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A b s t r a c t . The effects of bacteriorhodopsin (BR) interaction with large dipalmi
toylphosphatidylcholine (DPPC) liposomes (approx. 100 nm in diameter) were ex
amined at various B R / D P P C ratios, using differential scanning calorimetry (DSC) 
and ultrasonic velocimetry (USV). On DSC, the lipid phase transition temperature, 
Te, and the half-width of the phase transition peak, ATi/2, showed significant non
monotonic changes with the increasing BR concentration. Two exponential seg
ments could be distinguished in the dependence of the transition enthalpy change 
per mol of lipid (AH/ni) on the B R / D P P C ratio: one corresponding to ratios 
between 0:1 and 1:64, and another corresponding to ratios between 1:44 and 1:16. 
A maximal value of AH/ni was observed for B R / D P P C ratio 1:44, probably cor
responding to maximal BR-lipid ordering with each BR molecule being surrounded 
by two layers of lipid molecules. The nonmonotonic changes of thermodynamical 
parameters suggest long-distance interactions between regions of altered bilayer 
structure which form around each BR molecule. The results obtained with USV 
provided support for the above conclusions. The dependence of ultrasound veloc
ity increment A on BR concentration supplies information on relative changes of 
membrane volume compressibility. Decreasing volume compressibility is reflected 
in increasing values of parameter A. Within T < Tc, the values of A increased 
with the increasing BR concentration; saturation was observed at BR/DPPC ratio 
1:500 (A = y l (BR/DPPC)) . No significant BR-concentration dependent changes 
of A were observed at T > Tc. From these values the average diameter of the 
distorted region of lipid bilayer was estimated to be approximately 20 nm. 
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I n t r o d u c t i o n 

Protein-lipid interactions play a decisive role in the architecture of membrane struc
ture. They have to be considered whenever explanations are sought for molecular 
mechanisms of various membrane processes, such as energy transfer and conversion, 
processes of reception, etc. In this respect, interactions of integral proteins with 
lipids are of special interest. Integral proteins span the membrane transversely, es
tablishing contacts between their hydrophobic moieties and the hydrocarbon chains 
of the lipids. Owing to the different geometry of the hydrophobic moiety of pro
teins and that of lipids, as well as due to the action of electrostatic and elastic 
forces, regions of altered structure may arise around protein molecules. The for
mation of similar regions may represent one of the reasons of the occurrence of 
long-distance interactions in a membrane. Very likely, hydrophobic interactions 
play the key role in the establishment of links between integral proteins and lipids. 
Assuming negligible elastic deformation of the lipid bilayer in the environment of 
the integral protein, the energy of these interactions for low protein concentra
tions can be estimated from thermodynamical (TD) parameters. The application 
of the Mouritsen-Bloom mattress model (MB model) (Mouritsen and Bloom 1984) 
on photosynthetic reaction centers (RC), proteins and antenna proteins (LHCP) 
incorporated into lipid bilayers showed good agreements with experimental results 
(Sperotto and Mouritsen 1988). However, the situation is much more compli
cated at elevated protein concentrations when thermodynamical parameters no 
more show linear dependence on the relative protein concentration in a membrane. 
In this case, changes of elasticity of the lipid bilayer in the environment of the 
integral protein have to be accounted for. A relative increase of protein concentra
tion in a membrane may result from phase transition-induced protein aggregation 
(Chapman 1983), or upon the interaction with a hormone, as it is the case with 
hormone receptors (Jacobs and Cuatrecasas 1981). In the latter case, substantial 
changes of mechanical characteristics of the lipid bilayer occur even at physiolog
ical concentrations of the respective receptors (Hianik et al. 1988). This presents 
considerable problems for the interpretation of T D parameters. The same is true 
for BR which, upon incorporation into a membrane, forms a regular crystal lattice 
with tightly ordered lipids (Stoeckenius et al. 1979). The crystal ordering of prote-
olipidic BR domains is not substantially altered upon decreasing the temperature 
below that of lipid phase transition (T < Tc). A widening of the transition can 
be observed but at elevated BR concentrations (Cortijo et al. 1982). In contrast, 
at temperatures T > Tc, BR is equally dispersed in the lipid bilayer (Lewis and 
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Engelman 1983a). However, the physical characteristics of membranes with in
corporated BR have so far been studied but insufficiently. To obtain quantitative 
information concerning phase transition of lipid bilayers, the present investigations 
were focused on the effects of BR on TD and mechanical parameters of unilamellar 
D P P C liposomes. The thermodynamical parameters were estimated using differ
ential scanning calorimetry (DSC). The effects of BR on volume -rompressibility of 
vesicles was also studied using differential ultrasonic velocimetry (DSV). 

M a t e r i a l s and M e t h o d s 

Experiments were performed on large unilamellar liposomes (approx. 100 nm in diame
ter), prepared with the method of detergent dialysis (see Margolis and Bergelson 1986). 
Sodium chelate (Spofa) was used as the detergent. It was dissolved in 10 mmol/1 Hepes, 
and 100 mmol/1 KC1 was added (pH 9.3). Immediately after the detergent was dissolved, 
the pH of the solution was adjusted to 7.4 with a small amount of 0.1 mol/l HC1, and 
DPPC (Serva) was then dissolved to give a final detergent/lipid ratio of 7.2:25. The dial
ysis was performed in two stages. The first stage included dialysis in 10 mmol/1 Hepes 
+ 100 mmol/1 KC1 (pH 7.4) for 12 hours, followed by dialysis in 10 mmol/1 Hepes + 
10 mmol/1 KC1 (pH 7.4) for additional 12 hours. Fragments of purple membranes (PM) 
containing BR isolated from Halobacterium halobium (strain 353P) were used and added 
into the liposome suspension. The concentration of BR in liposome suspension was calcu
lated spectrophotometrically using C570 = 63,000 mol -1 .1.cm -1 . Because PM are easily 
incorporated into liposomes by means of fusion (Vsevolodov 1988) we assumed the vol
ume concentration of BR to be close to that in liposomes. Moreover, at the maximal 
BR/DPPC ratio used there was no more than 1 fragment of PM per 1 liposome.The dif
ferential methods used allowed us to observe the direct effects of BR on physical properties 
of lipid bilayer. 

PM were kindly donated by L.N.Chekulayeva, Institute of Biological Physics, Acade
my of Sciences of the USSR, Pushchino. All experiments were done with dark-adapted BR, 
i.e. the sample was kept in dark throughout the measurements which started 30 min after 
the chambers had been filled with the liposome suspension; this is an interval sufficient for 
BR to become dark-adapted (Stoeckenius et al. 1979). Calorimetric measurements were 
performed on a DASM-4 (Prívalov 1980) at a 1 °C/min scan rate. The reference chamber 
was first filled with the buffer and the measuring chamber with liposome suspension in 
buffer (chamber volume approx.1 ml each), with the lipid concentration being 4 mg/ml. 
The change of specific heat capacity ACP , and enthalpy changes per mol DPPC (AH /UL) 
were determined. Measurements of ultrasound velocity in liposome suspensions were per
formed using a RADA-S differential ultrasonic scanning velocimeter (Shestimirov 1989). 
For the USV measurements, the reference chamber was first filled with the buffer and 
the measuring chamber with the liposome suspension in buffer (chamber volume approx. 
0.3 ml each), with the lipid concentration being 4mg/ml. The value of the ultrasound 
velocity increment, AQ, the relative change in ultrasound absorption per wave- length 
unit, A(a\)/a\, were determined for the system in dependence on temperature for the 
temperature interval 30-50 °C. The temperature scanning of the samples was performed at 
a rate of 0.1 °C/min in both directions, i.e. towards increasing T as well as in the opposite 
dirrection. The curves were taken as reference for final evaluation. Then, the measuring 
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c h a m b e r was filled with the suspension of liposomes with incorporated BR ( D P P C con
centrat ion 4mg/ml) at various B R / D P P C ratios, the reference chamber was filled with 
buffer of a molar BR concentrat ion identical with that in the measuring chamber. T h e 
t e m p e r a t u r e dependence of A and A(a\)/aX were determined for each of the B R / D P P C 
rat ios tested. Let us briefly explain the basic principles of the USV method. Due to 
t h e formation of s tanding waves, resonance is produced in the chamber at frequency / „ , 
at which the distance / between the acoustic transducers in the chamber walls equals 
t h e product of halfwaves A/2 and integer (acoustic t ransducers convert high-frequency 
electrical field (of several MHz) into ultrasound waves). For diluted solutions for which 
ul t rasound velocity, u, does not substantial ly differ from those measured in the solvent, 
uo, as well as for those for which ultrasound absorption a is not too high, holds (Buckin 
et al. 1979; Sarvazyan 1982) 

A n =uo—— 

' ľ* f N ( 1 ) 
A ( a A ) = A ' * t f n 

h 
where /„ is the frequency of the it-th resonance peak measured in the solvent; bfn is the 
peak half-intensity width, and it designates the difference of the respective variables. T h e 
m e t h o d of USV is based on the link between density p and volume compressibility K, 
and ultrasound velocity u in a solution. T h e principal p a r a m e t e r linking compressibility 
of a solution with its composit ion, is adiabatic compressibility 

<t>h = (fJV-[)0V0)/n (2) 

where (3 is the coefficient of adiabat ic compressibility 

1 fdV 
V \ dp 

where V is the sample volume, Vo is the volume of the solvent, n = cV are moles of the 
subs tance dissolved, and c is the concentration of the latter. T h e product /ÍV is termed 
compressibility A". For diluted solutions holds (Sarvazyan and Kharakoz 1977) 

Í ^ - 2 M + fi) (3) 
Ik Po 

where A = " c u "° is the concentrat ion increment of ultrasound velocity; B = c o is 
the concentration increment of solution density; and M is the molecular mass of the sub
s t a n c e dissolved. Taking the measurable parameters, for specific adiabat ic compressibility 
we have: 

<K A 
" - ' Ä ľ + 0 ' 4 5 ( 4 > 

T h u s , in the first approximat ion, parameter A has to be measured to allow the determi
nation of specific adiabatic compressibility. 
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F igure 1. Changes of specific heat capacity ACP for liposomes from pure DPPC and 
BR/DPPC recombinants. BR/DPPC ratios : 1 - 0; 2 - 12.5 x 10~3; 3 - 1.2 x 10"3 . 
Scans have had baselines substracted from the curves. 

R e s u l t s 

DSC experiments 

Fig. 1 shows changes of specific heat capacity AC P for liposomes from pure DPPC 

(curve 1) and for those in mixture with BR-containing PM, for various B R / D P P C 

ratios. It is obvious from the Figure that for liposomes from pure DPPC, phase 

transition occurs at Tc = 40.4 °C, which is in good agreement with the data reported 

by other investigators (Chapman 1983). 

BR incorporation into liposomes results in changes of the phase transition 

parameters. With the increasing BR concentration, both the phase transition tem

perature Tc (Fig. 2) and the half-peak width A T i / 2 (Fig. 3), as determined from 

relationship AC P (T) , change. Integrated curves of AC P (T) gave the phase tran

sition enthalpy change AH. Fig. 4 shows the dependence of AH/ni (enthalpy 
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BR/DPPC ratio, 10 

Figure 2. Dependence of phase transition temperature on BR/DPPC ratio for two 
determinations. (* first scanning, • • • second scanning) 
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F i g u r e 3. Dependence of half-peak width, ATl/2 , on BR/DPPC ratio for two determi
nations. (* first scanning, • • second scanning) 
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F i g u r e 4 . Dependence of enthalpy change per mol lipid AH/ni on B R / D P P C ratio for 
two determinat ions . (* first scanning, • • • second scanning) 
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F i g u r e 5. Tempera tu re dependence of relative ultrasound absorbance change of D P P C 
liposomes. Scanning from low to high (1) and from high to low (2) t empera tu res . 
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Figure 6. Temperature dependence of relative ultrasound velocity change of DPPC 
liposomes. Scanning from low to high (1) and from high to low (2) temperatures. 

change per mol lipid) on the B R / D P P C ratio for liposome suspension. The de

pendence illustrated in Figs. 2 and 3, as well as that of AH/ni ( B R / D P P C ) , have 

markedly nonmonotonic courses. 

USV experiments 

Fig. 5 shows the temperature dependence of ultrasound absorption change per 
wavelength unit A(aA)/c*A (curves 1, 2) and Fig. 6 shows the temperature depen
dence of ultrasound velocity change AU/UQ (curves 1, 2) for liposome suspension 
from pure DPPC. The Figure shows curves corresponding to temperature scanning 
in the increasing (curves 1) and decreasing (curves 2) direction. The absorption 
curve has a marked maximum at T = 41 — 42 °C, which agrees well with the results 
obtained using the same method and small unilamellar D P P C vesicles (Mitaku and 
Date 1982). Curves of similar shape could be obtained for various B R / D P P C ra
tios. Strong ultrasound absorption in the phase transition region is of T D nature, 
and is associated with a strong growth of thermal fluctuations (Mitaku and Date 
1982; Michels et al. 1989). The shape of the Au/uo(T) curve is different. The value 
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BR/DPPC ratio, 10 

F i g u r e 7. Dependence of ultrasound increment, A, on B R / D P P C ratio; a - 40 
43 °C. Scanning from low to high (1) and from high to low (2) temperatures . 
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Figure 8. Dependence of ultrasound increment changes AA = v4(40°C) — v4(43°C) on 
BR/DPPC ratio. Scanning from low to high (1) and from high to low (2) temperatures. 

of AU/UQ dramatically decreases within the gel-(T < Tc)-to-liquid-crystal ( T > Tc) 

phase transition interval, which is associated with a change of the lipid ordering 
and thus with different volume compressibility of the liposomes. As mentioned 
above, the measure of volume compressibility is the ultrasound velocity increment 
A. Fig. la, b shows the values of A at T = 40°C (Fig. 7a) and at 43°C (Fig. 76) 
for the B R / D P P C ratios tested. Curve 1 was obtained from temperature scan
ning from low towards higher temperatures, curve 2 is the result of the high-to-low 
scanning direction. The value of .A increases with the increasing BR concentration, 
and a gradual saturation is observed around the B R / D P P C ratio 1:77. The ef
fects of the structural state of the lipid bilayer on the compressibility of liposomes 
containing BR are characterized by the dependence of changes AA = (A40 — A43) 
on the B R / D P P C ratio in the sample (Fig. 8). Fig. 8 shows that the dependence 
of AA has nonmonotonic character for both techniques of temperature scanning. 
The value of parameter AA decreases within the B R / D P P C ratio interval 0:1 and 
1:579 and it increases beyond this interval. Standard errors of the results of all 
experiments did not exceed 10%. 
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D i s c u s s i o n 

The present experiments showed that DPPC phase transition temperature , peak 

transition temperature width as well as transition enthalpy change (the latter 

markedly and nonmonotonically) in dependence on BR concentration. Ultrasonic 

measurements of A suggest that volume compressibility of vesicles also changes in 

dependence on BR concentration, i.e. that BR incorporation directly affects the or

dering of the D P P C bilayer. Our further analysis of changes of T D and mechanical 

parameters of lipid bilayers observed will be based on the MB model of proteolipid 

bilayer as proposed by Mouritsen and Bloom (1984) and further developed by Sper-

ot to and Mouritsen (1988). The basic principle of the model is the formation of 

a region of changed lipid bilayer structure in the environment of a membrane pro

tein; this region arises due to the hydrophobic protein moiety tending to affect the 

length of the lipid hydrocarbon chains. The latter changes in dependence on the 

structural s tate of the membrane. The length of the protein hydrophobic moiety 

(hp) is constant due to the relative stiffness of the latter, whereas membrane thick

ness may change by 20-30% as a result of phase transition (Evans and Kwok 1982; 

Inoko and Mitsui 1978). In the gel state (/),,), the hydrophobic membrane part is 

thicker than when in the liquid-crystal phase (hj) (Janiak et al. 1976). If hp < hg, 

a deformed region of decreased ordering arises in the environment of the protein 

(Riegler and Mohwald 1986), quantitatively the degree of ordering of this region 

can be expressed by the parameter of ordering S (de Cennes 1974; Riegler and 

Mohwald 1986): 

S=(lip-hf)/(hg-hf). (5) 

It can be derived from the Landau-de Cennes theory (de Gennes 1974) that the 

phase transition temperature will decrease in the presence of a protein if S < 0.5 

and/or hp < 0.5(/i; + hg). This was experimentally confirmed by Riegler and 

Mohwald (1986): they observed that the protein RC (/ip=2.8 nm) actually de

creased the phase transition temperature of D P P C and increased that of dimyris-

toylphosphatidylcholine (DMPC), a lipid with hydrocarbon chains shorter than 

those of D P P C . Thus, from the viewpoint of the theory, the BR-induced decrease 

of the phase transition temperature for B R / D P P C ratios below 1:200 may be in

terpreted as a decrease of lipid bilayer ordering in the environment of the BR 

molecules. However, comparing BR-induced changes in D P P C phase transition 

temperature with those induced by the protein RC (Riegler and Mohwald 1986), 

the former seem relatively small; practically, this means that the length of the 

hydrophobic moiety of BR does not differ very much from Q.b(hg 4- hj) ~ 3.0 

nm (/iy=2.6 nm, /iÄ=3.4 nm; Lewis and Engelman 1983b). This agrees well with 

the values obtained using X-ray diffraction measurements (Lewis and Engelman 
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1983b). The decreased lipid bilayer ordering around the BR molecule is thus rel

atively small. Ultrasound measurements showed a gradual growth of A with the 

increasing BR concentration (Fig. 7) even in the range of relatively low BR concen

trat ions. Parameter A is linked with the volume compressibility (which can also 

be interpreted in terms of a growth of membrane ordering). This may be due to 

the interactions occurring between the regions of changed structure at even rel

atively low B R / D P P C concentrations, which results in an increase of membrane 

s t ructure ordering. This dependence shows saturation at relatively low B R / D P P C 

ratios (below 1:500); this means that the diameter of the changed structure region 

is larger than {(A/ir).n.so + d2
BR}^2 ~ 22 nm (n=500 is the number of the lipid 

molecules, so=0.72 nm 2 is the area per one lipid (Small 1967), duR ~ 5.9 nm is 

the diameter of one BR molecule (Henderson and Unwin 1975)). 

With the length of the hydrophobic moiety of the BR molecule substantially 

differing from that of the membrane, marked changes of mechanical membrane 

characteristics may be expected to occur. This was suggested by our previous 

experiments (Hianik and Vozár 1985) which investigated changes of modulus of 

elasticity in direction perpendicular (E±) to bilayer lipid membranes (BLM) pre

pared from asolectin (AL) and modified by BR ( B R / A L ~ 1:500). Parameter 

Ej_ = — p/(Ah/h), where p is the pressure, Ah/h is the relative change in mem

brane thickness, characterizes the degree of BLM compressibility. E±_ decreases 

with the decreasing ordering of hydrophobic membráne regions. The value of 

parameter E± was observed to decrease more than tenfold in average for BLM 

modified by dark-adapted BR (after approx. 35 min) as compared to those for 

membrane without BR. The experiments were performed at T ~ 20°C, i.e. the 

asolectin BLM were in liquid crystal phase. However, the thickness of their hy

drophobic region (~ 5 nm) exceeded that of the hydrophobic region of the BR. 

owing to the presence of the hydrocarbon solvent n-heptane. 

In the previous analysis, relatively low BR concentrations have been consid

ered. Experiments using the DSC technique showed nonmonotonic changes of 

T D parameters to occur at higher BR concentrations ( B R / D P P C ) 1:200). Most 

markedly, this was reflected in changes of the AH jnt dependence on the B R / D P P C 

ratio (Fig. 4): the value of this parameter decreased almost exponentially within 

the B R / D P P C ratio interval between 0:1 and 1:44. For higher BR contents (1:34 

and 1:16), the curves have shapes similar to that for the low BR concentration 

range. Since obviously different processes occur in the above ranges, the ranges 0:1 

to 1:44, 1:44 to 1:16, and 1:44 will be discussed separately. The analysis accounted 

for the fact that incorporation of PM into liposomes at temperatures T > 30°C re

sults in the molecules becoming monomers. However, photoactivity of BR remains 

unchanged (Heyn et al. 1981). 

a) Within the interval of B R / D P P C ratios between 0:1 and 1:44. BR molecules 

in the D P P C bilayer very probably act as "crystal defects" which facilitate the 
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decay upon energy (heat) supply. At the same time, as suggested by changes of Tc 

and the results of measurements of E± (Hianik and Vozár 1985), regions of changed 

lipid structure arise around the BR molecules. BR molecules may be assumed to 

move in these regions without directly affecting each other. Likely the effects of one 

BR molecule on another are mediated by the region of the changed lipid structure 

only; with the increasing BR concentration these regions start overlapping, which 

probably results in the formation of a new pattern of ordering. 

b) At the B R / D P P C ratio 1:44. a stepwise growth of AH/ni is observed 

(Fig. 4). Simple calculations based on the known geometry of the BR and the 

D P P C molecule show that this point approximately corresponds to the situation 

of one BR monomer being entoured by two rings of lipid molecules. Probably, in 

this condition the lipid molecules are tightly bound around the central region of 

the BR molecule, and phase transition requires high energy to occur. At the same 

time, this ratio can be expected to be the last one allowing free movements of BR 

molecules in the membrane without establishing direct contacts. 

c) The shape of the DSC curve for B R / D P P C ratios exceeding 1:44 is similar 

to that obtained for smaller ratios. However, within this concentration range the 

membrane can be expected to be in a state different from that under a). At 

the B R / D P P C ratio 1:44, BR molecules form clusters with predominating protein 

content and the clusters - similarly as in the case described under a) - act as 

"defects" in the regular ordering of the lipid molecules. The arisal of a new situation 

in the membrane, due to the increasing BR concentrations over the entire range of 

BR concentrations studied, is also suggested by the dependence of AT 1 / 2 on BR 

concentration (Fig. 3). Parameter AT\/2 IS associated with the cooperativity of 

lipid behavior within the phase transition interval. Within the interval described 

under a), the transition cooperativity is higher than in the case described under 

c); during the transition between the two intervals, the cooperativity decreases 

with the increasing BR concentration in the sample. Interestingly, AT\/2 does not 

change within the interval of B R / D P P C ratio exceeding 1:44. Maybe, only lipids in 

a phase altered by BR are present at these concentrations, and the value of AT\/2 

for the B R / D P P C ratio 1:44 is that for the pure altered phase. 

The results obtained may be explained based on the phase transition theory 

and the MB model of protein-lipid interactions. The present investigations show 

that the results reported by Riegler and Mohwald (1986) for lipid-RC protein mix

tures are of universal nature and also hold for another integral protein, BR, at 

least when tested with D P P C membranes. In contrast to previous reports concern

ing membrane systems with relatively low concentrations of integral proteins, the 

present investigations based on the study of membranes with high BR contents tried 

to point to possible interactions between integral proteins mediated by regions of 

changed lipid structure, which arise in the environment of protein molecules. The 

nonmonotonic character of changes of physical membrane parameters represents 
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o n e d o m i n a n t c h a r a c t e r i s t i c of t h e s e s y s t e m s a t high p r o t e i n c o n c e n t r a t i o n s ; t h i s is 

s u g g e s t e d also by e x p e r i m e n t s w i t h l ip id bi layers wi th i n c o r p o r a t e d m e m b r a n e frag

m e n t s c o n t a i n i n g h o r m o n e r e c e p t o r s ( H i a n i k et al. 1988). T h e e las t ic p a r a m e t e r s 

of B L M showed m a r k e d n o n m o n o t o n i c changes wi th t h e i n c r e a s i n g c o n c e n t r a t i o n s 

of t h e h o r m o n e r e c e p t o r s s t u d i e d . T h i s could be b r o u g h t i n t o a s s o c i a t i o n w i t h t h e 

i n t e r a c t i o n s b e t w e e n integra l p r o t e i n s which are m e d i a t e d by reg ions of c h a n g e d 

s t r u c t u r e o c c u r i n g in t h e lipid b i layer . 
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