
Biochimica et Biophysica Acta, 546 (1979) 175--182 
@ Elsevier/North-Holland Biomedical Press 

175 

BBA Repor t  

BBA 41314 

ANOMALOUS OXYGEN UPTAKE FROM ISOLATED CHLOROPLASTS 
INHIBITED IN PHOTOSYSTEM II AND WITHOUT EXTERNAL ELECTRON 
DONORS 

AVNER MUALLEM and SHMUEL MALKIN 

Biochemistry Department, The Weizmann Institute of  Science, Rehovot (Israel) 

(Received September 5th, 1978) 

Key words: Oxygen uptake; Oxygen electrode; Superoxide ion-radical; Photosystem H; 
Electron donor; (Chloroplast) 

Summary 

Light induced modulated signal of  oxygen uptake by  isolated chloro- 
plasts in the presence of  methyl  viologen, when Photosystem II activity was 
inhibited and in the absence of  any electron donors,  was detected by  a modu- 
lated oxygen Pt electrode, polarized negatively. Evidence is brought  to show 
that an electrochemical process which takes place on the surface of  the nega- 
tively polarized Pt-cathode produces an intermediate which serves as an elec- 
t ron donor  to Photosystem I. At tempts  to identify this intermediate show 
that it may be very probably the superoxide radical generated by the electro- 
chemical reduction of  oxygen which continuously diffuses from the external 
circulating medium to the electrode. 

The modulated oxygen electrode [1--3] was used by  us to measure oxy- 
gen uptake signals from isolated chloroplasts in the presence of  methyl  violo- 
gen as mediator [4] .  In these measurements the oxygen evolution signal is 
largely nullified by  proper phase adjustment  of  the reference signal to the 
lock-in amplifier prior to the addition of  the methyl  viologen; such adjust- 
ment causes the oxygen evolution signal to be orthogonal to the reference. 
The addition of  methyl  viologen to the chloropla'sts, under such conditions, 
produces a signal which has the characteristics of  pure oxygen uptake. 

While working on the general properties of  such a system we noticed 
a puzzling effect  that  oxygen uptake could persist for quite a long time even 
in the presence of  DCMU, which cuts the supply of electrons from Photosys- 

Abbreviations: PS I and PS II, Photosystem I and Photosystem II, respectively; DCMU, 
3-( 3, 4-dichlorophenyl)-l, 1-dimethylurea. 
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tem II. We then noticed that similar reports exists in the literature: Fork 
already noted a similar effect  with a d.c. (unmodulated) polarographic system 
using DCMU-inhibited Swiss-chard chloroplasts [ 5] or chloroplasts from red 
algae from which phycobilin pigments had been removed [6] ,  but  he attrib- 
uted this effect  to oxygen uptake prompted by an endogenous electron donor. 
Recently Kleinen Hammans et al. [7] using a modulated polarographic sys- 
tem, measured oxygen-uptake induced by  illuminated whole cells of  Anacystis 
nidulans (a blue-green alga) which were inhibited by DCMU. They also re- 
lated this reaction to the existence of  native reductants.  

Using the modulated polarographic method we show that the Pt cathode, 
when polarized in the adequate potential for polarographic measurements of 
oxygen, can act as an electron donor  for photoreduct ion of  oxygen to chlo- 
roplasts in which Photosystem II was inhibited. 

The modulated electrode was similar as described in [2] .  Let tuce chloro- 
plasts were prepared as in [8] and were stored usually at liquid-air tempera- 
ture [9] .  Fresh chloroplasts behaved very similarly. A drop of chloroplasts 
(~ 4 mg/ml chlorophyll)  was placed on the Pt electrode forming a thin layer 
(~ 0.1 mm) then covered by a dialysis membrane. The other side of  the mem- 
brane was in contact  with a circulating buffer medium, containing usually 
30 mM tricine (pH 7.3) and 100 mM KC1 at a f low rate of  a few ml/min. Con- 
centrated solutions of methyl  viologen, DCMU, or H202 were added to the 
circulating medium as the experiment required. 

Two light sources were used: modulated light (a.l.), and constant  direct 
light (d.1.) which was used as a background light of  high intensity. Cut-off 
filters (> 450--500 nm) were used for spectral definition. A lock-in amplifier 
(PAR-128A) was used to measure and record {time resolution ~ 0.3 s) the 
amplitude and phase of  the polarographic ou tpu t  signals. A reference signal 
was provided by  diverting a small part of  the modulated light to a photoelec- 
tric transducer. 

Under conditions when the oxygen evolution was inhibited it was pos- 
sible to determine the amplitude and phase of  the uptake signal: in the steady- 
state, by maximizing the signal through the phase-shifter on the lock-in am- 
plifier; in the transient by recording the in-phase and quadrature components  
(relative to the steady-state), separately. 

Fig. 1 illustrates a typical experiment:  Isolated chloroplasts with oxygen 
as the sole acceptor  [ 5] give rise simultaneously to light-induced oxygen 
evolution from Photosystem II coupled with oxygen uptake from Photosys- 
tem I. In constant  (d.c.) light the uptake (02 -~ H202) rate usually exceeds 
the evolution (H20~ 02) rate by a factor of  2 yielding a net 02 exchange in 
the direction of  uptake. The modulated signal, however,  does not  have any 
obligatory relations between evolution and uptake (since its average in time 
is always zero) and as the frequency increases the uptake signal is much more 
damped compared to the evolution. At high frequency (> 5 c.p.s.) the net 
a.c. signal is largely due to O2 evolution (Fig. 1 left hand side; light on). This 
signal decayed ultimately in about  15--20 min (Fig. 1. dashed curve), due to 
the loss of  PS II activity (cf. later). Such decay was also observed when methyl 
viologen was present initially and its photoreduct ion was directly monitored as 
a function of  time with a positively polarized [2] Pt electrode. 



177 

v 

LLI 
C", 
Z )  
t'-- 

J 
13- 
~E 

I I I I I I I I I I 

- -  A 

. . . . . . .  . . . .  . . . . . . .  . . . . . .  

-oi I 

"~5 

- 5  

0.I.0.I. d . l .d . l  a. l .o. l ,  d. l .d. l  

o f f  on  on of f  o f f  on  on of f  

I I I I I I I 
0 I 2 5 4 IO II 12 

TIME (rain) 

o.l. o,L d. l .d,I .  

o f f  On on o f f  

I I 
25 26 

I 
27 

Fig.1. Signals from a typical experiment. Chloroplasts with no added electron donors or 
acceptors show mainly O 2 evolution signals upon a.l. excitation (left hand side). This sig- 
nal decays gradually with time (dashed curve). At point A the 02 evolution signal is nulli- 
fied by proper phase-shift of the reference. Upon addition of methyl viologen (MeV) 02 
uptake signals are obtained. At the right hand-side, where the O~ evolution signal has 
died off, a phase adjustment (at point B) shows the maximal amplitude of the uptake 
signal. The transients upon switching on and off the a.1. and d.1. lights are explained in the 
text. The concentration of  methyl viologen was 10 -4 M; The modulation frequency was 
12 Hz and the Pt electrode potential was set to --0.65 vs. saturated calomel electrode. 

The experiment was now repeated with fresh chloroplasts; the reference 
adjusted by phase rotation to nullify the output (point A in Fig.2) by bring- 
ing the signal into quadrature position. 

Addition of methyl viologen, which greatly enhances oxygen uptake, caused 
the appearance of a negative signal, representing mainly oxygen uptake. The 
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Fig.2. The development of  the a.c. uptake vector (amplitude and phase) after the addition 
of MeV (10 -4 M) to the circulating medium. DCMU (2 • 10-SM) inhibited chloroplasts. 
At, ~ t: As, 8 s amplitude and phase as a function of  time before steady level is reached 
and at the steady state, respectively. Other conditions as in Fig. 1. 
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signal indeed showed characteristic behavior expected from PS I, when PS II 
serves as an electron donor. Thus, when strong background d.1. light was ap- 
plied the signal was inhibited (presumably due to the complete closure of 
PSI  reaction centers by P-700 oxidation). When the d.1. light was stopped 
there was first an overshoot to a larger signal, decaying ultimately back to 
the steady-state. This is consistent with the transitory full reduction of P-700 
(full opening of the reaction centers), which occurred immediately after the 
strong light had been switched off. The reducing power originated in this case 
from the pool of  electron carriers located between the two photosystems, 
which had been fully photoreduced by PS II in the strong light. The a.1. light 
eventually slowly oxidized part of  the P-700, until a steady-state was reached. 
This effect  of  over'shoot decayed, signaling a gradual inhibition of  PS II (Fig.l, 
middle and right). In parallel, another  effect  was developed: When the a.1. 
light was first turned off  and then resumed again, an overshoot to large signal 
occurs (Fig.l ,  middle). This indicates that  for such "aged" chloroplasts reac- 
tion centers can be now restored by a dark reaction but not  by a light reac- 
tion (i.e. after d.1.), thus allowing a transitory large signal before a steady-state 
is achieved. 

An oxygen uptake signal, completely similar to the one observed for "aged" 
chloroplasts was observed also from chloroplasts which were inhibited either 
by DCMU or mild heating. This signal occurred when methyl  viologen was 
added to the medium and with no addition of any apparent exogenous donor. 
Fig. 2 shows the development of such an "anomalous"  02 uptake signal upon 
addit ion.of methyl  viologen. The slow rise of the amplitude and the corre- 
lated decrease of  the phase delay reflect the diffusion from the circulating 
medium. Control experiments with denatured chloroplasts (by acidification 
or strong heating) showed no output  signal, which proved that  the uptake 
signal must be attr ibuted to the activity of the chloroplasts. Comparison of a 
rough action spectrum of this uptake signal with the corresponding absorption 
spectrum (Fig.3) indicates that  Photosystem I pigments alone are involved. 
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Fig.3. Action spectrum of 02 uptake (signal/light intensity) in comparison with the ab- 
sorption spectrum. --, percent absorption; • .... e, action spectrum. The action-spec- 
trum points were obtained by the use of interference filters. The light intensity was mea- 
sured by a calibrated silicon cell and the effect of intensity was checked to be in the linear 
range. Other conditions as in Fig. I. 
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C O M P A R I S O N  O F  M E A S U R E M E N T S  O F  O 2 E X C H A N G E  A T  N E G A T I V E  P O L A R I Z A T I O N  
P O T E N T I A L  A N D  M E T H Y L  V I O L O G E N  (MeV)  R E D U C T I O N  A T  P O S I T I V E  P O L A R I Z A T I O N  
P O T E N T I A L  

1 7 9  

O 2 u p t a k e *  MeV reduction* 

Active chloroplasts 1 0 0  4 5  
(PS II a n d  PS I) 

" A g e d "  c h l o r o p l a s t s  1 2 0  0 
( o n l y  PS I) 

* A r b i t r a r y  un i t s ;  the same sensitivities f o r  b o t h  measurements .  

Do chloroplasts contain unknown endogenous electron donors? Mea- 
suring methyl  viologen reduction in positive potential [2] gave negative re- 
sults. We were able, however, to monitor  the reduction of  methyl  viologen 
in positive potential when Photosystem II was still active, or when artificial 
electron donors to System I were added to chloroplasts inhibited in Photo-  
system II (Table I). Also the steady level of  the uptake signal could last for 
several hours, indicating an unreasonably large pool  of  electron donors. It was 
unavoidable to assume that the Pt cathode itself, when polarized properly 
(only in negative potential,  Table I) serves as an intermediate in supplying 
electrons to PS I. One could think of  the electrode as an "external  electron 
donor" ,  due to the electrochemical process which takes place on its surface. 
Fig.4 demonstrates,  in a simplified way, the loop of electron transfer made 
by the chloroplasts, oxygen and products  of  oxygen cathodic reduction, one 
of  which (E-) serves as the active donor  to the chloroplasts. 

The following experiments show that the "anomalous"  uptake signal 
responds to changes in the electrochemical or the surfacial conditions of the 
cathode. Fig.5 shows the difference between the polarogram of modulated 
"normal"  signal of  oxygen evolution from illuminated fresh chloroplasts, 
and the polarogram of the "anomalous"  oxygen uptake produced by the 
same sample. The outstanding "abnormal i ty"  of  the later appears in a region 
where the normal polarogram gives a plateau. There is a marked decrease of 
amplitude and a parallel increase in the phase-delay as the polarization poten- 
tial is made more negative than about  --0.525 V. Fig.6 shows how the signal 
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Fig.4. Schematic representation of electron flow involving chlororoplasts and the negative 
P t  e l e c t r o d e .  T h e  s i g n  ~ i n d i c a t e s  t h e  m o d u l a t e d  f l o w .  
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Fig.6. The time course o f  the uptake signal (measured at a polarization of  - -0 .65 V after 
preanodization of  the Pt electrode). 1,1 ', after 2 rain anodization at +0.6 V; 2, 2', after 2 
min anodization at 0.0 V; 3, after 2 rain anodization at +0.6 V, but in the presence of  
H202 (10 -4 M); 4, after 2 min anodization of  PV=0.0 V, in the presence of  H~O~. At point 
A the negative polarization potential was reversed to the proper anodic potential. At point 
B the negative polarization was resumed. Insert: curves 3 and 4 resolved in shorter time-scale. 
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depends on the previous polarization of  Pt electrode prior to measurements. 
The experiment  was started after achievement of  steady-state uptake signal. 
The polarization of  the electrode was changed to zero or positive voltage for 
2 min and was resumed to the previous negative value (--0.65 V). Nearly the 
same previous steady-state level was again reached, even when this experiment 
was repeated several times. However, the time required to build up the steady- 
state level differed according to the value of  the previous polarization poten- 
tial and its duration. Curves 1 (1 ')  and 2 (2 ')  show th-'t the build-up period 
after such anodization (+0.6 V) is quite long and significantly longer (t l/2 
about  25 min) than after polarization of  the Pt in zero volts for the same 
period (tl/2 about  7.5 min). A consideration of  all possible reactions shows 
that this build-up time cannot be due to the accumulation of E- per se and 
that it probably arises f rom changes in the electrode surface properties caused 
by changes in the polarization, which are such that the production of E- is in- 
hibited after anodization. (Examples of  such surface changes are well known 
[10] .) 

A candidate for the role of  E- could b e  H202 (formed by electrochemi- 
cal reduction of  oxygen [ 10] .  This possibility was eliminated: adding H202 
externally through the circulating medium, we expected that  a change of  
polarization in the manner of  Fig.6 should result in an immediate response 
upon the return of  the normal potential, which is not  the case. The build-up time 
of  the signal was considerably and dramatically shortened (Fig. 6, curves 3,4), but  
it was not  as short as the response time of  the instrument. Another  evidence is 
based on the fact that  no reduction of  methyl  viologen was detected in positive 
potential when H202 was added. Also, since the form of the polarogram in 
Fig. 5 is probably due to limitation in E- (i.e. the decay at the high negative 
potential indicates slower E- formation or faster E- destruction by electrode 
processes), the fact that  H202 addition does not  change the shape of  the pola- 
rogram (Fig.5) indicates that  it cannot be identified as E-. 

Considering electrochemical processes which are known to occur one of 
them being the cathodic reduction of  oxygen, it is almost unavoidable to con- 
sider the pair O2- or HO2" for the role of  E-. HO2" is relatively an unstable 
species but  02- is much more stable, having an apparent life time of  many 
seconds [11] .  The superoxide anion is formed electrolytically in detectable 
levels [12] .  The assumption that O5 may interact with PS I can find support  
by the evidence [13, 14] that  cy tochrome c can be univalently reduced by 
this radical. 

A rough estimation was made for the maximum range of concentration 
under our experimental conditions that  the superoxide anioncan reach in the 
chloroplasts chamber, by considering the rate of  diffusion from the outer  
circulating medium of  02 to the electrode, the bimolecular decay rate of  (Y2 
of 3 • l 0  s M -'- s -1 [15] in the pH range of  7.3, the diffusion out  to the cir- 
culating medium, assuming for simplicity that  the efficiency of  converting 
02 to O~ is 1 and that  the electrochemical reduction rate of 02 was limited 
by the diffusion of  02. The range of  superoxide anion concentrat ion thus 
obtained was about  10 -7 - 1 0  -s M (depending on what one assumes about  
the diffusion rate within the enclosing dialysis membrane)  which is quite a 
plausible value for the interaction with the chloroplasts. 



182 

We can speculate on the specific role of  H202 in reducing the build-up 
time after anodization (Fig.6). Immediately after resumption of  the negative 
polarization, 02 reduction does not yield O f  in any significant quantity until 
the proper electrode surface is built. The presence of  H20: furnishes a pos- 
sible alternative way to form Of  starting with its electrochemical reduction, 
as in the following example [16, 17] : 

H20~ e > H202- ) " 'OH" + OH- (I) 

"- OH" + " H 2 0 2  " > H20 + "HO2 -" (2) 

(The quotation notation isused to indicate a possible participation of  
equivalent species, i.e. O- ,  HO~ and OF.)* 

It appears, in conclusion, that in measurement with the oxygen electrode 
one should be aware of  the possibility that electrochemical reactions on the 
electrode surface produce materials that interact with chloroplasts, an effect 
especially important in the rate-electrode, with its large surface/volume ratio. 

Kinetically, the system is probably very complicated as one should bear 
in mind the possibility of  oxygen "evolution" from the superoxide ion radi- 
cal, when it donates its electrons, not to mention the usual complexities con- 
cerning the electron transfer in the chloroplast. 
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*While  these  react ions  occur  at the  surface  o f  the  e l ec trode ,  there  is in addi t ion  [ 1 6 ]  a 
chain propagat ion  mechan i sm,  wh ich  involves  the  radicals in the  so lut ion:  " H O ~ "  + H202  

02  + H 2 0  , with  the c o n t i n u o u s  regenerat ion  o f  the  H O :  • radical occurring by  R e a c t i o n  2. 


