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S u m m a r y  

The light<induced electrical current generated by black lipid membranes 
containing bacteriorhodc,psin from Hslobacteriurn halobium has been 
measured directly. It is shown that a measurement of membrane potential 
can also be used to obtair.L the proton pump current developed dmqng 
illumination, l~idence is presented that the charge movement :~cross the 
membrane is associated with the release of protons in the photoreaction 
cycle of bacteriorhodopsin. The time variation of the pump current when 
the light is turned on suggests the rapid depopulation of some ~nitially 
occup i ed  s ta te .  

Halobacteriurn halobium contains in its cell envelope differentiated 
regions of purple membrane [1,21. The:~e purple membrane sheets contain 
a single protein, bacteriorhodopsin, and lipids [1,3,4] and appear to be pm~t 
of a photophosphorylating system [5]. The photochemical events occurring 
in the purple membrane sheet have been correlated with the vectorial release 
and uptake of protons [61. Further studies have shown a light-dependent 
translocation of protons in both H. halobium cells {7 ] and in ~tificial re~ 
constituted systems [ 8,9]. This proton movemellt arross the rn=mbrane can 
lead to measurable pH gradients and even drive a leucine transport systeva [10] 
Using flash spectrophotometry it has been shown that at least four different 
s ta tes  ( conf igu ra t ions )  o f  t h e  r h o d o p s i n  p::~t ~J,~ axe involved du r ing  t h e  up-  
t a k e  and  release o f  p r o t o n s  [11,1~i] .  

r h e s e  p rev ious  e x p e r i m e n t s  involving in t ac t  H. ha lob iurn  cells and  
vesicles axe l imi t ed  in t h a t  b o t h  sides o f  t h e  pu rp l e  m e m b r a n e  are n o t  read i ly  
accessible  fo r  e lectr ical  m e a s u r e m e n t s .  I t  has  b e e n  s h o w n  in p rev ious  w o r k  
t h a t  a p u r p l e  m e m b r a n e  shee t  can  be  i n c o r p o r a t e d  in to  a b lack  l ip id  mem-  
b r ane  o f  soya  b ean  p h o s p h o l i p i d  [ 1 3 | .  T h e  l igh t - induced  electr ic  p o t e n t i a l  
gene ra t ed  by  a b l ack  l ipid m e m b r a n e  i nco rpo ra t i ng  bac t e r~o rhodops in  is 
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e~sily observed. The  advantage of  this system utilizing a b lack lipid n'~embrane 
Ls t ha t  the  electrical  proper t ies  of  the  light driven p u m p  is easily and di rect ly  
measurable.  

The  light-driven p ro ton  pumps  are really cmTent  generators  which move 
charge f rom one chmnber  across the  black lipid membrane  to  the  ol;hex chamber. 
The  ra te  at  which charges are moved detexmines the  p u m p  ~:urrent ~p. The  
po ten t ia l  difference VM be tween  the  two  chambers  under  illumina~;ion i,s 
de termined by  several parameters  including the  capaci tance of  the  membrane,  
t he  resistance of  the  membrane  and external  circuitry.  The  fol lowing 
paragraphs will describe how the  pum~ current  ip can be measured direct ly  
(short-circui t  cur ren t  method)  and related to  the  membrane  po ten t ia l  V M . 
The  t ime  variat ion of  the  p u m p  current  ip under  i l luminat ion can be studied 
in detail .  

• Our  membranes  were formed on 8. t e f lon  septl im wi th  a 1.2 m m  hole  
separat ing two  te f lon  chambers  contair~ing silver-silver chloride e~ectrodes. A 
glass window is incorpora ted  in one  ch~tmber for  viewing and i l luminating 
the  membrane.  The purple  membrane  samples were provided b~, J. Lanyi.  These 
samples were centr ifuged,  the  pel le t  placed in a purif ied solut ion of  soybean 
phosphol ip id  in decane (10 mg/ml)  and brief ly sonicated.  The  phosphol ip id  
was Sigma type  II-S, purif ied according to  Szabo et  al. [ 16] .  The resul t ing 
mix ture  was used to  form a black lipid membrane  across the  ~t.2 mm hole 
in the  septum.  

The capaci tance  CM and resistance RM of  the  bare  black lipid membrane  
and purple  membrane-doped  black lipid! membranes  were measured using 
L~mmcn techniques.  Typie~d resistances of  these  membranes  were 2 - 1 0  t° 
with a capaci tance of  1000 ~F  (no flluntination).  

The  aqueous  solut ions  in the  two  chambexs separated by the  artificial 
r n e m b ~ n e  conta ined  100 mM NaCI and 5 mM Tris-HCI (pH 7.0). A 20 W 
tungsten  light (American Optical  I l luminator)  wi th  glass filters* was used to  
i l luminate  uhe membrane .  

A sc~ ematic  of  the  circui t  used to  measure the  shor t  circuit  current  is 
shown in ]~ig. 1. Both  opera~ional amplifiers were ob ta ined  f rom Analog 
Devices and have F E T  inputs.  By switching S~ and $2 the  circuit  can be used 

1. C i rcu i t  u sed  to  m e a s m ~  shor t -c ixcui t  c u r r e n t  (j~ os iUon o f  sw i t ches  S~ and  S 2 as s h o w n )  a n d  
o p ~ n ~ i r c t t i t  m e m b r a n e  p o t e n t i a l  u n d e r  iUum/naUon .  13 is a v¢4tage r a m p  g e n e r a t o r  d e s i l n e d  a f t e r  
H e u b n e r  a n d  B r u n e t  | 1 7 ] .  A I a n d  A ;  ace e lect romet~.r  operat~onaP ~mpl~fiers, Ana log  Devices  m o d e l s  
4 2 L  a n d  ADS~31~ respec t ive ;y .  R is a I 0  t ~ feedbac) ;  res is tor ,  i',; --epresents a m e m b r a n e .  

*Coamfv~ glass f/It~.rs nos .  4-94 P a n d  3-70 P. 
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t o  m e a s u r e  t h e  o p e n - c i r c u i t  m e m b r a n e  p o t e n t i a l  VM i n s t e a d  o f  shor t~c i rcu i t  
c u r r  ;n t  ii~. O u t p u t s  w e r e  r e c o r d e d  o n  a s t r ip  c h a r t  r e c o r d e r ,  H e a t h - S c h l u m -  
b ~ g e r  E V - 2 0 5 - 1 1 ,  w h i c h  l i m i t e d  t h e  r e s p o n s e  t i m e  o f  t h e  s y s t e m .  

No  c u r r e n t  or  m e m b r a n e  p o t e n t i a l  was  o b s e r v e d  w h e n  a b~re  b l a c k  
l ip id  m e m b r a n e  w i t h o u t  p u r p l e  m e m b r a n e  w~.s i l l u m i n a t e d .  T h e  p r o t o n  
p u m p  c u r r e n t  p o l a r i t y  va r ied  b e t w e e n  d i f feren~ m e m b r a n e s ,  as o n e  wou~d 
e.~pect. T h e  spec t r a l  a b s o r p t i o n  cha rac t e r i s t i c s  o f  p u r p l e  m e m b r a n e  a f t e r  
n t ixing w i t h  p h o s p h o l i p i d - d e c a n e  s o l u t i o n  was  m e a s u r e d  o n  a C a r y  M o d e l  
] 6 spec t~:ophotome~er .  No c h a n g e  in  t h e  a b s o r p t i o n  s p e c t r a  w a s  o b s e r v e d  
w h e n  c o m p a r e d  wi~h t h e  spec t r a  o f  an  u n t r e a t e d  p u r p l e  m e m b r a n e  sample .  

The. cur ren t  ip f lowing t h r o u g h  a typical  m e m b r a n e  w i t h  b o t h  sides 
of  t h e  m e m b r a n e  he ld  a t  ze ro  p o t e n t i a l  is s h o w n  in Fig.  2, cu rve  A. T i m e  
zero  r e p r e s e n t s  t h e  b e g i n n i n g  of  i l l u m i n a t i o n .  T h e  p H  o n  b o t h  sides o f  t h e  
m e m b r a n e  is t h e  s a m e  ~nd t h e  sal t  c o n c e n t r a t i o n s  o n  b o t h  sides are  equa l .  
T h e r e f o r e ,  t h e  o n l y  c u r r e n t  f l o w i n g  t h r o u g h  t h e  m e m b r a n e  is d u e  t o  c h a r g e  
t r a n s l o c a t i o n  b y  b a c t e r i o r h o d o p s i n  in t h e  m e m b r a n e  u n d e r  i l l u m i n a t i o n .  A f t e r  
a s h a r p  in i t ia l  rise, t h e  p u m p  c u r r ~ n t  se t t les  d o w n  to  a s t eady  s t a t e  va lue  o n  
t h e  o r d e r  o f  2 . 1 0  -I~ A. S o m e  m e m b r a n e s  have  y i e l d e d  s t e a d y - s t a t e  c u r r e n t s  
as large ~ 10-  ~t A. 
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F ig .  2 .  P ~ o t o n  p t t m l ,  c u r r e n t  | o -  T i m e  is  t h a t  f r o m  t h e  s t a r t  o f  i l l u m i n a t i o n ~  C u r v e  A ~ e p r e . . ~ n t s  i p  
m e a s u r e d  ( l i r e c t l y  a s  a s h o ~ t - c L t c ~ t  c , ~ e u ~ ,  ~ e c o r d e d  o , l  a c h a r t  r e ~ o r d e r .  T h e  p o i n t s  ( ~ )  axe  c a l c u l a t e d  
va l t t e~  o f  Ip  ~ o ~  a n  o p e n - c i z c t t i t  v o l t a g e  m e a s m m e n t  o f  t h e  s a m e  m e m b r a n e  ( F i g .  3 ,  c tu rve  A ) .  
C o n s t a n t  v a l u e s  f o r  c a p a c i t a n c e  a n d  z e s t 0 t a n c e ,  C M  : 9 0 0  p F  a n d  R M  : 4 . 8 ° 1 0  t°  ~ ,  w e r e  u . ,~d  i n  
e q n ,  1 o f  t ~ e  t e x t .  R e s p o n s e  t i m e  o~ t h e  s t r i p  c h a r t  r e c o i l e r  d o e s  no*- a l l o w  g o o d  l ~ s o l u t i o n  o f  t h e  
i n i t i a l  0 . 2  ;~ o t  a n y  c u r v e s ,  

M e a s u r e m e n t s  o f  t h e  m e m b r a n e  p o t e n t i a l  V M d e v e l o p e d  b y  t h e  p u r p l e  
m e m b r a n e  u n d e r  i l l u m i n a t i o n  a re  s h o w n  in  Fig.  3. Aga in ,  i l l u m i n a t i o n  beg~.ns 
a t  t i m e  :r.ero. G e n e r a l l y ,  t h e  s h a p e  o f  t h e  cu rve  fo r  V'M d e p e n d s  o n  t i le  m e m -  
b r a n e  res i s t ance .  High  r e s i s t ance  m e m b r a n e s  (R ~> 101° ~2 ) give cu rves  l ike  
Fig.  3, c u ~ ' e  A. H o w e v e r ,  . lower  r e s i s t ance  m v m b r a n e ~  tz~ ~.,  , -  ~ gi 

~ " ~ • 

curves  l ike  Fig.  3,  cu rve  B . C h a n g i n g  t h e  memb.v~ne re s i s t ance  has  | i t t i e  

* T h e  m e m b r a n e  r e s l s t a n e e  w a s  l o w e r e d  b y  t h e  a d ~ i t i o n  oF 2 ~ 0  ~ g  v a l l n o m y e i n  p e r  m L  
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FI,F., 3 .  O p e n - c i r c u i t  v o l t a g e  r e c  o r d i ~ p .  T i m e  is  f r o m  t h e  s t a r t  o f  i l l u ~ i n a t i o n .  C t t r v e  A ( ~ )  is f o r  • 
m e m b r a n e  o f  t e s t s t a n © e  4 . 8 - 1 0  :°  Ft. ~'hJxve B ( . . . .  ) is  f o r  • m e m b r a n e  o f  l o w e r  r e s i s t a n c e ,  9 " 1 0  s ~'~. 
T h e  : ~ u m p  c u r r e n t  f o r  b o t h  c u r v e s  it, a p p r o x / m a t e l y  1 0  - t 2  A. 

obse rvab le  e f f ec t  o n  t h e  sho r t - c i r cu i t  c u r r e n t  m e a s u r e m e n t s .  In Fig.  3, curve  
A, t h e  h igh m e m b r a n e  resh~tance RM m e a n s  t h e  s t e a d y - s t a t e  va lue  o f  VM is 
large  s ince  VM = ipRM. A t  s t e a d y  s ta te ,  t h e  l eakage  c u r r e n t  of  s o d i u m  a n d  
c h l o r i d e  ions  is equa l  to  t h e  p u m p  c u r r e n t  ip.  Fig. 3, cu rve  B re f lec t s  t h e  fac t  
t h a t  t h e  in i t ia l  va lue  o f  t h e  p u m p  c u r r e n t  can  be  large a n d  yie ld  a h igh  t r a n s i e n t  
V M . T h e  s t e a d y  s t a t e  va lue  o f  VM i~ smal l  s ince  t h e  p u m p  c u r r e n t  is c o m -  
p e n s a t e d  b y  a re la t ive ly  large l eakage  c u r r e n t  for  smal l  V M . 

T h e  p r o t o n  p u m p  cuz ren t  c a n  be  de r ived  f r o m  t h e  shape  o f  t h e  VM 
versus  t i m e  curve .  T h e  n e t  ro te  a t  w h i c h  cha rge  is t r a n s f e r r e d  across  t h e  m e m -  
b r a n e  is 

dQ  d V  M 
i -  - - -  CM 

d t  d t  

T h e  ne t  c u r r e n t  i is d u e  t o  *;wo c o m p e t i n g  c u r r e n t  t e r m s :  t h e  p u m p  c u r r e n t  
ip a n d  t h e  l eakage  c u r r e n t  iL = VM/R. Thus  we  m a y  w r i t e  

d V M V M 
= + - -  ( I )  ip CM dt  R 

a n d  ip can  be  d e t e r m i n e d  f r o m  t h e  s h a p e  o f  FM versus  t i m e  a f t e r  t h e  s t a r t  o f  
i l l u m i n a t i o n .  A r e su l t  o f  t h  ~s ana lys i s  y ie ld  t h e  p o i n t s  s h o w n  in Fig.  2, w h i c h  
a re  c o n s i s t e n t  w i t h  t h e  sho]~-ci rcui t  m e a s u r e m e n t  o f  ip (Fig.  2, cu rve  A)  o f  
t h e  s a m e  m e m b r a n e .  W h e n  t h e  l igh t  is t u r n e d  off ,  ip goes  t o  zezo a n d  VM 
dec . ,ys  w i t h  a t i m e  cons tan ' ;  RM CM. D u r i n g  s t e a d y  s t a t e  i l l u m i n a t i o n  
d V M / d t  = 0 a n d  ip = VM/R ~ 1 0 - : :  A. Gene ra l l y ,  CM d e p e n d s  s o m e w h a t  o n  
t h e  m e m b r a n e  vo l t age  VM, as d o e s  R M .  T h u s ,  t h e  use  o f  curves  l ike  t h o s e  in 
Fig.  3 m a y  n o t  p rove  as ~sefu l  as t h e  m o r e  d i r ec t  sho r t - c i r cu i t  c u r r e n t  
m e a s u r e m e n t s .  

Using  t h e  s t e a d y - s t a t e  va~ue o f  ip,  o n e  can  e s t i m a t e  t h e  average n u m b e r  
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of  p u m p s  involved  if o n e  t a k e s  t h e  average  cyc l ing  t i m e  of  a p u m p  to  b e  
a b o u t  10  -2 ~; [ 1 1 ] .  Th i s  y ie lds  a p p r o K i m a t e l y  5-104 p u m p s  a s s u m i n g  a p u m p  
cur]:ent o f  10  -z~ A. This  is c o n s i s t e n t  w i t h  t h e  n u m b e r  o f  p u m p s  e x p e c t e d  in 
one  p u r p l e  m e m b r a n e  s h e e t * .  

T h e  ve]T r ap id  rise o f  ip( t )  t o  a value m u c h  in excess  of  ip ( s t e a d y  
s ta te )  w h e n  t h e  l ight  is t u r n e d  o n  suggests  th~ r ap id  d e p o p u l a t i o n  o f  s o m e  
in i t ia l ly  occupi .~ l  s ta te .  F o r  e x a m p l e ,  one  m i g h t  specu l a t e  t h a t  in  t h e  da rk ,  
t h e  f o u r  s ta tes  o f  t h e  p r o t e i n  obse rved  in fiw~h s p e c t r o s c o p y  [11]  a re  
u n o c c u p i e d  e x c e p t  fo r  t h e  g r o u n d  s ta te  (bR s-J0)- A s h o ~  t i m e  a f t e r  t h e  
i n i t i a t i o n  o f  i l b l m i n a t i o n ,  t h e  i n t e r m e d i a t e  s ~ t e s  bR~,o, bRsso and bR41s 
begin  to  fill  u p ,  even  t h o u g h  t h e  b r a n c h i n g  ra t io  of  (b/?.~to -~ bRsso ) 
relaCive t o  (l>Roz0 -~ bRs~o) is smal l  T. T h e  in~tivl b u r s t  o~ c u r r e n t  f ina l ly  
dec~ys  a w a y  as bRs~o begins  t o  depopu}~te ,  f ina l ly  a p p r o a c h i n g  a s t e a d y  
s t a t e  in  w h i c h  t h e  o c c u p a t i o n  of  t h e  vat  :ous s ta tes  is c o n s t a n t  in t i m e .  

A n o t h e r  o b s e r v a t i o n  can  be  m a d e  "-~ased o n  t h e  in i t ia l  r a p i d  r ise  o f  
t he  p u m p  c t ~ r e n t  ip a f t e r  i l l u m i n a t i o n .  This  f e a t u r e  is d i r e c t l y  a s soc ia t ed  
w i t h  t h e  m o v e m e n t  o f  cha rge  across  t he  m e m b r a n e .  T h e  in i t ia l  s t ep  in  the  
pho~.oreact ion cyc le  (bR6zo-~ bR s so) discussed  in  t h e  p rev ious  p a r a g r a p h  
is c o u p l e d  w i t h  t h e  re lease  o f  p r o t o n s  [ 1 1 ] .  T h e r e f o r e ,  we  p r o p o s e  t h a t  t h e  
a c t u a l  m o v e m e n t  of  char_ge across  t h e  p u r p l e  m e m b r a n e  is a~socia ted w i t h  
t he  ~'elea~e o f  p r o t o n s  in t h e  p h o t o r e v c t i o n  cyc le  of  b a c t e r i o r h o d o p s i n .  

P r e l i m i n a r y  e x p e r i m e n t a l  result~ have  i n d i c a t e d  t h a t  t h e  p u r p l e  m e m -  
b r a n e  p u m p  d e p e n d s  to  s o m e  degree  on  t h e  vo l tage  b ias  across  t h e  m e m -  
b rane .  F u r t h e r m o r e ,  t h e  l igh t  i n t e n s i t y  has  vn e f fec t  on  t h e  s h a p e  of  t h e  
p u m p  c u r r e n t  versus  t i m e  curve ,  as o n e  m i g h t  e x p e c t .  A c a r e f u l  invest igat iot~ 
o f  t h e s e  curves  m a y  p rov ide  use fu l  i n f o r m a t i o n  on  t h e  r a t e  c o n s t a n t s  in  t h e  
p h o t o r e a c t i o n  cyc le .  B e t t e r  r e s o l u t i o n  of  t h e  l ead ing  edge c a n  be  ach i eved  
b y  fas te r  r e c o r d i n g  m e t h o d s  a n d  signal  averaging t e c h n i q u e s .  

T h e  a u t h o r s  t h a n k  Dr.  J a n o s  L a n y i  o f  t h e  A m e s  R e s e a r c h  C e n t e r  fo r  
t h e  p u r p l e  m e m b r a n e  s ample s  and  h e l p f u l  d iscuss ions .  We also w~sh t o  t h a n k  
Mr. M a l c o l m  A d a m s  for  his t e c h n i c a l  ass i s tance  and  Dr.  R o d e r i c k  Capa ld i  fo r  
h e l p f u l  sugges t ions .  This  w o r k  was  s u p p o r t e d  in p a r t  b y  N S F  G r a n t  1~ ~MR 
7 3 - 0 7 6 0 6 A 0 1 .  
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