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SUMMARY 

I. Measurements are reported of light-induced changes in absorbance aim 
in the yield of chlorophyll a fluorescence of intact algae. Most experiments were 
done with the red alga PorPh3,ridium aer,ugineum. In alternating non-saturating 
illumination with light mainly absorbed by Photosys tem z and 2, respectively, a 
periodical oxidation and reduction of the components of the photosynthet ic  chain, 
P7oo, cytochrome f ,  plastoquinone and Q, the pr imary electron acceptor of Photo- 
system 2, was observed. 

2. Lags observed in the oxidation and reduction kinetics agreed with the concept 
tha t  the midpoint  potentials of these compounds decrease in the order given above. 
The largest difference was observed between plastoquinone and cytochrome f ;  the 
kinetics of Q and plastoquinone were similar and suggested only a small potential 
difference between these compounds. 

3- Relative pool sizes of z 5 : L8 : Z electron equivalent were observed for plasto- 
quinone, cvtochrome f and P7oo. Quantum efficiencies suggested the same high 
rate of electron flow through t)lastoquinone and cytochrome f. The kinetics of these 
components indicated that  the only large pool in the chain between the two light 
reactions is tha t  of plastoquinone. 

4. Difference spectra obtained under conditions where all the above-mentioned 
components  were alternately reduced and oxidized gave no evidence for cytochrome 
b participation in the chain between the two light reactions. 

INTRODUCTION 

During the last years, various investigations have contr ibuted considerably to a 
more detailed understanding of the reactions in the photosynthet ic  chain and the 
nature of the pr imary  and secondary electron t ransport  processes in photosynthesis 
(reviews are given in refs. 1-3). Nevertheless, there are still several uncertainties 
and conflicting views, e.g. about  the inclusion of compounds like b-type cvtochromes 
in the chain, and about the identi ty and properties of the pr imary electron acceptors 

Abbreviations: (), the primary electron acceptor of Photosystem 2; 1'7oo, chlorophyllous 
pigment absorbing at 700 nm, primary electron donor of Photosystem r; I)CMI', 3 (3,4 -dichl°r~- 
phenyl) i, i-dimethylurea. 
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and of other components of the chain and even tlle general concept of the so-called 
Z schenle is not accepted by all investigators (e.g. ref. 4). 

Many of these studies have been carried out with isolated chloroplasts and 
with subchloroplast particles, usually from spinach. Although there are obvious 
advantages in working with subeellular systems, they suffer the disadvantage that 
the isolation procedure and further treatments during the preparation may induce 
artifacts. 

In this paper we shall report a quantitative study of the kinetics and pool 
sizes of intermediates in the reaction chain between the two primary light reactions 
in intact cells of red algae. An advantage of red algae, compared to the more usually 
employed green algae, is a better optical separation of the two pigment systems. 
Most experiments were done witti Porph3,ridium aerugi~zeum whicli has the added 
advantage of a low absorption in the a-region of cytoehromes, due to the absence 
of phycoerythrin. 

MATERIAI.S AND MF.THODS 

Porphyridium aerugi,zeum, Porpkvridium crue.Jztum and Chlorella vul<garis were 
grown, as described elsewhere a, in the media given by, refs. 5, 6 and 7 (MC medium). 
The algae were harvested by centrifugation and resuspended in fresh growth medium, 
usually to give an absorbance of o.4/mm at 68o nm, and transferred to i-ram quartz 
vessels. 

Measurements of changes in absorbance were performed by means of an ap- 
paratus described earlier*. Automatic timers provided fixed cycles of illumination. 
For measurements in the ultraviolet region the light source was a deuterium or a xenon 
arc; suitable glass and liquid filters served to minimize stray light from the 
monochromator and spurious effects due to the actinic illumination. The actinic 
light was filtered bv means of a combination of interference and absorption filters. 
For P. aerugiueum System I light was obtained by means of the following filter 
combinations: Schott RG 665, 3 ram, combined with AL 679 or 683 to give a band 
with maximum at 68o or 683 nm, respectively; Schott BG Ig, z mm, and Coming 
4-06 (44o urn); BG I2, I mm, BG 38, 4 m m  and Corning 5-56 (43o nm). System 2 
light ((n8 nm) was obtained with AL 618, RG 6xo, z mm and an interference filter 
with cut-off above 644 nm. A Balzers Calflex C filter was added to each filter combina- 
tion. The intensities of actinic light given are those incident at the place of the vessel. 
The signal-to-noise ratio of the measurements was enhanced by means of a signal 
averager (Nuclear Chicago Model 7ioo data retrieval computer). 

Changes in the yield of chlorophyll a fluorescence were measured in the same 
apparatus. Fluorescence was excited by a beam of modulated light, filtered by 
Balzers B4o-564, Calflex C and Schott BG 38, 4 mm. The intensity (5" IO-2 nano- 
Einstein.cm 2.sec-l) was too weak to affect significantly the yield of fluorescence. 
Changes in the yield were brought about by tlie same (non-modulated) actinic beams 
that were used to bring about changes in absorbance. The detecting apparatus 
responded only to modulated light, and thus only recorded changes in the yield 
of chlorophyll a fluorescence excited by the modulated beam (see ref. 0). Fluorescence 
was filtered by AL 679 and RG 665, z ram. 

Absorbance of algal suspensions was measured with a Carv r 4 spectrophoto- 
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meter equipped with a scattered light attachment or with a Zeiss PMQ 11 absorption 
spectrophotometer equipped with opal glass. The apparent absorbance at 74 ° nm 
was subtracted from the absorbances measured at other wavelengths in order to 
correct for light scattering. 

All experiments were performed at room temperature (21-23'). 

R E S U L T S  AND I N T E R P R E T A T I O N  

Kinetics of Q, plastoqzdno~,e, cytochrome f and P7oo 
Fig. I shows the kinetics of absorbance and fluorescence changes in P. aeruginemn 

in alternating illumination with light mainly absorbed by System i and by System 2, 
respectively (to be called "System I"  and "System 2 light"). As shown by Tracings 
a-d, System I caused an oxidation of P7oo (measured as an absorbance decrease at 
703 nm), cytochrome f (measured at 553 nm), plastoquinone (260 nm) and Q, the 
primary electron acceptor of Photosystem 2, measured by the yield of chlorophyll 
a fluorescence. System 2 light caused a reduction of these four components of the 
electron transport chain. Similar kinetics were observed with P. cruenlmn. 

In order to check whether the absorbance changes at 260 nm were due to plasto- 
quinone, we measured the absorption difference spectra, shown in Fig. 2. The spectra 
had a maximum at about 260 nm and an isosbestic point at 277 nm, and were very 
similar to those obtained earlier with blue-green a° and green algae n and with spinach 
chloroplasts a2. The shape is similar to that of oxidized minus reduced plastoquinone. 

As was earlier observed with A~zacvstis sidulans TM, 3(3,4-dichlorophenyl)-I,I 
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Fig .  I.  K i n e t i c s  of a b s o r b a n c e  c h a n g e s  a n d  of t h e  y i e l d  of c h l o r o p h y l l  a f l u o r e s c e n c e  in P .  acrugi- 
nez~m in  a l t e r n a t i n g  2-see  S y s t e m  I a n d  2 l i g h t .  T h e  w a v e l e n g t h  of m e a s u r e m e n t  is g i v e n  b e t w e e n  
p a r e n t h e s e s ;  f l u o r e s c e n c e  w a s  e x c i t e d  b y  w e a k  l i g h t  of 505  n m  (see MATERIALS AXD _XlETHODS). 
T h e  a c t i n i c  i l l u m i n a t i o n  w a s :  l e f t  h a n d  r o w :  S y s t e m  i ,  43 ° n m ,  I. 7 n a n o E i n s t e i n s . c n l  2 . s e e  1, 
e x c e p t  t r a c i n g  b,  68o  n m ,  2 .7 ;  S y s t e m  2, 618  n m ,  2 .2 ;  r i g h t  h a n d  r o w :  S v s t e m  l, 0,';3 n m ,  1.3;  
S y s t e m  2, 6 J 8  n m ,  i . i .  F o r  t r a c i n g s  e a n d  g S y s t e m  2 l i g h t  w a s  r e p l a c e d  b y  d a r k n e s s .  T h e  t r a c i n g s  
a r e  t h e  a v e r a g e  of  lO-4O e x p e r i m e n t s .  A n  u p w a r d  m o v i n g  t r a c e  i n d i c a t e s  a d e c r e a s e  of  a b s o r b a n c e  
o r  a n  i n c r e a s e  of  f l u o r e s c e n c e  y ie ld .  T h e  r a p i d  sp ikes  in t r a c i n g s  a a n d  d a r e  f l u o r e s c e n c e  a r t i f a c t s .  
T h e  a b s o r b a n c e  a t  ~8o  n m  w a s  o. 4. C u r v e  3, P 7oo  (7o3  n m ) ;  b,  c v t o c h r o m e  f (553 nm)  ; c, p l a s t o  
q u i n o n e  (20o  n m ) ;  d,  f l u o r e s c e n t  y i e h l  ( 5 ~ 5 ~ 0 S o  n m ) ;  e a n d  f, c y t o c h r o m e  f;  g a n d  h ,  p l a s t o -  
q u i n o n e .  

I3iochim. I3ioph),s. dcta, 256 (1972) 3 7 0 - 3 8 0  



K I N E T I C S  O F  P H O T O S Y N T H E T I C  I N T E R M E I ) I A T E S  373 

d imethy l  urea (DCMU) inhibi ted  the  reduct ion  of p las toquinone  by, Sys tem 2, but  
not  the oxida t ion  by  Sys tem I. The difference spec t rum of P.  aeruginettm under  these 
condi t ions was s imilar  to tha t  of Fig. 2. 
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Fig. 2. Steady-state absorption difference spectra (Systenl I light ml'mts 2 light) obtained under 
conditions of alternating illumination similar to those of Fig. I. For P. crue~*tum, a band of 
5(~o nm was used for Systenl 2 illmnination. The absorbance at 68o nm was 0. 3 and 0.2, respec- 
tively. 

Comparison of Tracings a - d  of Fig. I indicates  tha t  in Sys tem 2 l ight  P7oo 
becomes reduced first, cy tochrome f somewhat  more slowly, and  tha t  p las toquinone 
reduct ion was m a r k e d l y  r e t a rded  and tha t  i t  was still  largely oxidized when most  
of the  cvtochrome was a l r eady  reduced.  The kinet ics  of the  reduct ion of Q, as 
reflected by the fluorescence yield were similar  to those of plas toquinone,  but  the 
reduct ion  of Q was s l ight ly  re tarded .  Upon Sys tem I i l luminat ion  there was a marked  
lag in P7oo and cvtochrome f oxidat ion  (@ ref. 13), which pers is ted unt i l  most  
of the p las toquinone  was oxidized.  Curves e -h  allow a comparison with  the  kinet ics  
of cy tochrome f and p las toquinone  in a l t e rna t ing  Sys tem I l ight  and  darkness.  Upon 
darken ing  c y t o c h r o m e f w a s  slowly reduced,  while p las toquinone a p p a r e n t l y  remained  
comple te ly  or a lmost  comple te ly  oxidized in the dark .  

The recordings of Fig.  I were ob ta ined  at  intensi t ies  of l ight which were below 
sa tu ra t ion  for photosynthes is .  Fo r  this  reason one m a y  assume tha t  " d a r k "  react ions  
were not ra te  l imit ing,  and  tha t  the  components  of the  chain between the two light 
react ions  were in equi l ibr ium with  each other  th roughout  the exper iment .  The 
kinetics thus  reflect the ox ida t ion - r educ t ion  potent ia l s  of the various compounds,  
and  are in agreement  with the usual ly  accepted  order  of these compounds  in the  
t )hotosynthet ic  chain,  the ox ida t ion - r educ t ion  poten t ia l  of P7oo being the highest  
one, and  tha t  of Q the lowest one, of these four components .  The largest  gap  in oxi- 
da t i on - r educ t i on  poten t ia l  appa ren t l y  exists between cytochrome f and  plas to-  
quinone:  Curves f and h show tha t  p las toquinone was still  9 ° ° 0 oxidized while cvto-  
chrome f was abou t  9 ° % reduced.  

Colnparison of the kinetics of chlorophyl l  a fluorescence and of the absorbance  
changes at  26o nm indica ted  tha t  Q was a lways  reduced somewhat  more slowly 
than  p las toquinone  b y  Sys tem 2 light,  but  oxidized somewhat  faster  by  Sys tem i 
light,  suggest ing tha t  the  midpoin t  po ten t ia l  of Q is s l ight ly  more negat ive  than  
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that  of plastoquinone. A non-linear relation between the redox level of Q and the 
fluorescence yield of chlorophyll a, as described by Joliot and coworkers ~, 15, would 
bring the curves for these two components  more closely together, but  an analysis 
based upon the average of several recordings, such as those of Fig. i, indicated that  
this would not account  for all of the difference• 

Fig. 3 compares the intensity dependence of the oxidat ion-reduct ion level 
of plastoquinone and of the fluorescence yield of chlorophyll a. The steady state 
levels, reached after one or a few seconds of illumination with orange light (t)io - 
625 nm, mainly absorbed by System 2) were plotted. The orange light was alternated 
with blue (System I) light in order to keep the algae in "Pigment  state I "  (formerly 
called State Q', refs. 9, I6 18). 

At low intensities, the fluorescence yield rapidly increased with increasing 
intensity, followed by a much slower increase above about  i nanoEinstein.cin -2- 
sec -1. At  this intensity, the redox level of Q (and thus the closure of the traps of 
Systein 2) is probably adjusted to give a balanced rate of oxidation and reduction 
(@ ref. 15) , determined by the relative absorption of orange light by the two pigment 
systems. Experiments  with a broad band  of more intense light (52o-05o ran) showed 
a monotonic  increase of the fluorescence yield with the intensity, up to a level not 
far from that  observed in saturat ing light in the presence of DCMU. At these inten- 
sities the electron t ransport  in the chain presumably becomes rate limiting, causing 
a further accunmlation of reduced Q. The fluorescence yield in moderately stron~ 
blue light, which was within rather wide limits independent of the intensity, was 
assumed to represent complete oxidation of Q. The reduction level of plastoquinone 
appeared to be saturated at lower intensities than that  of Q. No evidence was ob- 
tained for a further reduction at still higher intensities; at increasing intensities 
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Fig.  3. R e l a t i o n  b e t w e e n  t h e  o x i d a t i o n - r e d u c t i o n  l eve l  of p l a s t o q u i n o n e  mid  t he  y i eh l  of ch loro-  
p h y l l  a f luorescence .  Th e  a l g a e  were  s u b j e c t e d  to  a l t e r n a t i n g  cyc les  of 7 sec S y s t e m  1 l iRht (44 o u ln ,  
1.2 n a n o E i n s t c i n s . c m  '2.sec i) a n d  I -  5 sec of S y s t e m  z l i g h t  (618 nm)  of v a r i o u s  i n t ens i t i e s ,  
T h e  r e l a t i v e  n m x i m m n  sizes  of t h e  a b s o r b a n c e  dec rea se s  a t  260 nn l  or of t he  c h a n g e s  ill f luorescence  
y i e ld  r e a c h e d  d u r i n g  t h e  S y s t e m  2 i l l u m i n a t i o n  are  p l o t t e d  as f u n c t i o n  of t h e  l i g h t  i n t e n s i t y .  
:l'he i nc rease  in f luo rescence  y i e ld  is p l o t t e d  as  p e r c e n t a g e  of t h e  n a a x i m u l n  i n c r e a s e  in s t r o n g  
l i g h t  w i t h  DCMU.  T h e  m a x i m u m  y i e l d  in  s t r o n g  l i g h t  w i t h  I )CMU w a s  2.8 t i m e s  t he  l owes t  
v i e l d  w i t h o u t  DCMU. 
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the absorbance change at 260 nm even decreased somewhat in size. We do not know 
if this represented a lower level of reduct ion of plastoquinone or whether the effect 
was caused by interfering absorbance changes due to some other compound. 

Analogous results have been obtained by us with spinach chloroplasts 1"~. 
Apar t  from the observed difference in redox level at high light intensit ies it 

may be s ta ted that  our observations indicate a small difference in oxidat ion-reduct ion  
potent ia l  between Q and plastoquinone.  The results will be discussed further below. 

Pool sizes a~zd quantmn reqzdreme~ls 
Since the algae absorb relatively s t rongly in the ul t raviolet  region, we have 

a t tempted  to apply a correction for the so-called "f la t tening" or "sieve" effect '° 
when convert ing the absorbance changes into concentrat ion changes of intracellular  
compounds. I t  has been shown ~° that  the f lat tening effect causes a reduction of the 
absorbance when the pigments are contained in particles, especially at wavelengths 
of strong absorbance, and that  this reduct ion is even stronger for (small) absorbance 
differences than  for the absorbance itself 8. 

An approximate  correction was made by  comparing the absorption spectrum 
of a suspension of P. aer~tgine~m (corrected for scattering) with tha t  of one which 
had been sonicated under  Ne for 3 min. Longer sonication times were found to give 
no further  changes in the spectrum. The same method has been used for ¢hlorella2h 
For the absorbance we obtained a f lat tening factor of o.8o, o.97 and o.9S at 26o, 553 
and 7o3 nm, respectively. This corresponds, for spherical particles, to a factor of 
o.63, o.95 and o.97, respectively 8, for absorbance differences at these wavelengths, 
which means that  the absorbance changes of plastoquinone,  cytochrome f and P7oo, 
respectively, should be divided by  these numbers  for a calculation of the amounts  
of compounds which react. 

Using these corrections, we calculated pool sizes of the const i tuents  of the 
chain from the highest absorbance changes under  appropriate  conditions (optimum 
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l:ig. 4. (A) Kinetics of cytochrome f oxidation in far-red light (700 nm, 2. 7 nanoEinstein~, cm- 2. 
sec 1). [Tpper tracing: after 3 sec darkness following previous far-red illumination; lower tracing: 
after ilnmediately preceding System 2 illumination (618 nm, 1. 4 nanoEinsteins.cm 2-see l). 
The dashed line gives the time of onset of far-red light. 
(B) Kinetics of plastoquinone reduction in System 2light (618 nm, 1.4 nanoEinsteins.cnl 2.sec l). 
l:or clarity, the tracings were plotted from hand-smoothed recordings. Circles: after 5 scc darkness 
following previous System i illumination; triangles: after immediately precedin~ System I 
illumination. System 2 light wa~ turned on at the arrow. The curves are not drawn to the same 
scale as those of A. 
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intensities of System I and System 2 light for plastoquinone and cytochrome f, 
alternating high light intensity and darkness with DCMU for P7oo). The relative 
pool sizes of PToo, cytochrome f and plastoquinone in P. aerugineum were found 
to be 1, 1.8, and 15 electron equivalents, on basis of molar extinction coefficients 
of 73 (equal to that of chlorophyll a in acetone-water), 15. 7 (ref. 22) and 14 mM -l. 
cm -1 (ref. 23) at 7o3, 553 and 26o nm, respectively. The ratio for P7oo:cytoehrome 
f is lower than the earlier reported 24 value which was based on measurements in the 
sorer band of cytochrome, uncorrected for flattening. 

An independent estimate of the relative pool sizes of some of the constituents of 
the chain by methods similar to those applied to chloroplasts 2<26 was made from 
the kinetics of plastoquinone reduction. Fig. 4 B shows the absorbance decrease 
at 26o nm in P. aer.ugineum in orange light, after preceding far-red illumination 
strong enough to oxidize nearly all cytochrome f and most of the PToo. The figure 
also shows the kinetics after an intervening dark time of 6 sec, which sufficed to 
give "spontaneous" re-reduction of P7oo and cytochrome f, but did not change the 
oxidation state of plastoquinone. The delay of reduction of plastoquinone in the 
right as compared to the left hand curve apparently reflects the pool sizes of P7oo, 
cvtochrome f and other possible intermediates. Comparison of the time (and thus the 
number of quanta) needed to effect 50 % reduction of plastoquinone, at which 
time P7oo and cvtochrome f are completely reduced already, gives a ratio of the 
combined pool sizes of P7oo and cvtochrome f to that of plastoquinone of 1:5.8, 
in good agreement with the directly measured ratio of 1:5.4 (see above). Moreover, 
one should take into account that the ratio obtained in this wav will be somewhat 
too low, because P7oo probably was not completely oxidized in the preceding far-red 
light and because there occurs also a "dark" reduction of P7oo and cytochrome. 
The good correspondence between these data may suggest the absence from the 
chain of high potential compounds other than P7oo and cytochrome f. 

Fig. 4A shows analogous experiments on cvtochrome oxidation in far-red 
light, (a) after preillumination with Systeln 2 light and (b) after darkness. In the 
first experiment plastoquinone was in the reduced state at the onset of far-red 
light, in the second one it was iI1 the oxidized state. It can be seen that these exper- 
iments would suggest a higher ratio (about 1 : 2.5) between the cytochrome and plasto- 
quinone pools than is indicated by the other experiments. This effect is probably 
caused by side reactions, such as cyclic electron transport in System 1, which tend 
to dela\" cvtochrome oxidation (cf. ref. 13). 

From the rates of the absorbance changes and the absorbed light intensities 
we also calculated quantum requirements for cytochrome f and plastoquinone 
oxidation and reduction, using the same flattening corrections and molar extinction 
coefficients as lnentioned above. The lowest quantum requirement for the oxidation 
of cytochrome f, calculated from the steepest part of the curves was found to be 
1. 9 ln,/equiv at 68o nm, for the reduction: 2.3 hv/equiv at 618 nin. A correction was 
made for the spontaneous dark reduction. The corresponding numbers for plasto- 
quinone were 1. 4 and 1.7, respectively. Even at the time of maxinmm rate of cyto- 
chrolnef reduction or oxidation, these reactions do not reflect the total rate of electron 
flow, as P7oo and plastoquinone are also reduced and oxidized sinmltaneously, 
albeit at lower rates (see Fig. 1). Therefore, it may be stated that the quantum 
requirements for cvtoehrome and plastoquinone are in good agreement with each 
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other, and that  they suggest the same high rate of electron transfer through both 
compounds. 

Participation of b-type cytochromes 
The results discussed above demonstrate that  under conditions of alternating 

System I and System 2 illumination, like those of Fig. I, both the primary electron 
acceptor, Q and donor PToo, as well as the low potential component of the chain, 
plastoquinone and the high potential component cytochrome f are periodically oxi- 
dized and reduced. This implies that  other components of the chain, if any, should 
change their redox state in the same manner, since, being part  of the chain, they 
should rapidly enter into equilibrium with the above mentioned intermediates. 

Since b-type cytochromes have often been proposed as intermediates of the 
chain between the two light reactions (e.g. refs. 27-29, see also refs. 3o, 3I) we have 
measured the difference spectrum in the ~-band region of these cytochromes, in 
order to test this hypothesis. 

Fig. 5 shows the result of such an experiment. The spectrum, obtained upon 
alternating System I and 2 illumination, shows the oxidation of only one cytochrome, 
cytochrome f, with an ~ band at 552-553 nm (probably closely related to Porphyra 
cytochrome 553, ref. 22), and gives no evidence for the participation of either cyto- 
chrome b559 or b~na. In a control experiment with the same regime of illumination, 
the oxidation and reduction of plastoquinone was observed, as in Fig. I. 

A similar experiment with Chlorella wdgaris also failed to give evidence for 
cytochrome b participation (Fig. 6). The spectrum, although complicated by other 
changes, shows a clear eytochrome f band at 553 nm. I t  gives no indication for the 
reaction of a comparable amount of cytochrome b. 
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l : ig.  5. A b s o r p t i o n  d i f f e r e n c e  s p e c t r u m  ( S y s t e m  i minzts S y s t e m  z) of  t'. aemtgincllm in  a l t e r n a t i n g  
2-see S y s t e l n  i (683 n m )  a n d  2 (618 llm) l i g h t .  T h e  i n t e n s i t i e s  w e r e  4.5 a n d  2.3 n a n o E i n s t e i n s -  
Cnl 2. sec t, r e s p e c t i v e l y .  T h e  a b s o r b a n c e  a t  6 8 0  n l n  w a s  0. 4. 

P'ig. {:i. A b s o r p t i o n  d i f f e r e n c e  s p e c t r u m  ( S y s t e l n  r mintts S y s t e m  2) o f  CMorclla z',/,garis in a l t e r -  
h a t i n g  5-sec  S y s t e m  I (700 nm)  a n d  2 (643 rim) l i g h t .  T h e  i n t e n s i t i e s  w e r e  2.1 a n d  I.C) n a n o -  
I : i n s t e i n s - c m  -a .  sec 1, r e s p e c t i v e l y .  T h e  a b s o r b a n c e  a t  ()8o n m  w a s  o .6 .  
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DISCUSSION 

The data  presented in this paper are in agreement with tile concept that  
plastoquinone, cytochrome f and P7oo are in the main pa thway of electron flow 
from System 2 to System I. They  also suggest tha t  there is only a small difference 
in oxidat ion-reduct ion potential between Q and plastoquinone and that  the biggest 
gap in redox potential is between plastoquinone and cytochromef .  The high efficiency 
observed for plastoquinone oxidation and reduction and the kinetics of the other 
components  indicate the absence of a second large pool in the chain, either of a 
compound with the same or one with a higher redox potential than that  of plasto- 
quinone. This indicates tha t  plastoquinone is identical to the Pool "A"  revealed 
by studies of fluorescence and oxygen evolution of algae and chloroplasts (e.g. 
refs. 32-35}. For "A"  it has likewise been concluded 85 that  its redox potential is 
only slightly higher than that  of O. 

The relative pool sizes of plastoquinone and P7oo (I5: I) in P. aeru<i~leum 
agree well with those calculated by MARSHO AND KOK 26 for "Q 4 - A "  and P7oo 
in chloroplasts ( I2 : I ) .  STIEHL AND WITT 12 found a ratio of I4:  I for chloroplasts. 
The amount  of plastoquinone relative to that  of cytoehrome appears to be smaller, 
about  8 9, in P. aer~¢giueum than in chloroplasts. With regard to the above numbers 
it should be noted, however, tha t  the pool size (if plastoquinone may  have been 
underestimated, because the pool may  have been not completely reduced by the 
System 2 light used. This may  also be true for P7oo; DCMU and higher intensities 
than for cytochrome f were needed to approximately saturate the absorbance change 
at 7o3 nm. On the other hand, the molar extinction coefficient of 73 mM 1.cm-I  
used for l}7oo may be slightly too high, in view of recent measurements (}f T. Hiyama 
and B. I(e (B. Ke, personal communication),  which indicate a number  of 04-7 o 
for detergent-prepared System I partMes,  lower than earlier reported a6. 

The similarity of the kinetics and of the intensity dependence at low light 
intensities of the chlorophyll a fluorescence and of the redox state of plastoquinone 
is in fact rather surprising, since the latter compound is a two-electron and Q is 
presumably a one-electron acceptor3L When a two- and a one-electron acceptor, 
with about the same midpoint potential, are in redox equilibrium as in solution, 
the ratios of concentrations of the oxidized and the reduced forms should be different 
at high and low redox potentials, according to the Nernst equation. In  this respect 
it is interesting to note tha t  FORBUSH AND KOK a5 arrived at a low potential difference 
between Q and "A"  on the basis of a model in which both Q and A are one-electron 
aeceptors. The much lower intensity of System 2 needed for saturation of the reduction 
level of plastoquinone than of Q, which is suggested by Fig. 3, might be due to a 
local change in pH at high intensity which may  affect a pH-dependent  equilibrium as 
between Q and plastoquinone. Furthermore,  it is possible tha t  the yield of fluorescence 
with DCMU in strong light may  deviate from that  which would occur without  
D('MI," when Q is completely reduced, a. 2. because of a different pigment state 1" '~ 
in this condition. 

The absence of a cvtochrome b band in the difference spectrum of t:ig. 5 strongly 
suggests that  cytochrome b does not form part  of the chain between the two light 
reactions in Porphyridium and Fig. 6 suggests the same for Chlorella. Evidence for 
the reaction of a b cytochrome in Porphyridium was only found by us in l ight-  
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d a r k n e s s  spec t ra .  This  was  m o s t  c lear ly  seen in t h e  p r e s en ce  of N - m e t h y l p h e n a z o n i u n ~  

m e t h o s u l p h a t e ,  w h i c h  abo l i shed  t h e  c y t o c h r o m e  f a b s o r b a n c e  change .  A w e a k  

b a n d  a t  563 n m  was  o b s e r v e d ,  p r e s u m a b l y  due  to  t he  s a m e  b - type  c v t o c h r o m e  

as o b s e r v e d  b y  NISHIMURA ~9 in P .  cr~te.nlztm. U n d e r  t hese  c o n d i t i o n s  l ight  c au s ed  an 

o x i d a t i o n  of th i s  c y t o c h r o m e  on ly ;  t he  a b s o r b a n c e  c h a n g e s  in a l t e r n a t i n g  S y s t e m  

a n d  2 l igh t  were  smal le r  t h a n  those  o b s e r v e d  u p o n  a l t e r n a t i n g  l igh t  a n d  da rknes s .  

F r o m  t h e  a b o v e  resu l t s  we conc lude ,  c o n t r a r y  to  N i s h i m u r a ,  t h a t  c y t o c h r o m e  br,6a 

p r o b a b l y  e i t he r  r e ac t s  in a cyclic or in a n o n - p h o t o s y n t h e t i c  (poss ib ly  r e sp i r a to ry )  

cha in .  
R e c e n t l y ,  JOLIOT a n d  co-workersaL on the  bas is  of f lash ing  l ight  e x p e r i m e n t s ,  

p r o p o s e d  the  ex i s t ence  of a second ,  low p o t e n t i a l  e l ec t ron  a c c e p t o r  for S y s t e m  2. 

T h e  ev idence  g iven  a b o v e  does  n o t  rule  ou t  t he  poss ib i l i ty  t h a t  th is  c o i n p o u n d  m a y  

be i den t i ca l  to, or r eac t  w i th  c y t o c h r o m e  b~r,,, s ince t h e  low p o t e n t i a l  a c c e p t o r  

w o u l d  no t  b e c o m e  r e d u c e d  to  a s igni f icant  e x t e n t  u n d e r  our  e x p e r i m e n t a l  cond i t ions .  

R e c e n t  e v i d e n c O  ~ i nd i ca t e s  t h a t  t h e r e  is a low (negat ive)  p o t e n t i a l  c v t o c h r o m e  

b.~,, as well as a h igh  p o t e n t i a l  one,  in sp inach  ch lo rop las t s .  
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