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SI-MMARV 

Using flash exci ta t ion,  the photo-responses  of b i layer  l ipid membranes  made  of 
chloroplas t  lamel la  ex t rac t s  have been s tud ied  as a function of: (i) a chemical  
(t'eCla) gradient, (ii) a p H  gradient ,  and  (iii) an electr ical  po ten t ia l  gradient .  C,m~- 
binations of these grad ien ts  have  also been studied.  Three dis t inct  pho to -ac t i va t ed  
charge t r anspor t  processes are identified. The fas tes t  component  is seen to a l ter  the 
t r an s membrane  electric po ten t ia l  within I /~sec (the t ime accuracy  l imit  of these 
measurenlents)  of the  init ial  i l luminat ion.  Two slower components  continue to ac t ive ly  
a l ter  the  t r an smembrane  po ten t ia l  for app rox ima te ly  2o msec and  x sec, respect ively ,  
af ter  the  i l luminat ion  period. The results  are in te rp re ted  in terms of the  movemen t  
of pho to -genera ted  electronic carriers and  protons.  

] NTI~.()I) UCTI O N 

Recent  work has shown tha t  binlolecular  l ipid membranes  conta in ing  p igments  
such as chlorophyl ls  or re t inals  exhibi t  in teres t ing photoelectr ic  effects ~-a. The phi, to- 
responses of these p igmen ted  bimolecular  l ip id  membranes  had  been found t~, be 
complex,  va ry ing  from simple monophas ie  to biphasic  waveforms when the experi-  
men ta l  pa ramete r s  were al tered.  In  p re l iminary  exper iments  using an electronic 
s t roboscope as a l ight  source, evidence ind ica ted  tha t  the photo-response  of re t inal  
bintoleeular  l ipid membranes  could be exceedingly  rap id  4. In  this paper  we repor t  
the results  of an inves t igat ion of l ight - induced electr ical  t rans ients  in b imolecular  
l ip id  membranes  fornled fronl chloroplas t  lanlel la  extracts .  We have  found tha t  
the  appearance  of photo-electr<>motive force across the  binlolecular  l ipid membrane  
requires less than  i/~sec, and  the wavefornls  of the photo-response can be a l tered by  
(i) a chemical  (FeC13) gradient ,  . IC, (ii) a hydrogen ion gradient ,  , l p H ,  and (iii} an 
electric potent ia l  gradient ,  I V .  The effects of the combinat ions  <>f these grad ien ts  
across the binlolecular  l ipid membrane  have also been exanfined. 

MATE1.HAL% AND .METHO1)S 

The l abora to ry  dist i l led water  was re-dis t i l led in an all-glass appa ra tu s  l>cf<,re 
use. The chemicals and solvents  were reagent  grade and were used as obta ined .  
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FLASH EXCITATI( )N ()F C H L O l l O P L A S T  MEMBRANI-  £~OI 

l:resh spinach leaves obtained from a local market  were washed, and had the stocks 
and midstems removed prior to use. 

The extraction procedure was performed, in brief, by: (i) chopping the leaf 
parts in a Kenmore blender (Sears, Roebuck and Co., Chicago, Ill., 6o6o7, U.S.A.) 
in o. 5 1~I suerose-o.o5 M KHCO:~ solution at pH 7.5; (ii) this mixture was filtered; 
(iii) rinsed by centrifugal precipitation and resuspension in additional buffered sucrose 
s(Huti~m; (iv) then after centrifugal precipitation, the precipitate was resuspended in 
distilled water; (v) after centrifugally precipitating again, the precipitate was mixed 
with light petroleum-ntethanol (2:z, v/v) ill the blender; (vi) after centrifugal 
separation, the ether soluable t)tm~e was dried in a flash evaporator (]3uchler 
Instrm~mnts, Fort Lee, N.J. o7o24, U.S.A.); and (vii) the residue dissolved in 
tl-butanol -dodecane (z : z, v/v) was ready for bimolecular lipid melnbrane formation. 

The bimolecular lipid membranes were formed on a 2-ram diameter hole in a 
Tefl.n cup in the usual arrangement by depositing approx. 2 FI of the lipid solution 
fr~m a microsyringe (too FI) with a repeating dispenser at tachment  (Model P13-6oo, 
Hamilton Co., Inc., Whittier, Calif. 9o6o5, U.S.A.). The membranes were observed 
t~) thin to the black state in symmetrical solutions using dim green light. The chenfical 
or pH gradients could then be established by removing a small volume of one solution 
and replacing it with an equal volume of concentrated FeC13, HC1 or KOH solution. 
This procedure was accomplished by using a micropipette (Sampler, Oxford Laborato- 
ries. San Mateo, Calif. ()44oI, U.S.A.) and was followed by magr~etic stirring for a 
I5-min period in the dark. 

The transmembrane potential was measured by calomel electrodes (3927o, 
Beckman Instr. Inc., Fullerton, Calif. 92634, U.S.A.) in each solution connected to a 
high input impedance amplifier (MPA-o, Transidyne General Corp., Ann Arbor, 
Mich. 48 lO3, U.S.A.). The amplitier output was displayed on an oscilloscope screen 
and photographed. The electric potential gradients were applied through calomel 
electr~)des using a battery, potentiometer, and ioS-zol°-.(2 resistors (Hi-meg Resist~)rs, 
Vict~reen Instr. C¢)., ('leveland, Ohi¢~ 44zo4, U.S.A.); the output resistance (~f 
v . l tage source was kept at least an order of magnitude larger than the zo~-zo '~.(2 
dark bimolecular lipid membrane resistance. The light source was a xenon flashtube 
(Str~b~slave I53¢rA, (ieneral Radio Co., \Vest Concord, Mass. oz78i, U.S.A.); 
the stroboscopic flashes and oscilloscope sweeps were triggered bv a transistor timing 
circuit. The flash intensity of the stroboscope had a peak value of zo 9 lux at the 
l)im~decular lipid membranes, the I/3 intensity points were separated in time by 
ablaut 3 F sec- This intensity could be reduced by inserting grey neutral density 
lilters (Carl Zeiss, Inc., \Vest Germany) in the light path. All measurements were 
made at r~om temperature (approx. 23°). 

RI[SULTS 

The flash phot~-voltage waveforms resulting from each of the three different 
asvmlnetrical conditions ,(JC, d p H  and .iV) are shown in Fig. z. The photo-response 
of each bimolecular lipid membrane was reproducible and predictable; however, 
changes in the amplitude often occurred with repeated flashes, as will be described 
beh~w. The J C  photo-response consisted of three distinct components, which can be 
se~'n clearly at progressively slower sweep rates (Fig. ia). The three components are 
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des igna ted  as follows: (I) Component  A, a r ap id  change in the  membrane  vol tage 
which occurs pr inc ipa l ly  dur ing the flash exci ta t ion,  (2) Component  13, a slower 
change in voltage,  which reaches a peak  value about  2o msec af ter  the flash exci ta t ion,  
and  (3) Component  D, the  decay  of the  membrane  w)ltage in the dark.  The magn i tude  
of the  photo-e lec t romot ive  force due to bo th  Components  A and 13 was reduced  when : 
(i) the  l ight  in tens i ty  was reduced,  (ii) the  p H  of the  ba th ing  solut ion was ei ther  
lower than  4 or higher than  6, and  (iii) the  membrane  was exci ted  r epea ted ly  with 
flashes. The po la r i ty  of t h e / I C  induced  photo-response  (i.e. Components  A and  13) 
were always in the direct ion to make  the solution containing FeC13 negative.  

o J l l - -  ~', m m 

\ 

2 - -  

(a) Ioj,,,c IOmsec 0.5 seC 

6 8 - -  3 9 - -  
t 0.5 sec 

(b) (c) 
Fig. I. The photovoltage waveforms (in mV) resulting from a single flash excitation (see arrows) 
of the chloroplast bimolecular lipid membrane subjected to the three types of asymmetrical con- 
ditions. (a) The zIC response in o.i M acetate buffer solutions at pH 5-5. FeCla was added to one 
solution to o.ooi M strength after the membrane had become black. Successive traces were recorded 
at lower sweep speeds. (b) The ZlpH response in o.i M KC1 solutions with pH valves of approx. 
5.5 and 4.2. The pH gradient produced the 69-mV dark potential, with the low pH solution being 
negative. (c) The zlV response in o.i M acetate buffer solutions at pH 5.o. An external voltage 
was applied to produce the 4x-mV dark voltage. 

Some typ ica l  d p H  and AV photoresponses  are shown in Figs. i b  and  ic,  
respect ively,  where the  peak  values are seen to occur at  about  1.3 and  o.5 sec af ter  
the  flash exci ta t ion.  In  these cases, the  much slower change in the membrane  vol tage  
is des igna ted  as Component  C, to different iate  i t  f rom Component  t3. The po la r i ty  
of the  A p H  photo-response was such as to cause a fur ther  increase in the dark  1)i- 
molecular  l ipid membrane  polar iza t ion  (i.e. to cause the  potent ia l  of the  h}w p H  
solution to become add i t iona l ly  negative)  and  was much larger in the unbuf lered  
ba th ing  solutions (o.I M KC1). In  contrast ,  the IV phot{)-response caused a decrease 
in the ex te rna l ly  appl ied  membrane  p<}tential. This pho to- induced  vol tage decrease 
increased in magn i tude  near ly  l inearh,  with the  magn i tude  of the  appl ied  \'{}ltago. 
The long dura t ion  of Component  C in the .~pH and .lI" photo-resp{mses caused the 
membrane  vol tage to differ from the dark  value for peri(~ds of several t(~ m a n y  
t imes the  dark  bintolecular  l ipid membrane  discharge t ime.  

Fig. 2 shows typica l  photo-vol tage  waveforms observed for b imoleeular  l ipid 
m e m b r a n e  subjec ted  to combinat ions  of 1C, : l p H ,  a nd / IV .  In the ease of the  I( ' ,  I1  
combinat ion ,  the  electrical  t rans ients  m a y  be a r ranged  to be biphasic,  with t~mt- 
ponents  A and t3 opposi te  in po la r i ty  to Component  C (Fig. ca). Similar  biphasie  
responses were also observed with  the .IC, IpH combinat ion.  Since IC, IpH, and 11" 
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FLASH EXCITATION OF CHLOROPLAST MEMBRANE ~0~ 

may each be independently reversed with respect to each other, monophasie photo- 
responses were also obtainable from the AC,ApH and AC,AV combinations (Fig. 2b). 
The presence of Fe a+ in either or both bathing solutions resulted in an enhancement 
of Component C. The 5- to 4o-fold enhancement occured independent of the location 
of the Fe 3+, however, the photovoltage reached its peak value in 3o-5o % less time if 
the direction of the photo-response for AC (i.e. Components A and ]3) and Component 
C were the same. This shifting of the photo-response peak to an earlier time is illustrated 
in l'ig. 21), and is larger than expected from a simple addition of the components 
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Irig. 2. The photovoltage waveforms (in mV) resulting from a single flash excitation (see' arrows) 
of the chloroplast bimolecular lipid membrane subjected to combinations of the asymmetrical 
conditions. Aqueous solutions were all o.i M acetate buffer; pH values in (a) and (b) were 5.5- 
(a) The AC,LIV biphasic response showing successive traces at  lower sweep speeds. The 24-mV clark 
voltage was produced by an externally applied voltage. (b) The AC,JI"  rest)onse of another  
bimolecular lipid membrane il lustrating the effect of reversing zIV (from + ]8 to - - ]~  mV). 
(c) The Jpt{,,tl" response with FeC13 added to both  solutions to o.ooi M strength. The pH values 
were 4.0 and 5.2; responses are shown for four z]I" values, from left to right:  4 o, (7, 4 o, and ao 
inV. The clark voltage with the external voltage source removed was about  -- 4 ° inV. The photo- 
response prior to the FeC13 addit ion with the dark voltage hehl at o m \ :  was al)out - o. 3 inV. 

i n  t h e  a b s e n c e  o f  I(" (i.e. w i t h  e q u a l  c o n c e n t r a t i o n s  ()f 1/eCl:~ in b o t h  s o l u t i o n s  or no  

FeC1;~ p r e s e n t  in  e i t h e r  so lu t ion )  C o m t ) o n e n t s  A a n d  13 were  n o n - e x i s t e n t .  T h e  m a g n i -  

t u d e  of t h e  wAtage  c h a n g e  due  to  C o m p o n e n t  A cou ld  also be  a l t e r e d  b y  t h e  m a g n i t u d e  

a n d  p o l a r i t y  of .:iV. In  one  e x p e r i m e n t ,  t h e  p o s i t i v e  m a g n i t u d e  of C o m p o n e n t  A 

was  r e d u c e d  b y  ha l f  w i t h  t h e  a p p l i c a t i o n  of an  e x t e r n a l  v o l t a g e  to  p r o d u c e  a d a r k  

v o l t a g e  of + 8o mV,  a n d  e n h a n c e d  b y  a f a c t o r  of 2 w h e n  t h e  d a r k  v o l t a g e  was  - 8 o m V .  

Occas iona l ly ,  t h e  m a g n i t u d e  of C o m p o n e n t  A w o u l d  v a r y  w i t h  t i m e  as a v o l t a g e  was  

app l i ed .  C o m p o n e n t  C f r o m  J I :  i n c r e a s e d  l i n e a r l y  as a f u n c t i o n  of t h e  m a g n i t u d e  

of t h e  d a r k  w~ltage,  w i t h  a p lo t  of t h e  r e s p o n s e  m a g n i t u d e  v e r s u s  d a r k  vo l t age  

pa s s ing  t h r o u g h  t h e  or ig in  (i.e. C o m p o n e n t  C O a t  ,ll" - -  O w i t h  no  l p H ) .  A l i n e a r  
pl()t was  also o b t a i n e d  for t h e  ( ' o m p o n e n t  (" r e s p o n s e  f r o m  IV,, IpH c o m b i n a t i ( m ,  

Y3iocl~inz. l~iophys..qcta, 25o (m7,_! 3o~ 3ol) 
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only the zero photo-response was shifted to a dark voltage value somewhat greatel 
than the open circuit dark voltage which resulted from the pH gradient a (Fig. ec) 
A biphasic photo-response could not be obtained with II ' , .IpH combiimtions 

l 1 1 l 
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Fig. 3. The photovoltage waveforms (in mV) resuKing from multiple flash excitation (see arr~ws) 
of chloroplast 1)imoleeular lipid membranes, i l lustrating three types of behavior. Aqueous solutions 
were all o.I M acetate buffer; pH values were 5.5 in %) and (b) and 6.o in (c) and (d). (a) The re- 
duction and recovery of the AC response. From left to right, the traces show the initial response, 
the response after 5o0 flashes at  20 flashes per sec and a ~-min dark period, the response after an 
addit ional  5oo flashes and • rain clark period, and the response after a 15-rain dark period. 
(b) The voltage build-up from a . IC ,AV  biphasic response. (c) The AC,JI" response showing the 
( 'omponent  C amplitude enhancement  on subsequent flashes. (d) The AC,.II" response of another  
bimolecular lipid membrane showing the Component (; amplitude enhancement  on subsequent 
flashe~. The left trace shows the initial response, the r ight  trace after a [5-min dark period an~l 
with a ~oS-y2 shunt  resistor. 

T h r e e  t y p e s  of v a r i a t i o n s  in  t h e  p h o t o v o l t a g e  w a v e f o r m s  were  o b s e r v e d  w i t h  
m u l t i p l e  f lash e x c i t a t i o n .  F i r s t ,  w i t h  an  e x c e p t i o n  n o t e d  below,  t h e  p h o t o - r e s p o n s e  

a m p l i t u d e  was  g r a d u a l l y  r e d u c e d  w i t h  each  s u c c e e d i n g  f lash so t h a t  a l t e r  ~ooo 

f lashes ,  t y p i c a l l y  5 0 - 7 0  ~,, of t h e  in i t i a l  r e s p o n s e  r e m a i n e d .  1:or t h e  I ( "  r e sponse ,  

C o m p o n e n t  A w o u l d  u s u a l l y  r e c o v e r  i ts  i n i t i a l  a m p l i t u d e  if lef t  in  t h e  d a r k  for 

5 z5 rain,  whi le  C o m p o n e n t  B w o u l d  o n l y  p a r t i a l l y  r ecover .  T h i s  p roces s  is illu>- 

t r a t e d  in Fig. 3 a. A f t e r  3 0 0 o - 6 o o o  f lashes,  C o m p o n e n t  1~ was  u s u a l l y  comt f l e t e ly  
e l i m i n a t e d .  \ V h e n  C o m p o n e n t  C was  p r o d u c e d  b y  I p H  or  .1[" only ,  a c o m t ) a r a b h ,  
a m p l i t u d e  r e d u c t i o n  a n d  r e c o v e r y  occur red .  If  c o m p o n e n t  C was  e n h a n c e d  b y  Fe ( ' l  a, 

t h e n  ( '~ )mponen t  C w o u l d  o f t en  fail  to  r e c o v e r  c o m p l e t e l y .  Second ,  if i n su f f i c i en t  

]~e~,~lim l~h~/~l~y,..4cla, ",_5!, (i97_,1 3oo 3o6 
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t ime was al lowed for the vol tage to re turn  to the dark  value,  a progressive w)ltage 
bui ld-up  took place, as is shown if Fig. 313. The th i rd  way in which the photo-resp(mse 
var ied  with  mul t ip le  flash exci ta t ion  is i l lus t ra ted  in Figs. 3c and  d. A t ime in terva l  
of about  5 sec between flashes was al lowed to p reven t  the  vol tage  bui ld-up just  
described.  Tl~e photo-response  ampl i tude  to succeeding flashes increased to a m a x i n m m  
in about  r o - I  5 flashes. An increase in the Component  (" ampl i tude  of over an ~rder 
of magn i tude  was observed.  Components  A and t3 often did  not  vary ,  but  somethnes 
increased s l ight ly  after  ~o flashes. This sequence of events  was often comple te ly  
repea tab le  af ter  a ~o- I5 -min  in terval  in the dark.  This in teres t ing effect wa~ ~nlv 
observed  with  Ve a+ in ace ta te  buffer solution near  pH 6. The second t race in Fig. 3 d 
shows the effect of reducing the dark  b imolecular  l ipid membrane  resistance by  a 
factor of about  4 with the use ot a ~o~-~Q shunt  resistor. The shunt  resistor  is seen to 
reduce the  vol tage of ( ' omponen t  C, bu t  otherwise leaves the photo-response  un- 
changed.  These results  show clearly tha t  the t ime constants  associa ted with (%mp()- 
nents  A, B, and  C are independent  of the R ~ / t i m e  cons tant  of the bimol¢ cular  l ipid 
membranes  in the dark  (i.e. the t ime required to discharge the  membrane  cat)acitam'e 
th rough  membrane  and shunt  resistance).  

I ) ISC!:SSI( )N 

Since the vol tage across a bimolecular  l ipid membrane  is propor t ional  t~ th(' 
electric charge s tored  on the membrane  capaci tance,  the  t ime der iva t ive  ()f the (q~en 
circuit  vol tage will be propor t iona l  to the  to ta l  t r ansmembrane  current ,  ~r the 
v~ltage \v~tv~qorm n lay  be considered as the t ime integral  of the to ta l  t rans-menl l ) ranc 
current .  The photovol tage  wavefornls  i l lus t ra ted  in this  work provide  direct  e\ idt,nce 
(~f three d is t inct  photo induced charge t r anspor t  processes, which can m'c~unt 
respect ive ly  for ( '~mlponents A, B, and  C. Component  A results  from a pho tocur ren t  
which, within the app rox ima te  microsecond t ime resolut ion of the present  mcasur(-- 
ments ,  is sus ta ined during the per iod of b imolecular  l ipid n lembrane  illuminati~m. 
('~)mp(ment ]~ results  from a smaller  ampl i tude  pht~tocurrent, which is sus ta ined  for 
2o 3 o msec after  the flash exci ta t ion,  and  similar  to tha t  of Component  A is reduced 
t ) ropor t ional ly  by  the reduct ion of the flash intensi ty .  (%mponent  C results  fr()m a still 
smaller  l int h)nger sus ta ined  photocurrent ,  which is st)me cases is sustaim, d for 
s(,veral seconds. Owing to the long t ime dura t ion  of C(mlt)onent (', the discharge 
current  (( 'omt)onent I)) will in t roduce  a n(mlinear term, which reduces the pl!()to- 
r~'sp(mse ampl i tude  of ( 'omponent  C, and  prevents  C~mlponent (" amplitu(h,  from1 
varying  l inear ly  with the flash intensi ty .  ] : rom these data ,  a l inear var ia t ion  of ( ' ,mlp~- 
nent  (" pl~ot~current magn i tude  with flash in tens i ty  would bc ant ic ipated.  (%mp~ment 
I) is the decay ~}f the n lembrane  vol tage to the pre-i l luminat i(m value through the 
dark bintolecular  l ipid membrane  r~:sis~ance and in the al)sence (~f ('~m~t)~nent (', 
exhil)its the character is t ic  R (" t ime of the bimolecular  l ipid menlbrane.  

The observed electrical t rans ients  elicited by l ight tlashes m a y  be ext)laim,d in 
tt.rnls (~f a model  in which the chloroplast  1)imolecular lipid membrane  is ~:~msiclered 
as an u l t ra th in  l iquid crystal  of low condu( ' tance separa t ing  two highly conduct ing 
aqueous solutions. Charges resul t ing from the diss~ciation of excitons migra te  under  
the influence of the cheinical and electrical potent ials .  Tlw electric lields present  m a y  
be in the order of I() s V/cm.  \Vhen efficient electron aceeptors  (lee a ) are present  at tile 
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solut ion/membrane interracial region, the rapid formation of an electrical field across 
the bimolecular lipid membrane is interpreted as due to the ejection of photo-electrons 
from the membrane to the eleetron acceptors, which presumably originate from the 
excited chlorophylls a. The fast appearance of the electrical field across the membram'  
with no detectable latency in the/zsec range (the limit of our instruments) strongly 
suggests the production and separation of electronic charge carriers (Figs. I a  and 2a). 
The location of the electron aeceptor which determines the polari ty of the phot , -  
electromotive force being always negative with respect to the aeceptor-free side, 
is in accord with this explanation. 

The long time duration of the photo-act ivated charge t ransport  after the 
flash excitation implies the existence of long-lived excitons (most likely triplet) whiclJ, 
upon dissociation, contribute to the charge transport  across the bimolecular lipid 
membrane. If so, the externally applied field should exert a strong influence on thesv 
charges in the membrane.  Since the mode of conduction in these membranes  m a v b c  
ionic as well as electronicL~, translocation of ionic charges such as H ~ across thc 
membrane is also subject to the effect of applied fields. Thus, by a judicious combina- 
tion ~f ~1(' ,/IpH, and , lV,  a variety of photovoltage wavefolms can be obtained, a> 
indeed has been observed. 
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