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SUM MARY 

1. The mechamsm of the photooxzdatlon of ascorbate and of Mn 2 ÷ by iso- 
lated chloroplasts was reinvestigated. 

2. Our results suggest that ascorbate or Mn 2+ oxidation is the result of the 
Photosystem I-mediated production of the radical superoxide, and that neither as- 
corbate nor Mn 2+ compete with water as electron donors to Photosystem I1 nor 
affect the rate of electron transport  through the two photosystems: The radtcal super- 
oxide ~s formed as a result of the autooxidation of the reduced forms of low potential 
electron acceptors, such as methylvaologen, diquat, napthaqumone, or ferredoxm. 

3 In the absence of ascorbate or Mn 2+ the superoxtde formed &smutases 
either spontaneously or enzymatlcally producing O2 and H20 z. In the presence of 
ascorbate or Mn 2+, however, the superoxlde ts reduced to H 2 0  2 with no format,on 
of O2. Consequently, m the absence of reducing compounds, m the reactton H20  to 
low potential acceptor one 02 (net) ~s taken up per four electrons transported where 
as in the presence of ascorbate, Mn 2+ or other suitable reductants up to three mol- 
ecules 02 can be taken up per four electrons transported. 

4. This interpretation ~s supported by the following observations: (a) in a 
chloroplast-free model system containing N A D P H  and ferredoxm-NA DP reductase, 
methylvxologen can be reduced to a free ra&cal whtch is autoox,dizable in the pres- 
ence of O2; the addition of ascorbate or Mn 2+ to this system results in a two fold 
stimulation of O2 uptake, with no stimulation of N A D P H  oxidation The stimulation 
of 02 uptake is inhibited by the enzyme superoxide &smutase, (b) the stimulation of 
hght-dependent O2 uptake m the system H20 ~ methylwologen in chloroplasts is 
likewise inhibited by the enzyme superoxlde dlsmutase. 

5. In Class II chloroplasts m the system H z O  ~ NADP upon the ad&tlon of 
ascorbate or Mn 2+ an apparent inhlblDon of 02 evolution zs observed This ,s 

Abbreviations DCMU, 3-(3',4-dlchlorophenyl)-I,I-dlmethylurea, HEPES, hydroxyeth~l- 
p,perazmeethanesulfonlc acid, MES, IN-morphohno)ethanesulfomc acid, DCIP, 2,4-dlchlorophenol- 
mdophenol 
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explained by the in terac t ion  of  these reductants  with the superoxlde  formed by the 
au toox lda t ion  o f  ferredoxin,  a reactmn which proceeds s imul taneously  with the photo-  
reduct ion  o f  N A D P .  Such an effect usually does not  occur  m Class I ch loroplas ts  m 
which the enzyme superoxlde  d ismutase  is p resumably  more  active than m Class 11 
chloroplas ts .  

6. It ~s p roposed  that  since m the Photosys tem I-media ted  react ion f rom 
reduced 2 ,4 -&chloropheno l indopheno l  to such low potent ia l  electron acceptor  as 
methylvlologen,  superoxlde  is formed and results m the ox ida tmn of  the ascorba te  
present  in the system, the rat io  ATP/2e  in this system (when the rate o f  electron 
flow is based on  the rate of  02 up take)  should be rewsed m the upward  dlrectmn.  

INTRODUCTION 

In recent years it has been suggested that  in ~solated chloroplas ts  ascorbate  
and Mn 2 + can compet i t ive ly  replace water  as electron donors  to Photosys tem II t -  4 
This mte rp re t a tmn  has been based on the observat ion  that  O2 uptake is s t imula ted  
2-3-fold  upon  the add inon  of  ascorba te  (or  Mn 2 +) to chloroplas ts  m the presence of  
a low potent ial ,  au tooxtd izab le  electron acceptor  ~- 4. The s t imula t ion  of  02 up take  
was shown to be sensmve to 3- (Y,4 ' -d ich lorophenyl ) -  l, 1-dimethylurea ( D C M U )  1 - ~ 
and ~t exhibi ted a red d rop  m quan tum efficiency 3'4 ~mphcatmg the involvement  of  
Photosys tem II. When  N A D P  served as the electron acceptor ,  conflicting results have 
been repor ted  2-~  One group  repor ted  that  m the presence of  N A D P  the a d d m o n  
o f  ascorba te  or  Mn 2 + caused an inhibi t ion of  02 evolut ion which they assumed was 
due to the replacement  of  water  by ascorbate  or  Mn 2+ as the electron donor  since 
the rate of  N A D P  reduct ion was not  affected 3'4. On the other  hand,  according  to 
Bohme and Trebst  2, when N A D P  serves as the electron acceptor  the a d d m o n  of  
ascorba te  is w~thout effect on 02 evoluUon and thus does not  appea r  to compete  with 
water  as an e lect ron d o n o r  to Photosys tem II z. I t  remained a t roub lesome point,  
however,  why the nature  of  the terminal  acceptor  (whether  methylvlologen or  N A D P )  
should  affect the compet i t ion  between ascorba te  o r  H 2 0  as electron donors  to 
System I1. 

Our  results are not  m agreement  with the assumpt ion  that  ascorbate  or  
Mn 2 + can compete  w~th water  as e lectron donors  to Photosys tem lI.  We  suggest al ter-  
natively that  the s t imula t ion  o f  02  up take  by ascorbate  in the presence of  methyl-  
vmlogen or  d N u a t  and the occasional  m h l b m o n  of  02  evolu tmn by ascorbate  m the 
presence of  N A D P  are the result  of  the ox~datmn o f  ascorba te  by superoxlde.  Super-  
oxide is p roduced  as the results of  the au toox lda t ion  of  the reduced forms of  low po- 
tential  electron acceptors  such as methylvmlogen,  diquat ,  nap thoqulnone ,  flawn 
mononuc leo t lde  and ferredoxm. A p rehmmary  repor t  of  part  of  th~s work has been 
presented prewously  15 

MATERIALS AND METHODS 

Broken Class II  chloroplas ts  were prepared  f rom f lesh lettuce bought  m the 
marke t  (Latuca satira var. romaine )  by a modif icat ion of  the procedure  of  Avron 5. 
50 g of  leaves were blended in a 220-V War lng  blender  for  15 s at 120 V m 120 ml 
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of medium, pH 8.0, containing 0.4 M sucrose, 0.01 M NaCI, 0.01 M Tncme, 0.05 M 
ascorbate and 0.1 ~o human serum albumin. The homogenate was filtered through 4 
layers of gauze and centrifuged at 500 ×g  for 2 mm. The supernatant was then cen- 
trifuged at 2000×g for 7 min and the pellet was resuspended m 0.001 M Tncme, 
pH 8.0, and centrifuged at 7300 ~g  for 5 min. The final pellet was resuspended m a 
minimal amount of 1 mM Tricme buffer, pH 8.0, containing 0.5 ° o human serum 
albumin and gently homogemzed with a teflon homogenizer. 

Whole Class I chloroplasts ° were prepared by a modification of the procedure 
of Jensen and Bassham 7 from fresh lettuce leaves. 60 g of leaves which were pre- 
dluminated for 1 h with white hght from incandescent lamps at an intensity of 1000 ft- 
candles, were blended in a 220-V Waring blender for 5 s at 120-V in 150 ml of me- 
dium, brought to pH 6.1, which contained 0 33 M sorbltol, 2 mM NaNO 3. 2 mM 
EDTA, 2 mM sodium lsoascorbate, 1 mM MnC12, 0.5 mM KH2PO4, 50 mM 
(N-naorpholino)ethanesulfomc acid (MES) and 20 mM NaCI. The homogenate was 
filtered through 20 layers of gauze and centrifuged at 2000 ×g;  the total time of cen- 
trifugation from start to stop was 40 s. The supernatant was decanted and the hqmd 
removed by suction. The pellet was gently resuspended with the a~d of a cotton-tipped 
glass rod in 0.5 ml of a medium containing 0 33 M sorbltol, 2 mM NaNO 3, 2 mM 
EDTA, 1 mM MnCI2, 1 mM MgCIz, 0.5 mM KHzPO4, 20 mM NaCI, and 50 mM 
hydroxyethylpiperazineethanesulfonlc acid (HEPES) buffer, pH 6.7 (resuspenslon 
medmm). 

Swollen Class I chloroplasts were obtained by pretncubatlng 0.08 ml Class I 
chloroplasts m 1.5 ml distilled water for 60 s to which was then added 1.5 ml 2 times 
concentrated reaction m~xture. The reaction mixture was similar to the resuspens~on 
medium with the exception that NaC1 was deleted, 5 mM pyrophosphate was added, 
and the pH of the HEPES medium was 7.6 

Chlorophyll was determined according to the procedure of Arnon 8. O2 pro- 
duct~on or uptake was measured polarographically with a Clark-type electrode. 
NADP reduction was measured m a Cary 15 spectrophotometer modified to allow 
actinic illumination at right angles to the measuring beam; the phototube was pro- 
tected from the actinic beam by a Corning filter 5840. The actimc beam was provided 
by a 500-W projector passing through a red filter (Cornmg 2403). 

Superoxlde dismutase was isolated from human erythrocytes by the procedure 
of McCord and Fridovich 9 

RESULTS 

The addition of ascorbate to Class II chloroplasts of lettuce in the presence of 
a low potential acceptor such as methylviologen was found, in agreement with the 
results of others, to result in a 2-3-fold stimulation of O2 uptake 1- 3. Similar results 
were obtained with swollen Class I chloroplasts either in the presence or absence of 
the uncoupler NH4C1 when methylvlologen served as the electron acceptor 

However, when N A D P  served as the electron acceptor differing results were 
obtained upon the additzon of ascorbate depending on whether Class I or Class II 
chloroplasts were used in the photoreaction 

With hypotomcally swollen Class I chloroplast with NADP serving as the 
electron acceptor, we found no inhibition of 02 evolution upon the addition of 
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TABLE 1 

LACK OF EFFECT OF ASCORBATE ON O X Y G E N  EVOLUTION A N D  ON N A D P  
P H O T O R E D U C T I O N  IN SWOLLEN CLASS I CHLOROPLASTS 

All reacuons were earned out m a 3-ml reaction m~xture containing na /~moles sorb~tol, 1000; 
NaNO3,  6; EDTA, 6, MnCl2, 3, MgCI2, 3; KH2PO.~, 1 5, HEPES buffer (ph 7 6), 150; pyrophos-  
phate, 15, NADP,  15, saturating amount  of  ferredoxm; the indicated concentration of  sodmm 
ascorbdte; and s~ollen Class I chloroplasts with 30 l¢g chlorophyll for the measurement of  N A D P  
photoreductlon, or 60/~g for the measurement of  Oz evolution 

Addition o f  ascorbate Rate~rag chlorophyll per h 
( in  M ) 

l~mole~ NA DP reduced Icatom s 02 et oh, ed 

Control + NH4CI Control + N H 4 C l  
(2 m M  ) (2 raM) 

0 62 169 44 144 
0 033 64 180 62 140 
0.1 67 169 68 148 
1 7 67 174 42 132 
3 3 67 174 62 150 

I 0 0 64 174 56 134 

ascorbate either m the absence or presence of  uncoupler (Table I). However, m iden- 
tical experiments w~th Class II chloroplasts, variable results were obtained from 
preparation to preparahon. In Table II are presented two examples of  experiments 
performed on different days exemphfymg the extreme variablhty of  the results. The 
chloroplasts in Expt I behaved hke swollen Class I chloroplasts with ascorbate 
having httle or no inhibitory effect on 02 evolution e~ther m the presence or absence 
of  the uncoupler NH4C1. In contrast, the chloroplast m Expt 2 behaved quite differ- 
ently. The addition of  ascorbate to these chloroplasts in the absence of  uncoupler 
resulted m complete inhibition of  02 evolution. Paradoxically, the addmon of  

TABLE II 

EFFECT OF ASCORBATE ON 02 E V O L U T I O N  1N CLASS II CHLOROPLAST 

All reactions were carried out m a 3-ml reaction m~xture containing m pmoles Tnclne buffer 
(pH 8.0) 60, NaCl, 105; saturating amount  of  ferredoxm; broken Class lI chloroplast with 60 g 
chlorophyll. Experiments were performed on different days. 

4ddmon H20 to N A D P  
(ltmoles Oz evolred/mg 
chloroph vii per h ) 

Control NH4CI 
(2 m M )  

Expt 1 

Expt 2 

None 68 102 
Ascorbate 86 100 
( l m M )  
None 34 0 
Ascorbate 0 --140 
( l m M )  

HzO to Jerredown 
(/tmoles Oz ta]xen up/mq 
chlorophyll per h ) 

Control NH4CI 
(2 m M )  

10 6 
16 32 

50 86 
138 214 
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uncoupler  to these chloroplas ts  (m the absence of  ascorba te)  also inhibi ted O~ 
evolutmn.  A d d m o n  o f  ascorbate  in the presence of  uncoupler  caused a s t rong Mehler-  
type reaction,  i.e 02 uptake.  

I f  N A D P  served as the sole electron acceptor  in this system no 02 uptake 
should have been observable  even if the water-spht t ing reactions were comple t eb  
inhibited.  It thus seemed obvious that  a Mehler- type  react ion of  some sort  was 
occurr ing in these chloroplas ts  prepara t ions  where a net 02 uptake takes place. As 
can be seen m Table  II  when N A D P  was omi t ted  f rom the react ion mixture,  those 
prepara t ions  which showed an inhibi t ion of  02 p r o d u c t m n  upon the addi t ion  of  
ascorbate  also showed much higher  rates of  02  up take  when ferredoxin served as the 
terminal  electron acceptor  These da ta  suggested that  ascorbate  ra ther  than serving 
as an electron d o n o r  at a site pr ior  to Photosys tem II is possibly interact ing chemlcall5 
with some oxidant  p roduced  as a result of  the Mehler- type  reactmn. 

TABLE 11I 

E F F E C T  OF A S C O R B A T E  ON 02  U P T A K E  IN C H L O R O P L A S T - F R E E  M O D E L  SYSTEM 

All reactmns were carried out in a 3-ml reactmn m~xture conta in ing except as noted: Tmcme buffer 
(pH 80), 10raM,  g lucose6-phosphate ,  3 3 r a M ;  glucose-6-phosphate dehydrogenase,  2 umts,  
methylvuologen, 1 mM,  ferredoxm N A D P  reductase, 0 00022 raM, NADP,  0 08 mM 

Addition nmole~ 02 taken up/rain 

Control 4 sc orbate 
11 raM) 

Complete 31 57 
Complete r 2 FTR 66 115 
-- Methylvlologen 0 I I 

Methylviologen. L ferredoxm 15 29 

To test this hypothesis ,  the effect of  ascorbate  on a s imulated Mehler- type  
react ion m a chloroplas t - f ree  model  system was measured.  In  the presence of  N A D P H  
and N A D P - f e r r e d o x l n  reductase,  methylviologen can be reduced to a free radical  
which is then autooxld ized  in the presence of  02.  Table  l I I  shows the results of  the ad- 
d l tmn of  ascorba te  on O ,  uptake  by the model  system where the concentra t ion  of  
N A D P H  was kept  cons tant  by the presence of  an N A D P H - g e n e r a t l n g  system. The ad- 
di t ion of  ascorba te  results in a 2-fold shmula t lon  of  O2 uptake  S~mllar results 
were ob ta ined  with Mn 2 + and dithlothre~tol.  However ,  o ther  reducing c o m p o u n d s  
such as gluta thlone,  cystelne, hyd roqumone  or  d l a m m o b e n z l d m e  were ineffective 
(Table IV) Mg 2+ in cont ras t  to Mn 2+ gave no s t imulat ion 

It  is conceivable that  the observed ascorbate  induced s t imulat ion of  02 
up take  was the result o f  a s t imula tmn in the rate of  N A D P H  oxidat ion  (either by 
s t imula t ing  the act ivi ty o f  the d iaphorase  or  by s tunula t lng the activi ty of  the generat ing 
system). This posslbdzty, however,  can be ruled out  on the basis of  the results presented 
in Fig. 1 In this exper iment  l imiting amounts  of  N A D P H 2  were added  to the chloro-  
plast-free model  system either m the presence or  absence of  ascorba te  and the rate 
and  extent of  02 uptake  measured By adding  ascorbate ,  both  the rate of  02  uptake  
and the extent of  02 uptake  were approx imate ly  doubled  Since the amoun t  of  
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TABLE IV 

E F F E C T  OF V A R I O U S  R E D U C T A N T S  ON O X Y G E N  U P T A K E  IN C H L O R O P L A S T - F R E E  

M O D E L  SYSTEM 

Condnlons  as m Table III. 

nmoles  02  talten up per  mtn ,4ddmon  Concentrat ton  
( raM)  

Control  I AddlttOn 

Ascorbate  1 16 30 
Dl thmthreno l  1 23 55 
Cystelne 1 23 27 
Glu ta th lone  1 19 19 
Hydroqumone  1 25 25 
H ydroxylamme 3 3 16 16 
Dlammobenz ldme  l 19 19 
DClP /asco rba te  0. I/3.3 18 34 
MnCI:  0 7 18 28 
MgCI2 0.7 19 16 
MgClz 1 4 17 14 

l 
CONTROL (18) 

~ / X =  2 4 
*Asc(ImM) ~ 

* M n  * I U I C  raM] 

Fig 1 St imula t ion  of  0 2 uptake  m a chloroplast-free reaction by ascorbate or Mn z+ The basic 
react ion m~xture m a total  volume of  3 ml contained the fol lowing m pmoles" Trlcme buffer 
(pH 8 0), 30; methylvlologen,  3, N A D PH 2,  0 036, f e r r e d o x m - N A D P  reductase, 0 00022. The enzyme 
f e r r e d o x m - N A D P  reductase was added at the arrow to start  the reaction. Numbers  m parenthesis  
are m m a l  rate of  02  consumptmn Numbers  after ,1 -- represent the total  amoun t  of  O2 consumed 
m nmoles 

N A D P H  2 oxidized in both experiments was the same and limiting, it is obvious that 
the addition of ascorbate resulted only in a change in the stochiometry of O2 taken 
up per N A D P H  2 oxidized. 

Role of superoxtde 
Recently, it has been demonstrated that the radical superoxlde is formed upon 

the aerobic oxidation of the reduced forms of  low potential dyes such as FMN,  



526 B . L .  E P E L ,  J N E U M A N N  

FAD, ferredoxm, menadione, or dlquat 9-11. Superoxlde was shown to be decom- 
posed either m a dlsmutation reactmn or in the presence of statable electron donors 
or acceptors ~t can act either as an oxidant or as a reductant, respectively t°. In the 
presence of  the enzyme superoxide d~smutase the dismutatmn reaction is greatly 
accelerated with the result that the oxidizing (or reducing) actwlty of the superoxMe 
radmal is tnhiblted ~ 0. 

T A B L E  V 

E F F E C T  O F  S U P E R O X I D E  D I S M U T A S E  O N  0 2  U P T A K E  IN C H L O R O P L A S T - F R E E  
M O D E L  S Y S T E M  

C o n d m o n s  as  m T a b l e  l I I  3 0 0 / t g / m l  superoxlde dlsmutase added where indicated. 

Compoundr Concentratton Control nmoles 02 taken up p e t  m t n  

added (raM) 
Compound added E Compound 

- ~upero.x ide dtsmlttaae 

N o n e  - -  17 - -  18 
Ascorbate l 17 35 23.5  
Dlthlothre~tol l 21 37 19 
M n  2+ I 19 30 17 
M n  2+ 0 33 22 37 21 

To test whether the stimulation of 0 2 uptake observed upon the addition of 
such components as ascorbate or Mn z + was due to the production of  superoxMe, 
the effect of the enzyme superoxlde dlsmutase on these reactions was measured. The 
presence of the enzyme nearly completely inhibited the ascorbate or Mn 2 + induced 
stimulation of O2 uptake when tested rather with the chloroplast-free model system 
or with chloroplasts where methylvlologen served as the terminal electron acceptor 
(Tables V, VI). Snmlar results were obtained in the presence of other low potential 
acceptors such as Dlquat, anthraqulnone 2-sulfomc acid, ferredoxm, or phenozme 
methosulfate. 

T A B L E  V I  

E F F E C T  O F  S U P E R O X I D E  D I S M U T A S E  O N  O2 U P T A K E  I N  C H L O R O P L A S T S  

Al l  reactions were carrmd out  m a 3 -ml  reaction m~xture containing Class  II  chloroplast  with 60 itg 
chlorophyl l  and m / t m o l e s  • T n c l n e  bu f f e r  ( p H  8.0) ,  60;  NaC1 ,  105; m e t h y l v i o l o g e n  0 3; N A N 3 , 3 ;  and 
where indicated dmhlorophenohndolphenol ,  0.3 ,  D C M U ,  0 .003 ,  s o d m m  ascorbate, 3; and 3 0 0 l ~ g / m l  
superoxide dlsmutase. 

Reactton Conttol  

H 2 0  ~- M e t h y l v l o l o g e n  157 
H 2 0  --~ M e t h y l v t o l o g e n  157 
D C I P / a s c o r b a t e / D C M U  ~ M e t h y l v l o l o g e n  - -  

* - -  Ascorbate.  

Icmolea 02 tahen up p e r  

m q / c h l o r o p h y l l  p e r  h 

Ascorbate +Ascorbate  
-'- superoAtde dtsmutaae 

- -  1 5 0 "  
420  225 

1087 720 
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DISCUSSION 

We suggest that the stimulation of O2 uptake of photosynthetic electron 
transport from H20 to methylvlologen (MV) to 02 by ascorbate or Mn z+ Is due 
to the oxidation of the latter by superox~de. 

These reactions are depicted m Eqns 1 to 3B. 

2 H 2 0 + 4  MV hght), 4 MVH ]-O 2 (I) 

4 M V H + 4  02 > 4 M V T 4  O 2 - + 4  H + (2) 

2 0 2 -  + 2  0 2 -  ~4 H + ) 2 H202 t-2 02 (3A) 

Sum 1, 2 and 3A, 2 H20~-O2 ~" 2 H202 

Ascorbate (H2A) present: 

4 O 2 - + 2  H 2 A + 4  H + > 4 H z O z + 2 A  (3B) 

Sum 1, 2, 3B; 2 H 2 0 + 2  H2A+3 02 ~ 4 H202~2  dehydroascorbate. 

Thus, in the system H20 -+ methylviologen, 1 molecule ofO 2 (net) is taken up 
per transfer of 4 electrons. Upon addition of a reductant (like ascorbate or Mn 2+) 
up to 3 molecules of 02 can be taken up per transfer of 4 electrons through the 
electron transport chain. Th~s is a maximum value which can be obtained when all 
the superox~de formed, oxldtzes the added reductant. The actual stimulation m the 
presence of the reductant will depend on the relative rates of the oxidation of the 
reductant by the superoxide vs  the rate of the dlsmutatlon reaction. The latter will 
depend on the amount of the enzyme superoxide dlsmutase present in the chloroplast 
preparation. Upon addition of sufficient amounts of exogenous superoxlde dlsmutase, 
the stimulation of Oz uptake by ascorbate can be entirely prevented (Table V). 

Since electron transport from H20 to methylvlologen (both in the absence and 
presence of ascorbate or Mn z +) involves both photosystems, sensitivity to DCMU 1 - 4 
and the red drop of the quantum yield a'4 should take place. The variable effect of 
ascorbate on electron flow from H20 to N A D P  as reported previously (compare ref. 2 
with ref. 3) and as obtained in our work (Tables I and II) would depend on the amount 
of superox~de which is formed and not dlsmutated, and thus available for oxidation 
of an added reductant such as ascorbate or Mn 2 +. It Js interesting that the level of the 
superoxlde radical is lower (indicating perhaps a higher activity of superoxide dls- 
mutase) m Class I chloroplasts which resemble to a larger extent the chloroplasts in 

s i t u  than Class II chloroplasts. 
Although the involvement of superoxlde in ascorbate oxidation by chloroplasts 

was previously suggested by Elstner e t  al. l z  ~t went unappreciated that th~s reaction 
could sufficiently account for the observed ascorbate reduced stimulation of O 2 
uptake. Elstner e t  al.  12 made the unnecessary a d  h o e  suggestion that monodehydro- 
ascorbate ~s formed as an intermediate and then acts as a donor to Photosystem 1I 
in place of water. However, as Eqns 1 through 3B show there is no need for such an 
assumption since the observed stimulation of 02 uptake fits that predicted by these 
equations. 

Avron and Ben-Hayylm la in studies on the quantum requirement of photo- 
induced electron transport in lettuce chloroplasts reported that the absorbed quanta 
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were distributed differently between the two photosystems when using 640-nm light 
depending on the electron acceptors employed. When NADP served as the electron 
acceptor, the value of quantum requirement, extrapolated to zero intensity was 2.5 
quanta per electron when rather water or the electron couple DCIP-ascorbate served 
as the electron donor. They interpreted this as indmatlng that the absorbed quanta 
were equally divided between the two photosystems. However, when low potential 
dyes such as diquat or FMN served as electron acceptors a quantum requirement of I 
was observed when DClP-ascorbate served as the electron donor. The latter result is 
surprising since 640-nm hght should be absorbed mainly by Photosystem II and the 
reactmn DCIPH 2 -+ methylvlologen is a Photosystem 1 reaction. Avron and Ben- 
Hayylm ~3 suggested that under these experimental conditions almost all the quanta 
absorbed were directed from Photosystem II to Photosystem I. However, m light of 
our findings the interpretation of these data should be reconsidered. In calculating the 
quantum requirement, Avron and Ben-Hayylm t3 assumed a stolchiometry of 2 elec- 
trons per 02 uptake. However, in the presence of superoxlde and ascorbate the StOl- 

chlometry between 02 uptake and electron transport would be different 

D C I P H 2 + 2  MV hght), D C I P + 2  MVH (4) 

2 M V H T 2 0 2  > 2 M V + 2 0 2  ~ 2 H  + (5) 

2 0 2- { H 2 A + 2  H + • 2 H 2 0 2 4 2  A (6) 

Sum DCIPH24-H2A+2  02 - > DCIP-t-2 HzO2+2A (7) 

or one 02 taken up per electron transferred through the chain. Using this stmchlo- 
metry the quantum ymld should be revised to 2 quanta required per transfer of one 
electron. This result fits the notion that the reaction DCIPH2 ~ methylvlologen is a 
System I reaction and that at 640 nm approximately half the quanta are absorbed by' 
Photosystem I. 

Bohme and Trebst z m studies on the properties of ascorbate photooxldatlon m 
isolated chloroplasts interpret thmr data as mdmatmg that two ATP sites exist in 
non-cyclic photophosphorylatmn, that one of these sites is between water and Photo- 
system lI, and that during ascorbate photoox~datmn this latter site is not operating. 
The mterpretatmn that one of the two phosphorylatmg s~tes exists between water 
and Photosystem I1 and that this site is inoperative during ascorbate photooxidation 
was based on the assumption that ascorbate replaces water as the electron donor to 
Photosystem II and on the observation that ATP formation remained constant while 
electron transport was apparently stimulated 2-fold. However, in light of our lnter- 
pretatmn on the mechamsm of ascorbate photoox~datmn and the stoichlometry 
presented in Eqn 3B which would account for the apparent st,mulatlon m electron 
transport there is no need to postulate the existence of a phosphorylatmg site between 
water and Photosystem II. 

In the Photosystem I medmted electron transport from the electron couple 
DCIP-ascorbate to low potential electron acceptors, such as methylvlologen, ATP 
is formed. Generally a low ATP/2e ratio has been observed for this reactmn. It need be 
noted, however, that the rate of electron transport was calculated assuming a stomhlo- 
merry of 2 electrons transported per molecule 02 taken-up. However, since superoxlde 
is produced in this reaction and ascorbate is present in the reaction mixture the 
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sto~chmmetry shown m Eqn 7 should be employed i e. one electron transferred per 
Oz consumed. Thus the ATP/2e ratms reported should be increased by a factor of two. 
Using glutathlone or cysteme, which do not interact with superoxlde, (Table IV), in 
place of  ascorbate, we have found that indeed the ATP/2e rano increases nearly 
2-fold (Yannal, Y. and Epel, B., unpubhshed data). 

The low stolchmmetry of  ATP/2e m the system DPIPH2 to methylviologen was 
used as one argument against the notion that in th~s system ATP is coupled to non- 
cychc electron flow ~4 Our data very much weaken this argument. 
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