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Summary

Bacteriorhodopsin in dimyristoylphosphatidylcholine vesicles is ran-
domly distributed in the plane of the membrane and exhibits rotational
diffusion above the gel to liquid-crystalline phase transition. Incorporation
of cholesterol results in loss of rotational mobility of bacteriorhodopsin,
which on the basis of electron microscopy and CD measurements can be
assigned to the formation of protein aggregates. It is concluded that bacterio-
rhodopsin is soluble in the fluid phosphatidylcholine phase but segregates
when cholesterol is present in the lipid bilayer.

The effects of cholesterol on the physical properties of lipid bilayers
have been the subject of numerous investigations [1-—16]. It is well estab-
lished that cholesterol either decreases or increases ‘fluidity’ depending on
whether the temperature is above or below the chain melting temperature
(T¢) of the lipids [1]. Relatively few studies have been made of how these
effects influence the diffusion of membrane components. Measurements in
lipid-cholesterol bilayers of lateral diffusion of lipids [13,17,18] and of the
small polypeptide Gramicidin S [19] have been reported but there are al-
most no studies of the effect of cholesterol on protein diffusion. Recently,
rotational diffusion of band 3 proteins in the human erythrocyte membrane
as a function of cholesterol content was investigated [20] . Surprisingly, no
change in rotational motion was observed over the range 0.34--1.66 chol-
esterol : phospholipid mole ratio.

A convenient model system for studying protein diffusion consists of
bacteriorhodopsin incorporated in phosphatidylcholine vesicles [21,22].
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We therefore added cholesterol to this system with the aim of clarifying
its effect on protein rotational motion. We report here the results of these
studies which unexpectedly reveal that cholesterol induces segregation of
protein molecules in the plane of the lipid bilayer.

Bacteriorhodopsin was incorporated into dimyristoylphosphatidyi-
choline vesicles by the Triton solubilisation and dialysis procedure described
previously [22]. After formation of the bacteriorhodopsin-lipid vesicles,
cholesterol was incorporated by incubation with sonicated egg phosphatidyl-
choline-cholesterol liposomes prepared essentially as described by Cooper
et al. [23]. Incubation was for 24 h at 26°C in the dark in 0.1 M sodium
acetate buffer, pH 5.0. After the incubation, bacteriorhodopsin-lipid vesicles
were separated from sonicated liposomes by centrifugation through a sucrose
density gradient. The phospholipid content of the vesicles was analysed
according to Chen et al. [24] and cholesterol by the method of Courchaine
et al. [25]. Protein was determined according to Lowry et al. [26], the
retinal concentration by absorption spectroscopy using the value of
62 700 M~! -cm™! for the extinction coefficient at 568 nm [27]. Compar-
ison of these two measurements based on the known 1-1 stoichiometry
revealed that some of the bacteriorhodopsin molecules (~ 30%) lost their
retinal chromophore during the incubation with liposomes. The values
stated for phospholipid : protein ratios (expressed as wt./wt.) are therefore
those based on the Lowry method, with a correction of 20% as indicated
by recent studies [27].

Rotational diffusion of bacteriorhodopsin in the lipid vesicles was
measured by observing flash-induced transient dichroism. Details of the
experimental method are given elsewhere [28]. Briefly, the sample is excited
by a linearly polarised light pulse of duration 1—2 us and wavelength 540 nm.
Transient absorbance changes due to ground state depletion are detected
at 570 nm. The signals are analysed by calculating the absorption aniso-
tropy r(t) given by

Ay(t) —AL()
Ap(t)+2A,(t)

r(t) = (1)

where A (t) and A, (t) are the absorbance changes at time ¢ after the flash
for light polarised parallel and perpendicular with respect to the polarisation
of the exciting light. Measurements were made at 25°C and 37°C, i.e. above
the T, of dimyristoylphosphatidylcholine (23°C).

Fig. 1 shows the time dependence of the anisotropy before and after
incorporating cholesterol into the vesicles. In the absence of cholesterol, the
anisotropy exhibits an initial decay followed by a time-independent residual
anisotropy. As discussed elsewhere, the curve is that expected when rotation
occurs only about an axis perpendicular to the membrane [28,29]. The
predicted form of r(t) in this case is given by

T(t) = Al exp (—D" t) +A2 exp (""4D" t) + A3 (2)

where D, is the diffusion coefficient for rotation about the membrane normal
and A,, A,, A; are constants which depend on the orientation of the
transition dipole moment of the 570 nm absorption band.
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Fig. 1. Time dependence of the anisotropy r of 568 nm depletion signals at 25°C and 37°C for bacterio-
rhodopsin incorporated into dimyristoylphosphatidylcholine vesicles. Solid line and points, control
sample (i.e. in absence of cholesterol); points only, same sample after cholesterol incorporation, X =

21 mol%, phospholipid : protein 1.2. Vesicles were in 0.1 M sodium acetate, pH 5.0.

The effect of incorporating cholesterol into the vesicles is dramatic.
After cholesterol incorporation, the anisotropy decays very slowly with
time, indicating that bacteriorhodopsin is almost immobilised. For the sample
shown in Fig. 1, fitting Eqn. 2 to the experimental points yields a relaxation
time ¢, (defined as 1/D) of 80 us at 25°C and 20 us at 37°C. In the presence
of cholesterol it may be estimated that ¢;~ 10 ms at 25°C and ~ 4 ms at
37°C. These very slow relaxation times may in part be determined by
vesicle tumbling so protein rotation in the membrane could be even slower.
In any event, it is clear that bacteriorhodopsin rotation is slowed more than
100 times following incorporation of cholesterol.

It is likely that in addition to cholesterol, egg phosphatidylcholine
also exchanges between liposomes and vesicles during the incubation [30—32].
However, immobilisation of bacteriorhodopsin is not observed when vesicles
are incubated with cholesterol-free liposomes. Moreover, the rotation of
bacteriorhodopsin in egg phosphatidylcholine vesicles is qualitatively similar
to that in dimyristoylphosphatidylcholine vesicles above the T,. Thus it is
cholesterol, rather than egg phosphatidylcholine, which is responsible for
the observed immobilisation of bacteriorhodopsin.

The large decrease in rotational mobility of bacteriorhodopsin in the
presence of cholesterol is unlikely to be simply due to a change in mem-
brane viscosity, especially as only relatively small changes in lipid lateral-
diffusion coefficients above the T, due to cholesterol have been reported
[13,17,18]. In addition, recent results on the fluorescence depolarisation
of small lipid soluble probes in phospholipid-cholesterol vesicles show that
the effect of cholesterol on the rate of probe rotation is only minor and that
the major effect is due to an increased orientational constraint [15,16]. The
alternative explanation is that bacteriorhodopsin rotation is slowed by self-
aggregation upon incorporation of cholesterol. Rotational diffusion measure-
ments are particularly sensitive to aggregation since ¢, varies as the square
of the particle cross-sectional diameter in the plane of the membrane. To
investigate this possibility, we carried out further experiments using electron
microscopy and CD.

Fig. 2 shows freeze-fracture electron micrographs of the bacteriorho-
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Fig. 2. Freeze-fracture electron micrographs of bacteriorhodopsin-dimyristoylphosphatidylcholine
vesicles containing various amount of cholesterol. (1) X = 0 mol%, phospholipid : protein 3.2; (2)

X = 10 mol%, phospholipid : protein 2.9; (3) and (4) X = 29 mol%, phospholipid : protein 1.4; (5)
and (6) X = 39 mol%, phospholipid : protein 1.2. Magnification 66 000 X. Samples were frozen from
~30°C. (3) and (4) illustrate two different aggregation patterns observed in these samples,
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dopsin-lipid vesicles. As previously demonstrated, in the absence of chol-
esterol the intra-membranous particles are randomly dispersed when the
sample is frozen from a temperature above the lipid phase transition (Fig. 2
(1)). Upon incorporation of cholesterol a marked segregation takes place.
The particles are clustered into defined areas leaving large smooth areas
virtually devoid of particles (Fig. 2 (2—4)). At the higher cholesterol con-
tents, the particles become densely packed (Fig. 2(6)) and 120° cracks
sometimes appear on the surface of the fracture (Fig. 2(5)). This latter
feature is characteristic of the hexagonal crystalline lattice of the native
purple membrane [33] . We have not pursued this latter point in detail,

but formation of a lattice would be reasonable in view of the known recrys-
tallisation of bacteriorhodopsin below the T, in dimyristoylphosphatidyl-
choline vesicles [22] . Both the aggregation seen in electron microscopy
and immobilisation observed by rotational diffusion measurements appear
to be independent of the phospholipid : protein ratio over the range in-
vestigated (4:1—1:1).

The CD spectrum of the purple membrane in the visible is charac-
terised by a negative band at about 605 nm and a positive band at about
535 nm. This pair of so-called exciton bands was shown to be due to spec-
ifically aggregated bacteriorhodopsin [22,34,35]. Bacteriorhodopsin mono-
mers in contrast have an entirely different CD spectrum which is positive
over the whole visible wavelength range [36]. This exciton feature in the CD
spectra can thus be used to distinguish monomeric from aggregated bacterio-
rhodopsin and to monitor its self-aggregation. On the basis of such CD
measurements, it could be shown that in dimyristoylphosphatidylcholine
vesicles in the absence of cholesterol, bacteriorhodopsin is monomeric above
the T, of dimyristoylphosphatidylcholine whenever the phospholipid : pro-
tein ratio is greater than about one [22]. Fig. 3 shows the CD spectrum of
bacteriorhodopsin-dimyristoylphosphatidylcholine-cholesterol vesicles at
5°C and 37°C. It is clear that the exciton bands are still present at 37°C, i.e.
far above the phase transition of the pure lipid. In control experiments with
vesicles containing no ¢holesterol, no negative CD band at 605 nm was
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Fig. 3. Change in the CD spectrum of a suspension of bacteriorhodopsin-dimyristoylphosphatidyl-
choline-cholesterol vesicles when the temperature is raised from 5°C (—) to 37°C (———). X =
21 mol%, phospholipid : protein 1.2. The vesicles were in 0.1 M sodium acetate buffer, pH 5.0.
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observed at 37°C at the same phospholipid : protein ratio of 1.2. The peak
to peak amplitude of the CD effect in Fig. 3 (difference in molar ellipticity
at 535 and 605 nm) is 51 000 deg cm? /dmol at 5°C and 36 000 deg cm?/dmol
at 37°C. For the purple membrane values between 80 000 and 100 000 have
been reported [22]. The present values are in good agreement with those
obtained for the purple membrane, if we take into account the 30% chromo-
phore loss. Since the CD peak to peak amplitude depends quadratically on
the fraction of retinal binding sites that are occupied [37], we expect an
amplitude which is about 49% ((0.7)*> X 100) of that of the purple mem-
brane. Although the CD amplitude increases between 37°C and 5°C, this
does not necessarily indicate any further aggregation at the lower temper-
ature. Similar temperature effects are observed in the purple membrane,
where bacteriorhodopsin is aggregated at all temperatures [22]. We conclude
from a comparison of the CD spectra of bacteriorhodopsin in dimyristoyl-
phosphatidylcholine vesicles in the presence and absence of cholesterol that
in the cholesterol-containing vesicles bacteriorhodopsin is aggregated and
that the aggregation is induced by cholesterol.

Various other studies have indicated the existence of phase boundaries
in the phosphatidylcholine-cholesterol system at cholesterol content X =
20 mol% and 33 mol% [3—9,13,14]. We have found that strong immobilisa-
tion of bacteriorhodopsin (i.e. ¢, increases by > 100 times) occurs whenever
X is greater than about 20 mol%. The experiments described above provide
convincing evidence that this is a consequence of cholesterol-induced lipid-
protein segregation. Protein aggregation leads to dramatic slowing of rota-
tional motion and the appearance of exciton effects in the CD spectrum.

We have also carried out a few experiments with vesicles containing
less than 20 mol% cholesterol. It was noticeable that much smaller effects
on bacteriorhodopsin rotation occurred at X = 10 mol% and X = 15 mol%
(¢ increased by up to 6 times). However, even at 10 mole %, protein segre-
gation is still observable in freeze-fracture electron micrographs (Fig. 2(2)).
These results are compatible with the previous finding that a phase transition
closely corresponding to pure phosphatidylcholine is observable when
X < 20 mol% [3,6,7,13}. Thus our results at X < 20 mol% can be inter-
preted in terms of separation of dimyristoylphosphatidylcholine and dimyr-
istoylphosphatidylcholine-cholesterol phases with bacteriorhodopsin segre-
gating in favour of the dimyristoylphosphatidylcholine phase. Since bacterio-
rhodopsin exists in a fluid dimyristoylphosphatidylcholine phase, strong
aggregation is prevented, although some slowing of rotation is expected due
to the effect of protein concentration [21].

The present findings may give insight into the formation of purple mem-
brane patches in Halobacterium halobium. Although of course the lipid
composition of the bacterial membrane differs greatly from that of the
model system, the present experiments demonstrate that bacteriorhodopsin
solubility in the lipid phase is sensitive to lipid composition. Thus formation
of purple membrane patches may simply be a consequence of insolubility of
bacteriorhodopsin in the lipid bilayer of Halobacterium halobium.

Kleemann and McConnell [5] previously reported protein segregation
in dimyristoylphosphatidylcholine bilayers containing (Mg?* + Ca?*)-ATPase.
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Segregation, however, only occurred below the T of dimyristoylphospha-
tidylcholine, above the T, the protein molecules were randomly distributed.
The present studies appear to be the first observation of protein segregation
in phosphatidylcholine-cholesterol bilayers at temperatures above the T, of
the phospholipid. Although this observation could reflect a special property
of bacteriorhodopsin, it is conceivable that similar effects may occur with
other membrane proteins. If so, this could have considerable implications
for molecular arrangements in those cell membranes with substantial chol-
esterol content.
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