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Ten reconstituted braver ¢oraplexes of bacteriorhodopsin from Halobacterium hafobium and 1,2-dimyristoyl-sn- 
g lycero l .3-phosphoda~ with protein/lipid mole ratios of between I : 1440 and 1:67, have been produced entirely free 
{less than 0.02%) of endogenous purple membrane phospholipid as judged by 3t P-NMR methods using Triton X-100 
and ¢Imlate as detergents for solubUization of the protein and reeonstitotion by detergent dialysis. The nitroxlde 
spin-label Tempo has been employed to determine the bilayer gel to liquid-crystalline phase transition temperature of 
the reconstituted complexes ahieh was shoa~ to broaden with increasing protein content, but remain centered at 
23-24°C. Freeze-fraclm~ deetron micrographs of the recombinants showed that the arrangement of the protein 
particles depended upon the temperature from ~f ich the complexes were quenched for study, the protein content of the 
complexes as weU as the rate of freezing. In recombinants quenched from below the bilayer phase transition 
temperature, proteip p a r l k ~  were restricted to areas in the bilayers of low structural order at dilute protein content but 
randomly dispersed at high protein content, regardless of the rate of sample freezing. When quenched from above the 
ibilayer ~ transition temperature, complexes quenched at a faster rate ef freezing produced randondy dispersed 
i~-tides ~ ' l s t  a slower rate of freezing produced areas devoid oi protein particles, No indication of the characteristic 
hexagonal packing M bs~ettniorhadonsin molecules, as reported for the purple membrane (Blaurock. A.E. and 
Stoeckenins, W. (1971} Nature, 233, 152-155) or reconstituted complexes still containing endogenous purple membrane 
phospitollpids (ClienT, R,L ¢i ai. (1978) J .  Mol. Biol. 121, 282-298), were observed, The results are interpreted in 
terms of a lipid-merited pronmtinn for bacteriorhodopsin association into the hexagonal lattice, possibly tkrough 
assoeiafion with the t~egativel)- dlarged Iipids of the lmr#e membrane at the bilayer surface. 

Introduction 

Mechanisms which control the association of integral 
membrane proteins are not well understood but they 

Abbtea4ations: blL bacteriorhodopsin: DMPC. 1.2-dimyfist~yi-m- 
glyccro-3-phosphocholine: DMPG, 1,2-dimyristoyl-sn-glyeero-3-phos- 
phoglycerol: T c. phospholipid bilayer gel to liquid~-r3,'s:alline ,ransi- 
tion teraperatur¢; Tq. temperature from which a protein-lipid complex 
was quenched for freeze-fracture electron microscopy: DPhPGP. 2.3- 
di-O.phymnyl-sn-glycero-I -phosphoryl-3 '-sn-glycerol-I '-phosphate: 
MDP. methylene diphosphonate; Tempo. 2.2.6.6-tetramethylpiperi- 
dine-N--oxyl. 
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most probably involve, to some degree at least, specific 
molecular interactions which take place at the mem- 
brane bilayer surface [1.2]. Snch associations between 
these kinds of proteins, which in the ease of one particu- 
lar protein, bacteriorhodopsin from Halobacterium 
halobium, leads to a highly organized arrangement of 
the protein into a characteristic lattice [3], may occur 
either as a result of lipid-lipid, lipid-protein or pro- 
tein-protein interactions. Although in  the case of 
baclefiorhodopsin the aggregation seems not to have 
any functional significance since the protein still acts as 
a proton pump as the monomer [8], other proteins do 
associate, for example within electron transport com- 
plexes or in cell capping and patching. Studies of how 
integral proteins do interact with each other within the 
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plane of the membrane are therefore instructive, espe- 
cially when these can lead to suggestions about how the 
cell can irigger or manipulate such association through 
metabolic or biosynthetic means. 

The three-dimensional structure of the integral mem- 
brane protein bacteriorhodopsin {bR) from the purple 
membrane of H. halobium is known in some detail [5]. 
Each monomer :on,~ns even closely packed a-helical 
segments which extend roughly perpendicular to the 
plane of the membrane and is closely associate:, with 
two other identical monomers to form a regular trimeric 
unit in the plane of the membrane. Bacteriorhodopsin is 
thus an extreme example of a proteia that self-associ- 
ates githin the plane of the bilayer to form specialized 
paracrystalline patches of trimers arranged with hexago- 
nal symmetry in the purple membrane [3]. Whilst 
bacteriorhodopsin is exceptional, there are several ex- 
amples of integral membrane proteins that form do- 
mains by lateral segregation within the plane of fire 
membrane. Gap junction complexes are formed by as- 
sociation of a particular group of integral membrane 
protein units (connexons) with the exclusion of other 
proteins [6]. Similarly, at the post-synaptic junction, 
individual acetylcboline receptor molecules are self-as- 
sociated [7]. How such proteins overcome the randomis- 
ing effect of lateral diflusion in the fluid mosaic mem- 
brane and form domains depends on a variety of mech- 
anisms. Some interact with peripheral membrar.e pro- 
teins, whilst others can interact with cytoskeletaI com- 
ponents [4]. 

Evidence has been presented to show that the only 
components required to form hexagonal arrays of 
baeteriorhodopsin in the purple membrane are the en- 
dogenous purple membrane lipids and the protein mole- 
cules [8]. Here, Triton X-100 solubilized purple mem- 
brane, that is, micel!es cantaining monomeric 
bacteriorhodopsin and endogenous lipids, reformed the 
hexagonal two-dimensional structures after removal of 
the detergent by dialysis to form protein-lipid bilayer 
complexes. Various factors may be responsible for the 
association properties of bR. For example, the nega- 
tively charged headgroups of the bacterial membrane 
may order the monomers into hexagonal crystalline 
aggregates through electrostatic interactio,_s. Aherua- 
twely, bacteriorhodopsin may be forced into aggregates 
because it is relatively insohible in the negatively charged 
lipids of the purple membrane, especially at the very 
high protein/lipid mole ratio of about 10:1 of the 
purple membrar.e [91. One factor which could be re- 
sponsible for the insolubility of the protein in a bilayer 
could be imperfect matching of the hydrophobic surface 
of the protein to the bilayer core provided by the lipid 
acyl chains. In order to minimize exposure of the pro- 
tein surface to the lipid, the protein particles may be 
forced to aggregate in the plane of the membrane [10]. 
Alternatively, both factors (or even others) may in- 

fluence the association of integral proteins in general in 
bilaycr membran~ under diffelent circumstances. 

Freeze-frac:ure c l i f ton  microscopy has been used to 
study such aggregation behaviour for bR in exogenous 
phospholipid bilayers produced by a variety of methods 
[8.1i-i31. Protein aggregation appears to depend upon 
the lipid composition of bR-lipid bilayers in which 
either up to 90~ of the endogenous purple membrane 
lipids were removed or all endogenous lipids were re- 
tained [11]. The exogenous lipids used for vesicle forma- 
tion have included azolectin and soybean phosphati- 
dylcholine, which have heterogeneous acyi chains. 
Bacteriorhodopsin, reconstituted into bila)ers of the 
well defined homogeneons lipid, 12-dimyristoyl-sn- 
glycero-3-phosphocholine (DMPCL but with all the en- 
dogenous purple membrane phospholipids still retained, 
has been studied by electron microscopy, X-ray diffrac- 
tion and cilcular dichroism [8]. 

To date. only one freeze-fracture electron micro- 
scopic study of bR in phosphatidylcholine bilayers, free 
of endogenous purple membrane lipids, has been re- 
ported [13]. In that study, it was shown that the protein 
remains dispersed above the bilayer lipid phase transi- 
tion temperature (T~) in phospliatidyicholine bilayers of 
a variety of acyl chain lengths including dilauroyl (CI2), 
dimyristoyl (CI4), dipalmitoyl (Cit) and distearoyl 
(Czs). Only in didecanoyl (Ci0) phosphatidyicholine 
bilayers was the bacteriorhodopsin found to be exten- 
sively aggregated. Hog.~,~'er, only one lipid/protein ratio 
and one temperature (above the phase transition for 
each lipid) was ex~_~,_ined for each chain-length lipid. 
For the bR-DMPC complex, the ratio studied was 
278 : I (tool/tool) and the complex was quenched from 
34°C. 

In this present sthdy, bR-DMPC complexes with a 
wide variety of protein-lipid ratios have been studied by 
freeze-fracture electron microscopy, 3tP-NMR and 
spin-label methods. 3~P-NMK has been reed to show 
that the solubilized complexes were totally free (<  
0.02~) of endogenous purple membrane phospholipids 
and the nitroxide spin-label Tempo employed to de- 
termine the bilayer gel to liquid-crystalline phase transi- 
tion temperature (T~). Using freeze-fracture electron 
microscopy, the effect of quenching ,dispersions from 
both above and below T~ of the complex is reported, as 
weii as the solubility of bR in the complete absence of 
endogenous purple membrane iipids. In addition, the 
rate of freezing of the complexes is found to have 
significant effects on the protein distribution as visual- 
ized in the micrographs of complexes quenched from 
above T~. with significant reordering of the protein into 
patches taking place when the complexes were quenched 
at a slower (approx. 10 4 K- s -1) rate rather than more 
quickly (approx. 10 ~ K-s- I ) .  These results are com- 
pared with the solubility of bR in bilayers of DMPC in 
the presence of endogenous purple membrane lipids 
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[4,8]. The results reported here suggest that the solubil- 
ity of bacteriorhodopsin molecules in DMPC is more 
complicated than described earlier [8,13]. Protein ~ohi- 
bility appears to depend upon lipid/protein ratio, the 
presence or absence of endogenous lipids, as well as tl:~e 
physical slate of the brayer acyl chains which implies 
an involvement of the highly charged phospholipids 
characteristic of the purple membrane, in determining 
the aggregation behaviour of bactcriorhodopsin. 

Materials and Methods 

Purification of purple membrane. Purple membrane 
was isolated from cultures of Halobaterium halobium 
[14]. Each five litre culture yielded approximately 100 
mg of bactefiorhodopsin as determined by absorhance 
at 560 nm and protein determir.a:~Gn. Purple membrane 
was separated from any remaining red membrane on a 
30-50% sucrose density gradient (100000 x g; 4°C; 17 
h). The spectral ratio at 280 and 560 nm, Aeso/A~6o, of 
purified purple membrane was typically 2. 

A'econstitution methods. Bacteriorhodopsin/DMPC 
complexes in which all the endogenous purple mem- 
brane lipids have been removed, were produced by 
detergent solubilization and reconstitution [15] with 
some modifications, in particular to facifitate the more 
efficient removal of detergent during dialysis. A purple 
membrane pellet, containing between 20 and 60 mg of 
bR as judged from the A~o , was sohibili~ed to give 
mieelles of bactefiorhodopsin with endogenous purple 
membrane lipids by stirring overnight in the dark at 
25°C with 5 ml of 5% (v/v) Triton X-100, 100 mM 
Tris-HCI (pH 7.0) at a detergent/bacteriorhodopsin 
ratio 4.5-13.5:1 (w/w). After 15 h, the solubi'-lized 
purple membrane was centrifuged (100000 ×g:  4°C; 
2') rain) to pellet any unsolubilized purple membrane or 
aggregated bR. The snpematant was loaded onto a 
Ph.~--macia Sephadex G-75 (fine) column (70 × 2.6 cm) 
whi,~h had been pre-equifibrated with 1% cholate (w/v), 
150 mM NaCI, 10 ram Tris-HC! (pH f.0) at 25°C. The 
Sephadex slurry and cholate buffers were previously 
degassed. Bacteriorhodopsin/cholate micelles were 
ehited with the above buffer (flow rate, 30 cm 3- h-t) ,  
collected tn 10 cr~ fractions and analyzed at 538 nm for 
bR and ~t 280 nm for Triton X-100 micelles. 
Bacteriorhod~)psin/cbolate fractions (usually about 6) 
were pooled and concentrated to 6 cm 3 using an Amicon 
pml0 ultrafiitration membrane. 

The lipid, 1,2-dimyristoyl-sn-glycero-3-phosphocho- 
line (DMPC), was synthesized according to establish 
methods [16], mied from chloroform/methanol (2:1, 
v/v)  in a glass vial under vacuum (10 -2 torr; 8 h), 
resuspended in 1% cholate buffer and tip sonicated until 
the bilayer milkiness disappeared. The appropriate 
amount of bacteriorhodopsin/cholate suspension was 
added, stirred in the dark for 15 rain and then dialysed 

initially against 0.1% cholate, 150 mM NaCI, 10 mM 
Tris-HCl (pH 8.0), 0.025% azide at 25°C in the dark. 
Once vesicles had formed, after about 4-5 days, the 
same buffer was used for dialysis but without the eholate, 
together with Amberlite XAD-2 beads (BDH, Poole. 
U.K.), which had previously been washed three times in 
acetone, then boiled in distilled water wl.th frequent 
changes. Finally, the dialysis buffer was changed to 10 
mM Tris-HCI (pH 7.5). The dialysate (usually 10-12 
c m  3 ) w a s  loaded onto a linear sucrose gradient (5-35% 
for low to intermediate and 15-45% for high protein 
conlaming complexes) (250000xg; 4°C: 4 h). The 
major band (if more than one was observed) was washed 
free of sucrose in 10 mM Tris-HCI (pH 7.5) three times. 

One bR-DMPC complex was also produced in which 
the endogenous purple membrane phospholipids were 
not removed [8] for comparitive 3~p-NMR experiments 
(see below). 

Lipid and protein analysis. For all bacteriorhodopsin/ 
DMPC complexes produced, the final lipid/protein 
ratio was determined. The amount of DMPC in the 
complex was determined by perchloric acid digestion 
and inorganic phosphate analysis [17]. The amount of 
bacteriorhodopsin (26 kDa) was determined by the 
modified Lowry method and the protein content ad- 
jnsted accordingly [18]. 

NMR. High resolution 31P.NMR spectra were re- 
corded on a Nicolet (360 MHz for 1H) spectrometer at 
145.9 MHz, shimmed on 2H20 which was also used as a 
lock. A sweep width of 6 kl-iz was used and spectra 
were collected into 4K points with a relaxation delay of 
2 s. Methylene diphosphonate (MDP) in 5 mM Tris-HCI 
(pH 8.0, "H20) in an insert tube provided a standard 
against which chemical shifts could be measured. A line 
broadening of 2 Hz was used after typically 5009 scans. 
Purple membrane or bacteriorhodopsin-DMPC com- 
plexes were pelleted (100000 x g; 25°C: 20 rain) and 
stirred with 4($ SDS 100 mM Tris-HCI (pH 7.0) in 
'H20  for 1 h. Any unsohibilized membrane (generally 
none) was pelleted by centrifugation (100000 × g; 25°C, 
15 rain) and the clear yellow/orange supematant used 
for NMR measurements. 

Tempo partitioning. The water and fluid-lipid soluble 
nitroxide apin-label Tempo (2,2,6,6-tetramethylpiperi- 
dine-N-oxyl) (50/~l of 10 -3 M in 10 mM Tfis-HC! (pH 
7.5)), was added to a bacteriorhodopsin complex (ap- 
prox. 5 mg lipid in 0.5 cm 3 buffer) and the complex 
pelleted (100000 × g; 25°C; 15 rain). After decanting 
the supematant, the pellet was loaded into a sealed 100 
mi micropipette using a drawn out pasteur pipette. The 
sealed sample tube was then placed in a 4 nun ESR 
tube containing silicon oil to stabilize the temperature. 
The exact temperature was determined by a thermocou- 
ple placed in the oil immediately above the ESR cavity. 

ESR spectra were recorded on a Broker ESP 300 
spectrometer using a conversion time of 164 ms and a 
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time constant of 82 ms over 1K points. A s~eep ~ d t h  
of 0.01 T with a modulation amplitude of 0.1 mT was 
used. Temperature was contro~ied by a Broker ~/qmd 
nitrogen VT-uniL Spectra were recorded every 3 d ~  
and 5 rain were alio~-ed between measurements for 
temperature eq~bradon .  The apparent partition coef- 
ficient ( f )  was calculated from the line heights for the 
spin-lobe| partitioned bc~'cen liquid-crystalline bilayers 
and in the aqueous phase [19]. 

Free:e-fracture eleczren microscopy. The different 
bR-DMPC complexes ~'ere studied by freeze-fracture 
electron micrescopy after quenching from a range of 
temperatures from 6 to 55 ° C. F~ceze-fracture electron 
micrographs were also produced from/t- ha/oh|urn cells 
and also from the isoMted purple membrane patches of 
those ceils. Samples were quenched using l/qu/d pro- 
pane and the saadwich technique, in wh/ch the com- 
plexes were mounted between two plain-faecd copper 
holders to give a quenching rate of approx. 105 K.  s- i. 
To effect a slower cooling rate for the complexes whert 
required, one of the copper holders used b2~ a dq:,r~- 
sion onto which the sample was positioned: in thh~ 
situation the sample ~ayer is thicker and the cooling rate 
on quenching about an order of magnitude slower (ap- 
prox. 10 ~ K-s  -~) than when ruing the plain-faced 
holders [201- 

The samples were fractured and shadowed in a Bnl- 
zers B A F - ~ D  freeze-f:-ac~ure device at -150°C.  The 
cleaned replicas were examined in a Tesia BS-500 or 
Jeol JEM-IOOB electron micros~pe. 

Results 

Ten bR-DMPC reconstituted complexes, with mole 
ratios of between 1 : 1440 and 1 : 67 ~ere prepared, as 
wetl as one comple~ with the endogenous lipids still 
reraMning. The experimentally determined absorption 
spectra for bR in both the purple membrane and when 
reoonsdtuted into DMPC bilayers was the same with an 
absorption maximum at 560 nm as shown in Fig. 1 for 
the 1 : 67, bR-DMFC complex. In these complexes, bR 
does pump protons (unpublished observations) and this 
is also taken as evidence for bR integrity. 

P&ospholipid cerapositi~ of reconstituted complexes 
The high re.solution "~P-NMR spectrum of SDS 

so|ubilized purple membrane, pH 7.8 (Fig. 2a) reveals 
two spectral lines of similar intensity (height ratio 
0.96:1) that are 1.26 ppm apart, at 15.63 ppm and 
16.89 ppm upfield from MDP; the MDP peak is not 
shown. The major phospholipids of the purple mem- 
brane are diether analogues of phosphatidylglycerol 
phosphate [9] and the (monoester)phosphate is assigned 
the resonance at 15,63 ppm upfield from the MDP at 
pH 7.8 (Gale and Watts, to be published). Fig. 2b shows 
the spectrum of the 1:68 bR-DMPC complex sohibi- 
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1:67) free et" ~ pm'pk mambram: pho~ph~pid (a) and the 
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~b) in ¢~m:zed water at room tem~erature. 

iized in 4,~ SDS. As with all other similarly produced 
bR-DMPC complexes, no evidence for purple mem- 
brane phosph~pids was obtahied, with only a single 
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Fig. 2. High-rese[ufien nP-NMR (145.9 MHz) spectra ¢ff SDS solubi- 
lized membranes (4~- SDS: 1O0 mM Tr~HCI  (pH 7A)) contaimng 
bactefioxh~d~n (bR) in purified p a r l e  membrane (a). a bR-DMPC 
complex (1:68: bR/DMPC mole ratio) ~ith M| end~enous pmple 
membrane phospho~pids removed b~. detergent exchange (bL and a 
bR-DMPC complex (1:'/2: bR/DMPC mole ratio) in w-hich no 
attempt v, as  m a ~  to remo~e end~enous purple me~brane lipids (c). 
Chemical shifts (_~m) ate tdativ¢ to MDP {not shty~a). Bar = 5 ppm. 
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F/g. 3. Phase transition era'yes for DMF~C bilayors {a) and bR-DMFC 
complexes free ~ endogenous purple membrane lipids. (b-I) de- 
term/ned by F.SR from the parfitioc~g pa.-ameF-, (f), for the spin- 
label Tempo with hxca'easmg temperature_ The male ratios of the 
bR-DMI~ complexes were 1: 218 (b); 1 : 187 (c); 1 : 131 {d), 1 : 95 (e) 
and 1:67 (f~. "l"ne ~t:rp~reall ~ f i ~  ¢o¢|fi~enL [. delerl~ned as 
described in the t~t. is given for bR-tr¢~ DMPC bilayers in the kit 
hand scale, with ¢ar.h U'ar.silJ~ curve h~.ing di~laecd vertically Sy 0.1 
unix of {f) in the lowest tempm'amre value for clarity since all the 

tmr~,es overlap. 

resonance being recorded 18.03 ppm upfidd from the 
MDP peak at the same chem/cal shift as solubillzed 
DMPC. 

As a control  complex with bR-DMPC mole ratio of 
1 : 72 was produced using oclyl glucoside, in which no 
attempt was made to remove endogenous purple mem- 
brane lipids [8]. This solubilized complex showed three 
3aP-NMR resonances corresponding to the major purple 
membrane lipid (DPhPGP) and DMPC (Fig. 20.  

This evidence confn'ms that even in these relatively 
high protein/l ipid ratio complexes, there is no bacterial 
DPhPGP and the only phospholipid present in these 
complexes is DMPC us judged by nP-NMR and ~ t h i n  
the limits (approx. 0.02%) of the method. 

Tempo partitioning 
Fig. 3 shows the apparent partition coefficients ( f ) ,  

determined from the ESR spectral heights as an indica- 
tion of the concentration of the label in each phase [19], 
for Tempo partitioning into the bilayer with increasing 

temperature for the 1 : 67; 1 : 95, 1 : 131; 1 : 187. 1 : 218 
bR-DMPC complexes and protein-free DMPC bilayers. 
Increasing the protein conccmration in each case broad- 
ens the temperature range over which the DMPC gel to 
liquid-crystalline transition occurs. However, the reid- 
point for the transition is maintained at 23-24°C, as 
shown earlier for complexes in which purple membrane 
lipids were not fully removed [21,22]. 

F~ eeze-fracture electron microscopy 
Representative freeze-fracture electron micrographs, 

from eighty five produced, for the bR-DMPC com- 
plexes entirely free of endogenous purple membrane 
lipids and quenched from below 7~ are shown in Fig. 4 
and quenched from a temperature above T~ in Fig. 5. 
The packing density of bR in the DMPC bilaycrs 
observed in the electron micrographs, appears to de- 
pend upon the temperature (Tq) from which the com- 
plex was quenched, the b R / D M P C  ratio in the com- 
plex, as well as the rate of freezing of the complexes 
when quenched from above T~. 

Electron micrographs of bR-DMPC complexes 
quenched from temperatures (6-15.5°C) below T~ at all 
protein/lipid ratios, reveal similar features whether they 
are quenched slowly (approx. 104 K - s  -1) or more 
quickly (approx. 105 K-s-1) .  Complexes with a low 
protein content display two kinds of ridges termed hi2 
(zigzag) and ~. (wave-like) as shown in Figs. 4a, b, 
respectively, and similar to those observed in protein- 
free DMPC [231 and 1,2-dimyristoyl.sn.glyccro-3.phos- 
phoglycerol [24] bilayers when quenched from tempera- 
tures between the pre- and main bilayers phase transi- 
tion temperature. The protein particles can be seen to 
decorate these DMPC-ridges (Figs. 4a, c-I3 or are local- 
ized in structural defects of these lipid-ridges (Fig. 4b) 
forming areas rich in protein particles. With increasing 
protein content the repeat distance of both ripple types 
are found to increase (Figs. 4a-e) until at higher protein 
content (1:222; b R / D M P C  mole ratio) initially the h 
ripples are no longer observed (Fig. 4c) and then at very 
high protein content (1 : 68; b R / D M P C  mole ratio), the 
h / 2  ripples also disappear and only very few ripples are 
decorated by protein particles (Fig. 4t"). These features 
were essentially similar in all micrographs regardless of 
whether the samples were quenched from 6, 13.5 or 
15.50C, except that no zig-zags were seen in 60C 
quenched samples. 

Electron micrographs from complexes at all bR- 
DMPC ratios quenched from a temperature above T~ 
using a faster cooling rate (approx, l0  s K - s - l ) ,  show 
well dispersed and irregularly distributed protein par- 
ticles with representative micrographs shown in Figs. 
5a, b and c. However, deetron micrographs of bR- 
DMPC complexes quenched also from Tq > T c, but 
using a slower cooling rate as described in Materials 
and Methods [20], show aistinct and often regular pat- 
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Fig. 4. Freeze-fracture eleoxon micrographs of bR-DMPC complexes totally free of endogeaous lipid, quenched from 13.5 ° C (a); 15 ° C (b + c) and 
15-5 o C (d, e and f), temperatures which are below the bilayer phase transition temperature ( T~ ). The bR/DMPC mole ratios are 1 : 1440 (a), 1 : 379 
(b), 1:222 (c), | : I~G {d), 1 : 141 (e) and 1:68 (f). Similar results ~vere obtained for complexes quenched both more quickly and more slob-ly (see 

texl). Bars represent 100 nm; shadowing direction is from bottom to top of n~crographs. 
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L 
F g. 5. Freeze-fracture electron micrographs o[ bR-DMPC complexes totally free of endogenous lipid, quenched from 55°C in al| cases, a 
temperature which is ~bove the bilayer phase transition temperature, quenched more quickly (approx. l0 s K. s ) (a-c) and mol'e slowly (appro~,. 
104 K-s - I  ) (d-f)  a.s described in the text. The protein/lipid mole ratios were 1:222 (a), 1 : 182 (b), 1:95 (c), 1 : 1440 (d), I : 18"7 (e) and 1:68 (f). 

Bars represent 100 nm; shadowing direction is from bottom to top of micrographs. 
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terns of particle-free areas (Figs. 5d, e and f). The 
prote/n particle-free islands are almost circular and of 
varying diameters (100-130 rim, 130-200 nm and 50-60 
nm in Figs. 5d, e and f, respectively) and more clearly 
pronounced at intermediate and high protein content in 
the brayers (Figs. 5e and f). Such islands are less 
distinct in micrographs from complexes with lower (Fig. 
5d) protein content. 

In electron micrographs of all the bR-DMPC com- 
plexes produced totally free (< 0.02~) of endogenous 
purple membrane phospholipid, regardless of protein 
content or whether quenched from a temperature either 
below or above T c, bR did not display a hexagonal 
packing similar to that observed in the purple patches 
of H. halobium cell membranes, in isolated purple mem- 
branes (mierographs not shown) and as reported e.artier 
[3,5], or DMPC-endogenous lipid complexes containing 
bR [4]. In mark',.'d contrast to these observations, bR 
aggregates do display a hexagonal-like packing in bR- 
DMPC complexes which contain endogenous purple 
membrane lipids [8]. 

Discussion 

In the present study, Triton X-100 and subsequently 
cholate, has been ug.'d to produce a wide range of 
bR-DMPC complexes that are free of endogenous pur- 
ple membrane lipids. The visible absorption spectrum 
for bR in such complexes (Fig. 1) was very similar to 
that for bR in purple membranes indicating that the 
protein is structurally intact after the reconstitution 
procedure. The 3tP-NMR spectra of all complexes when 
solubilized in detergent were similar and confirmed that 
DMPC was the only phospholipid present as the repre- 
sentative spectnan in Fig, 2b demonstrates. When ob- 
served by 3tp-NMIL the resonances of different types of 
phospholipids with fully isotropic motion in detergent 
micelle have different chem/cal shifts [25,26] due to the 
different inu'a-moleeular hydrogen bonding [27] and 
chemical environment, and hence chemical shielding of 
the phosphoester headgsoup moieties. Thus phospholi- 
pids with different headgroups can readily be assigned 
and their relative amounts determined from the in- 
tegrated intensity of the resonance lines [28] under 
suitable instrumental conditions. High resolution 31p_ 
NMR therefore appears to be a good technique for 
identifying the phospholipid lieadgroup types present in 
bR-DMPC complexes and also possibly in other recon- 
stituted systems, especially those containing mixed 
phosphalipids. 

The bilayer pre-trarff, tion observed at 10-12°C for 
pure DMPC bilayer (Fig. 3) is not evident for DMPC 
bilayers containing bacteriorhodopsin for any of the 
complexes produced. Earlier DSC results for bR-DMPC 
complexes with the endogenous purple membrane lipids 
retained, also reveal no pro-transition for the lipid [22]. 

It therefore appears that this perturbation of the lipid 
bilayer is an effect of the protein itself and not any 
residual purple membrane lipids, as shown with other 
integral proteins in reconstituted saturated phospholi- 
pid bilayers [29]. 

For all complexes, a well defined main gel to liquid 
crystalline phase transition is observed (Fig. 3). For 
pure DMPC b/layers, the mid-point occurs sharply at 
23.5°C. In the absence of endogenous purple mem- 
brane lipids, bacterinrhodopsin maintains the midpoint 
of the main transition for the supporting DMPC bilayer 
at 22-24°C for all the complexes produced. However, 
the Tempo partitioning experiments (Fig. 3) reveal a 
broadening of the bilayer phase transition with increas- 
ing bacter/orhodopsin contenL Earlier fluorescence de- 
polarization studies show a similar qualitative effect for 
bR-DMPC complexes still containing endogenous pur- 
ple membrane phospholipids [22]. The broadening of 
the temperature range over which the gel-liquid crystal- 
line transition occurs arises presumably through a de- 
crease in the size of the lipid pool able to undergo the 
transition as the protein/lipid ratio of the complex 
decreases. Since the complexes are cooled and heated 
rather slowly during the determination of the transition 
temperatures using the ESR Tempo method (slower 
than 1.5 C ° -rain -1) it may be that the lipid-rich areas 
between protein aggregates and ~ in the electron 
ndcrographs, undergo the phase transition essentially 
unperturbed by the protein. If this is the case, the 
measured lipid transition temperature should be similar 
to that measured for protein-free bilayers but of re- 
duced cooperativity, as is observed in Fig. 3, and this 
cooperativity will be determined by the size of the lipid 
pool able to undergo the transition. Micrographs of 
complexes quenched from below T~ reveal that the 
distances between the lipid ripples become wider with 
random protein particle arrangements interspersed be- 
tween areas containing ripples (Figs. 4a-e) until finally 
the ripples almost disappear (Fig. 40 confirming that 
the lipid pool decreases with increasing protein content. 
Electron micrographs from samples quenched from 
above T~ at a slower cooling rate, show distinct and 
regular patterns of particle-free areas (Figs, 5d, e and f) 
until at high protein content (1:68; bR/DMPC mole 
ratio), nearly all the lipid is protein affected with the 
protein-free areas being very small or almost completely 
disappeared (Fig. 5t3. 

A number of integral proteins change only the 
breadth of the lipid phase transition without altering 
the temperature of the transition, whereas others change 
both the breadth and the temperature of the transition 
for bilayers of saturated phospholipids. The effect of an 
integral protein upon these characteristics of the phase 
transition behaviour of a brayer of a saturated acyl 
chain pbospholipid, may therefore reflect the propensity 
for that protein to either aggregate or not self associate 



with decreasing temperature. Such aggregation will 
therefore determine whether fipid pools, essentially free 
of protein, are created in the bilayer. A similar phenom- 
enon was also observed for the (Ca2*+ Mg2+)- 
stimulated ATPase from sarcoplasmic reticulum [30]. 
The degree of fipid co-operativity has been shown to 
depend upon the size of lipid pool undergoing the gel to 
liquid-crystalline bilayer transition [19]. Thus, proteins 
which are well dispersed (such as rhodopsin from mum- 
marian retinal discs membranes) alter both the width 
and temperature of the bilayer transition [29,31]. The 
situation is clearly complicated if proteins change their 
aggregation state with either protein content or temper- 
ature, although the general principle still applies to any 
one situation. 

Freeze-fracture electron microscopy is a good tech- 
nique for investigating the interior of a membrane and 
the arrangement and distribution of particles (presumed 
to be proteins) within the plane of the bilayer [32,33]. It 
has been assumed that the cytoplasmic membranes of 
H. halobium fracture along the interior plane [3]. In the 
purple membrane patches the outer lamellar shows a 
smooth fracture face which lacks proteins, while the 
inner lamellar reveals a hexagonal array of particles [3]. 
Apparently the bR remains embedded in the cyto- 
plasmic monolayer of the bacterial membrane after 
fracturing. A similar hexagonal pattern of bR particles 
was also observed in the present study using the freeze- 
fracture technique in purple membrane patches isolated 
from the bacterial membranes (micrograph not shown), 
in agreement with others [3]. The electron micrographs 
presented here for bR-DMPC complexes without en- 
dogenons purple membrane phospholipids (Figs. 4 and 
5) also clearly reveal the presence of such particles 
presumed to be bR. Bacteriorhodopsin monomers are 
3.5 nm by 4.5 nm in the plane of the bilayer [5] and thus 
the particles observed in Figs. 4 and 5 are, from their 
size (8-10 nm in diameter), most probably small aggre- 
gates of bR symmetrically oriented in the DMPC bi- 
layers. Freeze-fracture electron microscopy and diffrac- 
tion techniques have been used to define the poly- 
peptide content of a 11.9 nm wide single membrane 
particle in purple membranes and it was concluded that 
such a particle contains 9-12 bacteriurhodopsin mono- 
mers, that is, 63-84 transmembrane a-hefices [34]. 

A considzrable amount of freeze-fracture electron 
microscopic data has been published on bacteriorho- 
dopsin containing vesicles. For example, vesicles have 
been produced in which 80-90% of the endogenous 
purple membrane lipids were removed using deoxycho- 
late treatment followed by sucrose density gradient 
centrifugation [11]. Electron microscopy, together with 
X-ray diffraction and circular dichroism, revealed that 
the protein-associated particles did not form the regular 
hexagonal lattice obtained in isolated purple membrane 
or whole cells. When partially delipidated bacteriorho- 
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dopsin was reconstituted with total H. halobium lipid 
extract, patches of protein formed which had a highly 
ordered planar hexagonal lattice structure, although no 
preferential orientation was obtained [11]. Such indica- 
tions imply a rSle for the endogenous lipids in forming 
the ordered hexagonal two-dimensional patches of hR. 
A link between protein orientation and particle size has 
been suggested although in that study no temperature 
studies were performed and lipids of heterogeneous 
fatty acyl chain composition (azolectin and soybean 
PC) were used. 

Freeze-fracture results presented here of bR in DMPC 
vesicles with no endogenous purple membrane lipids 
present, reveal in no c~se the regular hexagonal lattice 
observed in isolated purple membrane patches [5] or in 
the purple membrane patches of the bacterial cells [34] 
whether quenched from below (Fig. 4) or above (Fig. 5) 
the phospholipid bilayer phase transition temperature 
(Fig. 3). Even at the higher protein/lipid ratios, the bR 
particles are randomly distributed (Figs. 4f and 5c) and 
in the protein-rich areas observed in electron micro- 
graphs made from complexes quenched more slowly 
from temperatures above T~, show no large ordered 
aggregates (Figs. 5e~ f). The protein particles are close 
packed but they are not ordered into the hexagonal two 
dimensional crystalline array as in the purple membrane 
patches [3] or in DMPC complexes (quenched from a 
temperature below T~) in which the endogenous purple 
membrane lipids are still present [8], These results add 
further support to a role of the highly negatively charged 
headgroups of the purple membrane phospholipids such 
as DPhPGP [9] in ordering the protein particles into a 
hexagonal lattice through association at the membrane 
bilayer surface. 

Circular dichroism and rotational diffusion measure- 
ments of bR in DMPC bilayers [21] have been used to 
suggest that for complexes with more than approx. 40 
lipid molecules per bacteriorhodopsin, the protein mole- 
cules exist in a monomeric state, while in gel state 
bilayers below this temperature, the bacteriorhodopsin 
molecules self-associated into the same two-dimensional 
hexagonal crystal observed in the purple membrane. 
Additionally, calorimetric studies show the existence of 
a second thermally induced exothermic transition (in 
addition to the main transition of DMPC at 23-24°C) 
at 17°C, i.e. 6-7 C ° below the main phase transition of 
the pure lipid [22]. This second transition was attributed 
to disaggregation of the purple membrane lattice. How- 
ever, in those studies, all the endogenous purple mem- 
brane iipids were still present in the complexes. Band 3, 
the erythrocyte anion transporter, has also been shown 
to sdf-associate reversibly with temperature in both the 
physiological environment of the red cell membrane [35] 
as well as in reconstituted complexes with DMPC [16]. 
However, this self-association of band 3 appears to be 
protein-mediated, because of the similarity in aggrega- 
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t ion in two very different l ipid environments,  and  not  
l ipid-mediated as  suggested by the present s tudy for 
bacteriorhodopsin al though such inter-protein interac- 
t ions may still take place at  the bi layer  surface. 

Studies of integral membrane protein aggregation 
phenomena in model  systems may help in the under-  

s t~ .d ing  of  the mechanisms and triggering events which 
can lead to  protein associations and signall ing between 
proteins in the phys~alogical situation. Such in terac t iom 
could be under  cellular control if  l ipid head group 
modification, for example phosphorylat ion,  is de- 
termined metabolical ly or  in response to second mes- 
sengers. 
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