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Summary 

A study was made of the interactions of flash-illuminated chloroplasts with 
hydrogen peroxide. We conclude: 

1. The oxygen precursor system can be reduced beyond the So state to an 
S-1 state, which can be oxidized to So by a single flash. 

2. In the dark, a two-electron donation by H202 takes place which reduces 
$2 to So and $1 go S_~. 

3. At the same time, two-electron oxidations by H:O2 re-form $2 from So 
and S~ from S-l. 

4. The catalase-like activity due to this cyclic oxidation and reduction of the 
S enzyme is higher with the S: ~ So couple than with the S~ -~ S-1 couple. 

Another process, however, is responsible for most of the 02 evolution from 
H:O2 in the light. Our evidence indicates that this process: (1) is independent 
of the S states and insensitive to Tris washing, (2) turns over rapidly in high 
concentrations of peroxide, (3) yields 1 O: per electron passing through system 
II; (4) dismutates two H202 molecules, so that there is no net consumption of 
'holes'. 

Introduction 

Photosynthetic water oxidation is known to require a cycling of the donor 
complex of Photosystem II between five different oxidation states, So to $4 
[ 1,2]. Presumably, the oxidation of artificial electron donors occurs by a much 
simpler mechanism, in one-equivalent steps [3]. One exception may be the oxi- 
dation of hydrogen peroxide [4--6]. There are some indications that this pro- 
cess may involve a cycling between three of the five S states [4]. Considering 
also that H202 could very well be chemically related to oxidation products 
intermediate between water and oxygen, we felt that a study of its interactions 
with Photosystem II might be of particular interest. 
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This paper reports at tempts to further elucidate the light-induced oxygen 
evolution from hydrogen peroxide. We studied conditions in which the oxida- 
tions of  H20: and H20 compete ,  as well as those in which H20 oxidation was 
absent due to extraction of manganese by washing with Tris [7] or hydroxyl-  
amine [8].  

Materials and Methods 

Spinach chloroplasts were isolated as described in ref. 9. For some experi- 
ments Tris-washed chloroplasts were used, prepared by incubating a concen- 
trated chloroplast suspension (approx. 3 mM chlorophyll) during 15 min at 
0°C in 0.6 M Tris • HCI (pH 10), followed by a 2000-fold dilution in standard 
medium (see below). 

Chloroplast samples used in the polarograph were deposited as a thin layer 
on a Millipore filter (25 mm diameter) mounted in a plastic plate (~3  X 7 × 0.3 
cm) which served as a sample holder. To prepare a sample, we used the slight 
suction of  an aspirator to filter a 1 ml sample of  a chloroplast suspension (~2  
pg chlorophyll/ml) through a circular area (1 cm diameter) of the filter {0.45 
pm bactoflex,  Arthur Thomas Co.). The sample holders could be placed in 
(darkened) beakers containing immersion liquids, transferred to or dipped into 
another bath, etc., until they were finally placed under the polarograph elec- 
trode. Usually a series of  6--12 samples was prepared simultaneously. The sam- 
ples were dark adapted for about  10 min at room temperature and then stored 
in the dark at 0°C until used. The standard medium contained 0.4 M sucrose/ 
10 mM NaCl, 25 mM Tricine/NaOH (pH 7.8). 

For oxygen measurements we used a Clark-type electrode consisting of a 5 
mm diameter platinum bu t ton  surrounded by a silver reference electrode. After 
being wet ted  with KC1 solution, the electrode was covered by  a silicon rubber  
membrane which was stretched and drawn tightly over the metal to improve 
the response time. The platinum was polarized at --0.6 V vs. the silver. The 
delay between a flash and the maximum height of  the oxygen signal, when due 
to H20 oxidation,  was 0.1--0.2 s. Flashes were produced by E.G. & G FX 101 
Xe-flash tubes (1100 V, 2 pF) and filtered by a yel low (Coming 3-68} cutoff  
filter. The measurements were performed at room temperature.  

Results and Discussion 

In their s tudy of oxygen evolution from H202 by  isolated chloroplasts Taka- 
hama et al. [6] showed that this process was only partly (50--70%) sensitive to 
the photosys tem II inhibitor 3-(3,4<lichlorophenyl)-dimethylurea (DCMU). 
This result, which we confirmed, suggests that at least part of  the H202 con- 
sumption activity might be due to photosys tem I. We therefore compared the 
effect  of  beams of  red and far-red light. These have strongly dissimilar relative 
efficiencies for system II reactions, like 02 evolution from H:O (Fig. 1A), and 
system I reactions, like O2 uptake in the presence of methyl viologen and a sys- 
tem I electron donor  (Fig. 1B) (e.g. ref. 10). For 02 evolution from H:O and 
H:O2, however,  the relative efficiencies of  the beams were approximately equal 
(Fig. 1A and C). We therefore conclude that direct donation of  H~O2 to Photo- 
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Fig. 1. E x p e r i m e n t a l  t races  of  o x y g e n  evo lu t ion  or  u p t a k e  in c o n t i n u o u s  red or  far-red l ight .  D a r k - a d a p t e d  
samples  were  i l lumina ted  by  a sequence  of  10 s 640  n m  l ight  (R) ,  10 s 730  n m  light ( F R ) ,  10 s 640  n m  
light (R) .  The  a m p l i t u d e  of  the  signal is roughly  p r o p o r t i o n a l  to the  s t eady-s ta te  ra te  of  o x y g e n  evo lu t ion  
(or  u p t a k e ) ,  and ev idenced  by  the  half-signal  o b t a i n e d  w h e n  50% light in tens i ty  is used.  The  100% intensi-  
t ies of  640  n m  and 730  n m  light are chosen  to give a p p r o x i m a t e l y  equa l  sys t em I I  ac t iv i ty ,  on  the  o rde r  
of  1 q u a n t u m  absorbed  per  sys t em II r eac t ion  c e n t e r  pe r  s. (A)  O x y g e n  evo lu t ion  by  o x id a t i o n  of  w a t e r  in 
the  p resence  of  0 .5  m M  fe r r i cyan ide .  (B) O x y g e n  u p t a k e  by  s y s t e m  I. Before  the  m e a s u r e m e n t ,  the  chlor-  
oplas ts  were  i ncuba t ed  in 1 m M  h y d r o x y l a m i n e  for  1 ra in ,  fo l lowed  by a washing.  Such t r e a t ed  ch loro-  
plasts  s h o w e d  zero  act ivi ty  unde r  the  c o n d i t i o n s  of  the  e x p e r i m e n t  of  A. Ad d i t i o n s  to the  s t a n d a r d  me-  
d ium:  5 mM ascorba te /1  mM d i a m i n o d u r e n e / 0 . 1  mM m e t h y l  v io logen/ea ta lase .  (C) O x y g e n  evo lu t ion  by 
ox ida t i on  of  H 2 0 2 ,  Chlorop las t s  p r e t r e a t e d  wi th  h y d r o x y l a m i n e  (see B), Add i t ions :  0 .5  m M  fe r r i cyan ide /  
0 .5 m M  NAN3]0.03% H202 .  

Fig. 2. O x y g e n  yields i n duc e d  by a flash sequence  (1 s spacing)  in d a r k - a d a p t e d  chloropiast 's  p r e t r e a t e d  
with H 2 0 2  at p H  8,8 (o o). I n c u b a t i o n  for  1 rain in s t a n d a r d  m e d i u m  at  p H  8.8 con ta in ing  0.3% 
H 2 0 2  ; t hen  t rans fe r  to H 2 0 2 - f r e e  s t anda rd  m e d i u m  at  pH 7.8 to which  was ad d ed  cata lase ,  0,1 mM ferri- 
cyan ide ;  m e a s u r e m e n t  a f te r  3 ra in .  x, o x y g e n  yie lds  of  a flash sequence  5 rain af ter  the  first series (20  
flashes).  

system I, if it occurs at all, does not play a significant role compared to oxida- 
t ion by Photosystem II. The relative amplitude of  the signals obtained in Figs. 
1A and 1C will be discussed later in this paper. Elsewhere we will publish other 
evidence not involving H20~, which indicates that, under some conditions, 
appreciable electron flow through system II is possible in the presence of  
DCMU. 

In flash series experiments, the oxygen-yield patterns were significantly 
changed only by H202 concentrations at or above 0.001%. The effects included 
the evolution of  (some) oxygen even at the first flash after dark adaptation. To 
observe the effects of  such low concentrations of  H202 it proved necessary to 
add a catalase inhibitor, such as sodium azide. Otherwise the H202 is evidently 
consumed by endogenous catalase: a few minutes after equilibration with 
H202, a single flash no longer produces oxygen. 

Qur measuring technique could only partly resolve the different phases of  
the ioxygen evolution occurring when both H20 and H202 contribute. To sim- 
plify matters, we will therefore present only the extreme cases: i.e. conditions 
in which all oxygen produced comes either from H202 or from H20. In the 
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latter experiments,  pretreatments with low H202 concentration were made in 
the absence of  a catalase inhibitor. Pretreatments with high concentrations 
were followed by exposure of  the sample to a large volume of catalase-con- 
taining medium. 

Absence of  02 evolution after the first flash was used as a criterion for ade- 
quate removal of H202 (<0.001%, see above). 

Reduction of  Sl to S_, in the dark, the S_, precursor state 
A remarkable result obtained by the second procedure, pretreatment with 

H202 followed by its removal, is shown in Fig. 2. Chloroplasts were incubated 
for 1 min in the dark with 0.3% H202, pH 8.8, the hydrogen peroxide was then 
removed, and the pH returned to 7.8. 5 min after this treatment,  the flash yield 
pattern was measured (open circles in Fig. 2). For the majority of the centers, a 
distinct two-step delay in oxygen production can be observed: five instead of  
three flashes are needed to produce oxygen from the initial state. In a second 
series of  flashes, given 5 min after the first series, a normal pattern is again ob- 
tained (crosses in Fig. 2). 

This effect  of  H202 strongly resembles that of  preincubation with a low con- 
centration of  NH2OH, as described by Bennoun and Bouges-Bocquet [11,12].  
The latter effect  was interpreted in terms of an irreversible binding of  the arti- 
ficial electron donor.  Presumably, the initial S state still is S, ,  but  three flashes 
instead of  one are now required to go from S, ~o $2, the first two flashes being 
needed to oxidize the bound NH2OH molecules. A similar explanation cannot 
apply in the case of  H202. Oxidation of H202 in the first two flashes would 
have produced oxygen, which would have been detected in our measurement.  
Since it was not,  we must  conclude that the electron donation by H202 did not  
occur after the flashes, bu t  had already occurred previously in the dark: S, had 
been reduced by a two-electron transfer. Apparently (in addition to the five 
states So -~ $4), the oxygen system can occur in yet  another (sixth) state. This 
state is quite stable (at least minutes) in dark; we denote  it 'S_,'. 

The high pH used during incubation appears to be essential for the large 
effect  shown in Fig. 2. At lower pH, incubation with H202 leads to qualita- 
tively similar results, but  the conversion to S_, is less complete.  Fig. 3A shows 
the effect  of  preincubation in 0.3% H202 at pH 7. Again, the occurrence of  a 
two-step delay is evident, but  now involves only a minority of the centers. The 
plusses in Fig. 3A show the flash yield pattern with control samples not  sub- 
jected to H202 pretreatment.  The data are not  normalized: one observes that, 
as a secondary effect,  the H202 pretreatment  causes the inhibition of  some of 
the centers (30% inactivation was typical). 

The incomplete reduction to S_, at near neutral pH does not  seem to be due 
to insufficient incubation time. Fig. 3B shows the effect  of  H202 as a function 
of the incubation time. Incubation for 1 min in 0.3% H202 suffices to obtain 
the maximal effect.  The incompleteness of the conversion therefore implies the 
at tainment of  a 'steady state'; i.e. not  only the S, to S_, reaction occurs, but  
also the back oxidation S_, to S , .  On ly  at high pH do the reactions favor the 
S_, state. If correct,  this interpretation predicts that pretreatment  with H202 at 
pH 8.8 should be ' forgotten '  when it is followed by an incubation with high 
H202 at lower pH. This has indeed been observed (not  shown). 
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Fig.  3.  (A)  O x y g e n  y ie lds  i n d u c e d  b y  a f lash  s e q u e n c e  (1 s s p a c i n g )  in d a r k - a d a p t e d  c h l o r o p l a s t s  p re -  
t r e a t e d  w i th  H 2 0 2  a t  p H  7 (c  . . . . . .  o).  P r e t r e a t m e n t :  1 r a in  in  s t a n d a r d  m e d i u m  at  p H  7 .0  c o n t a i n i n g  
0 .3% H 2 0 2 ,  f o l l o w e d  b y  4 m i n  in H 2 0 2 - f r e e  s t a n d a r d  m e d i u m  c o n t a i n i n g  ca t a l a se ,  0 .1  m M  f e r r i c y a n i d e ,  
a n d  0 .1  raM f e r r o c y a n i d e .  +, n o  H 2 0 2  p r e t r e a t m e n t .  (B)  I n c u b a t i o n  t i m e  d e p e n d e n c e  o f  t h e  c h a n g e  in 
o x y g e n - y i e l d  p a t t e r n  i n d u c e d  b y  p r e i n e u b a t i o n  o f  c h l o r o p l a s t s  w i th  0 .3% H 2 0 2  at  p H  7.  C o n d i t i o n s  as in 
A,  e x c e p t  f o r  p r e t r e a t m e n t  t i m e .  

When chloroplasts are illuminated with a single flash after (or just before the 
end of) the exposure to a high H202 concentration, followed by a wash in 
dark, a subsequent flash series shows a one-step delay in the oxygen yield pat- 
tern instead of the two-step delay (Y4 being the maximum flash yield in a ser- 
ies). This result can be readily explained as being due to a flash-induced trans- 
formation of S-l into So. 

The reduction of $1 -~ S_~ coupled to the oxidation of H202 is interesting 
from a viewpoint of energetics. The two-electron oxidation of peroxide has a 
midpoint potential of (at pH 7) 280 mV; therefore, the potential of the S,/S-1 
couple must be higher than this value. 

At high pH, H202 is more strongly reducing, which might accelerate the $1 -~ 
S_~ reaction. It is also less oxidising, which might decrease the rate of the 
reconversion S_~ -* S~. The  increase in the ratio S_,/S, at high pH may have 
been due to either one of these effects. 

Reduct ion  $2 -* So in dark 
Fig. 4 (open circles) shows that, at pH 7.8, an exposure to 0.03% H20~, 

which is consumed within a few minutes by endogenous catalase, induces only 
a small number of S-1 states. The flash yield pattern observed with such a sam- 
ple differs only slightly from that obtained with untreated, control samples 
(plusses in Fig. 4). Evidently, becuase of the low concentration and brief 
exposure, the reaction $1 -~ S_1 did not proceed appreciably. However, when a 
single flash is given, 10 s after the addition of H202, the pattern (measured 5 
min later when all peroxide is gone) is more strongly affected. A high ratio 
Y4/Y3 is seen, indicating that an appreciable formation of So has taken place 
(dots in Fig. 4). Note that, in this experiment, the effect of the preflash is op- 
posite to that observed in the absence of H20=, normally a single flash, fol- 
lowed by dark deactivation leads to high value of Y3, i.e. a decrease rather than 
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Fig .  4.  O x y g e n  y i e l d s  i n d u c e d  by  a f l a sh  s e q u e n c e  (1 s s p a c i n g )  in  d a r k - a d a p t e d  c h l o r o p l a s t s  pretreated 
w i t h  0 . 0 3 %  H 2 0 2  at  p H  7 .8 .  P r e t r e a t m c n t :  e x p o s u r e  t o  s t a n d a r d  m e d i u m  to  w h i c h  was  a d d e d :  0 . 0 3 %  

H 2 0 2 / 0 . 1  m M  f e r r i c y a n i d e / 0 . 1  m M  f e r r o c y a n i d e .  M e a s u r e m e n t  5 r a in  l a t e r ;  t h e  H 2 0 2  c o n c e n t r a t i o n  h a d  

a t  t h a t  t i m e  d r o p p e d  to  b e l o w  0 . 0 0 1 % ,  p r e s u m a b l y  d u e  to  e n d o g e n o u s  ca ta l a se .  (~ ~, n o  p r e f l a s h ;  

e -  e ,  1 p r e f l a s h  was  g iven  a p p r o x .  1 0  s after the e x p o s u r e  o f  t he  c h l o r o p l a s t s  t o  t he  H 2 0 2  s o l u t i o n .  

an increase of So [ 1,2]. This result indicates that  in the presence of peroxide, 
$2 made from $1 by the flash is reduced to So in the dark. Evidently, this two- 
equivalent reduction $2 -* So occurs with a higher rate than the reduction 
S] -~ S-1. This interpretation is supported by measurements of oxygen produc- 
tion in the presence of H202, as described below. 

So -* $2 in dark, catalase-like activity associated with the S states 
Oxygen evolution from H202 without  concomitant  oxidation of water can 

be observed under a number of conditions. Some examples are given in Fig. 5, 
which shows the actual electrode responses. For comparison, Fig. 5a shows the 
response during oxygen evolution from water, effected by three flashes:in the 
absence of H202. In this case, the signal reaches a maximum in about 0.15 s 
and then decays as oxygen is consumed and diffuses away from the electrode; 
the area under the trace represents approx. 0.6 02 per reaction center [1]. Fig. 
5b shows the 02 evolution after the first flash given to a dark-adapted sample 
containing 0.3% H202 and 10 -3 M azide. The signal maximum is displaced to 
approx. 0.3 s, and, in addition, the decay is slower. Because of  the persistent 
slow 02 evolution, the area under the trace was difficult to evaluate (see later). 
Using the curve of Fig. 5a for calibration, we computed that  the area under the 
trace up to 10 s after the flash represented about 1 02 per center. 

At this peroxide concentration, washing with hydroxylamine had little effect 
upon the yield of the (first) flash. 

Fig. 5c shows 02 evolution after the first flash, as in Fig. 5b, but now a 
higher concentration (0.3%) of peroxide was present. In this case, the amount  
of 02 evolved was many times the number of reaction centers (the area under 
the trace up to 10 s was approx. 4 02 per center). The slow phase of 02 evolution 
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Fig.  5. E x p e r i m e n t a l  t races  for  f l a sh - i nduced  o x y g e n  e v o l u t i o n  in the  a b s e n c e  and presence  of  H 2 0 2 .  Pre- 
t r e a t m e n t :  3 min  e x p o s u r e  to s tandard  m e d i u m  to  w h i c h  was  added  0.1 mM fe r r i cyan ide ,  0.1 mM ferro-  
cyan ide ,  0 . l  m M  NAN3, and var ious  c o n c e n t r a t i o n s  of H202 .  (a) H 2 0 2  absent :  t h ree  flashes given (dark 
t imes  b e t w e e n  f lashes  1 s and 10 ms) .  (b) Single  f lash given in the  presence  of  0 .03% H202 .  (c) Single  
flash giyen in the  p resence  of  0 .3% H 2 0 2 ;  d o t t e d  l ine,  slow c o m p o n e n t ,  d i f fe rence  b e t w e e n  t races  c and 
d. (d) Like c, b u t  the  s a m p l e  had  first b e e n  i n c u b a t e d  for  1 min  in m e d i u m  con ta in ing  1 m M  N H 2 O H ,  
then  washed  be fo re  be ing  t r ans fe r red  to  t h e  m e d i u m  c o n t a i n i n g  H 2 0 2 .  All  p r e t r e a t m e n t s  were p e r f o r m e d  
in t h e  dark.  Parallel s a m p l e s  used  for  a--d .  (e) F o u r  f lashes  were  given at intervals  of 10 s in the  presence  
of  0 .3% H202 .  (f) Like e, e x c e p t  that  f ive  f lashes  were  given,  and t h e  interval  b e t w e e n  the  first t w o  f lashes  
was  10 ms.  T h e  d o t t e d  l ines  in e and f s h o w  the  a s s u m e d  behav io r  of  the  s l o w  c o m p o n e n t  (cf.  c). Parallel 
s a m p l e s  used  for  e and f. 

is large and extended. In this case, washing with Tris or hydroxylamine has a pro- 
nounced effect, as is shown in Fig. 5d. Most of  the slow evolution disappears 
and the shape of  the remaining signal is very similar to that in Fig. 5b. Peak 
height and the ( < 1 0  s) area are about 30% higher, an aspect which will be dis- 
cussed later (see Fig. 6). We conclude that, with fresh chloroplasts and high 
peroxide concentrations, the flash triggers the slow oxidation of  a considerable 
amount  of  peroxide. A rough estimate of  the electrode response due to this 
process is the difference between traces 5c and d (dotted trace in 5c). 

We can now attempt to interprete this process. We had previously concluded 
that both the reduction of  $1 to S-1 and the oxidation of  S_1 to Sj proceed 
continuously in the dark in the presence of  H~O~. This implies that, in the 
dark, system II sustains a catalase-like activity: in a cycle from S~ via S_1 back 
to S~, t w o  molecules of  H~O2 will be dismutated into two water molecules and 
one oxygen.  This process is quite slow (according to Fig. 2b, the step S~ -* S-1 
takes approx. 20 s in 0.3% H202) and should give only a small, barely detect- 
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able, increase of  the "background"  oxygen signal. Furthermore,  we concluded 
that the $2 to So reaction proceeds more rapidly than the S~ to S-1 transfor- 
mation. To explain the large oxygen evolution after one flash as represented 
by  the dot ted  trace in Fig. 5c, we assume that the So to $2 oxidation can also 
be induced by H202 similar to the S_1 to Sl oxidation. In other words, the 
flash transforms system II from a low-activity catalase, cycling between S_~ and 
S~, t o  a higher-activity catalase, cycling between So and $2. (At 0.3% H202, the 
respective rates are on the order of ~1 02 per 20 s and approx. 1 02 per 3 s). 
Figs. 5e and f provide additional support  for this hypothesis.  In a flash series, 
given in the presence of  high [H202], the amplitude of  the slow phase is larger 
after an odd than after an even number  of flashes. Presumably, consecutive 
flashes shift the system back and forth between the S,,  S-1 and $2, So couples. 
A distortion of  the binary oscillation (e.g. in Fig. 5e the slow phase is slightly 
increased by the fourth flash) is due to deactivation between the flashes. The 
oscillation of  the slow phase becomes more obvious when Figs. 5e and 5f are 
compared.  In Fig. 5f, the first flash was replaced by a closely spaced (10 ms) 
flash pair, which yielded considerably less O2 than a single flash; the third flash, 
given 10 s after the flash pair again triggered a high production,  as it did in the 
experiment  of  Fig. 5e. 

Scheme 1 illustrates the proposed sequence of  events: 

2 H +, H20~_~ H20 H20~_202, 2 H + 
deact. 

e -  
O 2 , 2 H  ÷ H202 2 H 2 0  H202 ,2H+ 

S c h e m e  1. 

It includes the deactivation reaction $2 -* S~ to account  for the decay of the 
So ~ $2 catalase activity in the course of  20--40 s. In the experiments of  Figs. 
5e and f, the first two flashes show no deficit and no periodicity of  four is 
detectable.  Apparently,  02 evolution from water is suppressed. In the context  
of  the above scheme, some $2 should be present at all times and transformed 
by a flash to $3. It seems plausible that  $3 is unstable in the presence of  H202 
and is reduced to S~. 

Photochemical H202 dismutation unrelated to the S states 
With long flash intervals (e.g. 10 s) water oxidation is not  observed even with 

the low H202 concentrat ions (0.03%) used in the experiment of  Fig. 5b. (With 
spacings ~<1 s, a period of  four  oscillation can be recognized). At such low 
H202 concentrat ions also the slow catalase-like effects of  Scheme 1 are incon- 
spicuous; following each flash one observes a relatively rapid spike of  02 evolu- 
tion (Fig. 5b) and no oscillation is seen. Since dark relaxation can be rather 
rapid, the spike can be induced many times per second and this additional, 
" rapid"  process is by far the dominant  path of H202 decomposi t ion in any but  
the weakest light intensities. Whereas t reatment  with Tris or hydroxylamine 
annihilates the slow processes of  Scheme 1, it hardly affects the rapid, flash- 
induced spikes (compare Fig. 5b and d). We evidently are dealing with a pro- 
cess that is independent  of  the S states, does not  require the 02-generating sys- 
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tern (the "large" Mn pool of  O: evolution [13]),  and bypasses it in intact 
chloroplasts. Fig. 6 shows the effect of H:O: concentration upon the O: flash 
yield measured with Tris-washed chloroplasts, so that  this process was the only 
source of O: evolved from H205. Beyond 0.01% the shape of the flash yield trace 
is not  influenced by H:O5 ; the magnitude of the yield saturates at about 0.05% 
HsO=. 

We have no ready explanation for the biphasic nature of the curve. Other 
evidence also indicates that  we are dealing with complicated events. For 
instance: compared to Fig. 5a, the traces in Figs. 5b and d show a slow com- 
ponent,  somewhat resembling the much larger slow component  in Fig. 5c. We 
suspect that  this slow component  occurs only after the first flash following a 
long dark period. This suspicion rests on the following argument: 

In Fig. I trace A, the steady-state rate of O5 evolution from water represents 
about  0.25 O: per hit system II reaction center. In trace C, the rate of O: 
evolution from peroxide is approx, three times higher and thus represents 0.75 
O5 per hit  per center. Had a saturating concentration of H:O: been used in this 
experiment,  this number would have been 30% higher (Fig. 6) or approx. 1 
O5 per hit  per center. 

In a similar fashion the area under the trace in Fig. 5a (0.6 O: per trap) can 
be used to estimate the amounts of O: evolved in the other experiments of 
Fig. 5. 

In Fig. 5d, the area under the trace up to 10 s is 1.4 O5 ; the total area might 
be t>2 O5 per flash. Possibly the fast and the slow phase each contribute 1 O5/ 
trap. Because, in an illumination of  I hit per s as used in Fig. 1, the rate is only 
approx. 1 O: per s, we conclude that  in this case, the slow phase does not  con- 
tribute. 

Close inspection of the traces of Figs. 5a and d shows that  the rise time of 
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F i g .  6 .  O x y g e n  flash y ie lds  o f  Tr is -washed ch lorop las t s  as  a f u n c t i o n  o f  H 2 0 2  c o n c e n t r a t i o n .  Addi t ions :  
0.1 m M  ferr i cyan ide ,  0 .1  m M  ferrocyanide0  0 . 5  m M  N a N  3, v a r i o u s  c o n c e n t r a t i o n s  o f  H 2 0 2 .  A f r e s h  s a m -  
p i e ,  dark-adapted  and e x p o s e d  to  H 2 0 2  for 3 m i n ,  w a s  u s e d  for each point .  I l l u m i n a t i o n  b y  a s ing l c  
f l a s h ,  o ,  p e a k - h e i g h t ;  x ,  a r e a  b e l o w  the  trace  up to  5 s.  
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signal 5d (which should be determined almost entirely by the rapid phase of  
peroxide decomposi t ion)  is somewhat  slower than the rise of  signal 5a. 

In experiment  5a the O: evolution occurs within approx. 1 ms after the flash 
[14] so that  the time course of  the observed signal is determined entirely by 
the time response of  the membrane covered electrode. The slower rise time of 
the trace reflecting 02 formation from peroxide implies that this formation 
occurs in a time interval which is comparable to the response time of the 
electrode (approx. 0.1 s). 

Such times are indeed observed in the experiments of  Fig. 7, which shows 
the O: yield of  a flash pair as a function of the time interval separating the 
two flashes. Neglecting for a moment  the events occurring at very brief spac- 
ings, we note  that  the ascending slope of  the four curves is proportional to the 
H202 concentra t ion and shows no sign of saturation at the highest value used 
(0.12% where the relaxation is half at less than 10 ms). 

Remarkably,  when the ascending slopes are extended to zero time, it appears 
tha t  they originate a t  a common point, which is only approx. 40% of the 
yield of  a single flash. Accordingly, with short flash intervals, the yield of a pair 
is below, rather than above, that  of a single flash. The rate of  the initial deeline 
increases with [H202] until it becomes constant  at concentrations above 0.05%. 

We will not  venture a detailed interpretation of these complicated phenom- 
ena. Apparently,  there are two phases in the oxidation of  H:O2 by extracted 
chloroplasts: a center hit in an intermediate state after complet ion of the first 
phase, bu t  before complet ion of  the second, is no longer able to comple te  the 
second phase. Since the kinetics of  both  phases are dependent  on the H:O2 
concentrat ion,  it seems that each center reacts with more than one molecule of 
H:O: .  This suggests that  we may be dealing with a catalyzed dismutation (one 
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Fig.  7.  O x y g e n  yie ld  o f  a f lash pa i r  obse rved  w i t h  Tr i s -washed  ch lo rop la s t s  as a f u n c t i o n  of  f lash in terval  
a t  va r ious  H 2 0 2  c o n c e n t r a t i o n s .  A d d i t i o n s :  1 m M  f e r r i c y a n i d e ,  I m M  NAN3, va r ious  c o n c e n t r a t i o n s  of  

H 2 0 2 .  Each curve  w a s  m e a s u r e d  wi th  a single sample  w h i c h  was  a l t e rna t ive ly  i l l umina t ed  by  a f lash and 
a f lash p a i r  at  10-s in terva ls ,  A t  each  H 2 0 2  c o n c e n t r a t i o n ,  the  yie lds  o f  the  f lash pai rs  were  n o r m a l i z e d  
to  t hose  of  the  single f lashes  ( t a k e n  as 100%).  
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molecule of  H202 accepting and another molecule of  H:O2 donating an elec- 
tron pair) rather than with a net electron donation of H202 to the photosys- 
tem. Although some net  electron flow from hydrogen peroxide has been ob- 
served in extracted chloroplasts [5] ,  we believe that  the main path is dismuta- 
tion. An additional strong argument for this conclusion rests on the flash yield 
of  one (rather than 1/2) O: molecule per reaction center, as computed  earlier 
in this section. 
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