
VOL. 24 (1957) ELECTRON TRANSPORT SYSTEM VII 115 

R E F E R E N C E S  

x D. E.  GREEN, S. MII AND P. M. KOHOUT, J. Biol. Chem., 217 (1955) 55 I.  
2 F. L. CRAN~, J .  L. GLENN AND D. E. GREEN, Biochim. Biophys. Acta, 22 (I956) 475. 

F. L. CRAN~ AND J.  L. GLENN, Biochim. Biophys. Acta, 23 (1957) loo. 
4 M. MORRISON AND E. STOTZ, J. Biol. Chem., 213 (1955) 373- 
5 W.  A. RAWLINSON AND J. H. HALE, Biochem. J., 45 (1949) 247. 
6 p.  PERSON, x,V. W.  WAINIO AND B. EICHEL, J. Biol. Chem,, 202 (1953) 369. 
7 K. G. PAUL, H.  THEORELL AND ~k. ~kKESON, Act• Chem. Scand., 7 (1953) 1284. 
8 H.  THEORELL, Biochem. Z., 285 (1936) 2o 7. 
9 K.  G. PAUL, Acta Chem. Scand., 5 (1951) 389 • 

10 B. CHANCE, Nature, 169 (1952) 215. 

Received October 3oth, 1956 
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The first simplification of the process of photosynthesis was accomplished by HILL x 
when he successfully reacted certain oxidants with the photochemical reducing 
system generated by chloroplasts (photochemical [HI*). These oxidants, called Hill 
reagents, were reduced photochemically, with the simultaneous evolution of oxygen 
by intact chloroplasts. Thus, since oxygen was evolved, the chloroplasts effected 
a net reduction in the system under the influence of light. Recently, chloroplasts 
have been shown to catalyze the photooxidation of several compounds, i.e., reduced 
glutathione 2, the dye Janus Green B 3, ascorbic acid 4, *, manganous ion e and TPNH ~. 
Also, illumination of chloroplasts in the absence of added Hill reagent results in an 
uptake of oxygen s. GOOD AND HILL 9 ascribe this to the reduction of some auto- 
oxidizable substance (flavin nucleotide) by photochemical [HI, followed by an oxida- 
tion of the reduced compound by oxygen to form hydrogen peroxide. Thus, it is 
another manifestation of the Hill reaction, with oxygen serving as the oxidant. The 
hydrogen peroxide produced in the reaction can serve in further oxidation reactions, and 
many of the photooxidations catalyzed by chloroplasts can be explained in this man- 
ner*, s,e. In some cases, however, the photochemical [0HI system may be involved s. 

The addition of ascorbic acid and DPIP to plant leaf homogenates or chloroplasts 
results in a rapid oxidation of ascorbate by oxygen in the light s. Balance studies 
indicate the oxidation of ascorbate proceeds via two pathways, one resulting from 

* Pho tochemica l  [HI s y s t e m  refers to t he  reduc ing  power  genera ted  by  i l lumina ted  chloro- 
p las t s  du r ing  pho tosyn thes i s ,  wi th  no a t t e m p t  to describe t he  c o m p o n e n t s  of t he  sys t em.  Likewise, 
pho tochemica l  [OH] s y s t e m  refers to  the  s y s t e m  which  l iberates  oxygen  du r ing  n o r m a l  photo-  
syn thes i s .  I n  add i t ion  t he  following abbrev ia t ions  will be used :  D P I P ,  2 ,6-dichlorophenolindo-  
pheno l  (2 ,6-dichlorobenzenoneindophenol) ;  D P I P H  v reduced  2 ,6-d ichlorophenol indophenol ;  
T P N H ,  reduced  t r i phosphopy r i d i ne  nucleot ide,  IC, indigo ca rmine ;  chph,  chlorophyll ,  FMN,  
r ibof lavin  -5 "-phosphate .  
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the peroxide generated by the reaction of oxygen with the photochemical [HI 
system, and the other involving the photochemical [OHl system directly, as shown 
in the following scheme, which is essentially that of VERNON AND KAMENS: 

hv 
I. 4 H 2 0  chloroplast -~ 4 [HI + 4 [OH] 

2. (a) 4 [HI + 2 f lavin - -~  2 f lavin H 2 

(b) 2 f lavin H~ + 2 0 2 - ~  2 f lavin + 2 H202 

(c) 2 H202 + 2 D P I P H  2 - - ~  4 H 2 0  + 2 D P I P  

3. 4 [ OH] + 2 D P I P H  2 - - ~  4 H s O  + 2 D P I P  

4. 4 D P I P  + 4 ascorba te  - -+  4 D P I P H 8  + 4 dehyd roasco rba t e  

4 ascorba te  + 202 - ~  4 dehydroasco rba t e  + 4 H20-  

Reaction 3 of this scheme represents an interception of the photochemical [OH] 
system with DPIPH2, and would be an oxidative counterpart of the Hill reaction. 

WESSEL 1° in his investigation of the photooxidation described above has advanced 
the following as an alternate hypothesis to explain the results: 

hv 
chph  - - - ~  chph*  (5) 

chph*  + 02 - -+  chph*  . . . O  8 (6) 

chph*  . . .  O 2 + D P I P H  2 ~ chph  + D P I P  + H808 (7) 

D P I P  + ascorba te  - +  D P I P H  2 + dehydroasco rba t e  (8) 

H808 - ~  H 2 0  + 1/2 02.  (9) 

This scheme differs from the former in that  it requires no organization of chlorophyll 
in the chloroplasts, does not involve the photolysis of water, and thus may reflect a 
property of molecnlar chlorophyll which is not involved in photosynthesis per se. 
The supporting evidence for WESSEL'S scheme was the ability of chlorophyll a in 
alcohol solution to catalyze the photo-oxidation of ascorbate in the presence of 
DPIP,  resulting in an accumulation of H20 ~. The present investigation was under- 
taken to examine the reaction further in view of the two reaction mechanisms 
advance. In the course of the experimentation, it was found that  FMN would catalyze 
the oxidation of D P I P H  2 and reduced cytochrome c, being better  in this respect 
than either chloroplasts or chlorophyll a. 

METHODS 

Leaf  h o m o g e n a t e s  and  chloroplas ts  were p repared  f rom sp inach  and  suga r  beet  leaves  as repor ted  
prev ious ly  s. The  p r epa ra t i on  of sonic  ex t r ac t s  of Rhodospirillum rubrum and  Rhodopseudomonas 
spheroides h a s  been  p rev ious ly  descr ibed I1. Chlorophyl l  c o n t e n t  of leaf h o m o g e n a t e s  was  de t e rmined  
b y  t h e  m e t h o d  of ARSON TM. Bacter ia l  chlorophyl l  con t en t  of bacter ia l  ex t r ac t s  was  de te rmined  
b y  t h e  m e t h o d  descr ibed b y  VAN N m L  AND ARNOLD TM. All expe r imen t s  were carr ied ou t  wi th  
conven t iona l  m a n o m e t r i c  e q u i p m e n t  and  a B e c k m a n  D U  spec t ropho tomete r .  For  m a n o m e t r i c  
e x p e r i m e n t s  invo lv ing  D P I P  a n d  ascorbic acid, the  expe r imen t a l  vessels  were m a i n t a i n e d  a t  
3o ° C, and  con ta ined  t he  appropr ia t e  r eagen t s  in t he  m a i n  c o m p a r t m e n t  wi th  K O H  in t he  center  
well. To ta l  v o l u m e  was  3 ml.  D a r k  controls  were inc luded in each e x p e r i m e n t  by  enclosing a vessel  
of s imilar  compos i t ion  wi th  a l u m i n i u m  foil. For  fu r the r  detai ls  see re f ) .  L igh t  was  suppl ied  by  a 
b a n k  of t u n g s t e n  bu lbs  s u s p e n d e d  above  t he  m a n o m e t e r s ,  which  resul ted  in a l ight  in tens i ty  
of  a p p r o x i m a t e l y  200 foot -candles  a t  t h e  level of  t he  reac t ion  flasks. 

For  t h e  e x p e r i m e n t s  in which  t he  ra te  of  pho to -ox ida t ion  of exac t ly  reduced  D P I P  was  
de t e rmined  spee t rophotomet r ica l ly ,  t he  3.0 ml  of t e s t  s y s t e m  was  con ta ined  in t e s t  t u b e s  which  
were exposed  a t  20 cm by  a 20o w a t t  t u n g s t e n  bu lb  backed  b y  a reflector. T h e  l ight  was filtered 
t h r o u g h  5 cm of wa t e r  to p r even t  h e a t i n g  of t he  tes t  sys t em.  L igh t  i n t ens i t y  was  app rox ima te ly  
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8oo foot-candles. For each experiment an identical system covered by  aluminium foil consti tuted 
the  dark control. Immediately following the i l lumination period, bo th  tubes were plunged into 
an  ice ba th  to decrease oxidation of the D P I P H  2 between illumination and determination of 
optical density a t  59o m/*. The values reported are the optical density differences between the  
l ight and dark tubes. For  experiments on cytochrome c, the same procedure was used, except 
t ha t  the optical density determinations were made a t  550 m/*. 

For experiments involving exactly reduced DPIP,  the reduced dye was prepared by exact 
t i t ra t ion  with ascorbic acid. Cytochrome c was reduced by  the addition of I .I  equivalents of 
ascorbic acid. After 3 ° minutes at  room temperature  the  solution was gently aerated to remove 
excess ascorbic acid. Chlorophyll a was prepared by  chromatography from a dried petroleum 
ether solution of crude chlorophyll, using 2o % diethyl ether in petroleum ether for development 
of the  powdered sugar column. 

The D P I P  used in this  investigation was obtained from Eas tman  Organic Chemical Co., 
Rochester, N.Y., r iboflavin-if-phosphate and cytochrome c from Sigma Chemical Co., St. Louis, 
Mo., and catalase, peroxidase, and ascorbic acid from Nutri t ional  Biochemical Corp., Cleveland, 
Ohio. Other chemicals were reagent grade compounds commercially available. 

RESULTS 

I n  t h e  p r e s e n c e  of excess  a s c o r b a t e ,  a n y  D P I P H ~  p h o t o o x i d i z e d  was  i m m e d i a t e l y  

r e r e d u c e d  b y  t h e  a s c o r b a t e ,  e f f ec t ive ly  p r e s e n t i n g  t h e  s y s t e m  w i t h  c o m p l e t e l y  

r e d u c e d  D P I P  a t  all t i m e s .  T h i s  s y s t e m ,  ca l l ed  t h e  D P I P - a s c o r b a t e  couple ,  b e h a v e d  

d i f f e r e n t l y  f r o m  t h e  s y s t e m  c o n t a i n i n g  e x a c t l y  r e d u c e d  D P I P .  C o n s e q u e n t l y  t h e  

r e s u l t s  o b t a i n e d  f r o m  p h o t o o x i d a t i o n  e x p e r i m e n t s  on  t h e s e  t w o  s y s t e m s  wil l  b e  

c o n s i d e r e d  s e p a r a t e l y .  

Photooxidation o/DPIP-ascorbate couple 

I n  t h e i r  i n v e s t i g a t i o n  of  t h e  m e c h a n i s m  of o x y g e n  u p t a k e  b y  i l l u m i n a t e d  c h l o r o p l a s t s  

d e v o i d  of a n y  H i l l  r e a g e n t ,  G o o d  AND HILL ~ were  ab l e  t o  s h o w  t h a t  s e v e r a l  r e d o x  

T A B L E  I 

S T I M U L A T I O N  O F  DPIP-AsCORBAT~ P H O T O - O X I D A T I O N  

Manometric vessels contained, in a total  volume of 3 ml, 5 °./ ,moles phosphate buffer pH 7.o, 
I /,mole DPIP,  2o /*moles ascorbic acid, sugar beet leaf homogenate equivalent to i i o  /*g of 
chlorophyll, and o.i #mole of the designated addenda. See METHODS for operational procedure. 

Substance added to Oxygen consumed in 45 rain 
basic system (light minus dark) 

m~tt* 

None 61 
FMN 142 
1.2-Naphthoquinone-4-sulfonic acid lO 3 
Cresyl violet 33 
Indigo carmine 144 
Toluyl blue 42 
Methyl green 78 
Benzyl violet 39 
Methyl blue I o 
Phenosafrinin 53 
Gallocyanin 6 
Brilliant cresyl blue 18 
Indulin scarlet 32 
Neutral  red 39 
Thionin 13 
Litmus 62 
Janus  green B 22 
Manganous chloride 65 
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subs tances  capable  of being oxidized b y  molecular  oxygen,  pa r t i cu la r ly  riboflavin 
a n d  r a v i n  nucleotides,  s t imu la t ed  oxygen  consumpt ion  b y  i l lumina ted  chloroplasts .  
Accordingly ,  the  effect of such addi t ions  upon the  ra te  of oxygen up t ake  b y  i l lumi- 
n a t e d  leaf homogena te  and the D P I P - a s c o r b a t e  couple was inves t igated.  Table  I 
p resen ts  the  resul ts  of a su rvey  of m a n y  reagents  in this  regard.  S t imula t ion  was 
accompl ished  not  only  b y  FMN,  as expected,  b u t  also b y  IC and 1 ,2-naphthoquinone-  
4-sulfonic acid, a v i t amin  K analog. The  most  efficient compounds  were FMN and IC, 
bo th  low po ten t i a l  compounds  capable  of reox ida t ion  b y  oxygen.  P re sumab ly  bo th  
compounds  were reduced  v ia  the  photochemica l  [H~ system, followed b y  an oxida t ion  
b y  molecular  oxygen.  The  compound  or compounds  responsible  for the  in i t ia l  reduc-  
t ion of the  F M N  a n d  IC are not  known,  bu t  since the  reac t ion  was r ap id  t hey  would 
have  a po ten t i a l  a t  least  as low as the  dyes  themselves.  

The  ab i l i t y  of F M N  and  IC to s t imula te  the  pho toox ida t ion  of the  D P I P -  
ascorba te  couple was examined  for bo th  leaf homogena te  and  R.  rubrum extract .  
Table  I I  shows t h a t  e i ther  of these compounds  a t  a final concent ra t ion  of Io  -5 M 
s t i m u l a t ed  the  pho toox ida t ion  ca t a lyzed  b y  leaf homogena te ,  bu t  bo th  were v i r t ua l ly  
inac t ive  wi th  the  bac te r i a l  system.  Higher  concent ra t ions  of F M N  gave  an a p p a r e n t  
s t imula t ion  in the  case of R.  rubrum ext rac ts ,  b u t  th is  was due to  the  ab i l i ty  of FMN 
itself  a t  concent ra t ions  grea te r  t h a n  lO -5 M to ca ta lyze  the  react ion.  At  higher  
concent ra t ions ,  IC inh ib i t ed  the  reac t ion  for bo th  p l an t  and  bac te r i a l  extracts .  

TABLE II  

S T I M U L A T I O N  OF D P I P - A S C O R B A T E  P H O T O - O X I D A T I O N  BY FMN AND IC 

Manometric vessels contained, in a total volume of 3 ml, 5o #moles phosphate buffer, pH 7.o, 
I /zmole DPIP, 2o pmoles ascorbic acid, and photosynthetic material as noted. When present, 
the final concentration of FMN or IC was IO -5 M. For the control experiments the leaf of bacterial 

extract was heated at 7 °0 C for 15 minutes. 

Oxygen c o ~ u m e d  in  
Photosynthetic material  A ddit ion 6o minutes  

mtn  a 

Sugar beet leaf homogenate 
containing o.o47 mg chph none 57 

Sugar beet leaf homogenate 
containing 0.o47 mg chph FMN 162 

Sugar beet leaf homogenate 
containing o.o47 mg chph IC 122 

Sugar beet leaf homogenate 
containing 0.o47 mg chph (heated) FMN 12 

Sugar beet leaf homogenate 
containing o.o47 mg chph (heated) IC 7 

R. rubrum sonic extract containing 
o.134 mg chph none 137 

R. rubrum sonic extract containing 
o.134 mg chph FMN 166 

R. rubrum sonic extract containing 
o.134 mg chph IC lO6 

R. rubrum sonic extract containing 
o.134 mg chph (heated) FMN i I 

R. rubrum sonic extract containing 
o.134 mg chph (heated) IC - - 9  

Chlorophyll a, 0.50 mg none 9 
Chlorophyll a, 0.50 mg FMN - -  i i 
Chlorophyll a, 0.50 mg IC 9 
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The stimulation by FMN and IC observed in the case of the leaf homogenate indicates 
some involvement of these compounds in the photooxidation of the DPIP-ascorbate 
couple, most probably by means of reaction 2 (b). The substitution of IC for FMN 
in this reaction was plausible, since IC is known to react with physiological reducing 
systems 14. The failure or these compounds to stimulate the bacterial system was 
surprising, since in all other respects the bacterial extracts resembled the leaf homo- 
genate in the photooxidation of the DPIP-ascorbate coupl@. Sonic extracts of Rsp. 
spheroides also showed no stimu.lation by FMN or IC, and gave results identical to 
R. rubrum extracts. This behavior of the bacterial extracts indicates a difference in 
the photochemical [HI systems in plants and photosynthetic bacteria. 

I t  was possible to substitute other dyes for DPIP  in the above reaction, as shown 
in Table I n .  However, those compounds which substituted best are closely related 
structurally to DPIP.  Since DPIP  was one of the most active, it was used for all 
experiments, so that  comparison could be made with previously reported data ~. 

TABLE nI  
SUBSTITUTION OF OTHER DYES FOR D P I P  

Manometric experiments were conducted using the same test  sys tem as for Table I, with o. I #,mole 
FMN added. The compounds subst i tuted were added in amounts  equimolar to DPIP.  

Oxygen consumed in 40 mitt 
Substitute 1o~ DPIP  (light minus dark) 

mm t 

None 
Sodium benzenoneindo-2 -methylphenol 
Sodium b e u z e n o n e i n d o - 2 - m e t h y l - 5 - i s o p r o p y l p h e n o l  
Sodium benzenoneindo-3 -sulfonaphthol 
Sodium 2,6-dichlorobenzenoneindo-3 -methylphenol 
Sodium benzenoneindo-3-chlorophenol 
Sodium benzenoneindo-3-methylphenol 
Sodium benzenoneindophenol 
Sodium 2,6-dibromobenzenoneindo-3-methoxyphenol 
Sodium 2,6-dichlorobenzenoueindo-3 -chlorophenol 

153 
84 

i6o 
73 

132 
95 

114 
141 
12o 
152 

Photooxidation o/ exactly reduced DPIP 

Both reaction mechanisms proposed above to explain the photooxidation of ascorbate 
involve D P I P H  2 as the reagent directly photooxidized. Accordingly, the effect of 
chloroplasts, bacterial extracts and isolated chlorophyll on the photooxidation of 
exactly reduced DP IP  was investigated. The chloroplasts used in these experiments 
were prepared from commercially available spinach and were not able to carry out 
the Hill reaction. Such chloroplasts were used because in such preparations the 
oxygen-evolving capacity would probably be impaired and the demonstration of the 
photochemical [OH l by a direct oxidation reaction would be more likely. Also, intact 
chloroplasts capable of performing the Hill reaction catalyze the reduction of DPIP,  
just the reverse of the reaction studied. 

In the early experiments it was difficult to demonstrate any consistent photo- 
oxidation of the reduced DPIP  with either chlorophyll or chloroplasts in an aqueous 
medium. Addition of FMN to the system caused a rapid photooxidation, but  it was 
soon evident that  the oxidation was almost exclusively due to the added FMN. 
Therefore, the ability of FMN alone to catalyze the reaction was studied, and Fig. I 

Re /e rences  p .  223 .  
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I0 20 3O 
Time in m inu te~  

Fig. I. Photo-oxidation of DPIPH~ by various 
sensitizers. For each experiment there was an 
illuminated and non-illuminated tube contain- 
ing, in 3 ml, I /,mole exactly reduced DPIP, 
30 /,moles phosphate buffer, pH 7.0 and o.i 
/,mole of the designated sensitizer. In the case 
of chloroplasts, an amount equal to o. i/,mole of 
chlorophyll was added. The values given are 

0 4  

~o 
o 

lC 20 30 
Time in mitll.RLe~. 

Fig. 2. P h o t o o x i d a t i o n  of  reduced cy tochrome c 
by various sensitizers. The experimental con- 
ditions are the same as given for Fig. I, with 
reduced DPIP being replaced by o. 15/*moles of 
reduced cytochrome c. Tube t, FMN; tube 2, 
chlorophyll a; tube 3, spinach chloroplasts; 

tube 4, no sensitizer added. 

optical density differences between the exposed tube and the dark control. Tube I, FMN ; tube 2, 
chlorophyll a; tube 3, spinach chloroplasts; tube 4, no sensitizer added. 

presents the activities of these various reagents in the reaction. There was some photo-  
oxidation by  chlorophyll  alone, but  FMN was by  far the most  effective in this regard. 
Chloroplasts alone inhibited the self-photooxidation of D P I P H  v 

Since D P I P  can subst i tute for cytochrome c in various enzymic reactions, the 
possibility tha t  cytochrome c could be photooxidized by  the above reagents was 
investigated. Fig. 2 presents the results so obtained. FMN was the only compound 
capable of photooxidizing cytochrome c. The apparent  reduction caused by  chlorophyll  
and chloroplasts was in reali ty an inhibition of the oxidation rate in the light when 
compared  to the dark control. 

Since the major i ty  of known photooxidat ions in aqueous solution involve 
hydrogen peroxide, the effect of catalase and  peroxidase upon the reaction was 
determined. Fig. 3 shows tha t  a marked st imulat ion of D P I P H ,  photooxidat ion 
was caused b y  the addit ion of catalase to the FMN system. After an initial lag 
period, bo th  chlorophyll  and chloroplasts demonst ra ted  a rate of photooxidat ion 
which was greater than  the control. Peroxidase has also been tried in the same 
systems, and gave essentially the same result as catalase, causing a marked stimula- 
t ion in only the FMN system. However,  when catalase and peroxidase were added 
to the systems containing cytochrome c in lieu of D P I P ,  there was no significant 
difference when compared to the systems containing no catalase. This was not  
surprising, since reduced cytochrome c is not  oxidized peroxidatively by  peroxidase 
or catalase, bu t  only by  a specific enzyme, cytochrome c peroxidase. Thus, it would 
appear  tha t  the photooxidat ion of D P I P H ~  and cytochrome c is due to act ivated 
FMN, and the addit ion of catalase allows an addit ional means of oxidizing D P I P H ,  
peroxidat ively by  the hydrogen peroxide accumulating.  

F rom the above results, it is apparent  tha t  chlorophyll  itself cannot  catalyze 
the photooxidat ion of D P I P H ,  in aqueous solutions to any  appreciable extent. 
Since WESSEL'S experiments were conducted using ethanol as the solvent, the ability 
of chlorophyll  a to catalyze the photo-oxidat ion at varying ethanol concentrations 
was determined. Fig. 4 shows tha t  at  high ethanol  concentrations,  chlorophyll a 
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i 

I 

Time in minutes 

Fig. 3- Photo-oxidation of reduced DPIP  by 
various sensitizers in the presence of catalase. 
The experimental conditions are the same as 
given for Fig, I, with 3 mg catalase added to 
each tube. Tube I, FMN; tube 2, chlorophyll a; 
tube 3, spinach chloroplasts; tube 4, no sensi- 

tizer added. 

L 

t ~e  ¢ ~ t  ~ r ~ t  

Fig. 4. Effect of ethanol concentration on the 
photo-oxidation of DPIPHz by chlorophyll a. 
The tubes contained, in 3 ml, I/*mole DPIPH 2, 
IO /,moles phosphate buffer pH 7.o, except in 
the case of lOO% ethanol, and o.2 mg chloro- 
phyll a. A dark control was employed for each 

concentration of ethanol. 

readi ly  ca ta lyzed the  photo-oxida t ion  of D P I P H , ,  bu t  this abi l i ty  approached  zero 

as the  alcohol concentra t ion  approached  zero. These da ta  indicate  t h a t  alcohol is 

in t ima te ly  invo lved  in the photo-oxidat ion  as s tudied by  WESSEL, most  probably  as 

a hydrogen  donor in the reaction. Thus, the conclusions reached by  WESSEL would 

not  apply  to  the photo-oxida t ion  of ascorbate  v ia  D P I P  wi th  chloroplasts in aqueous 
media .  

In  the absence of excess ascorbic acid, DPIPH, was only sl ightly photo-oxidized 

by  chloroplasts,  while the addi t ion of excess ascorbate caused an immedia te  photo-  

ox ida t ion  of the  added  ascorbate.  As shown previously 5, r emova l  of the  D P I P  from 

the  DPIP-a sco rba t e  sys tem caused a complete  loss of ac t iv i ty  showing tha t  the  

ascorbate  was being oxidized th rough  the  in te rvent ion  of D P I P .  The  rates  of photo-  

oxida t ion  under  these two condit ions (with exact ly  reduced D P I P  and wi th  excess 

ascorbate) were compared  using bo th  leaf homogenate  and  cell-free ext rac ts  of 

R. rubrum and  Rsp. spheroides. The results given in Table IV show the  ra te  of photo-  

TABLE IV 

C O M P A R I S O N  O F  P H O T O - O X I D A T I O N  R A T E S  OI~ D P I P - A S C O R B A T E  

C O U P L E  A N D  E X A C T L Y  R E D U C E D  D P I P  

For the experiments with excess ascorbate, the composition was the same as for Table I with no 
FMN present. Leaf homogenate or bacterial extract was added as noted. For the experiments 
with reduced DPIP, ascorbic acid was omitted and the DPIP added was exactly reduced with 
ascorbic acid just prior to the experiment. The reduced DPIP oxidized was calculated from the 
optical density difference at 590 m# between light and dark tubes. With excess ascorbate present, 
the ascorbate oxidized was calculated by titration with standard DPIP solution. Method of 

exposure is given in METHODS. 

A scorbate oxidized D P I P  oxidlxed 
Photosynthetic Chlorophyll with excess with exactly 

material content ascorbate present reduced D PIP  Ratio Exposure 
mg /*moles /*moles A/B time 

(A) (B) 

Sugar beet leaf homogenate 0.046 2.21 0.04 55 20 rain 
Rsp. spheroides extract 0.090 z.io 0.04 52 6 rain 
R. rubrum extract 0.065 2.64 o. 15 17 20 min 

Re/erences p. x23. 
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oxidation with excess ascorbic acid to be greater by a factor of at least 17 in all cases, 
which emphasizes the necessity of keeping DPIP  completely reduced to allow the 
photo-oxidation to proceed at the maximum rate. 

DISCUSSION 

The data obtained on the photo-oxidation of DPIP H  2 with and without excess 
ascorbate suggest that  while the mechanism proposed by WESSEL TM may well be 
operative in ethanolic solutions of DPIPHz,  it does not apply to D P I P H  2 in aqueous 
media. This conclusion is reached upon consideration of the following points. 

(I) Whereas isolated chlorophyll a catalyzed the photo-oxidation of DPIPH~ 
in ethanolic solutions, this ability decreased rapidly as the water content of the 
system increased. I t  would be difficult to ascribe the photo-oxidation of DPIP-  
ascorbate couple by chloroplasts in aqueous media to a mechanism that operates in 
alcohol solutions. 

(2) The photo-oxidation of the DPIP-ascorbate couple by leaf homogenates and 
bacterial extracts was at least 17 times as great as the rate of DPIPH~ photo-oxidation. 
This difference in rates is difficult to explain in terms of a mass action effect due to 
the decreased concentration of DPIPH~ as the oxidation proceeds in the absence of 
excess ascorbate, since only a fraction of the DPIPH~ available was oxidized during 
the illumination period. Rather, it is probably due to the fact that  when oxidized 
DPIP  was allowed to accumulate in the system, it was reduced by the photochemical 
[HI system in the regular Hill reaction, resulting in a sort of "short circuit" between 
the photochemical [H] and [OH~ systems. 

(3) The photo-oxidation of the DPIP-ascorbate couple was stimulated by the 
addition of FMN or IC to the system containing leaf homogenate, but not when 
chlorophyll a was substituted for the chloroplasts. This is best explained in terms 
of more efficient interaction of oxygen with the photochemical [H] system when 
FMN and IC were present. 

(4) If WESSEL'S theory were correct and applied to chlorophyll in the organized 
chloroplast, it is difficult to see how one would expect to obtain a Hill reaction at all 
with DPIP,  since the reduction of the DPIP  by the photochemical [HJ system would 
be countered by the oxidation of the dye by the mechanism he proposed. 

The photo-oxidation of both DPIPH 2 and reduced cytochrome c by FMN 
presents a reaction that  should be considered in photochemical studies involving 
ravin  nucleotides. The photo-oxidation takes place at an appreciable rate at ravin 
concentrations above lO -5 M, and thus many of the photochemical oxidations in- 
volving high light intensities and long illumination periods, could well be due to the 
presence of FMN or other ravin  nucleotides. The mechanism of the photo-oxidation 
is not known, but probably involves the interaction of the activated ravin with 
D PIPH 2 according to the following scheme: 

FMN + h v  ~ FMN* (Io) 

FMN* + D P I P H ,  --+ FMNH, + DPIP  (II) 

FMNH, + O2----~ FMN + H,O 2 (I2) 

The peroxide generated could then oxidize the DPIPH 2 peroxidatively in the presence 
of catalase or peroxidase, but would not oxidize the cytochrome c. This oxidation of 

Relerences  p .  I 2  3. 
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c y t o c h r o m e  c b y  F M N  is d i s t i n c t  f r o m  t h e  p h o t o - o x i d a t i o n  c a t a l y z e d  b y  sonic  

e x t r a c t s  of R.  rubrum 11, s ince  t h e  s y s t e m  r e s p o n s i b l e  for  t h e  l a t t e r  r e a c t i o n  is h e a t -  

l ab i le ,  a n d  is p r e s u m a b l y  c o n n e c t e d  to  t h e  b a c t e r i a l  p h o t o s y n t h e t i c  m e c h a n i s m .  
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SUMMARY 

i. The photo-oxidation of the 2,6-dichlorophenolindophenol-ascorbate couple by sugar beet  
leaf homogenate is st imulated by  the addition of FMN, indigo carmine or 1,2-naphthoquinone- 4- 
sulfonic acid. This st imulation is probably due to interaction of these compounds with the photo- 
chemical [H l system. 

2. The 2,6-dichlorophenolindophenol-ascorbate couple was photo-oxidized at  least 17 t imes 
as fast as exactly reduced 2,6-dichlorophenolindophenol by sugar beet leaf homogenate or sonic 
extracts of R. rubrum and Rsp. spheroides. 

3. Reduced 2,6-dichlorophenolindophenol was photo-oxidized by chlorophyll a in ethanolic 
solutions, bu t  the rate fell off rapidly as the water content increased in the system. 

4. Reduced 2,6-dichlorophenolindophenol and reduced cytochrome c were photo-oxidized 
rapidly by  FMN in aqueous media. The photo-oxidation of reduced 2,6-dichlorophenolindophenol 
was further  st imulated by  added catalase or peroxidase. These reagents did not  affect cytochrome c 
photo-oxidation. 

5. These data  are discussed in relation to two proposed mechanisms for oxidation of the 
2,6-dichlorophenolindophenol-ascorbate couple by chloroplasts. 
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