayers, we can pre- 
dict A T(d, Xe) for other proteins. In Fig. 4, A T(d) is 
shown in the case of Xe = 1 0  - 4  for a few "model 
proteins" characterized by different values of de and ~e. 
The hyperbolic curve A T(d), Eq. (15), shown in Fig. 4 
passes through A T =  0 for a value of d which in the 
general case is different from dp. Only in the case 
v g = v f or v ' <  e does one obtain d =  de. This is an 
important  observation since it implies that it is not 
strictly correct for a protein with unknown hydropho- 
bic thickness to assign the value of de to be the mean 
hydrophobic thickness of that lipid bilayer which does 
not suffer from a transition temperature shift in the 
presence of the protein. However, the values of the 
solubility parameters in Eq. (21), and Figs. 2 and 4, 
indicate that d e ~ d is a reasonable 10% approxima- 
tion. When de is increased (for fixed ~e), but still within 
d g > dp > d[,  the A T(d) curve is moved towards larger 
values of d, although not in a perfect shape-conserving 
translation, cf. Eq. (A.1). Similarly, decreases in ~e (for 
fixed de) act effectively to flatten the hyperbolic shape. 

Considering the situation where dp may be outside 
the range of the lipid bilayer gel and fluid hydrophobic 
thicknesses, Eqs. (1 I) and (13), a complicated scenario 
arises: For  fixed dp, there are singular points at 
eva = de~1.2 and E-~ d~,/0.8 (given the solubility parame- 
ters of Eq. (21)). For  d <  de/l.2, A T(d) is an increasing 
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Fig. 4. Theoretical predictions from Eq. (15) of shifts in midpoint 
transition temperature A T(d) as a function of mean lipid hydro- 
phobic thickness d. Results are given for model proteins charac- 
terized by (dp, op) = (25/~, 189/~) (dashed line), (25/],, 250 ~) 
(solid line), and (28/~, 250/~) (dotted line) 

function and for d > d~,/0.8 the decreasing behaviour of 
A T(d) seen in Fig. 2 is less strong. The latter behaviour 
is also illustrated in Fig. 4. 

Finally, it should be pointed out that the strongly 
asymmetric shape of the curves in Fig. 4 will be less 
pronounced if the value of e is increased. The uncer- 
tainty of e is 10%-20%,  and for e.g. e -~ 2 cal/mol/~z, 
there is a much stronger decrease of A T on the nega- 
tive axis before the singular point is reached, thereby 
more clearly exposing the hyperbolic shape of A T(ff). 

Comparison with elasticity theories 

The theory of protein solubility in lipid bilayers pre- 
sented in this paper considers linear effects of hydro- 
phobic matching as well as direct hydrophobic- 
hydrophobic lipid-protein interactions as main deter- 
minants of the phase behaviour at low protein concen- 
trations. Effects of elastic distortions of the lipid 
bilayer sheet have been neglected. Two types of theo- 
retical approaches exist for lipid-protein interactions 
in membranes which explicitly incorporate elastic 
interactions: Landau-de Gennes theory (Owicki et al. 
1978; Owicki and McConnell 1979; Jfihnig 1981) and 
the mattress model (Mouritsen and Bloom 1984). 
Since there are some conceptual differences between 
these two approaches, we shall discuss their implica- 
tions for our work separately. 

7 

These mattress moldel, from which the present 
solution theory is derived in the xp ~ 1 limit adds to 
the free energy expression in Eq. (1) an elastic energy 
term of the form 

Gel = A L (d L - d°) 2, (22) 

where d ° is the unperturbed lipid bilayer hydrophobic 
thickness. A L is an elastic constant which can be relat- 
ed to the elastic area compressibility modulus at con- 
stant temperature (Mouritsen and Bloom 1984 ; Evans 
and Skalak 1979). For lecithins, micromechanical 
measurements by Evans and Kwok (1982) suggest 
AlL = 4.8 cal/mol ~2 and A~ ~ 8.6 cal/mol/~2. In equi- 
librium, Eq. (22) leads to 

\ 2 A L ]  xp .  (23) 

The equation implies that the elastic energy contribu- 
tion only enters to second order in Xe. For xe  < 10 .3 
and with the solubility parameters of Eq. (21) the elas- 
tic interactions can safely be ignored. 

Turning now to Landau-de Gennes theory, the free 
energy of the membrane is written (J/ihnig 1981) 

2~b ( Oe "~ 
G = G O + o i - - - o  + 1 (d e - -dL)  2 (24) 

(de - dL'")2 \ ~ ~ j 

where G o is the free energy of the unperturbed mem- 
brane, b is a phenomenological constant related to an 
elastic energy of spatial density fluctuations in the 
membrane and ~ is a characteristic coherence length of 
the lipid membrane. The concentration dependence is 
now implicitly given through the equilibrium bilayer 
thickness dL. It is to be noted that, in contrast to the 
mattress model, the Landau-de Gennes theory attrib- 
utes the full excess free energy to an elastic distortion 
and that this excess free energy is proportional to the 
square of the mismatch rather than the square of the 
distortions of the lipid bilayer thickness, cf. Eq. (22). 
Furthermore, phase separation is not allowed within 
this description. From Eq. (24) the shift in transition 
temperature is found to be (Peschke et al. 1987) 

AT-= 16{2(0"  1 ) (  d - d e  "~ 
- ~  + j \ dO, f _ do, g ] x p .  (25) 

Hence, within Landau-de Gennes theory, A T = 0 for 
dp = d- which is a consequence of the neglect of the 
direct hydrophobic-hydrophobic lipid-protein inter- 
actions which are included explicitly in our solution 
theory. It should be noted that the A T of Eqs. (15) and 
(25) are in principle different quantities since a sharp 
phase transition remains at xe + 0 in the Landau-de 
Gennes theory whereas a two-phase coexistence re- 
gion is allowed for in our solution theory. 

By assuming ~ --- 15/~ (Jfihnig 1981), Peschke et al. 
(1987) obtain good agreement with the experimental 



data for A T(xe) in the case of RC proteins in D13PC. 
However, for LHCP in D13PC bilayers, the predic- 
tions of A T(xp) from Eq. (25) are an order of magni- 
tude too large. Peschke et al. have to invoke aggrega- 
tion of LHCP proteins into aggregates of approxi- 
mately 50 molecules to modify the effective values of 
xp and 0~ in order to bring the theory in accordance 
with experiments. There are some indications from 
freeze-fracture electron micrographs (Peschke et al. 
1987) and independent optical experiments (Grondelle 
et al. 1983) that the small LHCP proteins are subject 
to some aggregation. It is, however, difficult to deter- 
mine directly how large these aggregates are and what 
the size distribution is. For the RC protein Peschke et 
al. (1987) found that the proteins remain dispersed in 
the bilayers except for the gel phase of D16PC. If such 
aggregates are compact, uniform in size, and each 
comprises n molecules, xp and 0p of both theories 
should be renormalized by n and 1/x/n, respectively. It 
is far from clear that the protein aggregates are com- 
pact but rather incorporate a substantial part of con- 
nected interstitial lipid domains (Pink et al. 1981). 
Furthermore, the aggregates may have different size 
distributions in the two lipid phases. Therefore, we 
hesitate to make the issue of aggregation a central one 
for comparing the two theories. 

Rather, we find it instructive to return to the data 
for A T(d) for the RC protein in Fig. 2 and compare 
the predictions from respectively the solution theory, 
Eq. (15), and the Landau-de Gennes theory, Eq. (25). It 
is obvious from such a comparison that, although the 
two theories equally well account for the experimental 
data at medium d, they produce significantly different 
results at more extreme bilayer thicknesses. In particu- 
lar, the elastic theory fails to reproduce the dramatic 
increase in A T for DI2PC. This gives some indication 
that the solution theory is a more reliable theory, 
although it should be born in mind that the experi- 
mental data for DI2PC may be influenced by the prox- 
imity of the water freezing point to Tm(n c = 12), Eq. (20) 
(Riegler and M6hwald 1986). We believe that com- 
parison between theoretical and experimental data for 
A T(d) rather A T(xp) presents a more critical test of the 
theories. More experimental data are required, how- 
ever, to decide which of the two theoretical approaches 
discussed here is the more reliable one. 

Conclusion 

The physical forces underlying lipid-protein inter- 
actions in membranes are still a subject of considerable 
controversy. In this paper we have presented a two- 
component solution theory derived from the mattress 
model of Mouritsen and Bloom (1984) which identifies 
matching of protein and lipid hydrophobic thicknesses 
as an important parameter for the phase behaviour of 

membranes with integral proteins. The theory differs 
from Landau-type phenomenological elasticity theories 
in that it accounts for the direct interaction between 
the hydrophobic parts of the two species and it further- 
more allows for phase separation. The solubility 
parameters of the theory have been determined by 
fitting to experimental data for phase transition tem- 
perature shifts obtained from systematic studies of RC 
and LHCP proteins reconstituted into lipid bilayers of 
varying hydrophobic thickness (Riegler and M6hwald 
1986; Peschke et al. 1987). The experimental data are 
well described by the theory. Furthermore, we note 
that the spectroscopic and thermodynamic data for a 
great variety of proteins and polypeptides recon- 
stituted into lipid membranes (Silvius 1982) are con- 
sistent with a decreasing transition temperature shift 
A T(//) when the bilayer thickness is increased. 

The overall success of our theory in accounting for 
the existing experimental data suggests that it is un- 
necessary to invoke elastic interactions to explain, in 
the low-concentration regime, the thermodynamic 
consequences of mismatch of protein and lipid bilayer 
hydrophobic thicknesses. We believe that the solubil- 
ity parameters of the theory have some general appli- 
cability which is supported by the recent finding of 
similar solubility parameter values for the mattress 
model of two-component lipid-lipid mixtures (J. Hjort 
Ipsen and O. G. Mouritsen unpublished). Consequent- 
ly, there are reasons to believe that our solution theory 
may be useful for guiding and suggesting further ex- 
periments geared towards a fuller understanding of the 
physical forces governing lipid-protein interactions. 

A final remark is in order on the possible signifi- 
cance of hydrophobic matching for the functioning of 
biological membranes. It is now anticipated that inte- 
gral proteins are approximately matched to the fluid 
bilayer thickness of their natural membranes (Mourit- 
sen and Bloom 1984; Bloom and Smith 1985; Bloom 
and Mouritsen 1988) in order to function optionally 
(for a recent list of references to pertinent experimental 
work, see Mouritsen 1987). Local or global changes in 
the conditions for matching, e.g. as induced by changes 
in lateral composition or by external chemical gra- 
dients or electrical fields, may have dramatic effects on 
protein activity and could indeed form the basis for 
trigger processes (Sackmann 1984). Finally, it has 
recently been suggested that the concept of hydro- 
phobic matching may have played an important role 
in the evolution of biological membranes (Bloom and 
Mouritsen 1988). 
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Appendix 

Using  Eqs. (17) and  (18), the p a r a m e t e r  F of Eqs. (11) to 
(13) m a y  be wri t ten as a funct ion of m e a n  lipid hydro -  
phobic  thickness d, e.g. in the case (b), Eq. (12), 

F (d )  = (3 dp - 3.2d) s + 0.8 dv f - dp ) l g  . (A.1) 

Us ing  Eq.(15) we also have  

F(d) = RTm(d) arcs inh  (AT(d)  AHL(J)'] (A.2) 
o~e \ RT2(d)xp J 

Consider ing  Tin(d) and  AHL(d) to be known,  a series of  
values of  F (3) can be ob ta ined  by  measur ing  A T(d) for 
a var ie ty  of combina t ions  of d, xp,  and  choices of  
pro te in  (i.e. dp and  Ce). F o r  any  three different mea-  
surements ,  labelled i = 1, 2, 3, the solubil i ty p a r a m -  
eters s, v g, and  v f should  be ob ta ined  by solving the set 
of l inear equat ions  

q = F ,  (A.3) 

where  

/ 3 d ( p 1 ) - 3 . 2 ~  1) 0.8d (1) -d{p1)~ 

.~ = 13 d(ff ) - 3.2 ~z) 0.8 ~(2) _ d(p2) / (a.4) 

\ 3d{p3) -3 .2~  ~) 0 . 8 ~  3' -dCp3'/  

is a (3 × 3) matr ix ,  and 

i / :  v g , F =  F ( ~ 2 ) ) ]  (A.5) 

We  now m a k e  the obse rva t ion  tha t  d e t A  = 0 .  
This  implies tha t  Eq. (A.3) either has no solut ion or an 
infinite set of  solutions.  Analysis  of  the r ank  of A and 
the r ank  of the augmen ted  ma t r ix  (A, F) shows tha t  it 
is the case of  no solut ion which applies  here. Basically, 
this finding is a consequence  of the l ineari ty relation, 
Eq. (17), which underlies Eq. (12). The  same s ta tement  
holds  separa te ly  for the cases (a) and  (c), Eqs. (11) and  
(13). Thus,  if the l ineari ty re la t ions hold and  measure -  
ments  are m a d e  only within one of the brackets ,  
(a)-(c),  Eqs. (11)-(13),  it is no t  possible  to derive the 
solubil i ty p a r a m e t e r s  f rom exper imenta l  measure -  
ments  of t ransi t ion tempera ture  shifts. This is a remark-  
able obse rva t ion  which suggests that,  in order  to ob-  
tain solubil i ty pa r ame te r s  f rom such exper iments  in 
the xe ~ 1 limit, lipids and  prote ins  should be chosen 
so as to fall within m o r e  than  one of  the brackets  for 
the h y d r o p h o b i c  thickness relations.  In  the case of  
slight depar tu re  f rom the l ineari ty relat ions for d~, the 
same measures  should be t aken  in order  to improve  
the accuracy  of the der ived solubil i ty paramete rs .  

F o r  higher  p ro te in  concent ra t ions ,  the s ta tements  
in this Append ix  will no t  be valid since the phase  
boundar i e s  will, by  Eq. (22) and  (23), cease to be l inear 
in xl,. 
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