
48 

Biochimica et Biophysica Acta, 507 (1978) 48--61 
© Elsevier/North-Holland Biomedical Press 

BBA 77906 

A SSOC IATI ON OF B A C T E R I O R H O D O P S I N - C O N T A I N I N G  P H O S P H O LIP ID  
VESICLES WITH P H O S P H O L I P I D - I M P R E G N A T E D  M I L L I P O R E  F I L T E R S  

M.C. BLOK and K. VAN DAM 

Laboratory of Biochemistry, B.C.P. Jansen Institute, University of Amsterdam, 
Plantage Muidergracht 12, Amsterdam (The Netherlands) 

(Received June 14th, 1977) 

Summary 

A p h o t o p o t e n t i a l  is genera ted  u p o n  i l luminat ion of  a phosphol ip id-  
impregna ted  Millipore f i l ter  to which are b o u n d  phospho l ip id  vesicles, con- 
taining bac t e r io rhodops in  isolated f rom Halobacteriurn halobium. In this s tudy,  
expe r imen t s  are descr ibed tha t  show how the  bac t e r i o rhodops in -dependen t  
p h o t o  e f fec t  is in f luenced  by factors  tha t  have an e f fec t  on the  associat ion of  
bac te r io rhodops in -con ta in ing  vesicles with the filter. The  fo l lowing conclu-  
sions are drawn:  

1. The  p h o t o p o t e n t i a l  genera ted  dur ing  a shor t  flash of  light is d i rec t ly  
p ropor t iona l  to  the n u m b e r  of  bac t e r io rhodops in  vesicles associated with the  
filter. 

2. The  n u m b e r  of  bac t e r io rhodops in  molecules  tha t  con t r i bu t e  to  the p h o t o  
e f fec t  increases with t ime according to  a hyperbo l i c  relat ionship,  reaching a 
m a x i m u m  af te r  p ro longed  incubat ion .  

3. The  increase of  the  p h o t o  e f fec t  with t ime can be ascribed to  a t ime- 
d e p e n d e n t  associat ion of  bac t e r io rhodops in  vesicles with the  filter.  The  maxi- 
m u m  value of  the  p h o t o  e f fec t  is due  to  a sa tura t ion  o f  the  f i l ter  with bacter io-  
rhodops in  vesicles. 

4. The  rate of  associat ion of  bac t e r io rhodops in  vesicles with the  f i l ter  is 
d i rec t ly  p ropor t iona l  to  the  vesicle concen t r a t i o n  in the  aqueous  med ium.  The  
maximal  n u m b e r  of  vesicles tha t  becomes  associated with the f i l ter  af ter  
p ro longed  incuba t ion  is i n d e p e n d e n t  o f  this vesicle concen t r a t i on .  

5. Both  the rate o f  associat ion of  bac t e r io rhodops in  vesicles with the  f i l ter  
and the  maximal  p h o t o  e f fec t  calculated by  ex t r apo la t ion  to  infini te  
incuba t ion  t ime increase with the  Ca 2÷ concen t r a t i on  in the med ium,  and reach 
a plateau at a pp rox ima te ly  40 mM Ca 2÷. This suggests tha t  Ca 2÷ has an e f fec t  
on the n u m b e r  o f  bac t e r i o rhodops in  vesicles tha t  can associate with the  filter.  

6. The  maximal  p h o t o  e f fec t  is decreased by the s imul taneous  presence in 
the  aqueous  me d ium of  un t r ea t ed  bac t e r io rhodops in  vesicles and of  vesicles in 
which bac t e r io rhodops in  has been inact ivated by t r e a t m e n t  at e levated pH or 
with KBH4. F r o m  this we conc lude  tha t  inact ivated bac t e r io rhodops in  vesicles 
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can still associate with the filter in a way comparable to untreated bacterio- 
rhodopsin vesicles. On the other hand, pure phospholipid vesicles only affect 
the rate of association of bacteriorhodopsin vesicles with the filter but have no 
effect on the maximal photo effect calculated by extrapolation to infinite time. 

Introduct ion 

Of the energy-conserving systems occurring in nature, the chromoprotein 
bacteriorhodopsin has been studied very extensively during the last few years. 
One of the reasons for this considerable interest is the ease with which the pro- 
tein can be isolated. Bacteriorhodopsin is the only protein present in purple 
membranes, specialized regions of the plasma membrane of some extremely 
halophilic bacteria (e.go Halobacterium halobium) [1,2], which can be isolated 
by hypotonic disruption of the cells and subsequent centrifugation [3]. 
Successful reconsti tution of bacteriorhodopsin has been achieved with several 
artificial membrane systems [4--8]. 

The ability of bacteriorhodopsin to convert light energy into an electro- 
chemical gradient of protons has been demonstrated both in vivo and in vitro 
[4,5,9--12]. Measurement of photopotentials generated by bacteriorhodopsin 
upon illumination has been reported in several systems. In the first place, 
purple membranes can be directly dispersed in lipid-containing decane solu- 
tions, that  are used to prepare the classical black-lipid membrane [6,13--15]. 
Besides, bacteriorhodopsin-containing phospholipid vesicles can be associated 
with the so-called planar membrane [7,16] and, as we have shown recently, 
with phospholipid-impregnated Millipore filters [17]. It is the aim of the 
present study to describe the influence of various factors that  influence the 
association of bacteriorhodopsin-containing vesicles with lipid-impregnated 
Millipore filters. 

Materials and Methods 

Purple membranes [3] and soya-bean phospholipids [18] were isolated 
according to procedures described elsewhere. 

Bacteriorhodopsin-containing phospholipid vesicles were prepared as 
follows: soya-bean phospholipids, dissolved in chloroform, were evaporated to 
dryness in a round-bot tom flask. After addition of purple membranes, 
suspended in 150 mM KC1, and dilution to the desired protein concentration 
with 150 mM KC1, the lipids were dispersed by mixing on a Vortex mixer in 
the presence of small glass beads. The final soya-bean phospholipid concentra- 
tion was 10 mg/ml. This suspension was sonicated subsequently in a M.S.E. 
ultrasonifier for 30 (or 60) times 15 s, with 45-s intervals without  sonication, 
at 20 kHz, 4 pm amplitude, cooling in ice and under an argon atmosphere. Pure 
soya-bean phospholipid vesicles were prepared in an identical way, with the 
exception that  purple membranes were omitted. 

Inactivation of bacteriorhodopsin incorporated into phospholipid vesicles 
was effected by mixing equal volumes of 150 mM potassium carbonate buffer 
(pH 10) and of bacteriorhodopsin-containing vesicles suspended in 150 mM 
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KC1 (pH 6). After cooling to 0°C, KBH4 was added to this solution to a final 
concentration of 15 mg/ml. The solution was kept at 0°C and illuminated with 
daylight for 10 min, which resulted in an almost complete inactivation of 
bacteriorhodopsin. During this treatment,  the pH was checked several times 
and, when necessary, readjusted to pH 10 with KOH. Subsequently, the solu- 
tion was dialysed against a 100-fold excess of 150 mM KC1 (pH 6) at 0--4°C 
for 2 h with six changes of the dialysis medium. Finally, the pH of the suspen- 
sion was readjusted to pH 6. Partial inactivation of the bacteriorhodopsin was 
achieved by treating the bacteriorhodopsin vesicles in an identical way at pH 10 
in the absence of KBH4. 

The bacteriorhodopsin-dependent photo effect was studied as follows. 
Millipore filters (pore size 0.15 pro, 0.15 mm thick) were impregnated with 
soya-bean phospholipids dissolved in hexadecane (150 mg of lipid/ml). After 
removal of excess lipid solution the filter was clamped between two 20-ml 
Teflon vessels each containing a circular aperture of 12 mm diameter. 
Subsequently the compartments on both sides of the filter were filled with 
20 ml of a 50 mM CAC12/75 mM KC1 solution, unless stated otherwise. The 
solutions in both compartments were stirred gently by means of a magnetic 
stirrer. After an equilibration period of 15 min the experiment was started by 
the addition of vesicles. Illumination of the filter from one side was achieved 
using a 250 W projector lamp and fiber optics. Measurement of the photo- 
potential was carried out with a circuit as described by Mueller et al. [19] using 
two calomel electrodes (Radiometer, Copenhagen, type K 4112), connected 
with a Keithley 610 C electrometer and a recorder. 

Results 

Bacteriorhodopsin associated with a phospholipid-impregnated Millipore filter 
has the ability to generate a photopotenti 'al across the filter upon illumination 
[17]. In most experiments the photo effect was followed by measuring the 
potential that is generated during a short flash of light~ This parameter is 
designated ~fl- 

In Fig. 1A the time-dependence of ~ is shown for a typical experiment. 
Initially, ~fL increases rapidly with time tending to reach a maximum at longer 
incubation time. Analysis of the data showed that  the increase of ~fl with time 
did not follow (pseudo) first-order or second-order kinetics. It was found 
empirically, by plotting 1/~fl  versus 1/time, that  ~1 shows a hyperbolic depen- 
dence on incubation time. 

One possible explanation for the fact that  ~fl reaches a maximum at longer 
incubation times might be that the bacteriorhodopsin vesicles lose the ability to 
bind to the filter. If so, a second addition of vesicles should result in a relatively 
steep increase of ~)f~ with time. However, Fig. 2 (curve A) shows that  only a 
very slight increase takes place. This experiment suggests that  ~1 reaches a 
maximum because the surface of the filter is saturated with bacteriorhodopsin 
vesicles. However, we cannot exclude a priori that  only a limited number of the 
binding sites on the filter surface is occupied by bacteriorhodopsin vesicles 
and that ~fl reaches a maximum for other reasons, e.g. because ~fl depends 
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Fig .  1. T i m e - d e p e n d e n c e  o f  ~ f l ,  t h e  p h o t o p o t e n t i a l  g e n e r a t e d  d u r i n g  a f l a sh  o f  l i g h t .  The  e x p e r i m e n t  was  

ca r r i ed  o u t  as d e s c r i b e d  in  M a t e r i a l s  a n d  M e t h o d s .  A t  z e r o - t i m e ,  b a c t e r i o r h o d o p s i n - c o n t a i n i n g  s o y a - b e a n  

p h o s p h o l i p i d  ves i c l e s  were  a d d e d  t o  o n e  o f  t he  T e f l o n  c o m p a r t m e n t s  t o  a f ina l  ves ic le  c o n c e n t r a t i o n  o f  

0 . 1 0  m g  s o y a - b e a n  p h o s p h o l i p i d / m l .  P r o t e i n / s o y a - b e a n  p h o s p h o l i p i d  r a t i o  = 1 : 10  ( w / w ) .  A:  ~ f l ,  t h e  

p h o t o p o t e n t i a l  g e n e r a t e d  d u r i n g  a f l a sh  o f  1 .0  s, is p l o t t e d  as a f u n c t i o n  o f  t h e  i n c u b a t i o n  t i m e  o f  t h e  
f i l t e r  w i t h  t h e  ves ic les .  C u r v e  B:  a d o u b l e - r e c i p r o c a l  p l o t  o f  t he  d a t a  o f  C u r v e  A.  

Fig. 2. E f f e c t  o f  a s e c o n d  a d d i t i o n  o f  b a c t e r i o r h o d o p s i n - c o n t a i n i n g  ves ic les  o n  ~ fl" The  e x p e r i m e n t  was  

ca r r i ed  o u t  as d e s c r i b e d  in  M a t e r i a l s  a n d  M e t h o d s .  I n  t h e  e x p e r i m e n t  o f  c u r v e  A b a c t e r i o r h o d o p s i n -  

c o n t a i n i n g  ves i c l e s  ( p r o t e i n / s o y a - b e a n  p h o s p h o l i p i d  r a t i o  = 1 : 10  ( w / w ) )  were  a d d e d  a t  z e r o - t i m e  to  a 

f i n a l  c o n c e n t r a t i o n  o f  0 . 1 0  m g  s o y a - b e a n  p h o s p h o l i p i d / m l .  A t  t = 9 0  m i n ,  a s e c o n d  p o r t i o n  o f  b a c t e r i o -  

r h o d o p s i n - c o n t a i n i n g  ves i c l e s  was  a d d e d  g i v i n g  a t o t a l  ves ic le  c o n c e n t r a t i o n  o f  0 . 2 0  m g  s o y a - b e a n  p h o s -  

p h o l i p i d / m l .  I n  t h e  e x p e r i m e n t  o f  c u r v e  B K B H 4 - t r e a t e d  , b a c t e r i o r h o d o p s i n - c o n t a i n i n g  ves i c l e s  were 
a d d e d  a t  z e ro  t i m e  t o  a f i n a l  c o n c e n t r a t i o n  o f  0 . 1 0  m g  s o y a - b e a n  p h o s p h o l i p i d / m l .  A t  t = 9 0  m i n ,  un-  

t r e a t e d  b a c t e r i o r h o d o p s i n - e o n t a i n i n g  ves i c l e s  were  a d d e d  t o  a f i na l  c o n c e n t r a t i o n  o f  0 . 1 0  m g  s o y a - b e a n  

p h o s p h o l i p i d / m l .  I n  t h e  e x p e r i m e n t s  o f  c u r v e s  A a n d  B t h e  s a m e  b a t c h  o f  b a c t e r i o r h o d o p s i n - c o n t a i n i n g  

ves i c l e s  was  u s e d .  Par t  o f  t h e  b a t c h  wa s  u s e d  fo r  t r e a t m e n t  o f  t h e  ves ic les  w i t h  K B H  4 as d e s c r i b e d  in  

M a t e r i a l s  a n d  M e t h o d s .  ~ f l  was  f o l l o w e d  as a f u n c t i o n  o f  t i m e  b y  m e a s u r i n g  t he  p h o t o p o t e n t i a l  g e n e r a t e d  
b y  a f l a sh  o f  1 s a t  t he  t i m e s  i n d i c a t e d .  

hyperbolically on the number of  bacteriorhodopsin vesicles associated with the 
filter. 

To demonstrate that the filter becomes occupied with bacteriorhodopsin 
vesicles to a large extent after prolonged incubation, the following experiment 
was performed. Bacteriorhodopsin vesicles were treated with KBH4 at pH 10, 
essentially as described by Peters et al. [20].  As will be discussed in the Discus- 
sion, this treatment does not change drastically the ability of the vesicles to 
associate with the filter. Therefore, after identical incubation periods at the 
same vesicle concentration, approximately the same number of  inactivated 
bacteriorhodopsin vesicles will be bound to the filter, as in the experiment 
where untreated bacteriorhodopsin vesicles were used. In the experiment of 
Fig. 2, curve B, a Millipore filter was incubated on one side with inactivated 
bacteriorhodopsin vesicles for 90 min; this condition leads to a high ~fl with 
untreated bacteriorhodopsin vesicles (Fig. 2, curve A). The ~fl generated by 
filter-associated inactivated bacteriorhodopsin vesicles was very small. The addi- 
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t ion of  un t r ea t ed  bac te r io rhodops in  vesicles in the  same c o m p a r t m e n t  af ter  this 
incuba t ion  per iod  o f  90 min resul ted in on ly  a small increase of  f f l  with t ime 
(Fig. 2, curve B). This implies tha t  in the e x p e r i m e n t  of  curve B the rate of  
associat ion of  un t r ea t ed  bac t e r io rhodops in  vesicles with the f i l ter  was much  
less than  in the e x p e r i m e n t  o f  curve A. This d i f fe rence  is mos t  easily expla ined 
by  assuming tha t  in the  e x p e r i m e n t  of  curve B the  filter surface was occupied  
to  a large e x t e n t  by inact ivated bac te r io rhodops in  vesicles. 

Several studies have indicated  tha t  the  associat ion of  bac te r io rhodops in  
vesicles with planar  membranes  [16] or phospho l ip id - impregna ted  Millipore 
filters [17] is pract ical ly  irreversible. To show tha t  the increase of  ~fl with 
t ime is indeed related to an increase in the n u m b e r  o f  f i l ter-associated bacter io-  
rhodops in  vesicles an expe r imen t  was p e r f o r m e d  in which an excess of  KBH4- 
inact ivated bac t e r io rhodops in  vesicles was added to  the c o m p a r t m e n t  tha t  had 
already con ta ined  un t r ea t ed  bac t e r io rhodops in  vesicles fo r  a shor t  per iod of  
t ime.  Fig. 3 shows tha t  the  addi t ion  of  a five-fold excess of  inact ivated 
bac t e r io rhodops in  vesicles 10 min af te r  the  addi t ion  o f  un t r ea t ed  bacter io-  
rhodops in  vesicles resul ted in a s t rong inhib i t ion  of  the rate of  increase of  ~fi .  
This suggests tha t  the rate of  associat ion of  un t r ea t ed  bac t e r io rhodops in  
vesicles with the  f i l ter  is d iminished due  to  a c o m p e t i t i o n  o f  inact ivated vesicles 
for  the same binding sites on the filter. 

In summary ,  f rom the  expe r imen t s  of  Figs. 2 and 3 it can be conc luded ,  
f irst ly,  tha t  the increase of  f f l  with t ime af te r  the  addi t ion  o f  active bacter io-  
rhodops in  vesicles on one  side of  the filter is due  to  associat ion of  these vesicles 
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Fig .  3. C o m p e t i t i o n  b e t w e e n  u n t r e a t e d  a n d  K B H 4 - t r e a t e d  b a c t e r i o r h o d o p s i n - c o n t a i n i n g  ves i c l e s  fo r  

b i n d i n g .  T h e  e x p e r i m e n t  was  c a r r i e d  o u t  as d e s c r i b e d  in  M a t e r i a l s  a n d  M e t h o d s .  A t  z e r o - t i m e ,  b a c t e r i o -  

r h o d o p s i n - c o n t a i n i n g  ves i c l e s  ( p r o t e i n / s o y a - b e a n  p h o s p h o l i p i d  r a t i o  = 1 : 10  ( w / w ) )  were  a d d e d  t o  a f i na l  

c o n c e n t r a t i o n  o f  0 , 1 0 r a g  s o y a - b e a n  p h o s p h o l i p i d / m l .  A t  t = 1 0 m i n  K B H 4 - t r e a t e d  b a c t e r i o r h o d o p s i n -  

c o n t a i n i n g  ves ic les  were  a d d e d  to  a f i n a l  c o n c e n t r a t i o n  o f  0 . 5 0  m g  s o y a - b e a n  p h o s p h o l i p i d / m l .  B o t h  t he  

u n t r e a t e d  a n d  K B H 4 - t r e a t e d  b a c t e r i o r h o d o p s i n - c o n t a i n i n g  ves i c l e s  u s e d  in  t h i s  e x p e r i m e n t  were  f r o m  t h e  

s ame  o r i g i n a l  b a t c h  o f  ves ic les .  ~ fl was  m e a s u r e d  as d e s c r i b e d  in  t h e  l e g e n d  o f  F ig .  2. 

Fig.  4. T h e  e f f e c t  o f  d u r a t i o n  o f  t h e  f l a sh  o f  l i g h t  o n  t he  t i m e - d e p e n d e n c e  o f  ~ f l .  The  e x p e r i m e n t  was  

d o n e  as d e s c r i b e d  in  M a t e r i a l s  a n d  M e t h o d s .  A t  z e r o - t i m e ,  b a c t e r i o r h o d o p s i n - c o n t a i n i n g  ves i c l e s  ( p r o t e i n /  

s o y a - b e a n  p h o s p h o l i p i d  r a t i o  = 1 : 10  ( w / w ) )  were  a d d e d  t o  a f i n a l  c o n c e n t r a t i o n  o f  0 . 2 0  m g  s o y a - b e a n  
p h o s p h o l i p i d / m l .  The  t i m e - d e p e n d e n c e  o f  ~ f l  was  m e a s u r e d  by  i l l u m i n a t i n g  t he  M i l l i p o r e  f i l t e r  

a l t e r n a t e l y  w i t h  f l a shes  o f  0 . 2 5  s (~' --©) a n d  1.0 s (A A). 
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with the Millipore filter and, secondly, that  ~fl reaches a maximum after 
prolonged incubation because all binding sites on the filter become occupied 
with bacteriorhodopsin vesicles. These conclusions can be drawn irrespective 
of the exact mathematical relationship between ~fl and the number of filter- 
associated bacteriorhodopsin vesicles, which will be one of the aspects to be 
considered now. 

Fig. 1B showed that  ~fl is a hyperbolic function of the incubation time, 
and this can be expressed as follows: 

at 
l~f  1 -- ( 1 )  

t+t½ 

where a is a constant  and tl/2 the incubation time when Vii reaches half its 
maximal value. From plots of 1/~fl  versus l i t  the values for a and tl/2 c a n  be 
calculated from the intersections on the y-axis and x-axis, respectively. Fig. 4 
shows the effect of the duration of the flash of light on the time-dependence 
of ~fl. In this experiment, the Millipore filter was illuminated alternately by 
equally intense flashes of 0.25 and 1.0 s duration. In both cases, ~fl is a hyper- 
bolic function of time. Fig. 4 shows also that  the duration of the flash has an 
effect on the constant  a, but not  on tu2. In a similar experiment it was found 
that  the constant  a also depended on the intensity of the flash, whereas t~/2 was 
not  affected (data not  shown). Finally, from a comparison of ~ values 
generated during flashes of 0.25 and 1.0 s (Fig. 4) it can be concluded that  
already within 1.0 s the magnitude of the photopotential  deviates from 
linearity with time. 

Fig. 5 shows how the time-dependence of ~fl varies with the concentration 
of bacteriorhodopsin vesicles. Since plots of 1/~fl versus 1/time yield straight 
lines that  all intersect the y-axis at the same point, we conclude that  under the 
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Fig.  5. T h e  e f f e c t  o f  t h e  c o n c e n t r a t i o n  o f  b a c t e r i o r h o d o p s i n - c o n t a i n i n g  v e s i c l e s  o n  the  t i m e - d e p e n d e n c e  
o f  ~ f l .  E x p e r i m e n t a l  de ta i l s  axe given in  Mate r i a l s  a n d  M e t h o d s .  B a c t e r i o r h o d o p s i n - c o n t a i n i n g  v e s i c l e s  
w e r e  a d d e d  at z e r o - t i m e  t o  a f ina l  s o y a - b e a n  p h o s p h o l i p i d  c o n c e n t r a t i o n  o f  0 . 0 1 2 5  (o o) ,  0 . 0 2 5  
(~ ~),  0 . 0 5  (X X), 0 . 1 0  (u o) a n d  0 . 2 0  m g / m l  (O--  0 ) .  ~ f l  w a s  m e a s u r e d  as  d e s c r i b e d  
in  t h e  l e g e n d  o f  Fig .  2. P r o t e i n / s o y a - b e a n  p h o s p h o l i p i d  r a t i o  o f  t h e  v e s i c l e s  = 1 : 1 0  ( w / w ) .  

Fig.  6.  D e p e n d e n c e  o f  1/tl/2 o n  t h e  c o n c e n t r a t i o n  o f  b a c t e r i o r h o d o p s i n - c o n t a l n i n g  ves i c l e s ,  t l / 2  is t h e  

i n c u b a t i o n  t i m e  w h e n  ~ f l  h a s  r e a c h e d  h a l f  i t s  m a x i m a l  value .  T h e  d a t a  p r e s e n t e d  in  t h i s  f igure  w e r e  
c a l c u l a t e d  f r o m  t h e  e x p e r i m e n t  o f  Fig.  5. PL,  p h o s p h o l i p i d .  
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experimental conditions used the maximal value for ~fl is independent of the 
vesicle concentration in the medium. In contrast, tl/2 varies with vesicle con- 
centration. Fig. 6 shows that  1/t~/: depends linearly on the concentration of 
bacteriorhodopsin vesicles in the aqueous medium. From the direct propor- 
tionality of 1/tl/2 with the vesicle concentration, it can be concluded that  tbe 
rate of association of the bacteriorhodopsin vesicles with the Millipore filter is 
directly proportional to the vesicle concentration in the medium. 

In Fig. 7, the ~fl values measured at different times (taken from Fig. 5) are 
plotted as a function of the vesicle concentration. At short incubation times, 
~fl is directly proportional to the concentration of bacteriorhodopsin vesicles. 
When the incubation is extended for longer periods of time, ~fl tends to a 
maximum at higher vesicle concentrations (Fig. 7). Double-reciprocal plots of 
~fl, from measurements after a minimal incubation period of 10 min, versus 
vesicle concentration yielded straight lines which intersected the y-axis at the 
same point, corresponding to a maximal ~fl which was identical to that  
calculated from Fig. 5. 

The finding that  the rate of association of bacteriorhodopsin vesicles with 
the filter is directly proportional to the concentration of bacteriorhodopsin 
vesicles in the aqueous medium, whereas ~ l  at infinite incubation time does 
not  depend on vesicle concentration, made it of interest to study how these 
two parameters are influenced by the presence of other types of vesicles in the 
incubation medium. 
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Fig.  7. D e p e n d e n c e  o f  ~ f l  o n  t h e  c o n c e n t r a t i o n  o f  b a c t e r i o r h o d o p s i n - c o n t a i n i n g  v e s i c l e s .  T h e  d a t a  o f  th i s  
f igure  are  t h e  s a m e  as t h o s e  p r e s e n t e d  in  F i g .  5. ~ f l  w a s  m e a s u r e d  2 (X X), 5 (O O),  10 
(~ -~), 2 0  (o D) a n d  5 0  r a in  (o o) a f t e r  a d d i t i o n  o f  b a c t e r i o r h o d o p s i n - c o n t a i n i n g  vesicles.  

PL,  p h o s p h o l i p i d .  

F i g .  8 .  T i m e - d e p e n d e n c e  o f  ~ f l ,  d u e  t o  t h e  a s s o c i a t i o n  o f  b a c t e r i o r h o d o p s i n - c o n t a i n i n g  v e s i c l e s  w i t h  a 
p h o s p h o l i p i d - i m p r e g n a t e d  M i l l i p o r e  f i l t e r ,  in  t h e  p r e s e n c e  o f  v a r i o u s  c o n c e n t r a t i o n s  o f  p u r e  s o y a - b e a n  
p h o s p h o l i p i d  v e s i c l e s .  T h e  e x p e r i m e n t  w a s  d o n e  as  d e s c r i b e d  in  M a t e r i a l s  a n d  M e t h o d s .  A t  z e r o - t i m e  
b a c t e r i o r h o d o p s i n - c o n t a i n i n g  v e s i c l e s  a n d  p u r e  p h o s p h o l i p i d  v e s i c l e s  w e r e  a d d e d  s i m u l t a n e o u s l y .  B a c t e r i o -  
r h o d o p s i n - c o n t a i n i n g  v e s i c l e s  ( p r o t e i n / s o F a - b e a n  p h o s p h o l i p i d  r a t i o  = 1 : 1 0  ( w / w ) )  w e r e  a d d e d  t o  a f ina l  
c o n c e n t r a t i o n  o f  0 . 0 2 5  m g  s o y a o b e a n  p h o s p h o l i p i d / m l .  T h e  f i n a l  c o n c e n t r a t i o n  o f  p u r e  s o y a - b e a n  p h o s -  
p h o l i p i d  v e s i c l e s  w a s  0 (o o) ,  0 . 0 2 5  (~ ~) a n d  0 . 1 0  m g  p h o s p h o l i p i d / m l  (o o) .  d~fl w a s  
m e a s u r e d  as  a f u n c t i o n  o f  t i m e ,  as  d e s c r i b e d  in  t h e  l e g e n d  o f  F i g .  2. 
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Fig. 8 shows how pure soya-bean phospholipid vesicles affect the time- 
dependence of ~fl: it can be seen that  the increase of ~fl with time is retarded 
by pure phospholipid vesicles. However, extrapolation to infinite time yields 
identical values for the maximal ~fl. Since it has been shown that  under the 
experimental conditions used ~fl reaches a maximum due to a saturation of the 
filter with bacteriorhodopsin vesicles (Fig. 2), it should be concluded that  the 
presence of pure phospholipid vesicles has no effect on the number of bacterio- 
rhodopsin vesicles that  becomes eventually associated with the filter. How- 
ever, the rate of association of bacteriorhodopsin vesicles is decreased by 
simultaneous incubation with pure phospholipid vesicles. 

In addition to the effect of pure soya-beafi phospholipid vesicles, we also stud- 
ied the effect of inactivated bacteriorhodopsin vesicles on the time-dependence of 
~f]. When we studied the effect of KBH4 on bacteriorhodopsin vesicles it was ob- 
served that  incubation of bacteriorhodopsin vesicles at elevated pH without  KBH4 
already resulted in a partial inactivation of the protein, as was concluded from 
the irreversible disappearance of most of the purple colour. Fig. 9 shows the 
results of an experiment in which we compared the time-dependence of ~fl of 
untreated and pH 10-treated bacteriorhodopsin vesicles. It is seen that  the 
maximal value of ~fl, given by the intersection of the straight lines on the y- 
axis, differs largely for the two types of bacteriorhodopsin vesicles. The finding 
that  the maximal value of ~fl is much less in the case of pH 10-treated 
bacteriorhodopsin vesicles was not  unexpected. Under conditions where the 
maximal value of ~fl is determined by saturation of the filter (Fig. 2) the 
association of less active bacteriorhodopsin vesicles should generate a lower 
maximal ~fl. Of interest is the observation that  the time required to reach half 
the maximal ~fl is not  significantly different for the two types of vesicles. 
Therefore, it appears that  the partial inactivation at elevated pH only has 
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Fig .  9.  T h e  e f f e c t  o f  t r e a t m e n t  o f  b a c t e r i o r h o d o p s i n - c o n t a i n i n g  ves ic les  at  p H  1 0  o n  the  t i m e - c o u r s e  o f  

~ f l -  Prepara t ion  o f  b a c t e r i o r h o d o p s i n - c o n t a i n i n g  ves ic les  and  t r e a t m e n t  o f  part  o f  the  s u s p e n s i o n  were  

p e r f o r m e d  as d e s c r i b e d  in  Materia ls  a n d  M e t h o d s .  T h e  t i m e - c o u r s e  o f  ~ f l  w a s  m e a s u r e d  as d e s c r i b e d  in the  
l e g e n d  o f  Fig .  2 after  a d d i t i o n  o f  u n t r e a t e d  (~ .... A) or p H  1 0 - t r e a t e d  (o  o)  b a c t e r i o r h o d o p s i n -  
c o n t a i n i n g  ves ic les  at z e r o - t i m e  to  a f i n a l  s o y a - b e a n  p h o s p h o l i p i d  c o n c e n t r a t i o n  o f  0 . 1 0  m g / m l .  P r o t e i n /  

s o y a - b e a n  p h o s p h o l i p i d  rat io  o f  b a c t e r i o r h o d o p s i n - c o n t a i n i n g  ves ic les  = 1 : 1 0  ( w / w ) .  
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significant consequences for the value of the constant a of Eqn. 1 but not  for 
ti/2. The most obvious conclusion from these observations is that  t reatment of 
bacteriorhodopsin vesicles at pH 10 does not affect the properties, involved in 
the association of the vesicles with the filter. However, in that  case it is 
assumed that  there is a direct proportionality between ~n and the number of 
filter-associated vesicles. An important  corollary of the above assumption can 
be tested by measuring the time-dependence of ~n in experiments where 
mixtures of untreated and pH 10-treated bacteriorhodopsin vesicles are used. 
This can be rationalized as follows. 

Starting from the assumption that  ~n  is directly proportional to the number 
of filter-associated bacteriorhodopsin vesicles, it can be concluded from the 
experiment of Fig. 9 that  untreated and pH 10-treated bacteriorhodopsin 
vesicles have the same affinity for phospholipid-impregnated Millipore filters. 
This implies that  in experiments where the medium contains both types of 
vesicle the ratio of untreated to pH 10-treated bacteriorhodopsin vesicles which 
are associated with the filter will be the same as the ratio of these vesicles in 
solution: 

where N~I and ~ represent the concentration of untreated and pH 10-treated 
vesicles in the aqueous suspension, respectively, whereas N~ and N~ represent 
the concentration on the filter of these two types of vesicles, respectively. This 
equation holds for each incubation time. Further, the assumption that in 
experiments with only one type of bacteriorhodopsin vesicle ~n is directly 
proportional to the number of filter-associated vesicles implies that  the 
potentials are additive. So, when two types of vesicles differing in the ability to 
generate a photopotential  are associated with the filter, it can be stated that  

~Jfl = ]~lNfl + k2/~2 (3) 

where kl and k2 are constants that  take into account the ability of the vesicles 
to generate a photopotential .  When the total vesicle concentration is kept 
constant  (Ntot = N~ +/~P2) it follows that  

~f l  = ]?3 ( ( k l  - -  k2)  1~1 + ]z2Nto t )  (4)  

l~fl = ]~3 ( k l N t o t  - -  ( k l  "" k 2 ) / ~ 2 )  (5)  

where k3 is the ratio of the bacteriorhodopsin vesicles associated with the filter 
to the bacteriorhodopsin vesicles in solution. So, in experiments with two types 
of bacteriorhodopsin vesicles that  differ in the ability to generate a photo- 
potential,  it follows from Eqns. 4 and 5 that  ~f~ is proportional to the con- 
centration of bacteriorhodopsin vesicles of one type in the medium, provided 
that  the affinity of the vesicles for the filter is the same for both types and that  
the total concentration of vesicles is kept constant. This condition can be 
tested by using untreated and pH 10-treated bacteriorhodopsin vesicles since 
the incubation at elevated pH does not  affect significantly the affinity of the 
vesicles for the filter (Fig. 9). From Fig. 10, which shows the results of such an 
experiment,  it can be seen that  the experimental data are in reasonable agree- 
ment  with the prerequisite outlined above. A relationship between ~fl and the 
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number of  filter-associated bacteriorhodopsin vesicles of  one type, N ~, which is 
more complicated than a direct proportionality is not very likely for the 
fol lowing reason. If a non-linear relationship between ~f~ and N f exists, it has 
to be concluded f r o m  Fig. 9 that treatment of  bacteriorhodopsin vesicles at 
pH 10 influences the affinity of  the vesicles for the filter. However, the affinity 
would then be changed such that the time required to reach half the maximal 
~fl would remain constant (Fig. 9), which would be coincidental. Further- 
more, it would be very unlikely that under these conditions a linear relation- 
ship would be obtained in the experiment of  Fig. 10, between ~fl and the con- 
centration of  one type of  vesicle in the "incubation medium. Therefore, 
although it has not  been proven directly, the experiments of  Figs. 9 and 10 can 
be used as an indication that ~fl is directly proportional to N f, the number of  
filter-associated bacteriorhodopsin vesicles. 

Independent of  the above appraoch, there is a second line of  evidence 
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Fig. 10. Re la t ionsh ip  b e t w e e n  ~f l  and  the  relat ive p r o p o r t i o n s  of  u n t r e a t e d  and p H  : t0- t rea ted bae tc r io -  
r h o d o p s i n - e o n t a i n i n g  vesicles. The  e x p e r i m e n t  was  d o n e  as desc r ibed  in Materials  and  Methods .  A t  zero-  
t ime ,  u n t r e a t e d  and  p H  10- t r ea t ed  b a c t e r i o r h o d o p s i n - c o n t a l n i n g  vesicles were  ad d ed  s imul t aneous ly  to a 
final to ta l  vesicle c o n c e n t r a t i o n  of  0 ,10  m g  soya-hean  phospho l ip id ]ml .  Th e  vesicles used in this  exper i -  
m e n t  were  the s a m e  as those  used in the  e x p e r i m e n t  of  Fig. 9. Th e  d a t a  p r e sen t ed  are the  values of  ~ f l  
t ha t  were  m e a s u r e d  10  ( o  -~o), 40  (~ .-~) and 90 rain (u ........ ~) a f t e r  add i t ion  of  the  vesicles.  
The  m a x i m a l  ~ fl, r e ache d  a t  inf ini te  t ime  (o o) ,  wa s  ca lcu la ted  f r o m  double - rec ip roca l  p lo ts  s imilar  
to those  of  Fig. 9. ~ fl was m e a s u r e d  as descr ibed  in the legend  of  Fig. 2. 

Fig. 11. C o m p a r i s o n  of  the  t i m e - d e p e n d e n c e s  of  Von  and  ~ f l .  The  e x p e r i m e n t  was  p e r f o r m e d  as 
desc r ibed  in Mater ia ls  and  Methods .  Ba c t e r i o rhodops in - c o n t a in in g  vesicles (p ro t e in / soya -bcan  p h o s p h o -  
l ipid ra t io  = 1 : 10  ( w / w ) )  were  a d d e d  a t  ze ro - t ime  to  a final c o n c e n t r a t i o n  of  0 .20  m g  soya-hean  phos-  
p h o l i p i d ] m l .  Von,  the  init ial  ra te  wi th  wh ic h  the  p h o t o p o t e n t i a l  is g en e ra t ed  (A) ,  and  ~f l  (B) were  de ter -  
m i n e d  at  var ious  t i m es  a f te r  add i t i on  of  the vesicles by  i l lumina t ing  the  f i l ter  wi th  l ight  of  low in tens i ty .  
In  th is  e x p e r i m e n t  q"fl r ep re sen t s  the  p h o t o p o t e n t i a t  g e n e r a t e d  by  a flash of  10 s. The  da t a  o f  p lo ts  A and  
B were  f r o m  the  s ame  i n c u b a t i o n ,  since it was possible to d e t e r m i n e  b o t h  Von and ~bfl f rom the t ime-  
course  o f  the  p h o t o p o t e n t i a l  g e n e r a t e d  dur ing  one  flash.  
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indicating a direct proportionality between ~fl and N ~. In analogy to enzyme 
kinetics, it can be assumed that the initial rate at which the photopotential is 
generated, Von, is directly proportional to the number of functional bacterio- 
rhodopsin molecules, or to the number of  filter-associated bacteriorhodopsin 
vesicles. Since the generation of  the photopotential is a very rapid process, 
Von can be measured using ordinary techniques only if the Millipore filter is 
illuminated with light of low intensity. Fig. l l A  shows the time-dependence of 
Von for a typical experiment. It appeared that also Von depends hyperbolically 
on the incubation time. In Fig. l l B  the time-dependence of ~fl is presented for 
the same experiment. In this experiment the duration of the flash was relatively 
long (10 s) because of  the low intensity of  the light used. From a comparison 
of Figs. l l A  and l l B  it can be concluded that the time required to reach half 
the maximal value of Von and ~fl ,  respectively, is identical. This means that, in 
the equations describing the time-dependences of Von and ~fl,  Von = a ' t /  
( t  + t l /2)  and ~fl  = a t / ( t  + t l /2) ,  the factor t l /2 has the same value. Combining 
the observation that Von and ~fl have very similar time-dependences with the 
statement that Vo, is directly proportional to the number of filter-associated 
bacteriorhodopsin vesicles, it can be concluded that ~fl also is directly propor- 
tional to the number of  filter-associated bacteriorhodopsin vesicles. In other 
words, the increase of  ~fl with time parallels the increase of filter-associated 
bacteriorhodopsin vesicles with time. 

In the experiments described so far, the concentration of Ca 2÷ was kept con- 
stant. Fig. 12 shows the time-dependence of  ~f~ at different Ca 2÷ concentra- 
tions. From this figure it can be seen that Ca 2÷ has an effect on both the maxi- 
mal ~fl ,  (constant a of  Eqn. 1) and on the time needed to reach half the maxi- 
mal potential (tl/2). Fig. 13 shows how the maximal ~fl and t~/2 depend on the 
rhodopsin after reconstitution of  the protein in lipid vesicles. It was observed that 
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F ig .  1 2 .  T h e  e f f e c t  o f  v a r i a t i o n  o f  t he  Ca 2+ c o n c e n t r a t i o n  in t h e  i n c u b a t i o n  m e d i u m  o n  t h e  t i m e - d e p e n -  
d e n c e  o f  ~ f l .  T h e  e x p e r i m e n t  w a s  d o n e  as  d e s c r i b e d  in  Mater ia l s  a n d  M e t h o d s .  T h e  f inal  c o n c e n t r a t i o n  o f  

b a c t e r i o r h o d o p s i n - c o n t a i n i n g  v e s i c l e s  ( p r o t e i n / s o y a - b e a n  p h o s p h o l i p i d  r a t i o  = 1 : 1 0  ( w / w ) )  was  0 . 1 0  m g  
s o y a - b e a n  p h o s p h o l i p i d / m l .  T h e  c o m p a r t m e n t s  o n  b o t h  s i d e s  o f  t h e  f i l ter  c o n t a i n e d  1 5  m M  CaC12,  

1 2 7  m M  KCI (o  o) ,  2 0  m M  C a C I 2 ,  1 2 0  m M  KCI (z~ ~ )  a n d  1 0 0  m M  CaCI 2 (~  D). ~ f l  

w a s  m e a s u r e d  as  d e s c r i b e d  in  t h e  l e g e n d  o f  F ig .  2.  

F ig .  1 3 .  T h e  e f f e c t  o f  t h e  c o n c e n t r a t i o n  o f  Ca  2 + o n  t h e  m a x i m a l  ~ fl  a n d  o n  t 1/2" T h e  m a x i m a l  ~ fl and  t I / 2  
w e r e  c a l c u l a t e d  f r o m  p l o t s  w h e r e  1 ] ~ f l  w a s  p l o t t e d  v e r s u s  1 / t i m e ,  s imi lar  t o  t h o s e  s h o w n  in Fig.  12 .  
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Ca 2÷ concentra t ion in the incubation medium. Above a concentra t ion of 
approx.  40 mM Ca 2÷, both the maximal ~1  and t~/2 reach a plateau and remain 
constant  upon fur ther  increasing the Ca 2+ concentrat ion.  From this exper iment  
it can be concluded that  the rate of association of bacteriorhodopsin vesicles 
with the filter depends on the Ca 2÷ concentrat ion.  Moreover, the maximal ~fl 
is also dependent  on the concentra t ion of the divalent cation. This may suggest 
that  Ca 2* ions have an effect  on the maximal number  of bacteriorhodopsin 
vesicles that  can be bound to the filter. 

Discussion 

In this paper experiments are repor ted 'which  describe the association of 
bacteriorhodopsin vesicles with phospholipid-impregnated Millipore filters. The 
association was followed by measuring ~1 ,  the photopotent ia l  generated 
during a short flash of  light, as a funct ion of time. It is concluded that  ~fl is 
directly proport ional  to the number  of filter-associated bacteriorhodopsin 
vesicles (Figs. 10 and 11). Based on this finding, the observation that  ~fl 
increases hyperbolically with time (Figs. 1, 4, 5 and 12) indicates that  under 
several experimental  condit ions the association of bacteriorhodopsin vesicles 
with the filter also depends hyperbolically on incubation time. This result was 
rather unexpected  since in a simple model where binding of the vesicles to the 
filter involves one binding site at the filter surface per vesicle, the rate of 
association should be second order  or, when vesicles are in excess, pseudo first 
order. When, however,  the association is a more complex phenomenon,  it can 
be derived mathematical ly that  under  certain condit ions the number  of vesicles 
bound to the filter increases hyperbolically with incubation time. Our results 
concerning the kinetics of the association process do not  agree with those 
obtained with the "planar membrane system",  in which it was found that  the 
photo  effect  increased linearly with time up to at least 60% of its maximal 
value [16].  This difference may be due to the use of different  experimental  
systems. 

From our experiments it fur ther  can be concluded also that  the rate of  
vesicle association with the filter under otherwise comparable conditions is 
directly proport ional  to the concentra t ion of  bacteriorhodopsin vesicles 
(Figs. 6 and 7), whereas the final level of association is not  dependent  on 
vesicle concentra t ion (Fig. 5). The rate of vesicle association also depends on 
the concentra t ion of Ca 2÷ in the incubation medium (Figs. 12 and 13). The 
finding that  the maximal value of  ~fl also varies with Ca 2+ concentrat ion (Figs. 12 
and 13) may be ascribed to an effect  of  Ca 2÷ on the number  of vesicles that  can 
be bound to the filter. However, Ca 2÷ may also have a direct effect  on the 
ability of  the reconst i tuted bacteriorhodopsin to generate a photopotent ia l .  
The following experimental  observation suggests that  this direct effect  of  Ca 2÷ 
is probably not  very large. When the vesicles were associated with the filter at 
a Ca 2÷ concent ra t ion  of  50 mM, a subsequent decrease of the Ca 2÷ concentra- 
t ion did not  have a very pronounced  effect  on the photopotent ia l .  However, 
direct measurement  of  the association of  bacter iorhodopsin vesicles with the 
filter is necessary to answer this question more definitely. 

A second point  which needs some at tent ion is the lability of bacterio- 



60 

rhodopsin after reconstitution of the protein in lipid vesicles. It was observed that  
incubation of bacteriorhodopsin vesicles, prepared by sonication procedures, at 
pH 10 led to a relatively rapid loss of the purple colour, which, after readjustment 
to pH 6, was found to be largely irreversible. Measurement of the time-depen- 
dence of ~f~ indicated that  partial inactivation of the protein at pH 10 did not sig- 
nificantly affect the association of the vesicles with the filter (Fig. 9). Similar 
experiments were carried out with bacteriorhodopsin vesicles treated at pH 10 
in the presence of the reducing agent KBH4. Illumination of purple membranes 
under these conditions results in the formation of a new pigment with an 
absorption maximum at 360 nm [20,21]. We observed that KBH4 treatment of 
bacteriorhodopsin vesicles in the light resulted in a complete loss of the ability 
of the vesicles to generate a photopotential  in the Millipore-filter system. 
Simultaneous incubation of untreated and KBH4-treated bacteriorhodopsin 
vesicles demonstrated that  this was not due to a loss of the ability of the 
vesicles to associate with the filter. The experiment indicated that  the KBH4- 
treated bacteriorhodopsin vesicles had only a slightly decreased affinity for the 
filter compared to untreated bacteriorhodopsin vesicles. 

A detailed explanation of the experiment in which we studied the effect of 
pure phospholipid vesicles on the time-dependence of ~n generated by 
bacteriorhodopsin vesicles associated with the filter (Fig. 8) is hampered by the 
fact that  it is unknown how the vesicles are associated with the filter. In this 
respect, it is important  to note that  there is no lag period in the appearance of 
~fl after addition of bacteriorhodopsin vesicles to the incubation medium. This 
indicates that  effective binding of the vesicles with the filter is the rate-limiting 
step and that  subsequent processes with filter-bound bacteriorhodopsin vesicles 
are very rapid or do not  occur at all. Furthermore, it is important  to note that  
the association of bacteriorhodopsin vesicles with planar membranes and 
Millipore filters is practically irreversible [ 16,17 ]. 

A surprising finding of this study was that  pure soya-bean phospholipid 
vesicles only produce a decrease in the rate at which ~n increases with time, 
wi thout  affecting the maximal value of ~n at infinite incubation time (Fig. 8). 
This may be due to one of the two following factors. In the first place, the 
binding of pure phospholipid vesicles with the filter may be reversible, in 
contrast to the binding of bacteriorhodopsin vesicles, which is supposed to be 
irreversible [ 16,17]. This will yield a filter that  contains only bacteriorhodopsin 
vesicles after long incubation times. Secondly, it may be that  both pure phos- 
pholipid vesicles and bacteriorhodopsin vesicles fuse with the filter. Under 
these conditions, the phospholipids that  constituted the vesicle bilayer may 
dissolve in the bulk hexadecane of the filter, and the maximal value of ~n is 
determined by a situation where the filter-water interface contains a maximal 
number of bacteriorhodopsin molecules. Experiments are in progress to obtain 
more insight how the bacteriorhodopsin vesicles are associated with the filter. 
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