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Application of the voltage-clamp technique for measuring the quantum 
efficiency of light-induced potential changes in Nitella translucens 

It  has been shown z that  in algal cells, like Nitella translucens, the negative 
potential across the two cellular membranes and the cell wall reversibly changes 
upon illumination, and that these changes are caused by photosynthetic energy 
conversion in the two pigment systems of the chloroplast-localized photosynthetic 
apparatus. It  has been suggested z that the potential changes primarily are caused 
by changes ill the cytoplasmic proton concentration due to electron transport coupled 
uptake of protons by the chloroplast in the cytoplasm. 

This communication reports on experiments with Nitella translucens, energized 
by monochromatic light, under conditions at which the membrane potential is 
continuously clamped at the potential in the dark. This voltage-clamp technique, 
widely applied in research on changes in ionic conductance underlying action poten- 
tials in excitable membranes of various organized structures of living organisms 
(cf. refs. 2-5), enables the measurement of the efficiency of light quanta for changing 
the membrane potential under controlled steady-state light conditions. 

Nitella translucens was collected from a fresh water pool in the Netherlands. 
Cells were bathed in artificial pond water, containing i.o mM NaC], o.I mM KC1 and 
o.I mM CaCI~ and were kept growing at 15 ° in a conditioned growth room under 
weak light in a light-dark regime of I2h each. For the experiments, young fresh 
grown cells about 5-8 cm in length and 0.5 -0.8 mm in diameter were used. Measure- 
ments were carried out at room temperature. Fig. I shows a schematic diagram of 
the voltage-clamp arrangement. An increase in membrane potential (AV) brought 
about by actinic illumination causes a current (I) which flows in the feed-back 
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circuit, i.e. an inward current passing across the cellular membranes. This current 
controls the dark potential by causing a compensating potential difference (-AV) 
across the membranes. The tips of the internal electrodes were in the central vacuole 
of the algal cell which means that  the responses measured are those of the complex 
series membrane system, i.e. cell wall, plasmalemma and tonoplast. An area of 8 mm 
in length of the central part  of the cell was illuminated by a monochromatic 435-nm 
light beam, transmit ted by an interference filter (band width Io-15 nm). Light in- 
tensities were measured by a photocell, calibrated with a thermopile. 
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Fig. I. D i a g r a m  of t he  e x p e r i m e n t a l  a r r a n g e m e n t  for m e a s u r i n g  l igh t - induced  changes  in 
m e m b r a n e  po ten t ia l  and  in m e m b r a n e  cu r r en t~when  t he  m e m b r a n e  po ten t ia l  is con t inuous ly  
c l amped  a t  the  po ten t ia l  in t he  dark.  The  m e m b r a n e  po ten t ia l  is measu red  us ing  a 3 M I(C1- 
filled glass capi l lary  microelectrode (a) inser ted  t r ansve r se ly  into t he  Nitel la  cell a t  i ts  midpoin t ,  
in con t ac t  wi th  an  Ag-AgC1 wire via an  agar -KC1 bridge, and  an  ident ical  Ag-AgC1 wire in aga r -3  M 
KCI, b a t h e d  in the  ex t e rna l  med i um,  ac t ing  as reference electrode (b). The  electrode vol tage  
is fed into a h i g h - i n p u t  i mpedance  u n i t y  ga in  sol id-s ta te  amplif ier  (A, IL  Picrometr ie  Amplifier,  
Model 181). The  o u t p u t  of amplif ier  A is c o m p e n s a t e d  by  an  ad jus t ab l e  d.c. vo l tage  and  is connec-  
t ed  e i ther  to a recorder  (Beckman,  Model lOO5), or w h e n  the  m e m b r a n e  po ten t ia l  is b r o u g h t  
unde r  feed-back control  (vol tage clamp),  to t he  differential  i n p u t  of a h igh  gain  (IO a × )  d.c. 
oscilloscope amplif ier  (B, T ek t ron i x  502). The  o u t p u t  of amplif ier  B is connec ted  via a series 
res is tor  of IO k Q  and  a var iable  res is tor  of I M Q to an  Ag wire in a 3 M KCl-filled micro-glass  capil- 
lary,  inser ted  in to  t he  cell a t  a d i s tance  of abou t  1-2 m m  of the  in te rna l  vo l tage  electrode and  
ac t ing  as in te rna l  cu r r en t  electrode (c). A g rounded  Ag wire placed a long t he  l eng th  of t he  cell 
in t he  ex te rna l  m e d i u m  acts  as t he  ex te rna l  cu r r en t  electrode (d). The  cu r r en t  is m e a s u r e d  as 
the  vol tage  drop across t he  io-k~Q resis tor  on t he  recorder.  The  accuracy  of t he  feed-back 
control  is ad ju s t ed  b y  t he  var iab le  I-M/2 resistor.  The  response  t ime  of t he  s y s t e m  is abou t  2o 
msec,  b u t  in t he  p r e sen t  exper iments ,  it  is l imi ted  b y  t he  I-sec responce t ime  of t he  recorder.  
W h e n  recording the  change  in m e m b r a n e  potent ia l ,  t h e  o u t p u t  of amplif ier  B is g rounded  via a 
I-M,Q resis tor  by  m e a n s  of t he  swi tch  S. 

Fig. 2 shows the recordings of the change in membrane potential (a) and the 
controlling inward current when the membrane potential is clamped at the dark poten- 
tial (b) upon illumination with 435 nm light of a young fresh cell suspended in 
artificial pond water (pH 6) with i mM CaC12 added (further referred to as Ca 2+- 
containing artificial pond water). At intensities below 2 nEinsteins/cm2"sec, the 
rate and extent of the changes are linearly dependent on the intensity of the acti~ 
vating light. From such experiments, the quantum requirement for the number 
of equiv which need to be transported per sec across the cellular membranes to 
keep the membrane potential in the light at the dark level, can be calculated. In 
the experiment illustrated in Fig. 2, a cell with a diameter of 0.06 cm was illuminated 
with 435-nm light of 0.33 nEinstein/cm~'sec intensity over a length of 0.8 cm. 
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The efficiency of 435-nm quanta  relative to that  of 663-nm quanta was estimated 
to be about 0.55, and was somewhat higher than had been reported previously 1. 
The absorption of this cell at 435 nm was approx. 0. 5. Thus, an energy flux of 4.3 
pEinsteins/sec was effective in the energy conversion process. The number of trans- 
ported equiv/sec in steady-state light conditions is equal to I/F, in which I is 
the controlling current in A and F, the Faraday  constant equal to 9.6.Io 4 C/equiv. 
The experiment illustrated shows a transport  of 5.7.1o -13 equiv/sec in the steady 
state. The quantum requirement then is calculated to be 7.5 per equiv. For a large 
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Fig. 2. Kine t ics  of t he  l igh t - induced  change  in m e m b r a n e  potent ia l  (a), and  in inward  cu r r en t  
unde r  vol tage  c l amp  (b) of a single in te rnoda l  cell of N. translucens, ba thed  in Ca2+-containing 
artiftcal pond  water .  The  da rk  po ten t ia l  of t he  cell was - i  15 mV. U p w a r d  and  downward  po in t ing  
ar rows m a r k  t he  beg inn ing  and  the  end,  respect ively,  of an  i l lumina t ion  period. The  in t ens i t y  of 
the  l ight  of wave l eng t h  435 n m  was o.33 n E i n s t e i n / c m  2.sec. 

number of different cells, values of the quantum requirement in the range between 
5 and 15 were found. These results give support for the hypothesis that  the light- 
induced potential changes are primarily caused by, or are related to, changes in 
cytoplasmic ion concentration(s) due to light-driven ion uptake by the chloroplasts. 
I t  is reasonable to assume, in view of current knowledge on light-induced ion uptake 
in isolated chloroplasts 6, that  protons are primarily involved. I t  has been establishedT, s 
that  in isolated chloroplasts, electron transport  coupled H + uptake proceeds with 
an H+/e ratio of 2, which indicates a quantum requirement of i. There is as yet no 
direct experimental proof that  the membrane potential responds to changes in cyto- 
plasmic H + concentration. I t  has been reportedg, 1° that  in the presence of Ca 2÷ 
in the external medium the plasmalemma of N. translucens behaves much less as 
a K+-diffusion barrier than it apparently does in Ca2+-depleted or low Ca 2+ media. 
Recently, it has been shown for Nitella 11 that  in a Ca2+-enriched medium, in the 
pH range below 7, the membrane predominantly behaves as an apparent  H+-diffusion 
barrier. Our finding that  a Io-fold increase in CaC12 concentration in the usually 
used artificial pond water (containing o.I mM CaCI2) caused an improvement in 
the efficiency of the light reaction by a factor of 2-3 is consistent with this. For a 
few cells bathed in Ca2+-containing artificial pond water, the change in the mem- 
brane potential in the dark upon changing the external pH from 6 to 5, and vice 
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versa, was measured  s imul taneous ly  wi th  the  q u a n t u m  requi rement  for the  l ight-  
induced  AV. The q u a n t u m  requi rement ,  a l though different  in different cells, was found 
to be cons tan t  in the  p H  range 5-6.  The results  indicate  t ha t  under  the exper imenta l  
condit ions,  the  re la t ive ly  large var ia t ions  in the  q u a n t u m  requi rement  between 
different  cells were due to var ia t ions  in the  p r o p e r t y  of the  membranes  to respond 
to changes in the  p H  of the  ex te rna l  Ca2+-containing art if icial  pond  wate r  medium.  
The exper iments  showed tha t  the  lowest q u a n t u m  requi rements  were measured  
under  condi t ions at  which the change in the  da rk  po ten t ia l  per  un i ty  change in pH 
was at  bes t  14 mV. At  2o °, a ra t io  of 58 mV/pH uni t  could be p red ic ted  if the  mem- 
brane would behave  p r edominan t l y  as an appa ren t  H+-diffusion barr ier .  Values in 
this  range have  been found by  KITASATO H and by  ANDRIANOV et al. 1~ with other  
Ni te l la  species. In  view of the  present  exper imenta l  results,  i t  is reasonable  to assulne 
t ha t  the  t rue  q u a n t u m  requ i rement  of the  energetic process giving rise to the  poten-  
t im changes is close to I.  Values of the  q u a n t u m  requi rement  as low as 5, measured  
under  nonop t ima l  condit ions,  suggest  t ha t  the changes are due to, or are closely 
associa ted  with,  a react ion which is efficiently coupled to l ight -dr iven pho tosyn the t i c  
electron t r anspor t .  Such an efficient coupling has  been shown to exist  for the  l ight-  
dr iven  H + up t ake  b y  isolated chloroplasts .  

In  summary ,  the  vo l tage-c lamp me thod  as descr ibed offers a means  to stud): 
the  energet ics  of electron t r anspor t - coup led  ion t r anspor t  in l iving p lan t  cells, under  
condi t ions  at  which the  membrane  poten t ia l s  respond to changes in the concent ra t ion  
of the  ions involved.  
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