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Enhancement of the dark reconstitution of photosynthetic reaction center 2 
by nigericin and CCCP 

I t  is a well-known phenomenon that in intact algae the fluorescence yield of 
the chlorophyll a excited by Pigment System 2 (chlorophyll a~) changes upon illumi- 
nation 1, ~. 

Different phases can be distinguished during the so-called induction of the light- 
induced fluorescence change. In this communication the nomenclature used by 
BANNISTER AND RICE a will be adopted. The induction curve generally shows an im- 
mediate biphasic increase in the yield of the emission from a level, F 0, at 0 to a 
maximum at P2. A first fast phase, OP 1, is followed by a slower-starting second phase, 
P1P2 or MzP s, depending upon whether or not there is a small decreasing phase, 
PzM1. Subsequently the yield decreases from P~ towards a lower level, M2, which 
can be as low as Pz or M 1 (Fig. I). In Porphyra, the transition between OP 1 and 
PzP~ is seen as an inflection in the rise curve (see Fig. Id). At the intensity used P2 
is reached after about 1-2 sec; P2M2 takes about 8-15 sec. I t  has been shown z that 
the increase in yield is due to the System 2 driven photoreduction of a fluorescence- 
quencher Q of chlorophyll az of the reaction center of System 2. The decrease in 
yield has been thought to be due to a conversion of non-quenching reduced Q (QH) 
into a quenching form, Q' (ref. I). Significant characteristics of the induction phe- 
nomenon are: (I) After the completion of induction in the light (i.e. after QH has 
been converted to Q'), a dark-time of certain length, or pre-illumination with light 
of System I, is needed before a subsequent illumination will cause complete induction, 
PzPsM~ (i.e. complete reduction of Q maximally reducible at the intensity used)l, 4. 
(2) A relationship between the conversion of QH to Q', and a photochemical reaction 
causing a decrease in pH at the surface of a Porphyra thallus, has been demon- 
strated4. (3) The P2MI phase (conversion of QH into Q') can only be observed in 
intact cells; in isolated chloroplasts 5, in disrupted cells of fresh plant leaves and in 
a broken characean internodal cell (Nitella), the fluorescence yield, after completion 
of the biphasic increase, OP1P~, was found to remain at the maximum, Pz, upon 
prolonged illumination (VREDENBERG, to be published). I t  has been suggested 4, as 
a possible alternative explanation, that the conversion of QH into Q' is due to, or 
associated with, intracellular ion transport. Restoration in the dark of Q' to Q, would 
then be accomplished or presumably regulated, by a redistribution in the dark of 
the transported ions. 

This communication gives the results of experiments, carried out with Porphyra, 
which show that  dark restoration of Q' to Q is strongly enhanced by compounds 
that  selectively alter the membrane permeability to ions. 

Fig. Ia shows the kinetics of the changes in fluorescence yield during illumi- 
nation periods of about 12 sec, after preceeding dark-times ranging from I to IO min. 
I t  appears that  a dark-time of about 7 rain is needed before the complete induction 
of change in fluorescence yield occurs. The effect of pre-illumination with blue light 
is also shown (Fig. IC). Pre-iUumination for 2 rain causes an induction which is as 

Abbreviations: CCCP, carbonylcyanide m-chlorophenylhydrazone; FCCP, carbonylcyanide 
p-trifluoromethoxyphenylhydrazone. 
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large as would have been observed after 5-7 min of darkness (Fig. IC). The rates of 
increase and decrease in the fluorescence yield during the P1P2 and P2M~ phases, 
respectively, appear to be lower than the comparable rates after darkness. Addition 
of 2.5/~M nigericin causes a considerable shortening of the dark-time needed to 
restore complete induction (Fig. Ib). The antibiotic did not affect the rate of the 
changes in yield during any of the separate induction phases, nor did it change the 
"dark"  fluorescence yield, F 0. In the presence of nigericin, pre-illumination with 
blue light also causes a lowering in the rate of the changes during the P1P= and 
P,M 2 phases (Fig. Id). The slower rise in the P1P= phase after pre-illumination is due 
to a rapid reoxidation of reduced QH b y  constituents of a pool 6-s, reacting between 
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Fig. i.  Kinet ics  of the  l ight - induced changes in fluorescence y ie ld ,  F/F0, of chlorophyll  a in 
Porphyra ,  occurring after  dark  periods of vary ing  length,  or af ter  pre- i l luminat ion wi th  blue light,  
in the  absence (traces a and c), and in the  presence of, 2.5/~M nigericin (b and d). F 0 is the  
fluorescence emi t ted  by  the  weak 40o cycles/see modula ted  exci t ing l ight  (wavelength 558 nm, 
in tens i ty  approx.  0.02 nEins te in  • cm -~'. sec-l) ,  w i thou t  act inic  i l lumination.  Non-modula ted  act inic  
l ight  (wavelength 558 nm, in tens i ty  approx.  4 nE ins t e in ,  cm -2. sec -1) causes changes in the  amoun t  
of fluorescence, F, emi t ted  by  the  exci t ing  l ight.  The appara tus  does no t  respond to  the  (con- 
t inuous) s t rong fluorescence emi t ted  by  the  act inic  l ight.  The response t ime of the  appara tus  
was 60 msec. Fu r the r  detai ls  of the  equ ipmen t  are given in ref. 4. Dark  and l ight  periods are 
ind ica ted  by  the  black (darkness) and white  areas drawn under  the  curves. The numbers  ind ica te  
the  dura t ion  of the  dark- t ime  (in min) preceeding the  i l luminat ion.  A pre- i l luminat ion period 
wi th  blue l ight  (wavelength 43 ° n m ,  in tens i ty  approx.  2 n E i n s t e i n . c m  -2.see -x) is indica ted  by  
the  shaded area, the  t ime  (in min) by  the  number ,  marked wi th  "bl". The curves ar ranged under  
(a) and (b) are measured wi th  the  same thallus:  (a) wi thou t  addit ions,  (b) wi th  2.5/~M nigericin 
and aqueous e thanol  (0.6 % by  vol.). The curves in (c) and (d) are those measured wi th  another  
thal lus:  (c) in the  absence, and (d) i n  the  presence of 2.5/zM niger icin and aqueous e thanol  (2 % 
by  vol.). Par t s  of the  induc t ion  curve af ter  pre- i l luminat ion (right hand  par t  of d) have been 
d rawn (dot ted curves) in the  induc t ion  curve, measttred af ter  darkness.  

Fig. 2. Kinet ics  of l ight - induced changes  in fluorescence yield of chlorophyll  a in Po rphyra  after  
dark  periods of vary ing  length,  (a) wi thout  addi t ions,  (b) in the  presence of aqueous e thanol  
(o.6% by  vol.), and (c)' in the  presence of I /~M CCCP and  aqueous e thanol  (0. 7 ~o by  vol.). Other  
condi t ions  are the  same as in Fig. i .  
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the two light reactions, which has become oxidized in the blue light. The lower rate 
of decrease during the P,M~ phase, however, must have a different cause: after 
shutting off the light at the maximum level of induction, P~, a second illumination 
after about 7 sec, causes the same enhanced P1P, phase (because the pool is now 
in a more reduced form), whereas the decrease in the P,M, phase is lower in the 
pre-illuminated sample than in the dark-pretreated sample (Fig. Id). A documented 
explanation of this phenomenon cannot as yet be given. The effect of I ~M carbonyl- 
cyanide m-chlorophenylhydrazone (CCCP) can be seen from Figs. 2a and 2c. The un- 
coupler considerably shortens the dark-time needed to restore complete induction 
without affecting F o and the rates of change during any of the induction phases. 
In the presence of 5 ~M CCCP, the rate of change in the P~Mz phase was found to 
be lowered. At concentrations of IO to 30 ~M, the rate of decrease in the P~M 2 phase 
was found to be almost completely inhibited, if not totally. A similar effect is brought 
about by 5 ° ~M carbonylcyanide p-trifluoromethoxyphenylhydrazone (FCCP) in 
Chlorella 9. From Fig. 2b it can be concluded that  at the concentrations used, the 
alcohol, in which nigericin and CCCP were dissolved, did not cause an effect of the 
kind induced by these chemicals. 

Valinomycin (I/~M) and Dio- 9 (7.5 ~g/ml) neither influenced the rate of the 
dark process leading to the restoration of complete induction, nor induced changes 
in F 0 and the kinetics of any of the phases of the induction curve. 

The results reported here indicate that the rate of the dark reaction in which 
Q' is restored to Q, is substantially enhanced by the antibiotic nigericin and by CCCP, 
whereas the antibiotic valinomycin and the energy transfer inhibitor Dio- 9, do not 
affect this reaction. I t  has been observed, and Figs. Ib and IC show, that the 
enhancement caused by nigericin and CCCP is much stronger than can be induced 
by pre-illumination with blue light. Evidence has accumulated that  uncouplers 1° like 
CCCP and members of a special class of antibiotics 11, interact with the ion-trans- 
locating system of the membranes of cellular organelles. Dio- 9 has been shown to be 
an inhibitor of coupled electron flow and photophosphorylation in isolated chloro- 
plasts1*, 13. The ineffectiveness of Dio- 9 and of valinomycin, and the pronounced 
effectiveness of CCCP and nigericin to enhance the dark reaction in which Q' is con- 
verted to Q, indicate that  the rate of the reaction responsible is not determined by 
the ADP-ATP ratio, and suggest that  the reaction is associated with, or probably 
reflects, a cellular dark process in which proton movements and proton-cation ex- 
change reactions across cellular membranes are involved. These reactions have been 
studied in isolated chloroplasts 14, ~ and in chromatophores TM, and it has been shown 
that  valinomycin, in contrast to nigericin and CCCP, does not cause a dissipation of 
energy stored in a proton gradient across the membranes. I t  has been shown that 
FCCP and nigericin inhibit light-induced chloroplast shrinkage in vivo ~. Possibly the 
emission yield of chlorophyll a s associated with the thylakoid-bound reaction centers, 
is dependent on the ionic concentration gradient across the chloroplast membrane, 
or alternatively, on the conformational state of the chloroplasts in vivo. This would 
mean that Q' reflects the reduced state of the reaction center in a specifically altered 
energy state of the membrane(s). The fact that  this state is not reached in isolated 
systems would point to a regulating function of transport mechanisms across cyto- 
plasmic membranes. Rapid reversible changes in light emission of chlorophyll a, 
brought about by rapid changes in ionic gradients, have been observed in isolated 
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chloroplastsl*~iO. The stimulatory effect of pre-illumination with light of System I on 
the dark restoration of Q in this concept, may be due to a System I driven recon- 
stitution of ionic concentrations by active transport. It has been shown for several 
algae (for a survey of literature see refs. 20 and 21), and recently for intact leave@, 
that alkali ions are transported across cytoplasmic and chloroplast membranes, 
respectively, at the expense of light absorbed by System I. However, the present 
stage of knowledge of the interrelationship between the several light-dependent 
energy processes 212 V&O (i.e. electron transport and ion transport), does not allow 
definite conclusions to be reached. Nigericin and Dio-9 were kindly given by Dr. 
R. L. Harned, Commercial Solvent Corporation, Terre Haute, U.S.A., and Dr. P. L. 
Hoogland, Koninklijke Nederlandse Gist- en Spititusfabriek, Delft, the Netherlands, 
respectively. 

Centre for Plant Physiological Research, 

Wageningen, P.O. Box 52 (The Netherlands) 
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